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Abstract

The effective field theory (EFT) perspective on particle physics has yielded insight into the Standard
Model. This paper investigates the epistemic consequences of the use of different variants of renormal-
ization group (RG) methods as part of the EFT perspective on particle physics. RG methods are a
family of formal techniques. While the semi-group variant of the RG has played a prominent role in
condensed matter physics, the full-group variant has become the most widely applicable formalism in
particle physics. We survey different construction techniques for EFTs in particle physics and analyze the
role that semi-group and full-group variants of the RG play in each. We argue that the full-group variant
is best suited to answering structural questions about relationships among EFTs at different scales, as
well as explanatory questions, such as why the Standard Model has been empirically successful at low
energy scales and why renormalizability was a successful criterion for constructing the Standard Model.
We also present an account of EFT's in particle physics that is based on the full-RG. Our conclusion about
the advantages of the full-RG is restricted to the particle physics case. We argue that a domain-specific
approach to interpreting EFTs and RG methods is needed. Formal variations and flexibility in physical
interpretation enable RG methods to support different explanatory strategies in condensed matter and
particle physics. In particular, it is consistent to maintain that coarse-graining is an essential component
of explanations in condensed matter physics, but not in particle physics.

1 Introduction

Since the late 1970s, there has been a growing consensus in particle physics that quantum field theories
(QFTs) are best understood as effective field theories (EFTs), constructed with an explicit reference to the
energy scale at which the theory no longer applies. Historically, we can understand this shift to thinking
of QFTs as EFTs as a way to (dis)solve the mystery of renormalization in particle physics (Butterfield and
Bouatta 2016), or as a means to construct a theory space that goes beyond the Standard Model (Weinberg
1979). The renormalization group (RG) played a major role in understanding some aspects of renormaliza-
tion, and in analogy with condensed matter physics one could then see QFTs as an effective description of
physics relative to some reference energy or length scale.

From a foundational standpoint, philosophers have begun to focus on EFTs for a few reasons. First
and perhaps most obvious, philosophers of physics should be exploring the foundations of our current best
theories as they are currently understood (Wallace 2006; Wallace 2011). Since a majority of physicists now
view the Standard Model as an EFT, philosophers ought to make sure that they understand the structure
of the EFT framework. Second, and growing from this, many philosophers have noticed that EFTs do not
fit neatly into standard philosophical understandings of theories, models, and the relationships between the
two. Some have argued that EFTs lead to a hierarchy of merely effective descriptions in nature, with no
bottoming out at the fundamental level (Cao and Schweber 1993; Bain 2013). Arguing against this position,
recent work has taken the EFT framework and the RG to give rise to a new prospective realism and a
foundation for emergence as separate from reduction (Crowther 2015; J. D. Fraser 2018; Williams 2019;
Wallace 2019). Meanwhile other work has focused on the assumptions needed to set up the EFT framework
(Williams 2015; Rivat 2020; Koberinski and Smeenk 2022).
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In this paper, we will focus our attention on the epistemic dimensions of the construction and use of
EFTs in particle phyiscs. Our conclusions about the interpretation of EFTs and the explanations that they
support have implications for metaphysical debates about emergence and reduction, but those are outside of
the scope of the present discussion. What many philosophical approaches to EFTs in particle physics have
in common is a heavy dependence on analogies with condensed matter physics, resulting in an emphasis on
coarse-graining and the semi-group variant of the RG as a basis for robust theoretical relations of emergence
or independence. Since EFTs and RG methods are used in both disciplines, it is tempting to understand
particle physics—where physical interpretation is further removed from ordinary experience—in terms of
condensed matter physics—where one has a better intuitive grasp on the physical situation and ontology.
Due to the historical origins of RG methods, and the formal analogies with condensed matter physics, the
dominant understanding of EFTs in particle physics utilizes the renormalization semigroup (semi-RG). This
means that one often thinks of constructing an EFT by starting with a higher-energy theory, and coarse-
graining by introducing a means to screen off effects of that theory beyond some specified energy scale. Using
the semi-RG in condensed matter physics allows one to systematically transform from a theory that includes
all fine-grained details relevant at one scale to different theories which exclude fine-grained details that are
negligible at larger distance scales.

We argue that EFTs in particle physics are distinct from EFTs in condensed matter physics with respect to
both epistemology and interpretation. This distinctness manifests in the different uses to which RG methods
are put in particle physics. We begin in Sec. 2 by arguing that the group of mathematical techniques known
as RG methods are diverse, and often loosely related. The family resemblance among RG methods is that
all are mathematical tools meant to deal with problems where a wide range of weakly coupled scales are all
important to the dynamics. However, because these problems arise across a variety of domains, one should
expect to find that RG methods—and the physical interpretation attached to them—will likewise differ. We
focus here on the semi-RG and the full renormalization group (full-RG) in particular, since these are the most
relevant to current applications in particle physics. The individual formalisms that we will investigate do
not wear their physical interpretations on their sleeves, but some physical interpretations do not fit naturally
with some formalisms. For example, the full-RG does not fit with the physical interpretation of the RG
transformation as representing a coarse-graining in which a change of variables leads to the discarding of
fine-grained details because the full-RG transformation is reversible.

In Sec. 3, we review methods for the construction of EFTs in particle physics. The semi-RG plays a central
role in the abstract top-down construction procedure, exemplified by reparameterizing the Wilson action for
different values of the separation scale A. Concrete realizations of the top-down procedure do not involve
iterative application of the semi-RG, though the (full-)RG equations are used in fixing low-energy couplings
and calculating with the resulting EFT. However, neither the abstract nor concrete top-down procedures are
readily applied to all EFTs in particle physics. The top-down procedure is relational, starting with a high-
energy theory and integrating out the high-energy degrees of freedom. But for EFTs like chiral perturbation
theory and soft-collinear effective theory, this perspective doesn’t apply. Instead, we should think of these
EFTs from the bottom-up perspective. From this perspective, EFTs are constructed as independent theories,
whose degrees of freedom are determined relative to the energy scales for which they will be used. These
EFTs include a separation scale and an infinite set of coupling terms consistent with the symmetries and
fields chosen for construction. Further, the bottom-up perspective can be applied to all EFTs in particle
physics. We argue that, if one wants to pick a procedure with which to understand EFT construction in
particle physics at a general level, then the bottom-up perspective is the only viable option. In constructing
EFTs from the bottom-up, RG methods play less of a direct role. Only the full-RG plays a role, and this is
in calculating amplitudes and determining scaling behaviour.

Next we examine the role of RG methods in using EFTs. The full-RG is needed for understanding the
construction of EFTs in particle physics, but are there aspects of their use or structure that can only be
captured by the semi-RG? In Sec. 4 we argue that the bottom-up perspective using the full-RG is able to
account for the structure and use of EFTs in particle physics. In particular, we need never use the semi-RG
as a coarse-graining procedure in particle physics. Whether one aims to explore the asymptotic scaling
behaviour of a given EFT, understand why the renormalizable sector of the Standard Model EFT continues
to be so successful, or explore the insensitivity of low-energy physics against some variations in high-energy
EFTs, one can stick with the full-RG and prioritize the bottom-up perspective for all explanatory purposes.
The top-down perspective can be useful in explicitly considering the relationship between classes of EFTs



with differing couplings and cutoff scales, but this can also be accomplished with the full-RG; the semi-RG
and the accompanying interpretation of coarse-graining is never needed. Sec. 4.1 focuses on the uses of RG
methods for local empirical questions regarding a given EFT, while Sec. 4.2 examines explanatory questions
dealing with the global EFT theory space. Sec. 4.3 provides a philosophical analysis of the explanatory value
of semi-RG and full-RG characterizations of EFT theory space. We conclude that the full-RG perspective
is best suited to understanding the frontiers of particle physics, and draw implications for other debates in
the foundations of particle physics.

Finally, we turn back to the motivating analogy between EFTs in particle physics and condensed matter
physics in Sec. 5. We argue that the formal analogy between the two disciplines actually highlights an
important physical disanalogy, blocking the straightforward carryover of interpretation. The disanalogy
involves the different quantities that vary using the semi-RG in the limit where the separation scale becomes
unimportant.

We argue that significant interpretive choices are being made in the standard reading of EFTs and the
RG. Making these interpretive choices explicit will serve to highlight the landscape of possible interpretations
of EFTs and the RG. In particular, much stock is currently placed in lattice regularization and the Wilson
action approach to RG flow. We believe that the differences between particle physics and condensed matter
physics extend to the understanding of EFTs and the RG; an interpretation of the formalism should be
discipline-specific. We aim to make this point clear by looking at how EFTs are constructed and used in
particle physics, noting in particular the ways that RG methods come into play. These examples highlight
our broader claim that interpretations of any formalism must be individualized to the physical context in
which they are used. At the very least, this supports the point that one cannot read an interpretation
directly off of mathematical formalism (Bokulich 2020).

To fix terminology at the outset: we take an EFT to be defined in terms of a Lagrangian with some set
of coupling terms—in general infinite in number, but if a semi-RG is applied then finite—between relevant
fields, subject to symmetry constraints, with coupling parameters fixed at some energy scale £. Built into
the coupling terms is a (potentially unfixed) separation scale, which we denote as A.

2 Renormalization group methods as a family of mathematical
techniques

RG methods are a family of applied mathematical techniques. The diversity among formal techniques
that fall into the category of RG methods is evident in both contemporary and past applications. For
example, there are a variety of approaches to the use of perturbative approximations. Historically, Bo-
goliubov and Shirkov (1955) applied the term renormalization group to describe a technique that involved
“renormalization-invariant improvement of perturbative results” (Shirkov 1999, p. 17). One of Wilson’s
contributions was the introduction of a fundamentally non-perturbative formulation of a (different) renor-
malization group: the RG transformation can be defined non-perturbatively, though of course perturbation
series are often used to evaluate the resulting expressions. More recently, different formulations of the RG
have been introduced in the setting of algebraic QFT to facilitate the construction of models (e.g., the
“exact” renormalization group and perturbative AQFT) (Hancox-Li 2015; Rejzner 2015). Our focus in this
paper will be the uses of semi-group and full-group variants of RG methods in particle physics. Before
turning to analysis of that particular case, we will offer some reflections on what it means for RG methods
to be a family of formal techniques.

For our purposes, the characterization of RG methods that Wilson offered back in 1975 remains a useful
starting point for explaining how RG methods are a loosely related set of formalisms rather than a single,
univocal formalism. The family resemblance is in both the type of the mathematical problem solving strategy
and the character of the mathematical problem that the techniques are designed to solve. Wilson presents the
renormalization group as the analogue of the derivative, and the statistical continuum limit as underlying the
renormalization group in the same manner in which continuum limits underlie the derivative (Wilson 1975,
pp. 773-774). A statistical continuum limit arises when limits are taken of functions of continuous variables
and the values of the functions at each point in the continuum are treated as independent variables. Such a
limit is statistical because the independent variables are typically fields that fluctuate; consequently, the end
goal is to calculate averages or expectation values of products of the fields. For example, limits of this type



are used to specify correlation functions in statistical mechanics or expressions for vacuum expectation values
in QFTs. RG methods solve problems that directly or indirectly involve evaluating statistical continuum
limits.

Wilson illustrates the statistical continuum limit and RG methods with examples of applications in QFT
and statistical mechanics (Wilson 1975, pp. 773—-774). This is a theme that will be picked up in this paper, so
it is worth entering into some detail. In a QFT, the goal is to calculate vacuum expectation values (VEVs),
or equivalently propagators or n-point functions. To make the problem tractable, the fields are initially
regularized by imposing a high energy-momentum or low space(time) (i.e., lattice) cutoff. The statistical
continuum limit arises when the cutoff is removed: either the high energy-momentum cutoff is taken to
infinity or the space(time) lattice spacing is taken to zero. In a statistical mechanical model of a magnet,
there is an atomic lattice that remains fixed. The statistical continuum limit increases the spatial extent of
the region under consideration. At the critical point of the magnet, the correlation length becomes infinite
and it is natural to take the infinite limit of the spatial extent of the region. In both cases, RG equations
relate descriptions of the system at different scales. Scaling properties encapsulated in the RG equations
can be leveraged to calculate the quantities of interest (VEVs or correlation functions). The salient family
resemblances between these (and other) applications of RG methods are that the problem involves limits
of functions (representing fields) that are independent variables, that the calculated quantities are averages
or expectation values of these functions, and that the RG equations relate descriptions at different scales
(e.g., length, energy).! These family resemblances are generally accompanied by many differences in physical
interpretation. In the examples sketched in the preceding paragraph, the limits used to set up the problems
and the scales have different physical interpretations. The starting point for the analysis in this paper will
not be these differences in physical interpretation, but formal differences between implementations of the
RG. Differences in physical interpretation between condensed matter and particle physics will be examined
in Sec. 5.

Our primary focus will be on tracing the implications of one of the formal differences between different
techniques that fall under the umbrella concept of RG methods: the uses of a semi-group or a full-group of
RG transformations that arise in practice. The semi-group formulation of RG methods has a distinguished
history in condensed matter physics. Kadanoff’s block-scaling transformation was the prototype for setting
up the problem in condensed matter physics that RG methods were designed to solve. Consider an Ising
model that represents a ferromagnet. A spin value is assigned to each atomic lattice site. The lattice is
divided into blocks of lattice sites, and the block-scaling transformation averages the spins in each block
and rescales the Hamiltonian representing the interactions among the spins accordingly. The averaging is
a paradigmatic example of a coarse-graining operation: there is an iterative procedure in which one set of
variables (e.g., spin variables) is replaced by another set of variables (e.g., average spin variables) and this
results in the loss of fine-detail information about the initial variables (e.g., array of spin values).? Iterative
application of the block-scaling transformation is useful near the critical point, when the correlation length
of the system becomes large and the fine-detail, micro-level properties of the system are not relevant for
determining certain macro-level properties.

The full-RG has a historical start in particle physics, in the context of renormalization and scaling. For
example, Gell-Mann and Low (1954) considered the scaling of the electric charge in QED as a function of the
energy scale at which the electron is probed.> While (as J. D. Fraser (2021) points out) it would be a mistake
to read the contemporary physical interpretation of such equations into Gell-Mann and Low (1954) (e.g., the
concept of a renormalization scale), their scaling transformation is written as a differential equation, and is
reversible. Bogoliubov and Shirkov picked up on Gell-Mann and Low’s formulation and further developed it.
J. D. Fraser (2021) emphasizes the diversity in formal structures and physical intepretations that fall into

1Wilson stresses that other conditions need to obtain in order for RG methods to be applicable, including that the fluctuations
over a large range of scales contribute to the values of the VEVs or correlation functions, that there are no characteristic scales
that dominate the calculation, and that scales are locally coupled (e.g., 1000-2000A wavelengths primarily affected by nearby
wavelengths 500-1000A and 2000-40004).

2As we will discuss below, integrating out high-energy degrees of freedom also counts as a form of coarse-graining, as it
instantiates another iterative procedure for systematically introducing new field variables in a way that excludes fine-grained
information about the original variables from a given theory or model.

3Cf. Koberinski (2021a, Sec. 2.2, 3.2) for a discussion of the conceptual move from the Gell-Mann and Low formalism to
the modern Wilsonian RG, and J. D. Fraser (2021) for a broader account of the parallel developments of the Gell-Mann Low
scaling and the Stueckelberg renormalization group in the 1950s.



the category of “the” renormalization group in this formative period. The central goal of this paper is to
investigate the continued diversity of formalism and physical interpretation in the subsequent development
of “the” RG.

Wilson took inspiration from both condensed matter and particle physics in constructing the modern
Wilsonian RG.* The “Wilsonian RG” is commonly taken to be a semi-RG transformation describing the
scaling properties of a field system. Formally, the averaging operation is represented by a semi-group of
transformations because it is irreversible. In condensed matter physics applications of RG methods, the
semi-RG is naturally interpreted as a coarse-graining operation. Clearly, mathematical formalisms do not
wear their interpretations on their sleeves. However, the full-group variant of the RG transformation is
reversible, and thus does not count as a coarse-graining operation. As we shall see, the full-RG is widely
applicable in particle physics. This raises a question: Is the full-RG sufficient for the applications and
explanatory purposes to which the RG is put in particle physics, or is the semi-RG also necessary? In
Sec. 3 and 4 we will argue that the full-RG is sufficient for all purposes in particle physics, and that it also
has virtues that give it an advantage over the semi-RG. To make this case, we will carefully examine the
applications and explanations afforded by the EFT perspective on theories in particle physics.

Back in 1975, Wilson’s impression was that the disparate nature of RG methods was more obvious than
their common features. He hypothesized that “the very general nature of the renormalization group has
been less apparent than the general nature of the derivative” because “the problems that one studies with
the renormalization group are rarely formulated explicitly in terms of continuum limits” (p. 774). He also
notes that “[t}he renormalization group is at a much more primitive stage than the derivative” because
“[t]here is only a small subset of problems involving the statistical continuum limit that have been solved
so far, and to solve these problems a large amount of labor and theoretical artifice is required” (p. 774).
For example, Wilson notes that his solution of the Kondo problem in condensed matter physics involves
“many special tricks which help to make the calculation practical” (p. 777). Today, after decades of
research in which a wide range of problems in physics and other fields have been successfully solved using
RG methods, it might seem that we should have also discovered a common formalism underlying these
applications. However, RG methods have continued to resist a unified general formal presentation with
respect to which particular techniques are instantiations. Jona-Lasinio’s attempts to find a more general
framework for RG methods illustrate some of the difficulties. Having published (with DiCastro) a precursor to
Wilson’s renormalization group equations in 1969, Jona-Lasinio was well aware of the variety of mathematical
formulations of RG methods and also that the relationships between the different formal presentations
were not clear. Motivated by the desire to find the “mathematically most faithful implementation” of
Kadanoff’s idea that statistical mechanical systems have self-similar descriptions near a critical point, Jona-
Lasinio (2001) uses a generalization of probability theory to underpin a more general framework for RG
methods. This framework does illuminate the relationship between multiplicative formulations of the RG
and Kadanoft’s idea (Jona-Lasinio 2010). However, the framework has only been extended as far as Gaussian
fields (i.e., free fields), and Jona-Lasinio believes that extension beyond Gaussian fields would be very difficult
(Jona-Lasinio 2001, Sec. 3.3). Furthermore, this generalized framework is designed to capture the physical
ideas underlying the application of RG methods in condensed matter physics, which do not necessarily carry
over to other applications of RG methods. In any case, in the absence of a general, unifying framework for RG
methods, the best that we can do is to recognize that in practice RG methods are a cluster of mathematical
techniques, and to do our best to understand how and why particular formal techniques are used in particular
contexts. We turn our attention to an important context for particle physics: the construction of effective
field theories.

3 Constructing effective field theories

On standard presentations of the construction of EFTs, semi-RG methods are often used to provide a high-
level justification of the effectiveness of top-down constructions. (Recall that “top-down” refers to starting
with high energies; “bottom-up” constructions begin with low energies.) One can also construct new EFTs
from the bottom-up, where the role of the RG is indirect. Beyond the construction of EFTs, RG methods

4As Rivat (2021) argues, the analogies with condensed matter physics form only a part of the story for Wilson’s work leading
to the renormalization group. His earlier work in meson physics also played an important role.



also allow one to explore the structure of either particular EFTs or the relationship between different EFTs
via transformations in theory space. In this section we start by highlighting two different construction
procedures for EFTs: the top-down and bottom-up approaches. Within the top-down approach, there is
an abstract characterization in terms of semi-RG transformations between Wilson actions, and a concrete
characterization where matching conditions are used between an EFT and its successor theory. In both cases,
one thinks of the EFT as explicitly defined with reference to a more complete theory. After discussing the
top-down approach (Sec. 3.1), we turn in Sec. 3.2 to the bottom-up EFT construction procedure to better
understand how the Standard Model can be treated as an EFT. Constructing an EFT from the bottom-up
contrasts with the top-down approach in that there is no longer explicit reference to any successor theory.
We therefore find the bottom-up approach better suited to cases where a successor theory is unknown, or
where the abstract notion of “integrating out” high-energy degrees of freedom from the successor does not
apply.

There are three main takeaways from this section. First, the top-down construction procedure is not uni-
versally applicable in practice: the abstract construction is severely limited, while the concrete construction
still misses important cases. Second, the concrete top-down procedure requires one to know what sort of low
energy EFT they want to end up with; we don’t just start from the high-energy theory and arrive at a unique
EFT. This complicates the abstract picture of deriving the EFT from its successor. Like many interesting
cases in science, the concrete top-down perspective is actually a combination of top-down and bottom-up
construction, meeting in the middle at an EFT with fixed couplings. Importantly for the discussion of uses
of EFTs in Sec. 4, concrete top-down constructions do not utilize the semi-RG. Finally, the bottom-up pro-
cedure, in which one constructs an EFT independently from its relationship to a high-energy successor, is
the most general, modern, and widely applicable perspective. This bottom-up construction does not lend
itself to an interpretation in terms of coarse-graining transformations across theory space. The bottom-up
perspective is also not dependent on the assumption that the top-down perspective applies. Instead, as we
will argue in Sec. 4, the full-RG provides the full set of tools needed to explore the structure of EFTs.

3.1 Top-down constructions: EFTs as relational

From the top-down perspective, we construct EFTs in relation to some high-energy successor at energy scale
A, and use the RG to compare the EFT to the low-energy limit of the successor at some energy scale £ < A.
The abstract form of the top-down construction procedure is currently widely used to motivate a strategy
for interpreting our current best theories—i.e., the Standard Model—as EFTs (cf. Weinberg 1979; Williams
2015; Wallace 2018). We start by outlining the abstract version of the top-down approach. This uses the
Wilsonian semi-RG, which one can think of as successive iterations of “integrating-out” the high-energy
modes of the original theory to arrive at a low-energy EFT. We then note that, in practice, the Wilsonian
picture is rarely realized. In most concrete applications of top-down EFT construction, one uses dimensional
regularization and a matching procedure for S-matrix elements. When used at all, one does not repeatedly
apply the RG transformation as a coarse-graining procedure, as this is computationally intractable.

The Wilsonian semi-RG is a transformation from a generating functional Z[¢;] for a local QFT with
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to another with field modes of momentum less than some separation scale A “integrated out”:
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where the field modes are split into high-energy (¢?) and low-energy (¢!) relative to the A by the momentum
space relationship p?+m? > A and p>+m? < A, respectively. Here S[¢] is the (classical) action for the field ¢,
L the Lagrangian, and D¢; the measure for variations of all possible field modes. When we integrate out the
high-energy modes, we are left with a generating functional containing an action S of similar form, though the



dependence on high-energy modes has been replaced by the possible addition of new local interaction terms
containing the {¢!} and A. This transformation can be iterated, by lowering the separation scale A’ < A
and integrating out the newly defined high-energy modes with A’ < p? + m? < A.5 If we take the limit of
infinitesimal decreases in the cutoff, i.e. A’ = A—J0A, we arrive at a semi-group transformation on the actions.
It is a semi-group since the information regarding high-energy modes is irreversibly encoded in the low-energy
dependence on A, changes in the coupling constants, and the addition of new local interaction terms. Once
we have moved from A — A — JA, we cannot go back. By Fourier transforming from energy-momentum
to position variables, the semi-RG is formally analogous to the coarse-graining block-spin transformations
introduced by Kadanoff for Ising models of Ferromagnets. Like the block-spin transformations, one can go
from A — A’, but not back again.

In practice, this sort of top-down construction is rarely used, as the process of integrating out high-energy
fields at the level of the generating functional is intractable for most realistic QFTs. One notable exception is
the ¢* theory, for which this process has been carried out explicitly (Wilson and Kogut 1974; Polchinski 1984).
The aim of this abstract top-down EFT construction is to illustrate the way in which information about
the high-energy degrees of freedom is lost in moving from the full theory to the EFT. In practice, top-down
constructions are typically far more subtle, and involve recognizing the (full or approximate) symmetries
and degrees of freedom relevant to the low-energy theory, and where possible using the high-energy theory
to construct matching conditions (cf. Burgess 2007; Manohar 2020). Semi-RG methods do not play a direct
role in the construction of most empirically useful EFTs; they provide an in-principle understanding of how
high-energy modes could possibly be removed from one theory to arrive at the EFT. If we compare the
concrete top-down approach with the abstract one, the EFT is constructed with one major coarse-graining:
the single transformation of fields from the high- to low-energy theory. But this is not accomplished using
any form of the RG. Instead, one constructs the EFT by focusing on the low-energy degrees of freedom
relevant to that domain, and neglects the contributions of high-energy fields. We will illustrate different
concrete approaches with two well-known examples: Fermi theory and chiral perturbation theory.

Though the Fermi theory was historically constructed before the Standard Model, one can proceed top-
down by starting with the Standard Model, constructing the Fermi theory, and using perturbative—i.e.,
order-by order—matching in the domain where £/My,z < 1 (cf. Manohar 2020, Sec. 4.8). In the limit
of massless neutrinos and dealing with neutrino flavour eigenstates, the W boson mediates muon decay
 — e+ v, + Ve via the weak neutral current

Jw = (B Pop) + (ev“Ppe) , (4)

where v,,, V. are the muon and electron neutrinos, p is the muon and e the electron, yv* are the Dirac matrices,
and P, = (1—+°)/2 is the left-handed projection operator. At the tree level, the amplitude for this decay is
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where g/\/§ is the W boson coupling. In the EFT regime, £ < My, so the W boson propagator can be

expanded to
4
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If we retain only the first order term, the amplitude is
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which is the same result one would obtain if we started with the Fermi Lagrangian
4Gr ,_ _
L=- (V/L7 Pru) (G'VBPLVe) ) (8)

V2

SInstead of starting with an action defined without a separation scale, the iterative application of the semi-RG can start
with a theory which itself has a cutoff. If we think of our best QFTs as EFTs, then from the abstract top-down perspective
one can arrive at a picture of a tower of EFTs for successively higher and higher energy scales (Cao and Schweber 1993; Bain
2013).




provided that the matching condition Gr/2 = ¢*/(8 M) holds. Thus the Fermi EFT, containing four-
Fermion operators of mass dimension six, reproduces the low-energy Standard Model effects to first order.
To higher orders in £/My, one may need more complicated matching conditions, and additional higher
dimensional terms in the Lagrangian. In general, an effective Lagrangian should contain an infinite set of
local interaction terms, constrained only by the chosen degrees of freedom and their symmetries. The values
of the couplings will in general depend on the energy scale at which they are probed, as well as the order
at which matching conditions are set. The effective Lagrangian can then be truncated after all terms of
dimension N are included, where N is the minimum dimension needed to ensure matching up to nt" order
in the mass-scale expansion, within the specified error bounds.

It should be clear from the above example that practical top-down constructions, even when matching
conditions can be determined exactly, often look quite different from the Wilson action coarse-graining
procedure. The Fermi EFT construction can be thought of as a one-time coarse-graining; by constructing
an effective Lagrangian that only contains fermion interactions, we have “integrated out” the effects of the
W and Z bosons. But in other examples, it’s not clear that the EFT should be thought of in terms of
integrating out the high-energy degrees of freedom at all. Take the example of chiral perturbation theory
as a low-energy EFT of quantum chromodynamics (QCD). Here the high-energy theory is QCD, which
describes the strong interactions between quarks and gluons. Chiral perturbation theory is a low-energy
effective theory describing bound quark-gluon states—mnucleons and pions—and their interactions. Like the
Fermi theory, chiral perturbation theory was first developed by Nambu and Jona-Lasinio (1961) and refined
through the 1960s, while QCD wasn’t developed until the early 1970s. But given that we now know the
high-energy theory, we can try to reconstruct the EFT in a top-down manner. However, even though the
high-energy theory is known, one cannot analytically compute matching conditions with the EFT. This is
because, at low energies, QCD displays strong coupling, and perturbation theory is invalid. Further, one
cannot think of chiral perturbation theory as the EFT resulting from integrating out the high-energy degrees
of freedom of QCD. First, the two theories are written in terms of different fields. While the QCD Lagrangian
contains quark and gluon fields, chiral perturbation theory contains meson and baryon fields. Second, the
lightest fields in chiral perturbation theory are much heavier than the lightest fields in QCD. Gluons are
presumed to be massless, while the up and down quarks have masses of O(MeV). Meanwhile, pions have
mass 139MeV, while the proton and neutron are O(GeV) (Scherer 2003). There is no straightforward way
in which one can integrate out the fundamental quark fields to arrive at nucleons and pions. Nor can one
interpret the effective theory as a coarse-graining of QCD, since the simple idea of baryons being composed
of constituent quarks is too simplistic a picture. Quark composites are constantly changing, and the effects
of the gluons dominate the effects of individual quarks. Since the relationship between the two domains is
complicated, matching in regimes where QCD and chiral perturbation theory both apply is done strictly
numerically. This has given insight into the relationship between the strong force and its residual effects on
nucleons.

In sum: in special cases, the top-down semi-RG construction of an EFT can be carried out. The concrete
top-down construction is applicable to more cases, but does not use the semi-RG. In general, it is often not
possible to think of EFTs as constructed using the top-down semi-RG, and so we are motivated to consider
a different approach to understanding EFTs. We turn to this approach next.

3.2 Bottom-up construction: EFTs as standalone theories

EFTs like chiral perturbation theory, that are relatively autonomous from their high-energy counterparts,
suggest a different way to construct and understand EFTs. Though not constructed from another theory by
“integrating out” high-energy modes, these still fit the earlier definition of an EFT: they include an explicit
separation of energy scales A—of which the EFT is only concerned with low energies—and a collection of
local fields with interactions indexed by energy scale £. In cases where the corresponding high-energy theory
isn’t known, the exact domain of applicability is unfixed for the EFT, though the presence of a separating
scale is still important for understanding the theory as an EFT. We note the shift in focus away from a
relational understanding of EFTs to treating them as independent theories from the bottom-up perspective.

To construct an EFT from the bottom-up, one must write down the most general possible Lagrangian
representing local interactions between fields describing the effective degrees of freedom, consistent with the
assumed symmetries. This Lagrangian will contain an infinite number of terms, and must be truncated at



finite order to be useful for predictions. Except where symmetries or field redefinitions allow, even terms
with a coupling at energy &€ of g;(£) = 0 must be included, as the full-RG will in general act to transform
gi if £0/0Eg; # 0. Taking the lesson from the top-down constructions, where an energy scale from the
high-energy theory comes into play, we introduce a separation scale into the Lagrangian in the local coupling
terms. The separation scale A is used to ensure that couplings for each interaction term have the correct
dimension to fit into the Lagrangian. In four spacetime dimensions the Lagrangian must have mass dimension
4, which we denote as [£] = 4. The general form of an effective Lagrangian is

L{¢;(x Z 9:0i[{¢;(x)}], (9)

where the {g;} are coupling constants determining the strength of the local Lorentz invariant interaction
operators O;[{¢;(z)}], constructed as polynomials of the sets of fields {¢;(x)} and their derivatives. If we
write the dimension of the local interaction operators as D, then the coefficients {g;} must have dimension
4 — D. By mass dimensional analysis we can group together all operators with the same mass dimension
D, and rewrite the coupling constants as ¢g; = «;/ AP—4) 6 Relevant terms—those interaction terms whose
magnitude grows under full-RG flow down to lower energies—are those terms with mass dimension < 4.
Irrelevant terms become negligible at low energies, and these are terms with mass dimension > 4. Marginal
terms do not vary under RG flow, and have mass dimension 4. The EFT Lagrangian can then be written as
a sum over mass dimensions

Lerr = AD 4 ZZ AD . (10)

D>0 D>0 i

where oﬁD]) are the possible local operators of dimension D. In effect, the EFT Lagrangian is an expansion
in negative powers of A. The order at which one truncates the expansion depends on the degree of precision
required of the EFT. It is a proven feature of local QFT's that the contribution to a given scattering amplitude
(normalized to be dimensionless) from an insertion of higher dimension operators into any graph leads to

an additional contribution
g E’L (D1 _4)
A~ ( A) | (1)

where the sum is over all inserted operators, and £ is the characteristic energy/momentum scale for the
external particles. This is the power-counting formula (cf. Manohar 2020, Sec. 2.4), which tells one how to
organize calculations in the EFT. For corrections to the renormalizable part of Lgpr of order (£/A)", one
computes graphs with a single insertion of £, 14, two insertions of £, 13, three insertions of £,, 12, and so on
until one gets to Ls.

The key difference between EFTs and renormalizable QFTs is that terms of mass dimension > 4 require
counterterms of higher and higher dimension in order to generate finite scattering amplitudes, while terms
of mass dimension < 4 only generate new counterterms of mass dimension < 4. Renormalizability is the
requirement that only a finite set of counterterms are needed to make all graphs finite; this is only possible
in the case where no terms from £>5 appear in the theory. In cases where one is interested in corrections up
to some finite power of )" (D; —4) in Equation (11), only a finite number of operators are needed and the
bottom-up EFT is predictive once all free couplings are fixed at some scale £. We can think of all truncated
EFTs—including the standard renormalizable QFTs—as the first few terms in a general EFT containing an
infinite number of coupling terms. This is the sense in which one may think of the Standard Model as an
EFT; implicit is a separation scale A and an infinite set of interaction terms compatible with the symmetries
of the quarks, leptons, and gauge bosons.

RG methods do not enter at the construction stage for bottom-up EFTs. However, once an EFT has
been constructed in this manner, the RG equations are used for examining the scaling behaviour of the
theory. RG methods also underwrite the justification for constructing an EFT in this bottom-up fashion.

6Physicists typically expect, for reasons of naturalness, that the dimensionless constants a; are of O(1). For terms suppressed
by powers of A", n > 1, this assumption can be relaxed to a certain degree, so long as «o;/A™ <« 1. For operators relevant
at low energies, the assumption of naturalness is harder to justify, and the Higgs mass and cosmological constant problems
highlight the apparent failure of naturalness (cf. Williams (2015) and Rosaler and Harlander (2019) for discussion of the Higgs
mass, and Schneider (2020a), Schneider (2020b), Koberinski (2021b), Koberinski (2021c), and Koberinski and Smeenk (2022)
for philosophical discussion of the cosmological constant problem).



The requirement that the theory’s scattering amplitudes be independent of the arbitrary energy scale £ leads
to the full-RG equations describing the running of coupling constants with respect to £. The semi-RG is not
used here because the objective is the invariance of the scattering amplitudes with respect to £. There is no
sense in which one is coarse-graining: one is not averaging, integrating out, nor using any other systematic
means of iteratively replacing the fine-grained variables of the model to obtain the EFT. The bottom-up
construction procedure leads naturally to thinking of EFT's as full-fledged theories in their own right, albeit
ones with a built-in separation of scales. This leads to the definition of EFTs we outlined at the start of
Sec. 3.

4 The structure of effective field theories

So far we have made a distinction between the full- and semi-RG, and argued that the semi-RG only plays a
role in the abstract top-down construction of EFTs. As a result, the notion of coarse-graining—an iterative
procedure in which one set field variables is replaced by another set of field variables by “integrating out”
high energy fields and this results in the loss of fine-detail information about the high energy fields—only
applies in abstract top-down constructions. We turn now to explore the applications of the RG for elucidating
structural relations among EFTs. RG methods—in particular the full-RG—are essential for the application
of EFTs in particle physics. After surveying some of the uses of RG methods in exploring the structure of
EFTs, we conclude that the bottom-up approach employing the full-RG is sufficient for all major explanatory
purposes. While a top-down point of view can be useful, the semi-RG can always be replaced with the full-
RG without loss of explanatory power. The converse is not true; simple scaling properties of a given EFT
require the full-RG. In particular, it is never necessary to think of the RG transformations in particle physics
as an iterative coarse-graining procedure. There are conceptual distinctions in understanding EFTs via the
full- and semi-RG, but we will see that for most practical uses the two perspectives yield very similar formal
relationships among EFTs (e.g., the distinction between relevant and irrelevant terms). We argue that these
formal relationships provide a basis for answering the structural and explanatory questions that arise in
particle physics.

For a given EFT, there are a number of questions one might want to ask about its structure, for which
RG methods can be useful. We start with a focus on more empirical explanations one might seek from an
individual EFT, and then generalize to global features of the space of EF T's. The local questions are germane
to particle physics because they involve calculational or empirical tractability. This is because an important
purpose of RG methods is renormalization. The global questions also have an empirical focus: structural
properties of EFTs are used to explain the empirical success of the Standard Model and the success of
renormalizability as a criterion for constructing an empirically successful model.

One important distinction is that of relevant versus irrelevant operators under RG flow. In four spacetime
dimensions, the couplings for terms in the Lagrangian with mass dimension > 4 are irrelevant under RG
flow at low energies. This means that the strength of the coupling diminishes as one probes the system at
lower and lower energies. By contrast, relevant terms have couplings that increase at low energies. Marginal
terms are those whose couplings do not change under RG flow. A coupling that is marginal to first order
in perturbation theory may be either relevant or irrelevant at higher-orders; these are termed marginally
relevant or marginally irrelevant, respectively (cf. Williams (2018) for further discussion of these distinctions
in QFT). Importantly, these distinctions apply to either full- or semi-RG transformations. The irrelevance
of nonrenormalizable terms at low energies plays a key explanatory role in the understanding of EFTs.
Neglecting terms that make a negligible contribution to the calculation of a quantity of interest is a standard
approximation procedure in physics. Neglecting irrelevant terms at low energies is an application of this
standard approximation procedure. In contrast, coarse-graining is a more specialized procedure that involves
iterative replacement of one set of fine-grained (or high energy) variables by another set of coarser-grained
(or lower energy) variables and results in the loss of fine-grained (or high energy) information. Figure 1
provides a simplified picture of RG flow in the (a) semi-RG and (b) full-RG pictures. This will be especially
useful for the discussion in Sec. 4.2.
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Figure 1: Renormalization group flow in EFT space in the semi-RG (a) and the full-RG (b) picture. Note
that the infinite dimensional coupling space has been suppressed to two dimensions. 1a) For the semi-RG
(top-down) perspective, we start with a class of different EFTs specified by values of their couplings at
a reference energy. The application of the semi-RG induces a directed flow down to the renormalizable
subspace (here a point). With each application of the semi-RG, we transform from one high-energy EFT
down to a different, lower-energy EFT. As an example, the point could represent the Standard Model, and
each high-energy EFT a different possible SMEFT. 1b) For the full-RG (bottom-up) perspective, we start
at low energies with known couplings and known bounds on the first few nonrenormalizable couplings (plus
uncertainties on both). This defines a fuzzy, higher-dimensional subregion of theory space, within which
all possible EFT completions lie. Using the full-RG, one can reversibly flow up to higher or down to lower
energies. We then see that what starts out as a larger subsurface at high energies shrinks to a surface
described by the initial low-energy EFT (including uncertainties). Within this region, we can idealize a
single trajectory line as a precisely specified EFT. Again, we can think of the Standard Model and various
possible SMEFTs as a concrete example.

4.1 Empirical questions about local structure

First, one might wonder whether perturbative methods (i.e., expansion in powers of the coupling strength”)
are valid for a given EFT, and in what domains one should expect them to work. Similarly, one may also
wonder how values assigned to couplings in the EFT change with changing energy scale. These questions are
answered in the same way. Starting with a given EF T, we can examine the scaling behaviour of the coupling
constants using the full-RG to determine the domains in which the values of the couplings are small enough
for perturbative QFT methods to apply. From a given reference scale, the full-RG allows one to explore
energies higher and lower than that scale. Here, since we are taking an initial EFT as given, the bottom-up
understanding is the most applicable. We have an EFT with a separation scale A (not necessarily precisely
known, but fixed at some relatively high value), whose couplings have been renormalized and contain a
dependence on a second lower energy scale £. The action of the full-RG is on &, where the imposition of
invariant n-point functions under changes in £ results in S-functions determining the scaling behaviour of
couplings for the theory.® Standard perturbative QFT is applicable when couplings are less than one, and
breaks down otherwise. For theories like QED, perturbative methods are valid at low energies, but break
down at higher energies, while QCD has the opposite behaviour, such that perturbative QCD works at high
energies but not at low energies.

"Note that this is a different expansion than the EFT expansion in powers of E/A. For large values of coupling constants,
standard perturbative QFT methods break down, though one may still be able to organize EFT terms in the £/A expansion.

8In practice, one cannot typically determine S-functions analytically, and they must instead be determined in a local
neighbourhood of a well-behaved sector of the theory. This is typically a region where the couplings are small or zero, or
involves studying asymptotic scaling behaviour. So in practice, the explanation we get from RG methods is more about the
ways we should expect scaling behaviour to change away from regions where perturbative methods are well-defined.
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Note that the semi-RG cannot be used to understand scaling of couplings in a reversible manner. For
these local questions, we start with an EFT given by specifying the couplings at some energy scale, and
explore the scaling of couplings. Since [S-functions are meant to determine scaling with respect to both
increase and decrease of energy, the action of the full-RG is needed. In particular, the semi-RG cannot be
used to determine the scaling behaviour, as coarse-graining is a unidirectional operation from high to lower
energies.

Now that we understand how the full-RG acts on a given EFT, we could ask whether that theory is
well-defined to all energy scales, that is, whether its n-point functions are finite at all energies. For an EFT
constructed with a built-in separation scale A, the answer to that question is always no. All terms with mass
dimension > 4 (in 4D spacetimes) contribute factors of (£/A)™, n > 0 to any n-point functions, with higher
powers of n coming from terms with higher mass dimension. An EFT can only give sensible predictions when
£ < A, since one can then truncate the interaction terms when (£/A)% is negligible for some n = N. At the
point where £ > A the EFT becomes ill-defined, since an expansion in £/A no longer converges. Though we
might not know what the exact value of A is, we can say with certainty that the EFT is not well-defined to
all energy scales.

However, a more interesting question is whether a given renormalizable QFT (equivalently, the renor-
malizable sector of a given EFT) is well-defined to all energy scales. A renormalizable QFT can be written
without an explicit dependence on the separation scale A, and such a theory is predictive with only a small
finite number of coefficients fixed by experiment. Here we use the same independent EFT approach, and
employ the full-RG to determine scaling behaviour in the asymptotic limits of £ — 0 and £ — co. A theory
is said to be UV (resp., IR) safe if the S-functions for the set of couplings g = (91,92, - ,gn) all reach
zero at some finite fixed point g, as &€ — oo (resp. € — 0), meaning that 9g/0E|g—g, = 0 . The special
case where the couplings g, = 0 as £ — oo is called asymptotic freedom. Theories that are UV and IR
safe are well-defined to all energy scales, and therefore one can use them to calculate n-point functions up
to arbitrarily high or low energies. The caveat is that perturbative methods may break down even if the
couplings remain finite, so while the tools used to determine UV/IR safety are the same as those used to
determine where perturbative methods are applicable, the domains of applicability may come apart. It is
a separate question whether a given EFT is empirically adequate to all energy scales, though this question
can of course only be answered by comparing its predictions to experiment.

4.2 Explanatory questions about global structure

Moving beyond particular features of a single EFT, we can use RG methods to ask more general questions
about the relationship between a renormalizable QFT and its EFT generalization, or even about the structure
of the space of possible local Lagrangian field theories. We highlight three major global explananda in particle
physics that are explained by appeal to RG methods. All three explananda can be given similar explanations,
but the phenomena to be explained are distinct.

First, we deal with the concept of renormalizability. Above, we needed to restrict ourselves to the
renormalizable sector of an EFT to meaningfully inquire if that theory is well-defined to all energy scales.
Why is this permissible? By definition. a renormalizable theory is one that can be written without an explicit
dependence on the separation scale A, and such a theory is predictive with only a small finite number of
coeflicients fixed by experiment. But what of the relationship between an EFT and its renormalizable sector?
The focus on the renormalizable sector of a given EFT further requires that one renormalizes that portion
of the theory, i.e., removes the explicit A dependence by subtracting counterterms from the regularized
Lagrangian. Early in the development of the Standard Model, renormalizability was a necessary criterion
for model construction, as non-renormalizable theories yielded divergent predictions (Koberinski 2021a, Sec.
3.1). Later on, RG methods helped explain how renormalization works (Huggett and Weingard 1995), and
the EFT framework now allows for nonrenormalizable terms in any effective theory (Weinberg 1979; Williams
2018).% But given the EFT perspective, one might wonder why the requirement of renormalizability led to
successful theories that continue to hold up today. From the methodological perspective, we might rephrase
the explanandum as follows:

9The details of renormalization are outside the scope of this paper, but see Huggett (2002), Butterfield and Bouatta (2016),
and Rivat (2019) for some contrasting philosophical accounts.
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Explanandum #1: Renormalizability was a successful methodological criterion for constructing the empir-
ically successful Standard Model despite the fact that the modern EFT perspective does not privilege renor-
malizable Lagrangians.

This can be explained in two slightly different ways, using either the full-lRG or semi-RG. Both rely on
insights gained after the fact via the EFT framework. Think generally about the structure of an EFT.
In four spacetime dimensions, any terms in an effective Lagrangian with mass dimension > 4 will become
irrelevant at lower and lower energies. In the limit that £/A — 0, only the marginal and relevant terms
will contribute to the effective Lagrangian, and for interactions described by the Standard Model these are
the renormalizable terms. In the regime that £ < A, we will therefore only see small corrections from
the nonrenormalizable terms to predictions made using only the renormalizable sector. From our current
perspective that the Standard Model is actually the first few terms of a Standard Model EFT (SMEFT);
the restriction to focus on renormalizable theories was methodologically successful because these match the
predictions of an EFT to a high level of precision—provided that one is probing physics at energy scales well
below the separation scale A.

The next explanandum has a similar explanation, but focuses on the continued empirical success of the
Standard Model:

Explanadum #2: The Standard Model continues to boast precise empirical success today without taking
into account any terms of an SMEFT (specified at the energy scale of empirical tests).

Consider the Standard Model. As constructed in the 1960s and 1970s, the Standard Model is a renor-
malizable Yang-Mills type QFT, defined by the symmetry groups SU(3) x SU(2) x U(1). It has served as
the theoretical foundation of particle physics for decades, and boasts some of the most precisely confirmed
predictions in the history of science. But if we think of all QFTs in particle physics as EFTs, then the
Standard Model is actually just the common renormalizable sector of a more general class of SMEFTs. Why
has the Standard Model been so empirically successful if it only contains the first few terms of some more
general SMEFT? If a SMEFT is the better approximation to some future theory, why haven’t we noticed
deficiencies in the Standard Model now or earlier?

Again, either the semi-RG or full-RG can be used to supply an explanation. Start by thinking about
the class of SMEFTs. Each contains an infinite number of coupling terms consistent with the fields and
symmetries included in the Standard Model, and each member of this class is distinguished by different
values of the couplings at a reference scale £*. Fach also includes a separation scale A. If we relate each of
these SMEFTSs to a successor theory, we can think of each SMEFT at £* as giving a competing effective,
low-energy account of the physics of the future theory. Then the upper bound for the separation scale is
the mass/energy at which qualitatively new physics arises in the successor theory, A,e,. We must assume
that either a) the successor theory just is another local Lagrangian field theory, or b) that the successor is
well-approximated by a SMEFT at energies < Ajpew.

The top-down, semi-RG explanation for the empirical success of the Standard Model can be summarized
as follows. Suppose a successor theory is well-approximated by some SMEFT at £*—for example, in the
sense that one obtains that SMEFT by “integrating out” new physics at some separation scale A,c,.'° Then
we must assume that the energy scales we are concerned with in the Standard Model are far smaller than
the energy scale at which new physics comes in, such that the Standard Model applies at energies < Ajpew.
As we move from the SMEFT defined with a separation scale of A, under a semi-RG flow down to new
theories with lower separation scales, these new effective theories look increasingly like the Standard Model,
since high mass dimension terms are irrelevant and get discarded. The notion of equivalence here is at the
level of Lagrangians. An EFT with nonrenormalizable terms and a separation scale A, > Agps will be

equivalent to the SM after iterative coarse-graining if Ln = Lgpr + (’)(ﬁ:?lM
throwing out the additional terms. Terms in the SMEFT with mass dimension > 4 are coarse-grained away
quickly, and in the limit of Agpr/Anew — 0 the only remaining terms are the renormalizable terms found
in the Standard Model (Fig. 1(a)). While we know that Agps/Apew # 0, the Standard Model is a better

approximation to the successor EFTs the closer this ratio gets to 0. So, the Standard Model has been—and

), since coarse-graining involves

10Though not strictly required for the explanation of Expanandum #2, this stronger relationship between a SMEFT and the
successor theory is essential for grounding a notion of theoretical equivalence that is stronger than simply empirical equivalence.
We discuss this further in Sec. 4.3 below.
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continues to be—so successful because it approximates the dominant effects of a variety of possible SMEFT
extensions. The Standard Model subspace is an IR fixed point for these EFT extensions: the couplings
transform under RG flow such that only Standard Model terms remain. Assuming that one of the SMEFTs
is a good approximation to whatever the future theory is, the accuracy and precision with which one can use
the Standard Model predictions in place of the EFT depends on the ratio of Agas/Anew. Over the last fifty
or so years, we have pushed the energy scale Agps to higher and higher levels, and thus far the Standard
Model has still been sufficient to account for empirical results, indicating that A,.,, must likewise be very
large.

The top-down semi-RG explanation for the success of the Standard Model in light of the EFT framework
is often taken to be one of the major philosophical insights gained from the application of RG methods to
particle physics. However, an explanans for Explanandum #2 can be constructed making similar—though
strictly weaker—assumptions in the context of the bottom-up approach to EFTs. The main difference is
that one should think of the full-RG acting on £ as a transformation of parameters within a single EFT,
instead of the semi-RG acting on A as a transformation between theories. As discussed in Sec. 3.2, the
separation scale A in a bottom-up EFT is treated as an unknown, used to sort calculations into powers of
E/A. We can keep A fixed at some large but unknown value, and find diminishing contributions from the
nonrenormalizable sector of the SMEFT as we move down to energy scales for which £/A <« 1.

The bottom-up full-RG explanation for the success of the Standard Model starts, like the top-down
explanation, by assuming that some SMEFT is a good approximation to whatever theory succeeds the
Standard Model (quantum gravity, grand unified theory, etc.) at low enough energies, though here the
nature of the approximation remains open. In particular, we need not assume any fixed relationship between
an SMEFT and a successor theory, such as that the SMEFT is obtained by “integrating out” the high energy
degrees of freedom of the successor theory. The explanation for the success of the Standard Model is cast
in terms of prediction. The Standard Model makes the same predictions—up to some pre-specified error
bounds—as the SMEFT. As we move to lower energies under the (full-)RG flow, we can neglect more and
more of the irrelevant terms in the SMEFT, and we move closer and closer to the Standard Model fixed
point (Fig. 1(b)). For most current predictions, up to the possible sensitivity of experimental apparatus, we
will find that one can truncate the SMEFT to include only terms of order (£/A)° and still obtain the correct
predictions. We can thus think of comparing the empirical equivalence of different degrees of expansion in
powers of £/A from the same theory, namely the SMEFT. In Fig. 1(b) this would entail picking a point in
the low-energy region for which all nonrenormalizable terms are exactly 0. From this point of view, in using
the Standard Model we have actually just been truncating a SMEFT to include only the renormalizable
terms. Additionally, if and when discrepancies arise requiring new terms from the SMEFT, careful analysis
of the magnitude of the discrepancy can provide indirect evidence for the separation scale A at which new
physics arises. Given the high degree of precision to which some predictions in the Standard Model have
been confirmed, one should expect the separation scale A to be rather high.

Instead of thinking of relationships between various different possible EFTs and the Standard Model, the
bottom-up explanation takes the perspective that the Standard Model just is the first part of some SMEFT.
Further, due to our epistemic position, we could be dealing with any of a class of possible SMEFTs, consistent
up to experimental uncertainty with the finite number of known or bounded couplings (see Fig. 1(b)). We
get away with truncating the SMEFT at the renormalizable sector because, up to this point, the precision of
experiment § has been such that § > O(£/A).}! Thus all nonrenormalizable terms are negligible at energies
probed thus far. Future results for which § ~ O(€/A) would force us to include higher mass dimension terms
in the SMEFT, and would provide indirect evidence for an upper bound on the domain of applicability of the
SMEFT, since one could thereby place bounds on A. As we use the full-RG to take the class of compatible
SMEFTs up to higher energies, the region compatible with low-energy empirical constraints takes up larger
portions of the theory space, since terms irrelevant at low energies become larger at high energies. Thus,

HThere are two ways to try to push the Standard Model such that § ~ O(£/A). The first is to raise the energy scales at
which we probe, i.e., increasing £. This is done by using particle accelerators at very high energies, and has been the primary
mode for testing the Standard Model. Unfortunately, however, experiments are generally less precise at higher energies, and
an increase in £ also results in an increase in 6. The second way is to perform precision tests of the Standard Model, thereby
lowering §. The most precise tests to date are low-energy tests of the QED sector (cf. Koberinski and Smeenk 2020; Parker
et al. 2018; Hanneke, Hoogerheide, and Gabrielse 2008 for recent measurements and discussion). This also involves lowering
&, but the increase in precision is often worth the cost. Current precision measurements of the fine-structure constant (Parker
et al. 2018) even place bounds on the presence and strength of interaction of beyond Standard Model particles.

14



from the bottom-up perspective, we see that the known Standard Model terms are compatible with a wide
range of EFT completions.

Both the semi-RG and full-RG explanations for Explanadum #2 assume that some SMEFT makes predic-
tions in close agreement with the successor theory at energies < Ajeq,. Further, both require that the energies
probed in the best tests of the Standard Model are far lower than A,.., such that all nonrenormalizable
terms are negligible. The semi-RG explanation further assumes that the successor can be transformed into
the SMEFT via something like the Wilsonian action transformation, allowing one to integrate out degrees
of freedom successively. Coarse-graining involves iteratively discarding high-energy terms, which results in
a relationship between different EFTs. This raises the possibility that the semi-RG establishes a notion
of equivalence between theories that is stronger than mere empirical equivalence. The full-RG explanation
does not make the assumption about the applicability of coarse-graining, and leads to a notion of empirical
equivalence between sectors of the same theory (conceived as an EFT).

We can also use RG methods to elucidate the relationship between an EFT and its possible successors:

Explanandum #3: Low-energy EFTs make predictions that are empirically robust with respect to a set of
possible variations in the high-energy successor.

This explanandum is of great interest to both physicists pursuing a successor theory and philosophers who
deploy the explanans to articulate either a variant of scientific realism (e.g., Williams 2019, J. D. Fraser
2018) or empiricism (e.g., Ruetsche 2020). In fact, Explanandum #3 is weaker than the desired explanan-
dum; the stronger version of this explanandum invokes the renormalizability of the low-energy EFT (as in
Explanandum #1) and includes a principled specification of a large class of variations in the high-energy
theory that correspond to a given low-energy EFT. For our purposes in this paper, analysis of the weaker
Explanandum #3 is sufficient to support our conclusion that either the semi-RG or the full-RG can be used
to ground this type of explanation. Below we will also comment on the role of the full-RG in explanations
of the stronger version of this explanandum.

The explanation of Explanandum #3 proceeds as follows in the context of the abstract Wilsonian action
and semi-RG.'2 The semi-RG acting on A defines a flow on the space of possible local Lagrangian theories at
high-energy A. We obtain an EFT by lowering A and considering physics at energy scales £ < A. We know
that the resulting EFT is insensitive to changes in the high-energy theory when we can consider “nearby”
theories in the space of local Lagrangians (e.g., those with different values of couplings, or additional higher-
order terms). This will be the case when the variations in the high-energy Lagrangian affect only irrelevant
terms (or, perhaps, marginal terms). These nearby theories, when acted upon with the semi-RG, flow down
to the same space of EFTs, with the only dependence being confined to small differences in the coupling
constants of the EFT. Note that this is a sort of counterfactual robustness: we say that a set of possible
high-energy theories yields empirically equivalent EFTs at low energies as the RG flow converges down to
a finite dimensional subspace, though at most one of these possible theories is a candidate description of
physics in the actual world. The abstract top-down approach thus provides information about the robustness
of EFTs against (perhaps unknown) details of the high-energy successor theory.

A similar story holds using the full-RG, from the bottom-up perspective. Though we cannot determine
the explicit form of dependence of the low-energy couplings on those of the successor—from this perspective,
the successor theory is unknown—we still fix the low-energy couplings via renormalization and measurement.
We can show robustness of the expectation values in the low-energy EFT by considering neighbouring EFTs
whose couplings differ from the EFT under consideration only for terms above some mass dimension d. The
explanation of the robustness of the empirical predictions is that at low energies £, these terms are irrelevant,
meaning that initially distinct EFTs in theory space yield the same low-energy n-point functions, up to some
small uncertainty.

Our main conclusion is that either the semi-RG or full-RG can be used to explain Explanandum #3.
As noted above, Explanandum #3 can be strengthened by making the connection to renormalizability of
the terms in the EFT at low energy scales, as in Explanandum #1, and supplying a principled specification

12When the concrete top-down construction procedure applies (i.e., we can construct an EFT by neglecting the heavy particles
from a higher-energy theory and matching conditions are used to ensure n-point functions agree), a limited explanation is also
available. The functional dependence of the EFT couplings on quantities from the high-energy theory can be calculated
perturbatively via the matching conditions, which allows the effects of variations in high-energy couplings to be determined by
substitution. However, the principled determination of the size of the class of variations discussed below relies on the RG.

15



of a suitably large set of possible variations in the high-energy theory. The formally analogous explanation
in condensed matter physics appeals to the universality class of systems at small-distance scales to explain
universal behaviour at large-distance scales. In particle physics, details about the particular class of EFTs
under consideration will matter for establishing an explanation for the strengthened Explanandum #3. This
is important, but the point that we want to draw attention to here is that the template for the general
explanation can invoke either the abstract Wilsonian semi-group or the full-group. The stronger version
of Explanandum #3 requires detailed study of a particular class of EFTs, and this may require selective
application of either the semi-group or full-group variant. For example, Polchinski (1984) treats the ¢ case
by using the Wilsonian formalism, but with a full-group transformation acting on the separation scale A.
By focusing on a specific class of theories with pre-specified symmetries and fields, one can more explicitly
characterize the class of EFTs that flow down to the renormalizable subspace. This is a consideration that
one could use as part of an argument for convincing oneself that the set of successor theories captured by
this explanation is suitably large.

While detailed discussion of Polchinski (1984) is beyond the scope of this paper, it is interesting to note
that the analysis uses the full-RG. Since this paper is regarded as supplying the most detailed proof of
renormalizability and robustness under RG flow in a concrete case, this is another consideration in support
of the full-RG being the more useful formalism in particle physics (cf. Ruetsche 2020, 301 fng).

4.3 Analysis

To recap, in Sec. 3 we distinguished top-down and bottom-up construction procedures for EFTs in particle
physics. The bottom-up, full-RG strategy is more widely applicable and is based on less substantial assump-
tions. Furthermore, in Sec. 4.1 we saw that the local structural propertes of a given EFT are probed using
the full-RG, not the semi-RG. But these would not be compelling rationales for basing the interpretation of
EFTs in particle physics on the bottom-up, full-RG procedure if the top-down procedure were necessary for
some uses of EFTs in particle physics. Is the abstract Wilsonian semi-RG and the associated interpretation
as a coarse-graining transformation needed for the deeper explanations of global structural relations among
EFTs? Sec. 4.2 argued that both the semi-RG and the full-RG can ground sufficient explanations for the
empirical adequacy of the Standard Model and the successful use of renormalizability as a methodological
criterion for its construction. More generally, either the full-RG or semi-RG supplies a basis for explaining
the empirical robustness of an EFT with respect to possible successor theories. In this sub-section we will
offer analysis of why the full-RG variant is sufficient for these explanatory purposes and argue that the
full-RG actually supplies better explanations than the semi-RG. We will also assess how the full-RG informs
the conception of an EFT in particle physics and compare our account of EFTs in particle physics to other
recent philosophical accounts.

Why does the full-RG suffice for addressing the three explananda in Sec. 4.2—explaining the empirical
adequacy of the Standard Model at low energy scales, the success of renormalizability as a criterion for
constructing the Standard Model, and the empirical robustness of the EFTs (including the SMEFT) with
respect to variations in the high-energy successor theory? One reason has to do with the nature of the
explananda. What requires an explanation is the empirical success of the (renormalizable) Standard Model
(or other EFTs) at the relatively low energy scales that we have been able to probe. In particle physics,
collider experiments typically test the predicted values of scattering amplitudes. In all of the explananda
empirical content is interpreted in terms of scattering amplitudes. Either the full-RG or the semi-RG can
be used to determine the scattering amplitudes at some scale £ to some degree of approximation. The
second reason is that the ingredient that does most of the work in the explanation for this explanandum
is the behaviours of relevant and irrelevant operators under an RG transformation. As long as the non-
renormalizable terms at some high energy scale A are irrelevant with respect to the RG transformation, the
only terms in the effective low-energy Lagrangian that will make non-negligible contributions to scattering
amplitude calculations at low £ will be the renormalizable, Standard Model terms. Non-renormalizable terms
are, formally, irrelevant with respect to both the full-RG and the abstract semi-RG flow. Irrelevant terms
can be neglected at low energies as a standard matter of invoking an approximation procedure. The physical
interpretation of an RG transformation as a coarse-graining operation that induces a loss of fine-grained
information contained in the high energy description of the system is not needed to supply this explanation.

Thus, both the semi-RG and full-RG suffice for explaining global structural features of EFTs in particle
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physics. However, the analysis in this paper supports the stronger conclusion that the full-RG supplies
a better framework than the semi-RG for understanding the role of EFTs in particle physics. One line
of argument for this conclusion is that the full-RG is more widely applicable in particle physics than the
semi-RG. The idea of successive coarse-graining underpinning the semi-RG is not readily applicable to many
realistic EF Ts—in particular those effective to QCD. In these cases we know the successor theory, but still
find that the low-energy EFT's are not obtained by integrating out high-energy degrees of freedom, nor by any
other form of successive coarse-graining. Thus the semi-RG plays no role in their construction. Using EFTs
for making predictions requires use of the full-RG, but not the semi-RG. Sec. 4.1 outlined local explanations
of the scaling behaviour of particular EFTs that depend on the full-RG.'3

The second line of argument for the conclusion that the full-RG provides a better framework for the
understanding of EFTs in particle physics is that the full-RG is better suited to our epistemic situation
in particle physics than the semi-RG. The semi-RG must be coupled with a top-down perspective, and
assumptions must be made about the high-energy theory to apply the semi-RG. Consider the Standard
Model. Applying the top-down, semi-RG perspective, we get from some SMEFT specified just below energy
A,ew Where one expects new physics to arise down to a low-energy renormalizable theory by arbitrarily
picking values of couplings just below energies A,c,. We have no justification for picking any particular
values of the coupling constants at A,e,. In contrast, the full-lRG can be applied from the bottom up.
The starting point is the assignment of empirically-well confirmed values for the couplings in the low-energy
SMEFT—and uncertainties about the precise empirical values of the couplings can also be taken into account.
Either the full-RG or the semi-RG can be used to show that the assumptions about the values of the irrelevant
couplings in the SMEFT at A,., that are made in the course of applying the semi-RG are inconsequential
to low-energy predictions. The difference is that the application of the full-RG does not require arbitrary
posits about high-energy physics. Instead, the full-RG more transparently represents our current epistemic
situation by starting with the empirically accessible low-energy theory and extrapolating to higher energies.

The full-RG supports a particular understanding of EFTs in particle physics. At the abstract level, an
EFT is (incompletely) specified in terms of the fields chosen to represent relevant degrees of freedom, and
values of couplings at some reference energy scale £*. The full-RG acting on couplings in the theory relates
their values at other possible empirical reference energies £, with the constraint that the n-point functions for
the theory remain invariant under this scaling transformation. One can think of this as a type of invariance
requirement on the theory; though the couplings vary with energy scale, they vary in such a way that the
EFT yields invariant predictions. A separation scale A is included, with the interpretation that physics at or
above that scale falls outside the domain of applicability of the EFT. From the perspective of the full-RG,
A can remain relatively unfixed; the only constraint is that A > £. In principle, one could place bounds
on A by observing slight deviations from predictions made using the renormalizable sector of the EFT. The
main interpretative point is that A has epistemological significance in this full-RG-based understanding of
EFTs; A is not given a physical interpretation in the EFT framework. Perhaps a successor theory will
supply a physical interpretation of A, as part of its account of new physics above A,,¢.,, but this would be
extrinsic to the particular EFT and is not pertinent to how EFTs are used now. Since we can only ever fix
a finite number of the infinite couplings in the EFT, we actually work with an equivalence class of different
EFTs, specified by the precision to which we can empirically determine known couplings, and the degree to
which irrelevant couplings are suppressed. We can treat all QFTs in particle physics as EFTs in this sense,
noting that for the special case of the renormalizable sector of an EFT, the separation scale need not appear
explicitly.

This understanding of EFTs based on the full-RG is reflected in current attitudes towards EFTs in
particle physics. In particular, the Standard Model, on this view, just is an incompletely specified SMEFT.
In the more general case, this view emphasizes the fact that EFTs are standalone theories. As Manohar
(2020, p. 65) argues,

It is much better to think of EFTs in terms of the physical problem you are trying to solve,
rather than as the limit of some other theory. The EFT is then constructed out of the dynamical
degrees of freedom (fields) that are relevant for the problem. The focus should be on what you
want [in the EFT], not on what you don’t [i.e., integrating out high-energy modes].

I3 A potential addition to this list is the application of the full-RG in Polchinski (1984) mentioned at the end of Sec. 4.2.
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Thus, our view of EFTs using the full-RG fits better with the idea that EFTs can be treated as independent
theories, rather than limits of some other theory.

Next, we will highlight some differences between our account of EFTs in particle physics and other recent
accounts. We agree with some elements of Rivat’s (2020) recent characterization of an effective theory as
being defined in terms of an explicit separation of scales within the theory. However, we disagree that this
amounts to a “robust specification of the ranges of scales where it is likely to be empirically inaccurate”
incorporated within the structure of the EFT (p.10). In top-down constructions, the actual value of the
separation parameter is only known for reasons extrinsic to the EFT, i.e., from the high-energy theory. In
bottom-up constructions, there may be no known value for the separation scale, especially if the future theory
is unknown. We claim instead that effective theories should be understood as constructed with a separation
of scales, and the value—or range of values—of the separation scale is external to the EFT. For example, the
Standard Model does not tell us that it must break down beyond the Planck scale; the arguments supporting
that upper bound of validity come from dimensional analysis relating quantum theory and general relativity.
It could also turn out to be the case that the separation scale for the Standard Model is actually much lower
than the Planck scale. This would in turn be dictated by some currently unknown successor theory, not by
the Standard Model itself.1*

Our view of the primacy of the full-RG for EF Ts—noting the equivalence of Lagrangians with couplings
scaled by the full-RG acting on £—leads to an understanding of EFTs that is similar in spirit to that
of Rosaler and Harlander (2019) and Harlander and Rosaler (2019). In particular, we agree with their
argument against privileging any one set of parameters (e.g., bare parameters) as more fundamental. Under
the action of the full-RG, changes to the scale induce corresponding changes in the couplings to ensure that
the n-point functions remain unchanged, and therefore that these parameters at different £ values yield the
same predictions. Thus, values of parameters at different £ can be considered empirically equivalent in this
sense. However, Rosaler and Harlander take all reparameterizations of the couplings under the full-RG to be
physically equivalent, and they conclude that the scale parameter is unphysical. We disagree, and maintain
that the parameter £ has a clear physical interpretation as the energy scale at which the system is probed.
That the full-RG construction ensures that the theory’s predictions are constrained to be invariant under
changes to £ does not undermine this interpretation of £.

As an aside, we will comment on possible implications of our arguments in favour basing our understanding
of EFTs in particle physics on the full-RG for recent proposals in Williams (2019) and J. D. Fraser (2018)
for Effective Realism—that is, a brand of realism based on the EFT perspective in particle physics. As
Ruetsche (2020) convincingly argues, Effective Realism must include a specification of how EFTs describe
the world in order to distinguish the position from mere empiricism. How our arguments in this paper relate
to Effective Realism depends on the details of how this realist commitment is spelled out. If establishing the
approximate truth of the low-energy EFT as judged from the perspective of a high-energy theory requires the
semi-group and associated coarse-graining, then our arguments in support of the full-RG would put pressure
on Effective Realism.

Effective realism also invokes an assumption about the relationship between the high-energy EFT just
below Ajeqy and the (currently unknown) successor theory for physics above Ay eq. For our current EFTs to
be deemed approximately true as judged from the perspective of a successor theory, the relationship between
the EFT just below A, and the successor theory must be stronger than mere empirical equivalence. One
must assume that there is a principled way to construct the SMEFT at A, from the successor theory,
and that this construction proceeds via a semi-RG style coarse graining. In the strongest form, this requires
that the successor theory has at least one formulation as a local Lagrangian field theory (cf. Ruetsche
(2018) and Koberinski and Smeenk (2022) for arguments as to why this is implausible). At minimum,
the unknown theory must be amenable to some generalization of the semi-RG formalism, such that this
relationship can hold. In contrast, application of the full-RG formalism does not require any assumptions
about the relationship between the successor theory and the EFT just below A,.,. As we have emphasized,
the full-RG implements the requirement that EFTs for different £ yield the same n-point functions, which
secures empirical equivalence between EFTs at different energy scales. The fact that the full-RG requires

M1n cases of QFTs with a Landau pole, one can place an (extremely high) upper bound on the domain of applicability of the
theory. But this is neither particularly informative nor a general feature of EFTs. For QED, the Landau pole is estimated to be
0(10%85)eV, far above and Planck scale, and other interesting QFTs like QCD are asymptotically free, and therefore definable
to all energy scales.
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assumptions about high-energy physics that are more minimal in these respects is, in our view, a point in
favour of the full-RG formalism.

5 Interpretations of EFTs are domain-specific

To this point, we have focused on EFTs and RG methods in particle physics. We have argued that the full-RG
formulation best serves the purposes for which RG methods are used in particle physics. Furthermore, we
contend that the proper understanding of what an EFT is depends on the full-RG. As a result, coarse-
graining is not essential to explanations supported by EFTs in particle physics because the full-RG is
reversible—no fine-grained information is lost, nor explicitly excluded via some transformation. In contrast,
both the physical concept of coarse-graining and the semi-RG have played an important role in condensed
matter physics. The role that coarse-graining plays in RG-supported explanations of critical phenomena in
condensed matter physics is a matter of debate (Batterman 2019; Reutlinger 2014; Sullivan 2019). We do
not aim to defend any particular interpretation of the RG and EFTs in condensed matter physics in this
paper, but we do defend the position that the interpretation of EFTs in condensed matter physics is largely
independent of their interpretation in particle physics. Formal differences between the applications of RG
methods have been emphasized to this point in the paper. In this section we will consider differences in the
goals of applying RG methods in condensed matter and particle physics and explain why formal analogies
between between the two domains are compatible with differences in physical interpretation.!®

Consider the use of an Ising model for investigating the large distance-scale magnetic properties of an
iron bar. Near a critical point the correlation length approaches infinity, indicating that there are large
distance-scale correlations in the system. The iron bar is represented by a d-dimensional lattice of atoms
with spacing a. Each of the atoms is assigned a spin. Kadanoff’s block-scaling transformation divides the
lattice into blocks of n? sites, assigns each block the mean spin of each of the atoms in the block, and scales the
Hamiltonian representing the interactions among the spins accordingly. The averaging is a coarse-graining
operation that explicitly involves loss of fine-detail information about the initial array of spins, yielding
a semi-group of transformations. Furthermore, averaging iteratively introduces new variables as spins are
replaced by mean spins. Iterative application of the block-scaling transformation is useful for probing the
large distance behaviour of the system when the micro-level details that are averaged out are irrelevant
to the large distance-scale behaviour, such as near a critical point. The block-scaling transformation is
the basis for an explanation of the universality of critical behaviour: there is a universality class of different
Hamiltonians at the lattice scale that, after repeated applications of the block-scaling transformation, all yield
approximately the same effective Hamiltonian at large distance scales. Underlying this explanation is the
same mathematical structure presented in Sec. 4.2: the effective Hamiltonian reflects terms that are irrelevant
and relevant with respect to the RG transformation and a fixed point. The particle physics analogues of
this explanation of universal behaviour are also those surveyed in Sec. 4.2, namely the explanations of the
empirical success of the Standard Model at low energies and the success of renormalizability as a model
construction criterion.

The Wilsonian semi-RG transformation is the direct formal analogue of the block-scaling transformation,
with energy-momentum scale the analogue of distance scale. The goal of describing low energy behaviour of
the particle physics system is analogous to the goal of describing large distance behaviour of the condensed
matter system. “Integrating out” the high energy fields is formally analogous to the block-spin averaging
transformation. The initial Lagrangian L[¢;] in Eq. (1) is the analogue of the initial Hamiltonian for the
atomic lattice and the Lagrangian L£[¢!, A] that results from integrating out the high energy field modes is
the analogue of the Hamiltonian that results from applying the block-scaling transformation.

An immediately apparent difference in physical interpretation is that the Wilsonian semi-group transfor-
mation is not interpreted as an averaging operation. The interpretation of the block-scaling transformation

151t has been argued elsewhere that formal analogies between particle physics and condensed matter do not support the
carryover of physical interpretation (D. Fraser and Koberinski 2016; D. Fraser 2018; D. Fraser 2020). This section supplies
additional arguments to support the same conclusion. The analysis here is complementary to that in D. Fraser 2018, which
analyzes the early use of formal analogies between critical phenomena and renormalization in QFT in Wilson and Kogut 1974.
We focus on the later development of the EFT perspective in particle physics. More specifically, for Wilson and Kogut 1974
the A — oo limit in Eq. (13) is of central importance, whereas the £ — 0 limit in Eq. (13) is the more important one for
investigating EFTs.
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as an averaging operation is intimately related to the coarse-graining in condensed matter physics.

There are also important differences in elements of the formalism associated with the Kadanoff and
Wilsonian semi-RG scaling transformations. The physical interpretations of the base scales a and Ajey
differ in important respects. In the Ising model, the original “bare” value of a has physical significance
as atomic lattice spacing and the spins at this scale are interpreted as the actual spins. In Sec. 4.3 we
argued that the bottom-up, full-RG accords A epistemological significance, and does not physically privilege
a particular value of A. In the top-down perspective of the Wilsonian semi-RG, the separation scale A, ¢
cannot be interpreted as physically privileged in the same way as the initial lattice spacing either. As in the
full-RG case, the choice of a particular value for A is arbitrary, as long as A > £. The value of the lattice
spacing can be determined empirically, whereas determining a possible value or range of possible values for
Ay ey where our current EFTs become empirically inadequate requires the appeal to a theory external to the
Standard Model (e.g., quantum gravity) or, in principle, the bottom-up application of the full-RG methods.
As aresult, there is a physically well-determined starting point for initiating coarse-graining in the condensed
matter case, but not in the particle physics case.

RG methods underwrite a disparate set of explanations in condensed matter and particle physics, with
prominent examples being the the explanation of universal behaviour and the explanations of the empirical
success of the Standard Model laid out in Sec. 4.2. These explanations are based on fixed points of the
pertinent RG transformation and irrelevant terms of the Hamiltonian or Lagrangian tending to zero in a
physically applicable limit. RG methods are capable of supporting such a diverse set of explanations in
virtue of flexibility in the application of the formalism. The limits that are used in these explanations are
the following (cf. discussion of Wilson on statistical continuum limits in Sec. 2):

Condensed matter (distance scales): % —0 as& — oo, (12)

&
Particle physics (energy scales): 1 0 as& = 0or A — oo, (13)

where £ is the correlation length for the condensed matter system. Abstractly, the ratio of the upper and lower
scales that bound the application of the RG transformation must go to zero. The concrete interpretation
of the scales (e.g., distance or energy) and which term in the ratio is varied is application-dependent. In
particle physics from the abstract Wilsonian top-down perspective, it is possible to fix A at some arbitrarily
high energy and take the & — 0 limit in which the low energy scale goes to zero. This limit is of course an
idealization; in the condensed matter application, the critical limit £ — oo is also an idealization. In particle
physics, the context of renormalization and regularization and the arbitrariness of A generates another
question that does not arise in the condensed matter case: can the imposed cutoff A be removed without
affecting the set of scattering amplitudes? That is, is it possible to take the £/A — 0 limit by taking A — oo?
(Of course, an affirmative answer to this question requires the existence of a suitable fixed point.) There is
no physical analogue of this question in the iron bar case. For a given theory, the atomic lattice spacing a is
assumed to remain fixed for physical reasons. This is another illustration of how the RG formalism detaches
from physical interpretation. The flexibility in how the formalism is applied (i.e., how the limits are taken)
along with differences in physical interpretation partly accounts for the wide scope of applicability of RG
methods. The salient physical differences undermine a physical analogy.

In this section we have focused on the Wilsonian semi-group variant of RG methods because this is the
closest formal analogue to the Kadanoff block-scaling transformation, but in the rest of this paper we have
advocated for basing foundational conclusions on the full-group variant in particle physics. The full-RG
makes it even clearer that coarse-graining is not an essential concept in particle physics. For particle physics
EFTs, the separation scale is externally imposed, or remains unfixed at some high value such that we can
assume £/A < 1. We then care about scaling as £ varies, such that the n-point functions remain invariant.
All of the theory’s predictions are therefore largely insensitive to this scale. The full-RG equations for the
system are a direct result of this constraint, which gives rise to the compensating scaling of couplings for the
theory.

The Wilsonian abstract semi-RG is a formal analogue of the block-spin transformation, but the ap-
plications of these formalisms and their physical representations diverge. As a result, the dissociation of
RG-transformations and coarse-graining in particle physics does not imply that this is also the appropriate
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interpretation of scaling transformations in condensed matter physics. Of course, the Kadanoff block-scaling
transformation and intuitions about coarse-graining from condensed matter physics played an inspirational
role in the development of RG methods in particle physics by Wilson and others. In retrospect, these in-
tuitions supported the use of formal analogies to develop new formal frameworks for particle physics, but
do not provide physical insight into particle physics (D. Fraser 2018). The physical interpretation of RG
methods and associated EFTs is domain-specific.

6 Conclusions

We have argued that understanding the role of RG methods for EFTs in particle physics requires close
attention to their use in this domain. First, RG methods are a loose family of formal mathematical techniques,
the details of which differ depending on the discipline and formalism to which they are applied. For the
purposes of understanding the structure of EFTs in particle physics, we focused on two methods: the semi-
RG and the full-RG. The semi-RG provides the justification for the Wilson action picture of EFTs, where
one starts with a high-energy theory and successively “integrates out” the high-energy degrees to freedom
to construct a low-energy EFT. This coarse-graining picture is abstract, and has occasional uses in particle
physics. The top-down approach is also used in concrete cases, such as to relate the Fermi theory to the
Standard Model. However there are important examples of EFTs that cannot be constructed in a top-down
fashion using the semi-RG or concrete methods. This motivates consideration of the bottom-up perspective
using the full-RG, which we have argued in this paper is better suited to the construction of EFTs in general
and also to the applications of EFTs in particle physics.

The main conclusion of our analysis of the structure of EFTs is that the full-RG is sufficient for under-
standing the structure of a given EFT, and for exploring theory space more generally. Though the top-down
perspective is sometimes useful, coarse-graining and the semi-RG are not needed, and in fact inapplicable for
many of the more mundane uses of RG methods, like scaling and renormalization. In particular, we focused
attention on questions of global structure on the space of EFTs, and argued that the full-RG can ground
these more ambitious explanations as well. Not only is the full-RG more generally applicable in particle
physics, but it grounds a more secure explanation of global structure as well. In Sec. 4.3 we argued that the
full-RG explanations are not only adequate, but furnish better explanations of global structure in particle
physics EFTs. This is due to the greater generality of the full-RG, and to its weaker assumptions, more
closely grounded in our epistemic situation based on the empirical success of known EFTs.

Our rejection of the semi-RG may surprise some readers. Much of the existing philosophical literature
treats EFTs and the RG in particle physics almost exclusively in terms of a top-down perspective, using the
semi-RG. We believe that the prevalence of this view has two sources: (1) from looking only at the abstract
semi-RG within particle physics, and generalizing from there; and (2) from a mistaken physical analogy
with condensed matter physics. While Sec. 3 and 4 provide arguments to convince those who adopt the
semi-RG view because of (1), in Sec. 5 we turned to (2). We argued that the analogy between the semi-RG in
condensed matter physics and particle physics is purely formal, and that the physical differences between the
domains prevent a clear carryover of interpretation. In particular, the coarse-graining in particle physics is
not an averaging procedure, while it is in condensed matter. The limits that figure in RG-based explanations
have both different formal implementations and different physical interpretations. This should not come as a
surprise in light of the fact that RG methods are heterogeneous and bear a loose family resemblance (Sec. 2).
By contrasting the goals of using RG methods in each domain, we gain some insight into why the full-RG is
better suited to particle physics and can appreciate why interpretations of EFTs need to be domain-specific.

One product of our arguments is an account of EFTs in particle physics that is informed by the full-RG
formalism, which we reiterate. The bottom-up perspective encourages us to think of an EFT as defined
in terms of a Lagrangian with an infinite number of coupling terms, and a built-in (but perhaps unfixed)
separation scale A. Importantly, the EFT on its own does not fix the value of A. The fields and dynamical
symmetries are chosen to reflect the degrees of freedom at the energy scale of concern. Couplings are likewise
fixed at some reference energy scale, and their scaling behaviour is determined by the action of the full-RG.
In principle, one EFT can be distinguished from another by containing different fields,'® different symmetry

16With the major caveat that EFTs are quite permissive in the transformations one can make between different field repre-
sentations. One can ensure that n-point functions are invariant under general transformations of the form ¢ — f(¢, ®’), where
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constraints, or different values of any couplings at a given energy scale. Since in practice we can only ever
empirically determine some finite set of couplings at any energy scale, we are in the epistemic position of
working with a set of EFTs,; at least in instances where the successor theory is unknown. Precise empirical
tests of the EFT allow us to narrow down the set of possible EFTs.

We can use the full-RG to justify this picture, so long as we acknowledge the finite precision with which
we can make predictions and measurements in particle physics. Assuming a fixed separation scale A, the
action of the full-RG on a class of EFTs specified at some high-energy scale that differ only in the values of
a subset of irrelevant couplings as we lower the energy scale £ is to make predictions converge (cf. Sec. 4.2).
Our predictions and measurements are never infinitely precise, so idealizing a theory as partially defined
by a set of exact values will always lead to imprecision with respect to our use of these theories.!'” The
additional imprecision introduced here is that EFTs require an infinite set of values to be specified to exactly
delimit the theory. We don’t think that this additional imprecision poses any problems for working with or
using EFTs, as long as we acknowledge that we never have exactly one theory in the class to compare with
experiment.

There are open questions that we have not addressed here. Our focus has been on the epistemology and
interpretation of EFTs in particle physics, and we have not considered the important metaphysical issues
of emergence and reduction. The adoption of the full-RG interpretation of EFTs that we have advocated
has implications for the relationship between EFTs at different scales. A negative point is that any view of
emergence (or reduction) that hinges on coarse-graining would be incompatible with our interpretation of
EFTs. However, unpacking the implications of the full-RG for emergence and reduction in particle physics
will require more careful consideration.

Finally, though our discussion has been focused on the empirical success of EFTs, we note that the
bottom-up, full-RG perspective is neutral regarding debates on realism versus instrumentalism. Earlier
work on understanding the RG and EFTs suggested that thinking of our best theories as EFTs forces an
instrumentalist perspective, as argued in Cao and Schweber (1993) and Butterfield and Bouatta (2016). More
recent work, which has made heavy use of the semi-RG and the top-down perspective, argues to the contrary
that EFTs support a novel prospective realism (J. D. Fraser 2018; Williams 2019). Though we have made a
few skeptical remarks about the prospects of this form of realism, we want to stress that while the bottom-up,
full-RG perspective foregrounds empirical equivalence, it does not automatically lead to instrumentalism. As
we have stressed throughout this paper, we believe that no formalism comes with a built-in interpretation.
This holds true for the bottom-up perspective of EFTs as well. We have instead argued that an interpretation
of EFTs in particle physics based on the full-RG formalism clarifies the empirical and epistemological roles
that the EFT framework plays in this domain.

f contains combinations of polynomials of its arguments. These transformations are compensated by including higher-order
terms from the EFT in n-point functions.

17 Alternatively, one could accept a fundamental imprecision as characteristic of physical facts, and define theories with this
imprecision built in, as in Miller (2020).
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