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success story: standard model

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

. Sept. 2013
o Y v tdecays (N*LO) |

Q) | % ® Lattice QCD (NNLO) | ]

| %6  DIS jets (NLO) triumph of QFT
03} ) 0 Heavy Quarkonia (NLO)

, \ o e'e jets & shapes (res. NNLO) |

e Z pole fit (N°LO)
v pp —> jets (NLO)

asymptotic freedom

02 |
0.1 ' ‘t Hooft '74
= P Gross,Wilczek '74
= QCD 0y (M,) = 0.1185 = 0.0006 | Politzer '74

1 10 Q[GBV] 100 1000
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quantum gravity as a QFT

dynamics of space-time
degrees of freedom: spin 2
dimensionful coupling constant: [Gy|=2—-D <0
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quantum gravity as a QFT

dynamics of space-time
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 ;

‘ D9 Gastmans et al ’78
: gravitons D =2+¢€: a=Gn(u)p"" e e ]
| e 2031 et 2l 90 §
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exact asymptotic safety

dimension  coupling ;

gravitons D=2+4c¢€:

Qo =Aa—Ba® |

04|

0.2

0.0

~0.2}

-04

Gastmans et al '78 %

D—2 Christensen, Duff '78 %

a=Gn(p)p

Weinberg '79 f‘f

Pa

A>0: QED-like

IR

A=0: Q
0.0

CD-like
04 0.6

Uuv

0.2

08 10 12 14
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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 §

10

| a/a U] Gp) = —

~ D—2
7

06 gravity weakens

041

! | | | L
0.01 0.1 1 10 100

p/ A
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how is this predictive?

UV: interactions are softened by fluctuations
UV behaviour characterised by
relevant, marginal, irrelevant invariants

predictivity 9 finitely many relevant invariants
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how is this predictive?

example:

gravitational phase diagram in 4D

9 \
g here:
two relevant couplings
g=G} -k’
A=A /k?




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

D_9 Gastmans et al ’'78 v'
Fgravitons D =2+¢€: a=Gn(p)p T Weinbers 79 |

Kawai et al '90 §

.'l : _ : _ 2—D Gawedzki, Kupiainen 85 §
fermions D=2+e: a=gan (:u):u ™ ge Calan et al 91 |
— . 2 4—D Peskin 80
gluons D o 4 —I_ €. = gYM (IU’)ILL Misrris 04 ,,
;_ I D L 2 . L D—2 Brezin, Zinn-Justin '76
Scailars - _I_ € . = gNL (ILL)ILL Bardeen, Lee, Shrock '76 '
i classes of i
! gauge-Yukawa D =141: $@$ several «; éé Litim, Sannino 14062337 §
i theories ?
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exact asymptotic safety
of 4D gauge-Yukawa theories

Litim, Sannino 1406.2337




gauge theory with fermions

_ g° N,
- (4m)?

SU(NC) YM with NF fermions: ¢,

t=Inu/A

oy <K 1

. 2
Oyay = —B ag




gauge theory with fermions

~9° N,
- (4m)

t=Inu/A

SU(NC) YM with NF fermions: «,

\V)

| B >0 : asymptotic freedom 0
| UV fixed point "
B < 0 : no asymptotic freedom ﬁ
| o @ #0 |

UV fixed point?
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gauge theory with fermions

_ g° N,
- (4m)?

8tozg — —B ag -+ Cozg a, < 1

f

2-loop

SU(NC) YM with NF fermions: q,

t=Inu/A




gauge theory with fermions

2
SU(NC) YM with NF fermions: ¢, = ‘?4 ]\)fg t=1Inp/A
70

Oy = —Ba —I—C'a a, < 1

N

v a, = B/C




gauge theory with fermions

2
SU(NC) YM with NF fermions: o, = g~ Ne t=Inp/A
(47)°
atOdg — —B 042 -+ CO&S oy K 1
vy a, = B/C

large-NF,NC (Veneziano) limit:
€ continuous

Veneziano ’79

we consider
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gauge theory with fermions

9" N,
- (4m)

SU(NC) YM with NF fermions: o,

t=Inu/A

\)

however:
no perturbative UV fixed point in gauge theories
with fermionic matter (C > 0) Caswell 74
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gauge theory with fermions

~9° N,
- (4m)

SU(NC) YM with NF fermions: o,

t=Inu/A

\V)

| mmpp scalar fields & Yukawa couplings required |}
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gauge-Yukawa theory

t=Inu/A

oy <K 1




gauge-Yukawa theory

t=Inu/A

oy <K 1
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gauge-Yukawa theory

yQNc . QZNC

t=1Inp/A
0% (47_‘_)2 2

I sensible interacting UV fixed point
| DF—CE >0 ?
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exact asymptotic safety:
a gauge-Yukawa template

mt“ 1

l .




gauge-Yukawa theory

Lagrangean o

Lw —,—TrF‘“’F |  gauge Nc colours

Yukawa Nf flavours

, Ly =-—u T1 (HTH)z 7,

Higgs Nf times Nf
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gauge-Yukawa theory

Lagrangean o

L\ I\I — .—Tl' Fle -.

_. _ d -‘*),1
, Ly=—u'lr (HTH)Z 7,

small parameter:

couplings

no asymptotic freedom
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gauge-Yukawa theory

2
59(13{;16 (25 236€> ag—2(121 e> ay} gauge

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

Bh = —(11 -+ 26) Oéz —+ 4()éh(()éy + QOAh)
2 Higgs
By = 12a3, + 4o, (o + 4o, + ) -

0.4561 € + 0.7808 €2 - |
0.2105 € + 0.5082 €2 + O(3) |
1998 ¢ + 0.5042 €2 + O(€3) |
=—0.1373¢ + O(€")

EREY: oo

\ > o |

exact {
UV fixed point |

Q
|
-

359 A o
i meco o o
| oY

{ Q
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results

phase diagram

S
>
s

s

Yukawa g coupling

Rk S S e i SO DUP ORI o e— AN

004

exact UV FP
strict perturbative control
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results

0.5 p—r

044
0.3
021

0.1}

0.0}

00 02 04 06 08 10
gauge <. coupling

interacting UV fixed point
entirely due to fluctuations’
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results

&, + a,

i ~__—~Vacuum stabilit 1
0.05_%; — y

i " e

10-9 o6 o000l 1 1000 106
RG scale 1z parameter
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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).

<0<y <Py < U3

classical

fourfold
degeneracy 1 relevant i
000 002 004 006 008 0.0
€

Wednesday, 19 August 15



results

UV fixed point from
perturbation theory
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results

UV-relevant
eigendirection
10 m e T S ™ ! r— "
% ______ NLO |
gauge gauge fields dominate
0sl NNLO .
06! |
Yukawa ey —
H. 04y — — — — — — ——= e —— e e
'99s e f
02 _—1 , \ [ - J — y | \ SR e ke |
0.00 0.02 0.04 0.06 0.08 0.10

€
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results

UV scaling exponents <0 <Py <Py <3

- O3(e) jrreleVal |

0.01} O (€) NLO

__
_—
—
—

|
i
1
]
3
f
|
i
4

—0.608 €2 4 O(€?) |
2.737¢ + O(e2) |
4.039¢ + O(e?) |
2.941 ¢+ O(e?) . |

e
0o
|

e
|~
|

€
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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 05

H c X 5 ) 1

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

UV FP:
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phase diagram

JueAd|dMl 1
/*oo
(4

0.03 0.04
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vacuum stability

quantum stability: Coleman-Weinberg type

resummation of logs

9, 9, 9,
(Mo(fMO — () qﬁc@ + ZBi(aj)M) Vert (Pe, o, 05) =0

)

Vete(Pe)

Veir (9) Kz envelope

1 15 b" \\ Vcl (¢c) 0:8
‘ \ 0.6+

|
%
|
E
|
E
| \NNLO |~
} 2l
|
:
i
E
|
f
P
|

¢c/ Ho

effective potential well-defined for all scales
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asymptotic safety
and 4D quantum gravity




UV fixed points

overviews:
DL 0810.3675 and 1102.4624

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

I I (Lauscher, Reuter ’02, Codello, Percacci, Rahmede '08, Machado, Saueressig '09
p0|ynom|als inRR Falls, DL, Nikolakopoulos, Rahmede ’ | 3)
f(R) actions (Machado, Saueressig '09, Benedetti, Caravelli,’ 12, Dietz, Morris,’ 12,

Falls, DL, Nikolakopoulos, Rahmede ’13, 14, 15)

i - i I 1#v7 (Codello, Percacci 05, Benedetti, Saueressig, Machado 09,
hlgher derlvatlve graVIty Niedermaier ’09, DL, Rahmede,’| 3)

. . . . . . DL ’03, Fischer, DL ’05
higher dimensions, dimensional reduction Mot Dt o ) 5)
Conforma"y reduced graVity (Reuter,Weyer ’09, Machado, Percacci ’10, DL, Satz ’12)
Holst action + Immirzi parameter (Daum, Reuter ’10, Benedetti, Speciale ’I 1)

Signatu re effects (Manrique, Rechenberger, Saueressig’11)

gravitation + matter

t (Percacci ’05, Perini, Percacci '05, Narain, Percacci ’09, Narain, Rahmede ’09, Codello ’| |
matier Folkerts, DL, Pawlowski ' | I, Dona, Eichhorn, Percacci 'I 3, DL, Schroeder '15)

standard model Higgs (shaposhnikov,Wetterich 'I 1)

UV fixed point & holographic RG (DL Percacci, Rachwal *11)
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 | |)
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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
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computational methods

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

continuum: non-perturbative renormalisation group

functional (Wilsonian) renormalisation
‘effeCtive average aCtion, Polchinski '84, Wetterich '92

Reuter ’96, Dou, Percacci ’97, Litim ’00,’03

lattice: Monte Carlo simulations
simplicial gravity
dynamical triangulations

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 =70
canonical
{VGn}
F256

asymptotic safety
“the unknowns’

g« # 0

nn 7 0

non-canonical

{19 " } not
12256 9
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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)
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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 |

i Yo AN O 73 = ; B e
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30
0.

10

IIIIIIIIIIIIIIIIIIIIIIIIIII

UV fixed pomt

llllllllllllllllllllllll

5 10 15 20 25 30 35
N

three relevant ,W

_ B Falls, Litim, Nikakpoulos, Rahed |
20 1301.4191
I4IO48|5
1 T T T I T Y T N T T Y I T HO T N B
S 10 15 20 25 3() 35

N
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scaling exponents

80 Pr———r—r——————— 1 order of approximation

_ K £ XV ]\T
60; ﬁTL(N) . 'V :

30
40 }
20 _ 20
_ irrelevant
0 , i ing. : D A A S S S PO PN TSP ‘/ _______ lO
' relevant

hree relevant |
eigenvalues |
i 1 osnbisabingd : ‘ YRR N W : . 215 PR 310 A TR .315

~20}

Falls, Litim, Nikolakopoulos, Rahmede
1301.4191
1410.4815
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K Falls, DL, K Nikolakopoulos & C Rahmede, (in prep, arXiv:1508.xyz)

f(Ricci)

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

K Falls, DL, K Nikolakopoulos & C Rahmede, (in prep, arXiv:1508.xyz)

d"a/g [ (R R') + R - 21 (R R

]ﬁk X
. - 1 - ()gR::T AT
i I'[g, g :§T1'II‘JT) F(z)
I hThT
' - ()t ‘th -
tIrg | —x
i Fo'h "

i
()tRIF

(2
i

Lo [ORET] . 1o R
e || Yo [T
og . hh
[ i | [ o AN ]
Ty ()(Rk T 0 ()t Rk
Loy (2) Lo (2
! Fﬁn ' - FRA .
s ey . i
1 T 51
; 1T: (-)t Rk g T” df Rke
9 Iarm) (2) Loy (2
_ F('TC'T 1 1 I_‘.Tm
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K Falls, DL, K Nikolakopoulos & C Rahmede, (in prep, arXiv:1508.xyz)

f(Ricci)

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

- three relevant |
i  eigenvalues

[ —

12!
10

- — o —o L 2 - 2 L - o

Tt R m e e gy A o
O RaRES Sk BT s e o T

=S

I
b

T - s ek A s
AR st S pec o s oo o o e e o

I
® o &

o B~ N O
s L s
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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

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
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phenomenology of
low-scale quantum gravity

s
-
-~
- ‘!...
. T -
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low-scale quantum gravity

Standard Model of particle physics
M, ~ O(Mpw) < Mp; ?

scenario with extra dimensions (Arkani-Hamed, Dimopoulos, Dvali '98)
D=4+n L

Mg, ~ M7 (M, L)
1/L < M, < Mp

— test quantisation of gravity
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challenges

® theory:
fundamental parameters M D AT g >k

predictions for LHC experiments

® experiment:
data to fix or constrain theory parameters
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running couplings in ADD

a) schematically

Ing

IR /(d=4+n)

[R%Jf)

UV (fixed point)

Inl/L 1InM,

Fischer, DL ’05

b) numerically

Ing_k
0 F In g_k,eff
B In A_k

uv
(Fixed Point)

-100 |-
IR (D=5)
200 -210
-215 |
IR(D=4) = :
220 |
-300 o5 [
- 230 L L1
Ink p
L I L L L I L L L I L L L I L L L I L L L I I L L I
-40 -20 0 20 40 60 80 100
In (kL/27)

Alkofer, DL, Schaefer,’ |5
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real gravitons+jet

bounds from effective theory

n 2 3 4 5 6
LEP 0651 ete - Y+ F 1.60 120 094 0.77 0.66 [27]
CDF 1.1fb~! pp —jet+E 1.31 1.08 098 091 088 [28]
CMS 36pb~! pp — jet+ E 229 192 174 165 159 [29]
ATLAS 33pb~! pp—jet+ E 230 200 180 n/a n/a [30]
ATLAS 1.0fb! pp —jet+ E 316 256 227 210 199 [31]
CMS  11fb! pp—jet+E 367 296 266 241 225 [32]
CMS {4 7 fb— pp —> ]et +- E’ o '4 00 BeR 298 2 52”". 333)

Table 4.1.: The 95% CL lower limits on Mp in effective theory forn = 2,...,

6 extra dimensions

and different datasets collected by LEP, CDF, ATLAS and CMS. Values are given in

TeV.
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reinterpreting LHC data

;, graviton+jet (MET) Pythia v8.153 Vs =7 TeV, p = Eg, quadratic approximation

effective theory: My > 2420 2790 3180 4000
4000 ; T ! ; ; ;
3500
3000
2500
>
Q
G, 2000
- i
<
1500 ‘ i-
1000 4
500 {
0 I
1600 2000 2400 2800 3200 3600 4000
Dabruck, Demmel, Hiller, DL (to appear ’15) Mp [GeV]
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2) virtual gravitons + diphotons

> Illlllllll]lll]l]lll[]l][lll]lll]lll
o 10° ¢ Observed
(= Y, ' l O e 1 Diphoton
S 10 - ATLAS ILdt :2.12![51 O 2.2 fb. at 7 TeV
R Q02 I v+iet
2 g, X =Ty ,"E’ I Dljet
10 \\""*-.' o 10 B Systematic Uncertalnty
-o-Data %'h Lu ---- - - =
1 + _ *Reducible background ! K= 0.05, M1 =1.75TeV =
2y DTotal background l msmsans IIED - 6, Ms - 3 TeV -
10 syst @ stat (reducible) 1 ?
2 B syst @ stat (total) 3
10 RS, KM,=0.1, m_ = 1.25 TeV o
10° [JADD, GRW, m_ = 2.0 TeV 107 A
1 L
g 2F -3
X 10
N 0.15 0.2 3 04 0506 08 1 12 15 2 3
m,, [TeV] 10 :
ATLAS [1112.2194v2] | R e (S el
200 400 600 800 1000 1200 1400 1600 1800 2000
CMS [1112.0688v2] M, [GeV]

No signifcant excess — 95% confidence level lower limits

k | NefeTh. k | NefrTh.
1 3.05 TeV 1 2.94 TeV
1.7 | 3.29 TeV 1.6 | 3.18 TeV
ATLAS (Oct 2012) CMS (Dec 2011)
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reinterpreting
LHC data

-‘,’ virtual gravitons + diphotons

> bkt Lk (e iaetetiobie A et aoi 22 i b i

implementation in Pythia8
weak PDF dependence
weak scheme dependence

(Hiller, DL, Zenglein,’15)

AT [TGV]

AT [TGV]

—_
oo

N &~ O oo

20
18
16
14
12
10

N A~ O 0

ATLAS 4.9fb~! 7TeV

| | ;o [/ /
— n—3 / // //
—_ 14 / , y /1
— n=5 / / / d
—_— n—6 II / y; 7
— =7 / / 7
n / / 7 // —Z
— n=8 / / / ’ .7
— — / / 7/
n—9 /I / / /s 7
— n=10 / / 4 - 5
/ Vi 7 , ~
/ / p s S
/ Vi I 7 P P
/ 7 7 P P
/ / / V2 7 2 /’ 1
/ s s 2 P -
/ / 4 4 P2 e
/ / / // - A
/ / ,, s 55 - —
/ / s s z-
, L , pZ ~
z z <
/ 7/ 7 z, =z
/ 4 Z ZZz
/ / 7 P //’ —]
/ Vs Z Z -
Z z
/ 7/ b/ J
/ 7 Z e
/ s =z~ —
/ // =
full lines: k=1
L]
I I I I I
Mp[TeV]
—1
CMS 2.2fb=* 7TeV
| | ' | /] [/
—_— n=—3 ,I / / 7
——— n=4 / ’ g
— / / / 7 _|
— n=>5 / / ,/ e
—_— n—6 / / 7 //
— n—7 / / / ’ z]
-8 / / / py Ve
n / / /7 / Ve
_— n:9 /! / // // ,, 7|
7
— =10 / )/ , L T
/ / // , // // ///,
/ / Vi 7 s - z~ -
/ / / 4 // // /,//
/ Vs 4 e s = “d o
/ / 4 s A
/7 7 z // <
/ / 7 7 24
/ / // 7 // 7 Cd |
/ / P r oz
7 , ’ - z
/ e -
/ 7 7 z //
/ /7 Ve 7 ,/ —
/ 7/ 4 // z z~- ]
-
/ 7/ , Z Z
/ ,/ // Z
/ A ]
7 Z
7 .
iz ”
/
full lines: k=1~
[ ]
| | | | |
Mp[TeV]
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3) virtual gravitons + dileptons

CMS 2012 Preliminary [Ldt=206f" ys=8TeV
1} | 1 ] L L ] 1 ] 1 1208 1) [ 1 1 LI [ | 1 1 | I

47
Aq

Seff —

—h —A
= 2

Everﬁs / 1 GeV
R

dinlh
o

combined 95% CL

Aeg > 4.15 TeV

based on 20.6 fb ! 104

500 1000 1500 2000 2500
M, [GeV]

CMS [EXO-12-027]
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reinterpreting LHC data

| virtual gravitons + dileptons |

20 T T " " 1 " " T
[ implementation in Pythia8
18 F weak PDF dependence

16 - weak scheme dependence

14

12

10

AT (TGV)

(Hiller, DL, Sedello ’15) M, (TeV)
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conclusions

QFTs beyond asymptotic freedom

4D matter-gauge theories

exact proof of asymptotic safety
all types of fields required
sensible UV finite theory
no additional (super-)symmetry

4D quantum gravity

systematic non-perturbative search strategies
strong hints for interacting UV fixed point
intriguing near Gaussianity
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