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us
standard model

local QFT for fundamental interactions

strong nuclear force
weak force
electromagnetic force

degrees of freedom

spin 0 (the Higgs has finally arrived)
spin 1/2 (quite a few)
spin 1

perturbatively renormalisable & predictive



success story: w

running couplings
quantum fluctuations modify interactions
couplings depend on energy or distance
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US
gravitation

physics of classical gravity

1
R, — §gWR = —Ngu, +8nGN T,
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US
gravitation

physics of classical gravity

1
R, — §gWR = —ANg,, +8nGN T,

long distances
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ample space for “new” physics 100




US
gravitation

why quantum gravity?

quantum

quantum effects < 1},



US
gravitation

physics of quantum gravity

1
S = / d%z (=R + 2A
167TGN ( )
Planck length Ip1 = (hgﬁ)l/2 ~ 10733 cm
Planck mass Mpy ~ 1019GeV
Planck time tp; &~ 1074 g

Planck temperature 7Tp; ~ 1032 K

qguantum modifications Mp;



. _ US
the trouble with gravity... e

e structure of UV divergences
(9] =0, [Ricci] =2, [Gn]=2-d

effective geff = G E* ~ 5—2
Pl
~ fdppA—[G]N
G| >0:
G| =0:
(G| < 0: dangerous

e perturbative non-renormalisability



: US
—_ yet some hlnts frOm PT University of Sussex

e effective theory for gravity (Donoghue '94)

quantum corrections computable for energies EZ/MI%] <1
knowledge of UV completion not required

e higher derivative gravity | (Stelle '77)
R? gravity perturbatively renormalisable
unitarity issues at high energies

e higher derivative gravity i (Gomis, Weinberg '96)

all higher derivative operators
gravity ‘weakly’ perturbatively renormalisable
no unitarity issues at high energies



[ other ways out

strings

loops

discrete



today: asymptotic safety US

fundamental _ _
V f Wilson 7|
definition of QFT ﬁ UV fixed point

Sussex



today: asymptotic safety WS

University of Sussex

fundamental e : :
Vi d point Wilson '71
definition of QFT UV fixed pol

theory becomes free
asymptotic freedom 9 at highest energies =
Gaussian UV fixed point

theory remains interacting
asymptotic safety 9 at highest energies =
Weinberg ‘79 interacting UV fixed point




principles of
asymptotic safety



renormalisation group L.

dimension  coupling ;

,' D_9 Gastmans et al '78 _
| gravitons D=2+4+¢: a=Gn(pu)pu"" e e ]



renormalisation group L.

dimension  coupling ;

' D_9 Gastmans et al ’78
| gravitons D=2+4+¢: a=Gn(pu)pu"" e o ]

running coupling

energy-dependence: RG beta function of couplings



renormalisation group L.
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exact asymptotic safety

US

University of Sussex

dimension  coupling ;

| gravitons

G(p) =GN

classical GR
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exact asymptotic safety

US

University of Sussex

UV fixed point

weakly coupled gravity

high energies
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how is this predictive? US

University of Sussex

UV: interactions are softened by fluctuations

UV behaviour characterised by

relevant, marginal, irrelevant invariants

predictivity 6 finitely many relevant invariants



how is this predictive?

example: gravitational phase diagram in 4D

\

University of Sussex

two relevant
couplings

A=Ay /k°



exact asymptotic safety 5.

dimension coupling ,
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asymptotic safety
In 4d quantum gravity



evidence for UV fixed pointin4d US

overviews: DL 0810.3675 and 1102.4624 University of Sussex

gravitation
Einstein-Hilbert (Reuter "96, Souma ’99, Reuter, Lauscher 01, DL ’03)

higher dimensions, dimensional reduction (oL 03,Fischer, DL '05)

g g (Lauscher, Reuter, ’02, Codello, Percacci, Rahmede ’08, Machado, Saueressig '09
f(R)’ p0|yn0m|als in R Benedetti,Caravelli’1 2, Dietz, Morris’| 2, Falls, DL, Nikolakopoulos, Rahmede ’| 3)

(Benedetti,Caravelli’12, Dietz, Morris,’ | 2, Demmel, Saueressig,

local potential approximation Z,,uso 12, Falls, DL, Nikolakopoulos, Rahmede ' I3,
Benedetti ’| 3, Benedetti, Guarnieri ’ | 3)
. . . . (Codello, Percacci ’05)
h |g her-derivative gra\"ty (Benedetti, Saueressig, Machado '09, Niedermaier ’09)
(DL, Rahmede, in prep.)

Conforma"y reduced graVity (Reuter,Weyer ’09, Machado, Percacci ’10, DL, Satz ’12)

Holst action o ImmirZi parameter (Daum, Reuter ’ 10, Benedetti, Speciale | |)
Signatu re effects  (Manrique, Rechenberger, Saueressig’1 |)

gravitation + matter

matter (Percacci 05, Perini, Percacci '05, Narain, Percacci ’09, Narain, Rahmede ’09,
Codello 'l I, Eichhorn et al ’13)

Yang-Mills gravity

1-|00p: (Robinson,Wilzcek ’05, Pietrokowski, ’06, Toms ’07, Ebert, Plefka, Rodigast '08)
beyond: (Manrique, Reuter, Saueressig 09, Folkerts, DL, Pawlowski, | |, Harst, Reuter | I)



computational methods US

University of Sussex

4D quantum gravity:
large anom. dimensions, expect large couplings
non-perturbative tools mandatory

functional [Wilsonian] renormalisation  Weterich 92 Morris 93,

Reuter ’96, Dou, Percacci ’97,

Litim 00,03
P uv F* fixed point
A action

5
®
<«
o)
<Q
v 2

IR classical

general relativity

F%FEH



asymptotic freedom asymptotic safety

“the knowns’ "the unknowns’
gx =0 gx 7 0
na =0 nn # 0
canonical non-canonical
{Vc.n} {9,} ot
F256 256 9
o




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

bootstrap search strategy

hypothesis relevancy follows
mass



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

bootstrap search strategy

hypothesis relevancy of invariants follows
their canonical mass 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)



Riccl
scalars

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

i technicalities: functional renormalisation |

dl'y, 1
dk 2

here:

—1 ]
dly, 1. (52Fk[¢] IRk) dfiy, _ 1

560

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/0312114 P Machado, F Saueressig 0712.0445

dk 2
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scaling exponents
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order of approximation
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testing asymptotic safety
In the physical world

cosmology

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

particle physics

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

black holes

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



low-scale quantum gravity
at colliders



cross-over scale A

(DL *03)

0.0
0.2

04

0.2

linear —

classical |
«— quenched
Uv -
quadratic
“anti-screening’ -




low-scale quantum gravity

® theory
fundamental parameters M D AT g >k

predictions for LHC experiments

® experiment
data to fix or constrain theory parameters



1) missing ET: real gravitons
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real gravitons+jet

bounds from effective theory

n 2 3 4 5 6
LEP 0.65fb~! ete - y+E 1.60 120 094 0.77 0.66 [27]
CDF 111 pp = jet+ E 1.31 1.08 098 091 0.88 [28]
CMS 36pb~! pp —jet+E 229 192 174 165 159 [29
ATLAS 33pb~! pp —jet+E 230 200 1.80 n/a n/a [30]
ATLAS 10fb™! pp = jet+E 3.16 256 227 210 199 [31]
CMS 11fb1 pp—jet+E 367 296 266 241 225 [32]
CMS {4 7 fb— pp — ]et + E 400 318 278 2 52"".. 333

Table 4.1.: The 95% CL lower limits on Mp in effective theory for n = 2,...,6 extra dimensions
and different datasets collected by LEF, CDF, ATLAS and CMS. Values are given in
TeV.



Pythia v8.153

Vs =7 TeV, u = Eg, quadratic approximation

interpreting LHC data
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2) virtual gravitons + diphotons
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Interpreting
LHC data

-‘,’ virtual gravitons + diphotons

7% e cLeal, Ghact3 Stichint st ask e =2 b
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implementation in Pythia8
weak PDF dependence
weak scheme dependence

(Hiller, DL, Zenglein)
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3) virtual gravitons + dileptons

CMS 2012 Preliminary j’ Ldt=206fb" ys=8TeV
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interpreting LHC data

| virtual gravitons + dileptons !

2()_""I""I""I""IIIII
[ implementation in Pythia8
18 F weak PDF dependence

- weak scheme dependence

14

12

10
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(Hiller, DL, Sedello, in prep.) M, (TeV)



black holes and
asymptotic safety



classical black holes

e classical Schwarzschild black holes

ds* = —f(r)dt* + f~ (r)dr* +r°dQ5_,, f=1

ra = (Gy M)Y(4=3)

rd—3



classical black holes

e classical Schwarzschild black holes

ds* = —f(r)dt* + f~ (r)dr* +r°dQ5_,, f=1

ra = (Gy M)Y(4=3)

® features

rd—3



quantum black holes

"hoped-for’ features



quantum black holes |

e improved Schwarzschild black holes

ds* = —f(r)dt* + f~1(r)dr* + rde;‘;_Q, f=1




quantum black holes |

e improved Schwarzschild black holes

ds* = —f(r)dt* + f~1(r)dr* + rde;‘;_Q, f=1

Gn — Gn(u(r))

e Improved horizon radius




horizon radius

0.7F
0.6f

0.5f

classically M. = 0
asymptotic safety M. # 0




Penrose diagram

classically
geodesically incomplete
curvature singularity

asymptotic safety
geodesically complete
singularity reduced or absent

0

The Penrose diagram of a quantum black hole with
M > M.. The black curves in regions I and V are curves
of constant t. The green (blue) [red] curves are curves of
constant 7 in region I and V (II and IV) [III], respectively.
In- and outgoing radial null geodesics are at 45°. Curves 1.,
3. and 4. correspond to schematic plots of various solutions
to the equations of motion. The points i°, it and i~ denote
spatial infinity, future infinity and past infinity, respectively.

J~ and J denote past and future null infinity (see text).

(Falls, Litim, Raghuraman ’10)



quantum black holes @ LHC

log(b

Mp) 2

InE
\ D—4"

Born
approximation
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Uy o
2% 4
/)7/(1 S Strong gravity
- INR \ (~black hole) B
+ - > log ——
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Figure 3: A proposed “phase diagram” of different regimes for gravitational scattering.
In particular, we consider the effect of decreasing impact parameter, at fixed ultraplanckian
energy, as indicated by the arrow. NR indicates the regime where higher-dimension operators
are expected to be important.

(Giddings I 1)



black hole production

Dimopoulos, Landsberg ('01)
Giddings, Thomas ('01)

e classical Schwarzschild black holes

ds* = —f(r)dt* + f~1(r)dr* + rde;‘;_Q, f=1

rd—3

ra = (Gy M)Y/(@=3)

e production cross section
lassical = F' X 7r'rfl (M = /s) x 0(\/s — Muin)
Mpyin = (3 —=5)Mp



black hole production @ LHC

prediction |
prediction Il
M. = O(Mp)
prediction Il
partonic production T
cross section F(y/s) = <_>
Fel Mphys=+/s




Figure 9: The gravitational form factor F(4/s) with parame-
ter v = vqs with n = 4 extra dimensions.



black hole production @ LHC

> pp — final state

1 1

o = Zfd:zrl/dxzfi(ﬂ?l)fj(xz)&(qz'qg' — final state)

L]0 0
pp — BH
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black hole production @ LHC

n=4

BH LHC cross sections, with or without quantum corrected Rs, n=4 and MD=1 TeV

I ' I ' cla'ssical _—
renormalisation group
10000 -
ol pp — BH ]

3
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- 1 _
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L= 0.01 .
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0.0001 CTEQ61 parton

: B distribution function

: 2 2
with Q° = Mgy
1e-06 | | A
0 2 4 6 8 10 12

M_BH [TeV]
(Falls, Hiller, DL)



conclusions

asymptotic safety offers QFT-based

¢ description of gravity even at high energies

asymptotic safety can be tested in the physical
world (cosmology, particle physics, black holes)

® self-consistent picture, bootstrap test
challenges:
better structural insights
answers to open riddles (of PP & cosmo)



extra slides



rotation |

classically
inner & outer horizon

asymptotic safety
inner & outer horizon
reduced phase space

The phase space of black hole solutions in four dimensions. The points on the two-
dimensional surface represent horizon radii z (3.8) as a function of angular momentum A (3.9) and
the mass ratio M./M. The thick black line identifies the radius of the critical horizon z.(A, M; M.).
For fixed mass, the regions with x > z.(A) (x < z.(A)) correspond to the event (Cauchy) horizons.

The red (green) lines represent the classical solutions (Cauchy) horizon, respectively, in the limit
M./ M — 0.

(Litim, Nikolakopoulos’| 3)



rotation |l T

classically
absence of inner horizon
ultra-spinning solutions

asymptotic safety
inner & outer horizon %9 0.0

absence of ultra-spinning 93
reduced phase space " \ 05
10

1.0

The allowed phase space of black hole solutions in six dimensions. The points of the
two-dimensional surface represent the radius of the horizon z, as a function of A and M.. The
thick black line gives the radius of the critical horizon z.. The regions with z > z.(A) (z < z.(A))
correspond to event (Cauchy) horizons. The red line at M./M = 0 represents the classical event

horizon.

(Litim, Nikolakopoulos’| 3)



temperature

classically:
temperature
diverges

asymptotic safety:
maximum
temperature

Reuter, Bonnano,’02
Falls, Litim, Raghuraman,’10
Litim, Nikolakopoulos’|3



quantum black holes I

Bardeen, Carter, Hawking '73
Bekenstein '73

Hawking 75

Gibbons, Hawking '77



quantum black holes I

entropy . horizon area |

temperature surface gravity

Bardeen, Carter, Hawking '73
Bekenstein '73

Hawking 75

Gibbons, Hawking '77



quantum black holes I

classically A= A(M,J,q)




quantum black holes I

A=A(M,J,q)

quantum-mechanically:

A=A(M,J, q;k)

0Q  0A
T 4Gy
0Q  HA

T 4G,

(Falls, Litim ’12)



quantum black holes I

RG A= AM,J, ¢ k) 0Q _ o4
T — 4G,
predictions
dmc | (A4 47G(A)e2(A)2\?
M2 — 2
A ( TG (A) +J
oM
T = 4G(A) —
G(4) 54
A
S=1a k=k(M,J,q) = k(A)

4Gy

(Falls, Litim ’12)




temperature

1-4_1 T 1 T T ' J T J T T T T T T 1 T J T ]
121 ' _‘
10 a=

r 08}

04

Horizon temperature as a function of the black hole mass, comparing classical gravity (dashed
lines) with asymptotically safe gravity with g. = 1 (solid lines) for several angular momenta, with a given
in units of 1/M.. Temperatures are normalised to the maximum temperature of the asymptotically safe
Schwarzschild black hole (see text).



quantum black holes @ LHC



