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Quantum field theories of gauge–fermion systems are a fundamental concept in theoretical physics.
Most prominently quantum chromodynamics (QCD) plays a central role in the Standard Model of
elementary particle physics and is crucial to understand e.g. the stability of matter. More generally,
the infrared properties of gauge-fermion systems can vary drastically depending on the gauge group,
the number of colors (Nc), and the number of fermions (Nf ) in different gauge representations. Spon-
taneous chiral symmetry breaking and confinement as in QCD can give way to infrared conformality or
possibly even asymptotic safety as the number of fermion degrees of freedom increases. Even though
chirally broken systems like QCD are defined on the perturbative Gaussian fixed point (GFP), many
of their infrared properties can only be explored using inherently nonperturbative methods, like lattice
field theory (LFT) and lattice QCD.

As the number of fermion degrees of freedom increases, a new conformal infrared fixed point
(IRFP) arises in addition to the GFP. The most interesting conformal fixed points are at strong
coupling, but in spite of significant effort in both numerical and analytical calculations, not much
is known about the mechanism of the opening of the conformal window. While the possibility that
the IRFP arises together with a nonperturbative ultraviolet fixed point (UVFP) is appealing, there
is no evidence yet for this phenomenon in 4-dimensional gauge–fermion systems [1–4]. For many
systems even the critical number of flavors where the conformal window opens is still controversial.
For example for SU(3) gauge theories with fundamental fermions critical values of Nf are named in
the range 6 < Nf < 13 [5–19]. Knowing the exact onset of the conformal window is relevant for
composite Higgs models [20–29] which require near-conformal dynamics. Models of a composite Higgs
boson, as well as a partially composite top quark, can be based on other gauge groups [23, 30], with
an assortment of fermions in various representations of the gauge group. The determination of fixed
point couplings, anomalous dimensions, and particle spectra is a wide area of research that requires
lattice computation. Likewise, knowledge of the anomalous dimensions of composite operators like
the scalar, tensor or baryon, is essential for composite models describing physics beyond the Standard
Model (BSM). Lattice calculations can predict anomalous dimensions [6, 31–34] with new techniques
under active development [35, 36].

For an even larger number of fermion degrees of freedom the gauge coupling at the GFP becomes
irrelevant and asymptotic freedom is lost. These infrared free systems may be trivial or a new,
nonperturbative/non-trivial UVFP might emerge. Large-Nf considerations predict such a UVFP [37],
but so far numerical calculations have not been able to verify this prediction [38, 39]. This is an
exciting direction where numerical calculations have just started.

Simulation techniques developed for lattice QCD studies are readily applicable to investigate many
of the nonperturbative properties of the tantalizing near-conformal, conformal, and infrared-free sys-
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tems described above. There is a fruitful exchange of ideas between lattice QCD and lattice BSM
studies.

Lattice practitioners have been investigating near-conformal and conformal systems in the last
decade, generalizing well-known methods like finite size scaling or the scaling of the spectrum. A
promising approach to identify the phase and fixed point structure is to study the running coupling
and the renormalization group (RG) β function. The finite volume step scaling function has been
determined with high precision in 2- and 3-flavor QCD. A modified approach that might improve the
precision even further has been proposed recently [40]. The calculation in near-conformal systems is
much more difficult. Studies with Nf = 10 [10, 15, 41] and 12 [10, 13] fundamental flavors suggest
that those systems are conformal, whereas Nf = 8 appears to be chirally broken [42–44]. A new
method that calculates the continuous β function [4, 45] is a promising alternative which due to
different systematic uncertainties provides a new perspective. Taking advantage of new methods and
an improved understanding of numerical lattice artifacts [46], we aim to systematically study systems
with Nf = 4, 6, 8 flavors. Combined with reanalyzing existing 10 and 12-flavor data, we expect
to enhance our understanding of the opening of the conformal window. Our work will complement
perturbative investigations of the RG β function [17, 18, 47–49] which so far have been pushed to
5-loop order in the MS scheme. However, at strong coupling perturbation theory may not be reliable
and poor convergence in the perturbative series is observed for values of Nf considered to be close
to the onset of the conformal window. The conformal bootstrap [50] is another powerful approach to
study conformal QFTs and mutual exchanges will be beneficial for both groups.

If asymptotically safe systems exist, they would be very exciting for pure theoretical reasons. They
could also be relevant in certain models of gravity [51]. Whether for larger Nf the infrared free range
above the conformal window is followed by an asymptotically safe region, has only recently moved
into the focus of numerical investigations and such projects are still in their early stages. A further
interesting avenue to explore is the hypothesis of complex fixed points and the connection to Nambu –
Jona-Lasinio type models [1, 2]. Such studies most likely require probing gauge–fermion systems with
an added four-fermion interaction term. While the additional term complicates the parameter space,
there is no numerical difficulty in carrying out such studies [52, 53].

Non-perturbative lattice field theory methods are also widely applicable to analyze broader classes
of vector-like gauge theories. These include super-conformal maximally supersymmetric Yang–Mills
theory (N = 4 SYM) [21, 54–56], as well as lower-dimensional systems like QED3 where both the
onset of conformal behavior and even the existence of a chirally broken regime are controversial [57–
60]. Methods developed for the 4-dimensional gauge–fermion systems can be generalized e.g. to φ4

scalar models in 2 and 3 dimensions. For example, attempts to determine the leading and subleading
critical exponents in the 3-dimensional φ4 model have been presented in [61, 62].
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