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Where do we stand today? What is missing?

Standard Model of particle physics
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* Dark matter

* Neutrino masses
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* Dark matter

* Neutrino masses
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= Quantum gravity

=> Landau pole U(1)y
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Where do we stand today? What is missing?

Standard Model of particle physics
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* Dark matter = Quantum gravity

* Neutrino masses => Landau pole U(1)y

Alvaro Pastor Gutiérrez The Asymptotically Safe Standard Model
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* Dark matter = Quantum gravity ¢ Hierarchy problems
* Neutrino masses => Landau pole U(1)y ¢ Unification of forces
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Asymptotic Safety Quantum Gravity
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The Asymptotically Sate Standard Model

> Complete: from quantum gravity to dynamical chiral

symmetry breaking

> Non-perturbative framework

GAUGE BOSONS

VECTOR BOSONS

> RG-consistent implementation of gravity and matter at all

scales

> Systematically improvable computation

as-seminars.quantum-spacetime.net Versatile for non-perturbative new physics extensions!
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The functional renormalisation group
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The functional renormalisation group
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The functional renormalisation group

Il g S
k—0 % k=A
k-0k k
IR uv
Wetterich ‘93
1 1
&Ik [Qb] = §TI' T(%Rk
' + Ry,

875 - k’(?k

One-loop exact
> Non-perturbative
> Mass-thresholds accounted

» Analytic regulators: Ri(p?) = (k* — p*)0(k* — p*)

\ Systematically improvable truncations
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The ASSM qualities

SU(3)C X SU(Q)L X U(l)y
q — (d7 ua 8, C7 ba t)

l = (e, Ve, b, Vy, T, V7)

....................... * All SM matter content/symmetries

< - Flows in the broken phase (H) # 0

MATTER

> Confinement and strong chiral symmetry breaking

\

\
GAUGE BOSONS
VECTOR BOSONS

LEPTONS
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The ASSM qualities
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Cutofl scale and regulator variation

Tfat(T) = (l — 1) O(1 — ) - 1;_2

X

kmat = Tmg kgrav
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Cutofl scale and regulator variation

Pt () = (1 - 1) 01 — z) P

x k2 1
> ::> Tmat(T) = Tfat (Vngx)

kmat = Tmg kgrav
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Cutofl scale and regulator variation

e = (3 -1) OL-2)  a=b L)

L et (s

Kmat = Ymg kgrav

*  Matter matters: Ymg — 0, OiRmat — 0

- Diffeomorphism and gauge consistency in the matter sector

—  The matter propagators enhanced relative to the graviton propagator
*  Gravity rules: Ymg — 00, OiRgrav — 0
-  Diffeomorphism consistency in the gravity sector

—  The graviton propagator enhanced relative to the matter propagators
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Gauge beta function
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Gauge beta function v
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Yukawa beta function and AS viability ..

Oda,Yamada“‘l5
Eichhorn,Held,Pawlowski‘16
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Yukawa beta function and AS viability ..

Oda,Yamada“‘l5
Eichhorn,Held,Pawlowski‘16
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Yukawa beta function and AS viability ..
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Oda,Yamada“‘l5
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varab & 2.55 ~ O(1)

Approximated by: l

\
fymg:1
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Yukawa beta function and AS viability ..
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Oda,Yamada“‘l5
Eichhorn,Held,Pawlowski‘16

stab
f)/mg

~ 2.55 ~ O(1)

Approximated by: l

Ymg = 1

\

> = [ (p=0)<0

AS at stake! Need for better truncations!
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The precise physical trajectory

Iy i S
k—0 W k=A
IR uv

* Recover physical quantities at k-0 and p=0!

ol

S 00— 3
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The precise physical trajectory

['[¢]

k—0 % k=A
k-6k k

IR

* Recover physical quantities at k-0 and p=0!

Alvaro Pastor Gutiérrez

Lk (o]

Special treatment!

S[¢] ~ Top Yukawa — Pole mass

t,pole
uv

MEP) — 179 5 4+ 0.7 GeV

Do) = 1424012 Gev

> Top pole width prediction:

(theo) +0.09
Ft,p(‘iﬁe = 1.727 43

GeV
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Higgs quartic coupling A

Degrassi,Di Vita,Elias-Mird,

Espinosa,Giudice,Isidori,Strumia‘12
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The ASSM trajectory
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= Higgs mass flow and fine-tuning
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UV-Higgs potential

V@,eff E >\<I> ,2n Z
Converged flat potential As many free parameters as the SM Higgs potential
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Eigenperturbations and global solution
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M( ):= Kummer function
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UV-Higgs landscape
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Quantitative for qualitative

Sources of systematic errors:

> Strong coupling: 757 GeV

Qs k=M, € [ag/IS, 1.10 alsws]

Pt e

1758 1o 30,50

> Top pole mass: 155 GeV

> Gravity FP: < 1GeV

>  FRG truncation: < 1GeV

122 124 126 128 130 132 134
MH [GGV]
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Conclusions

*  Unified and UV-complete picture of SM and ASQG

¢ Consistent non-perturbative renormalisation
from trans-planckian to sub-Fermi scales with

inclusion of mass-thresholds at all scales

*  Thorough analysis of systematics

¢ FRG top pole mass— width prediction
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Conclusions

On the gravity side...
*  Unified and UV-complete picture of SM and ASQG *  Momentum dependent gravity-matter beta functions
¢ Consistent non-perturbative renormalisation > Kinematic identity for gravity-gauge-fermion
from trans-planckian to sub-Fermi scales with systems
inclusion of mass-thresholds at all scales >  Critical state of Yukawa-gravity systems
*  Thorough analysis of systematics — Asymptotic safety at stake!
¢ FRG top pole mass— width prediction * ASSM FP and landscape

> Flat UV Higgs potential with 2 relevant

directions
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Beyond the ASSM

101 _R

(k=1)=10
—Rk=1)=10"
8 — Rk=1)=10""?
* Non-perturbative extensions: . 6 — Rk =1) =107
Q=
. . . . . 4f
— Extra-dimensions and Gauge-Higgs unification
in collaboration with Masatoshi Yamada 20
-  Composite Higgs 0 ‘ ' | '
P e8 1 10 100 1000 10 10°

in collaboration with Florian Goertz

k APG,Yamada‘22

* Spectral functions: Higgs, top quark, ... 4.x107
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Thank you for your attention!



Low energy observables: Weinberg angle
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Gravity-matter systems

Christiansen,Litim,Pawlowski,Reichert‘17

Eichhorn,Lippold,Schiffer‘18
Eichhorn,Lippold,Pawlowski,Reichert,Schiffer 19 0

(g7, 1) 38 = (0.14, —0.65)

————

0 50 100 150 Ny 0 20 40 60N, O 0 L

« Expansion over the flat background: 9., = 0, + /167GN Ay

* Flows from 2 and 3-point functions: 7, 7. gh = Gn.3, Un = —2An. 2

o Avatars:  9o,..@,h-h = 9h Effective universality

Eichhorn,Lippold,Pawlowski,Reichert,Schiffer 19
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Gravity-matter systems

Christiansen,Litim,Pawlowski,Reichert‘17 0-5
Eichhorn,Lippold,Schiffer‘18
Eichhorn,Lippold,Pawlowski,Reichert,Schiffer 19 0
—0.5
fluc __
(9hs 1 )sm = (0.14, —0.65) . = ————ae——
0 50 100 150 Ny 0 20 40 60N, O 0 L

« Expansion over the flat background: 9., = 0, + /167GN Ay

* Flows from 2 and 3-point functions: 7, 7. gh = Gn.3, Un = —2An. 2

Background approximation

Dona,Eichhorn,Percacci‘14

e Avatars: ¢ =g . . . Oda,Yamada‘15
. P ®iheh Effective univers allt-y Dona,Eichhorn,Labus,Percacci‘16

Eichhorn,Lippold,Pawlowski,Reichert,Schiffer 19 Wetterich, Yamada“19

(g7, 13)35 = (3.29,2.25)
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Details of the UV-Higgs potential

2.0
B Nuax : Nmax=17
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p
* Converged flat potential

* As many free parameters as the SM Higgs potential

(two relevant directions)
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Eigenperturbations

Di(p) = [(4 +0;) — (2+ n9) ﬁap} ©i(p) Polynomial form for 5 — oo
3 (2 / L (3an%p) 7
g — 2 g
_ gn (2+ pn) Ug ¥ F(4—|—%) P

T (L4 pn)? (14 uf)?

_ o O=—-44+24+n9)n with n €N
(4+0;) i(p) — (2+ns) pe;(p)

152 12¢i(P) + ¢l (p)] = 0
Exponential form for p — o0
_ 440, 2 ne\ _ 1 1 32m2 (1422 )
(P =, M == 9 397 (1+—)p> 0; — , nye :
2ilP) < 2+ ns 2 r(-2-9%) (327r2ﬁ)4_®7
functi
Kummer function O A -4+ (2+ns)n  with neN
O, =0, — 3 9 Expandable in Hermite polynomials (squared integrable)
7 (Lt ;)2

Alvaro Pastor Gutiérrez The Asymptotically Safe Standard Model



G o

Normalised eigenvector i’ = 15 2

N-1 (2)
m=0 |SmUm

Kluth,Litim 20
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UV-Higgs landscape
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Flattening of the potential
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Flattening of the potential
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Strong QCD

* Implementation of FRG results from 2+1 flavor QCD.

*  QCD mass-gap accounted
* Dynamical chiral symmetry breaking

*  Scale setting:

ggfgz M, A 1.22

_ 2
MS
(93,/<:=MZ>

~ 0.118
4

Qg =

93 k=M, = \/1.07 (4mas) = 1.26

Alvaro Pastor Gutiérrez

(ex)
aAuﬂ
o
(UN]

0.0 . . - -
0.001 0.010 0.100 1 10 100

kmeta [GeV]

kinter :

5GeV f

15 GeV

T

1018,
1015,

1012,

The Asymptotically Safe Standard Model

k [GeV]

s k=M, € |®s, 1.10a5)

_______________________________

10°_|

1.00 1.05 1.10 1.15
Qg (MZ) /&8



The top pole mass determination
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