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Conformality, Confinement & Chiral Symmetry Breaking

Florian Goertz, Alvaro Pastor-Gutiérrez, JMP, in preparation
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High energy physics in a nutshell

‘Never underestimate the joy people derive from hearing something they already know’

attributed to Fermi

No new physics?

What else can you surmise? Really, still QFT?
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High energy physics in a nutshell

Standard model No new physics? What else can you surmise? Really, still QFT?
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High energy physics in a nutshell

Standard model No new physics? What else can you surmise? Really, still QFT?
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High energy physics in a nutshell

Perturbation Theory Perturbation Theory

Standard model No new physics? What else can you surmise? Really, still QFT?
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The physics of thresholds

Example: asymptotically safe Standard Model

k-mirrors of physical thresholds

000 V | VWW ;V _ _k-mirrors of physical thresholds ..
; § e s
Mg, M, Mz, My | 12\
100§ ‘ —— 1 1 — 91 T 92 T g3
| B 0.8f
e i
Em7_7mc | - : 06_
- -------------------------- posem ‘--‘ -------- ‘:- :
1 Mgy Mg, Ty, | I 04
| | 0.2
m,, o
0,100} e mrersmsrmsnnsnnnsnnnenaay] e eenalde J: . 1
‘\ .
| ! 10 10° 10° 10" 10° 10!t 10'% 10'° 10'7 10 10%t 10% 10%
0.010¢f * |
; | ] k-mirrors of electroweak scale k [GeV] Planck mass RG-scale k
0.001f 4y, B
516N AR | S | %
“I.

108 10% 10* 0.01 1 100
k |GeV]

Standard Model masses

Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105



The physics of thresholds

Example: asymptotically safe Standard Model

k-mirrors of physical thresholds

1000 2 VW VYY WY ) k-mirrors of physical thresholds .
...“'T"....,,.......~T’*,
100
\ .
10 - 0.8}
0.67
et AR R AR L A N T ‘: A -
% 1 { ; 0.4
g ]
'g _ 0.2¢ L
0100 'R T TR “]I- O 1
!: 10 100 10° 107 107 10'' 10'% 10 10'" 10% 10%' 10% 10%
0.010 K
T | | k-mirrors of electroweak scale k [GeV] Planck mass RG-scale k
0.001 II: -5
............. B
A
10 10°% 10* 001 1 100 A
k [GeV] £
1B U e
Standard Model masses A}
lenary talk of F. Rennecke (Mon EM E' /
01 o O . 2 4

E> 0 for all p? E=0atp?> 0: Pastor-Gutiérrez, JMP, Reichert, SciPost Phys. 15 (2023) 105


https://indico.cern.ch/event/1293041/contributions/5948779/attachments/2912403/5110153/Confinement2024_Rennecke.pdf

The physics of thresholds

Example: asymptotically safe Standard Model
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Phase structure of many flavour QCD

S /i 4 > e 20
Two-loop beta-function Bg _ A (§C'A . §TFNf> - (49 )4 ( 3 Cha — 4C’FTFNf — ECATFNJ) B . .
4 k‘ '1 ks O’

Casimirs Dynkin index



Phase structure of many flavour QCD
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Phase structure of many flavour QCD
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Phase structure of many flavour QCD

Many-flavour QCD with the functional RG
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Functional flows for QCD
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Getting started: the gluon propagator

2 2
Flow @, = 5 P 5
Yang-Mills
3T T FRG, scaling Two flavours (chiral fRG) & physical pion mass (lattice/fRG)
R R Rtk FRG, decoupling S Physical 2+1 (lattice/fRG/DSE) & 3 chiral (fRG) flavours
= [ *  Sternbeck etal. 30 Np=2 : e
8‘/ 2 | o [ . N '_ 3 T T
;‘é u @ 2_5:- — Thiswork 1.2:_ =
0 - iy | — Thiswork
L ] i 2'05 — Cyrolet.al ‘16 = 1‘03
= 11— % 1.5¢ = 0.8l
C\IQ' ] 2 | E Of — Sattler et.al
i 3 1.0 ¢ Lattice \L 0.6}
i . NQ‘ 0.5- j:/ 0.4:_ ¢ Lattice
OO 1 I |1 I 110 NQ‘ O 2
. p [GeV] 0.0} — e e '
_ _ 0.1 1 10 100 0.0} :
Cvrol, Fister, Mitter, JMP, Strodthoff, PRD 94 (2016) 054005 P [GeV] 01 1 10 100
fRG: Cyrol, Mitter, JMP, Strodthoff, PRD 97 (2018) 054006 p [GeV]
lhssen, JMP, Sattler, Wink, arXiv: 2408.08413 fRG/DSE: lhssen, JMP, Sattler, Wink, arXiv: 2408.08413
Lattice: Sternbeck et al, PoS LATTICE2016 (2017) Gao, Papavassiliou, JMP, PRD 103 (2021) 094013

Lattice: Zafeiropoulos et al, PRL 122 (2019) 16, 162002
Cui et al, CPC 44 (2020) 8, 083102

8 This work: Florian Goertz, Alvaro Pastor-Gutiérrez, JMP, in preparation



Getting started: the gluon propagator
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Confinement in Landau gauge QCD
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Confinement in Landau gauge QCD
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Chiral symmetry breaking

Chiral symmetry breaking in a nutshell
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Chiral symmetry breaking

Chiral symmetry breaking in a nutshell

Beta-function of dimensionless scalar-pseudoscalar coupling
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Chiral symmetry breaking
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Chiral symmetry breaking

Chiral symmetry breaking in a nutshell

Beta-function of dimensionless scalar-pseudoscalar coupling
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Chiral symmetry breaking and emergent composites

glue hadronic
quantum fluctuations quantum fluctuations

functional RG: (815

quark
quantum fluctuations

‘DynHad for mesons & diquarks is BSE-DSE for QCD in a ‘unified’ effective action approach’

Dynamical hadronisation




How to: systematic error estimates & the LEGO® principle

Rapid convergence in QCD —

. Example: 4-quark scattering vertex
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Chiral order parameter potential
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Results on the phase structure of many-flavour QCD
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Flavour dependence of gauge dynamics

RG-scale of chiral symmetry breaking
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Interplay of confinement & chiral symmetry breaking scales

Ratio of confinement and chiral symmetry breaking scales Quark mass and ‘chiral condensate’
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Walking dynamics

Gauge bosons and fermions
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Lower boundary of the CBZ-window
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Phase structure of many flavour QCD
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* Functional renormalisation group approach to confining and chiral symmetry breaking dynamics in many-flavour QCD

Summary
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* Phase structure of many-flavour QCD with full chiral dynamics

» Systematic error estimates with the LEGO® principle
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Stage is set: Stay tuned!
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