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Abstract

Discoveries in particle physics have traditionally occurred through direct detection, usually by pro-
ducing new particles in particle accelerators. However, the lack of new discoveries from the Large Hadron
Collider at CERN has undermined confidence that direct discovery is likely at technologically accessi-
ble energies. In this paper, I provide an epistemic analysis of more and less direct search strategies in
current-day particle physics. I make explicit the epistemic features of these search strategies in what
is has traditionally been called the process of scientific discovery. I describe two promising methods of
indirect detection of new physics, possible to conduct at comparatively lower energies and at significantly
reduced cost: precision measurement and anomaly detection via unsupervised machine learning. I argue
that indirect detections can reliably lead to discovery, and that direct versus indirect searches have com-
plementary epistemic and practical advantages. I provide an account of indirect discovery that proceeds
from discrepancies, to anomalies, and finally to (theory-mediated) discovery. I further argue that these
methods are capable of leading to new discoveries when mediated through the generalized effective field
theory framework. Indirect searches should not replace direct detection efforts; instead, they provide
complementary epistemic advantages and jointly make for a more exhaustive search for physics beyond
the Standard Model.

Acknowledgements

I am grateful to Chris Smeenk and Juliusz Doboszewski for helpful discussions on earlier versions of this
paper. I am also grateful to two anonymous referees for their constructive feedback. This work is partially
supported by a Social Sciences and Humanities Research Council of Canada Insight Grant for the project
“The Structure of Effective Theories”.

*Rotman Institute of Philosophy, University of Western Ontario, London, ON, Canada
takoberin@uwo.ca



1 Introduction

Since the Large Hadron Collider (LHC) at CERN started running, it promised to find the key missing piece
of the Standard Model of particle physics—the Higgs boson—and open a window into physics beyond that
accounted for in the Standard Model. While it famously fulfilled the first promise between 2012-2014, it
has thus far failed to deliver on the second. To make matters worse, its failure to discover new physics near
the energy required to produce Higgs bosons has undermined our most plausible theoretical expectations
constraining the energies at which new physics should occur (Giudice [2017). We are no longer sure that
a new collider operating at energies one or two orders of magnitude higher than the LHC will find new
physics. Even more pessimistically, we have no good reason to expect new physics to be detectable even at
energies several orders of magnitude higher than currently accessible, straining the plausible physical limits
on constructing new particle acceleratorsﬂ Given both the cost and technological feasibility of constructing
bigger, more powerful accelerators, one might worry that the expected epistemic payoff is too low to justify
funding for a new generation of accelerators. Does this mean that experimental discovery in particle physics
might come to an end?

Traditionally, experimental discovery in particle physics has come in the form of what physicists call direct
detection (Sec. . The history of particle physics post-WWII has been dominated by the construction of
larger, more powerful particle accelerators, designed to impart subatomic particles with high energies before
colliding them. Direct detection of new particles comes from colliding known particles together with high
enough energies to produce the new particles in the lab. These particles are often short lived, and rapidly
decay into other lighter products, until only stable particles remain. Some knowledge of particle physics is
thus needed to reconstruct event histories from stable decay products, even for direct detection.

This type of direct detection has come in two stages: first was largely theory-agnostic direct detection.
In the days before the construction of the Standard Model, experiment typically led the way, with many
new particles discovered without a clear theoretical understanding of their underlying structure. Theorists
were devising principles, concepts, and phenomenological models on the basis of experimentﬂ This work
culminated in two quantum field theories (QFTs) describing the fundamental electroweak and strong forces.
These theories describe a basic set of fundamental particles and their interactions; from these, all other
known particle phenomena were reconstructed as composites of the fundamental particles, interacting via the
fundamental forcesﬂ After the construction of the Standard Model, experimental discovery became far more
theory-mediated. The Standard Model itself was used in the design of new experiments, specifically those
searching for the missing pieces of the model. Since the late 1970s, all new particle discoveries have confirmed
expectations of the Standard Model, culminating in the Higgs discovery in 2012. However, excitement was
high in 2012 for the LHC for more than just the Higgs. Physicists were hopeful for a new era of discovery in
particle physics. Given the modern understanding of the structure of the Standard Model as an effective field
theory (EFT), the Higgs mass plays an epistemically privileged role in that its value is proportional to the
scale at which new physics beyond the Standard Model is supposed to become important (Koberinski 2025)).
Thus, physicists expected that the energy scale at which the Higgs could be reliably produced would be close
to the energy scale at which other new physics effects—mnew forces, new particles, new symmetries, etc.—
would be observed. The generalized framework of EFT provided meta-theoretic resources to suggest that

1Of course, we similarly do not have any reason to expect that new physics won’t be there; but given the cost of building
new accelerators, it seems likely that a more concrete expectation of payoff would be needed. To give a rough estimate of
the size of accelerator needed to reach significantly higher energies than the LHC, a circular accelerator wrapped around the
surface of the earth would be capable of creating a collision energy of around 10,000-20,000 times what is possible at the LHC,
given substantial but feasible improvements to the strength of the magnets used to deflect the particle beams (i.e., less than an
order of magnitude). Despite the implausibility of such an accelerator, this is only an improvement of 4 orders of magnitude.
The gap between LHC energies and the Planck energy—where we have strong theoretical grounds to expect new physics—is
18 orders of magnitude. Thus, even outside of the cost of a new accelerator, the ability to probe meaningfully higher energies
seems severely limited.

2This interplay of experimental discovery, followed by phenomenological models to classify and predict features of the new
particles, all informed by high-level principles from the theoretical framework is what led to the construction of the strong and
electroweak models forming the Standard Model (cf. Karaca [2013a; Koberinski 2019} Koberinski 2021)).

3The word “fundamental” here is used in a comparative sense. According to the Standard Model, the most fundamental
particles are those given in its Lagrangian. Comparatively less fundamental particles are treated as composites of the funda-
mental particles. But what is fundamental according to the Standard Model is not necessarily fundamental in nature. Given
the attempts to formulate theories more fundamental than the Standard Model immediately after its construction, it is fair to
assume that usage of the term “fundamental” in particle physics is both comparative and theory-relative.



the standard operating procedure of direct detection would continue on after the Higgs, at nearby energies.
Further, several specific candidate beyond Standard Model theories were guiding the search, in particular
models that included supersymmetry. These two prongs of theory mediation both supported the search,
providing grounds to suppose that another direct detection would happen near the Higgs scale. With the
failure to detect even indirect evidence for new physics has come a crisis in our understanding of naturalness
and the Standard Model as an EFT (Giudice [2017; Wallace |2022; Koberinski 2025). While direct detection
might be possible at the next generation of accelerators, the crisis has prompted physicists to look for new
physics via means other than theory-mediated direct detection.

In this paper, I provide an epistemic analysis of more and less direct search strategies in current-day
particle physics. T make explicit the epistemic features of these search strategies in what is has traditionally
been called the process of scientific discoveryEII argue that there are several promising avenues for indirect
detection of new physics in particle physics, and that these provide complementary epistemic and practical
benefits to standard efforts for high-energy, direct detection. Indirect detection is often comparatively cheaper
and easier than high-energy accelerator experiments seeking direct detection. Indirect detection therefore
presents a promising and reliable, though indirect, path to discovery. After providing a conceptual analysis
of direct detection and theory-agnostic searches for new physics in Sec. [2] in Sec. [3] I provide an account of
how one can go from a discrepancy between Standard Model prediction and experiment to a discovery claim,
even when only indirect evidence of some physical source is found. When one has a guiding framework,
the structure of the inference pattern is relatively simple. In the context of modern day particle physics,
the EFT framework provides that structure, allowing for inferences to stable sources in the form of non-
renormalizable terms added to the Standard Model EFT extension. I describe two promising avenues for
indirect detection: (comparatively) low-energy precision experiments (Sec. and anomaly detection using
machine learning algorithms (Sec. . The two avenues differ, but both offer indirect paths to discovery.
In Sec. I outline how precision measurement of known quantities can be used to find anomalies, and
argue that these anomalies can be structured within an EFT framework to lead to eventual discoveries.
Precision of a measured quantity can be increased in two ways: through reducing systematic uncertainty
or reducing statistical uncertainty. Depending on the quantity of interest, both can play an important role
in anomaly detection. In Sec. I outline how unsupervised machine learning can be used as a tool to
search old datasets for candidate anomalies. Interestingly, many of the known conceptual problems for
discovery via unsupervised machine learning are turned into advantages in this particular context. In Sec.
I argue that indirect searches provide complementary epistemic advantages to high-energy direct searches;
the weaknesses involved in one strategy are complemented by the strengths of the other. When pursued
together, they provide broad coverage possibility space for theories going beyond the Standard Model. While
this is an analysis of the epistemology of experimental search strategies in the context of particle physics,
it depends only on the more general features of direct versus indirect detections, and the relative theory-
agnosticism of the latter. Insofar as these features can generalize to other scientific disciplines, so too would
the conclusions of Sec. [5] Sec[6] concludes the paper.

2 Directness and theory-mediation in particle physics experiments

Particle physicists often advertise new experimental search techniques as being able to provide ‘direct detec-
tions’ of some target phenomena (LHCb Collaboration et al. |2023; Misiaszek and Rossi [2024), or allowing
for ‘theory-independent’ or ‘model-independent’ characterizations of the evidence (Ghosh et al. [2020]). These
are meant to be attractive features of a given setup, and supposedly contrast with other search techniques
that are not direct, or theory-dependent, respectively. In this section I provide a conceptual analysis of
these two features of experimental searches, by highlighting features of direct versus indirect detections of
particle physics phenomena and theory-mediated versus theory-agnostic experimental searchesﬂ The latter

4Though it is outside the scope of this paper, I believe that the distinction between contexts of discovery and justification
is not a useful one. Science is a process of building new theories, frameworks, and concepts for understanding the world, and
subjecting them to critical test via contact with empirical evidence. The two contexts are thus always linked in practice.

5] use the modifier ‘agnostic’ rather than ‘independent’ to indicate that these are not completely free of theoretical commit-
ments, as some background theory is needed to interpret almost any experimental setup and result (Smith 2014)). I further use
‘theory-mediated’ rather than the more familiar ‘theory-laden’ to avoid the negative connotation often attributed to theory-
ladenness. I find this usage clearer, despite its departure from standard philosophical debates.



distinction has to do with the degree to which the experimental setup depends on the particular theories
being tested, while the former distinction tracks the ability to infer from a positive experimental result to
a given physical source. Note that these distinctions are matters of degree: detections can be more or less
direct, and can be dependent on some features of a given theory but agnostic to others. Nevertheless, they
help illuminate the different epistemic and pragmatic features of high-energy collider experiments on the one
hand, and precision measurements and machine learning searches on the other. Further, they are not simply
features of an experiment independent of the aims and context in which it is conducted; these characteriza-
tions depend on the experimental setup itself, the theoretical context in which the experiment is conducted,
and the pragmatic aims of researchers conducting the experimentﬁ

As a first pass on these distinctions, take an experiment that tests against a null hypothesis: a positive
result is a result that provides evidence that the null hypothesis is false, while a negative result is consistent
with the null hypothesis. An experiment detects something new if it supplies a positive result. The exper-
iment must be interpreted in light of the background theoretical context; sometimes the null hypothesis is
contrasted directly with a competitor, while other times not. It is also possible that the result of the experi-
ment forces a new hypothesis on us more directly. A direct detection is one that allows for a more immediate
inference from a positive result to an attribution of the effect to some physical source, given the background
theoretical context. An indirect detection requires some degree of mediation. The forms of inference, the
degree of mediation, and theoretical context will differ widely in different types of experiments; I provide
some examples of more and less direct inferences below. Given the background theoretical context, one can
interpret a direct detection as a relatively unmediated link between the physical source and the experimental
apparatus; in this case, the apparatus directly measures or detects some signal from the source. An ideal
direct detection would be to produce an observable entity or phenomenon. Most scientific experiments do
not result in an ideal direct detection, but it is still useful to consider experiments that allow for more or
less mediated inferences. Thus direct and indirect detection is comparative, and depends on the ability to
infer from an experimental result to an underlying source.

Skulberg and Elder (2025) articulate various senses of the term ‘direct’ in the context of direct imaging
of black holes, and direct detection of gravitational waves. Both of these are observational contexts. One
example they give as a signal of directness has to do with how the measuring apparatus is modelled, and
whether it can be modelled as directly interacting with the desired physical source. This is one general
example of providing a more immediate inference from result to physical source. Indirect detections require
some additional model of how the data and physical source relate. In my terminology, this is part of
the theoretical context of the experiment. The model involving interaction between apparatus and source
includes a prescription for what one would expect to observe in the apparatus, should an interaction take
place. This allows for a more immediate inference from an observed outcome to an attribution to the source.
The inference to the source is more direct to the extent that the theoretical context allows one to infer from a
signal to features of the source. In particle physics, a standard for relatively direct detection is the production
of some particles whose signatures qualitatively change the distribution of decay products in some way. In
searches for beyond Standard Model physics, direct detection often refers to the on-shell production of the
new particles in a collider (Misiaszek and Rossi 2024; LHCb Collaboration et al. [2023). One marker of a
particle appearing on-shell it that the reconstructed event is modelled as producing the new particle as one
of the external lines of a Feynman diagram, not simply that the new particle’s contribution to internal lines
needs to be factored into the modelling. For the remainder of the paper, I will use the term ‘direct detection’
to refer to production experiments that produce or detect new particles on-mass-shell.

By contrast, the distinction between theory-mediated and theory-agnostic experiments has more to do
with the interpretation of the experiment, prior to any result. An experiment is more theory-mediated to
the extent that its design and implementation requires assumptions regarding the specific theory or theories
one is seeking to test, while it is theory-agnostic to the extent that it is free of such assumptions. Again,
experiments can come in various degrees of theory-mediation and theory-agnosticism, so these terms are
best thought of as comparative. While much has been said about the threat of circularity for theory-laden
experiments, there have been several local defences of theory-laden experiments, showing that in successful
cases the threat of circularity can be adequately managed (Beauchemin [2017; Karaca [2013b; Ritson and

6Beauchemin and Staley (2024) have argued a similar point regarding the classification of experiments as exploratory. Rather
than being distinct types of experiments, exploration is a certain attitude one can take toward the act of experimentation, and
exploratory experimentation is defined largely by the context and aims of the experimental practice.



Staley |2021)). T take these to provide strong support for the idea that theory-ladenness is not a problem on
its own; one must also consider the overall theoretical and experimental context.

First, note that both of these distinctions apply to an experiment in a certain theoretical context. The
exact same experiment can lead to direct or indirect detections, depending on the theoretical and pragmatic
contexts in which it is conducted. An experiment can be mediated by one relevant background theory, but
remain agnostic to other theories for which its results might be relevant. Next, the two dimensions here can
relate to each other, but need not always go together. For example, a highly theory-mediated experiment
might typically make for a more direct-detection: since the setup relies on the theory being tested, it would
be more straightforward to infer from a positive result to physical source. But it is possible for a theory-
mediated experiment to result in a more indirect detection, if the theory-mediation in experimental design
does not tightly constrain the possible outcomes.

Searches are experiments designed to look for some (range of) as yet undetected physical effect(s).
Searches might be guided heavily by certain expectations, or may be more exploratory in nature. As
such, they may fall under direct or indirect detection, and may be theory-mediated or theory-agnostic.
Traditionally, philosophers have argued that experiments mediated by a particular theory cannot be properly
exploratory with respect to possibilities beyond that theory, since the range of possible searches is limited by
the dependence on theory (Steinle |1997). Elliott (2007) and Karaca (2017)), among others, have refuted this
point, arguing that exploration does not necessitate a lack of theoretical guidance . Beauchemin and Staley
(2024) argue that exploration is not defined by a distinctive set of exploratory procedures or characteristics,
but is instead inherent in the context of inquiry. I take for granted Beauchemin and Staley’s point that
experiments—including indirect searches—can be theory-mediated and exploratory, depending on the overall
context in which they are conductedEI

Particle physics is a discipline whose subject matter is highly epistemically remote: the subatomic par-
ticles and their interaction forces are far too small and short-lived to be directly observable. This means
that all experiments in particle physics rely on the use of instruments to detect the effects of particle physics
phenomena and transform them into a form that is observable and interpretable to humans. The instruments
themselves are modelled as physical systems, and scientists use theory to model the interactions between sub-
atomic particles and the instruments. This modelling often depends on assumptions regarding the Standard
Model of particle physics. We do not directly observe the sources of particle physics phenomena, nor are we
able to interpret what we do observe without the guidance of at least some scientific theories. In this sense,
all particle physics experiments provide indirect evidence of underlying sources, and all are theory-mediated
to some extent.

Moreover, most high-energy collision experiments in contemporary particle physics are not just somewhat
theory-mediated, but highly so. Some simple features of new particles can be reconstructed with minimal
theoretical input, such as the particle mass from a resonance in the differential cross-section for particle
scattering, while others require further reconstruction and input from theory. Several recent studies have
examined the degree to which the Standard Model is integral to the design of experiments, the functioning
and calibrating of the instrumentation, the choice of hardware and software cuts, as well as the separation
of signal from background (Karaca [2013b; Beauchemin 2017} Méttig and Stoltzner 2020). The same studies
have all argued that this theory-mediation is not viciously circular, but it remains true that contemporary
high-energy experiments are expensive to run and highly theory-mediated.

In the history of particle physics, experimental practice started as mostly theory-agnostic through the
1940s-early 1960s, and has since become heavily mediated by expectations from the Standard Model (cf.
Brown, Dresden, and Hoddeson [1989; Cushing [1990; Hoddeson et al. [1997; Cao [2010). Claims of discovery
of new physics—new particles and new interactions between them—have been reserved for the most direct
possible detections. This typically occurs by creating conditions under which the desired particle is produced,
and reconstructing the event from the resulting decay products. While early instances of direct detection
came from cosmic rays, current direct detection involves producing the sought-after particles in an accelerator.
Indirect detections have played a secondary role in discovery, as only taken to provide evidence for a new
phenomena. For example, there was indirect evidence that the weak force violated parity symmetry, but this

7See Sec. and Koberinski (2023a)) for ways that the theoretical framework can be modified to turn precision determi-
nations of constants—something taken even by Karaca as a paradigm example of a non-exploratory type of experiment—into
explorations of a more general theory space. I take this to reinforce the point that the theoretical context in which the experiment
is conducted plays a key role in understanding its possible implications.



was not conclusive until the direct detection of interactions that did not conserve parity Wu et al. (1957). Up
to and including the discovery of the Higgs boson, the norms of particle physics dictated that experimental
discovery required direct detection, and this was usually accomplished by producing the sought after particles
in an accelerator. Direct detection is still the ideal standard, but pragmatic concerns involving technological
and cost limitations, as well as unresolved theoretical puzzles have made the prospects for further direct
detection seem dim. Koberinski (2023a) and Koberinski (2025) note that standard interpretations of the
Standard Model as an EFT indicated that some signs of new physics—whether direct or indirect—should
be observed at the same energy scale needed to produce Higgs bosons. This has not happened, and there
are few proposals replacing our current understanding of EFT that make concrete predictions for where new
particles might be found. Given the pragmatic limitations of direct detection, it may take decades for a
new accelerator to be built and put online. Even then, we have no guarantee that the next generation of
accelerators will be capable of directly detecting new physics. It is therefore highly desirable to find other
ways to explore the space of possibilities beyond the Standard Model.

3 From discrepancies to discoveries

When searching for signals of new, unknown physics beyond the Standard Model, the experimental goal
is to generate positive results against the null hypothesis that the physics of the experiment is accurately
captured by the Standard Model. A positive result is a discrepancy between the Standard Model prediction
and the experimental result. In this context, the design of these searches all presuppose the Standard Model
to some extent. Therefore the relevant dimension of theory-mediation is the extent to which assumptions
about beyond Standard Model physics play an essential role in the design and setup of a given experiment.
To see how direct versus indirect searches lead to discovery, we must analyze the process of inference from a
discrepancy with a Standard Model prediction to a discovery claim, and how the underlying physical source
can be conclusively established.

Start with the paradigmatic direct detection: producing a resonance at a given energy in a differential
scattering cross-section. The resonance would appear as an excess of events at that energy, compared
to the expectations from the Standard Model. This discrepancy needs to meet a threshold of statistical
significance—>50 in particle physics—as a necessary condition for a discovery claimﬁ The inference is from
a resonance at a given energy to the existence of a new particle whose mass is directly determined from that
resonance. A discovery like this is guided by relatively theory-agnostic expectations about how scattering
cross-sections are influenced by the production of particles. This inference does not depend on any particular
candidate theory going beyond the Standard Model, though the experimental design and targeted search
area might still be mediated by specific theories. This is the ideal for direct detection, and has been the
driving force for building increasingly more powerful accelerators. The inference from an excess of events to
the existence of a new particle is very direct, regardless of whether the experimental design was guided by a
particular theory of beyond Standard Model physics or not. Thus, the advantage of direct detections like this
is the ability to infer directly from a discrepancy with the Standard Model prediction to a physical source.
In principle, direct detection need not be heavily theory-mediated but in practice the possible regimes in
which new physics could occur are too vast to search unconstrained.

How does the inference pattern from discrepancy to discovery work for indirect detection? As I have
defined the term, an indirect detection does not allow for a direct inference to some source, so the structure
must be mediated in some way. In general, indirect detections can only allow one to infer the existence of a
discrepancy for the background theory. Persistent discrepancies signal an anomalyﬂ our current theory is
inadequate in that domain, and therefore that new physics is needed. Some amount of theoretical context
is needed to explain the presence and magnitude of the anomaly. Anomalies play an important role in the

8Reporting a tension of no means that the discrepancy between the measured and predicted value differ by n times the
calculated standard deviation of the difference, on the assumption that the calculated uncertainties for each quantity are
normally distributed. While 5¢ is the standard for discovery in particle physics, Lyons (2013) argues that this threshold should
be more nuanced. In particular, when it comes to claiming a discovery of new, beyond Standard Model physics, he argues that
a higher threshold should be posited. The more unexpected the result, and the more it clashes with currently accepted physics
principles, the higher the statistical threshold. However, standard particle physics practice still conforms to the 50 standard.

9The term ‘anomaly’ might come burdened with Kuhnian undertones, but here I mean only that an anomaly is a persistent
discrepancy between experimental results and theoretical prediction.



process of theory construction, since they signal physical sources not accounted for in the current theory.
They provide touchstones that any successor theory should aim to capture if it is to succeed the current
theory. However, anomalies do this indirectly; there is no algorithm or recipe allowing the inference from an
anomaly to some new theory explaining it away. An anomaly is simply a persistent difference in the value of
some quantity. In order to resolve the anomaly, a new theory is needed, within which there is now agreement
between theory and our evidence. Anomalies get attributed to some underlying physical source only in the
context of the new theory. For example, the anomalous motion of Mercury’s perihelion was an anomaly for
Newtonian gravity. The anomaly was explained from the point of view of general relativity as being due to
spacetime curvature effects in strong gravitational fields. The source of the anomaly was the curvature of
spacetime in the theoretical context of general relativity. Therefore one needs more than the detection of an
anomaly to establish some new physical source.

But how do we first establish the presence of an anomaly? One must start with a discrepancy between
expectations from theory and experimental results, but on its own this is insufficient. A discrepancy is simply
a statistically significant difference in the value of a quantity determined by different means. In the case
of experimental discovery, that discrepancy would be between a theoretical prediction and best value for a
measured quantity. Given a significant discrepancy, work must be done to attempt to resolve it from within
the current theory. Perhaps approximations made in the theoretical calculation can be refined, computational
techniques improved, or perhaps systematic experimental errors were underestimatedm The former two
points are of particular concern for quantities predicted by the Standard Model, where perturbative methods
and other approximation techniques are central to the very definition of the quantum field theories that
comprise it (J. D. Fraser [2020; Miller |2021; Dougherty [2023)). It is rather common for advances in precision
of theoretical predictions to come from better approximation techniques or better numerical methods for
solving complex equations. When a discrepancy can be resolved in this way, it does not rise to the level of
anomaly, but instead plays a central role in the elaboration and development of secure, empirically grounded
facts based on the current theory (cf. Smith [2014; Koberinski and Smeenk 2020; Koberinski, Falck, and
Smeenk [2023)).

It is only when a discrepancy persists despite attempted resolution that it rises to the level of anomaly, and
therefore becomes a candidate for an indirect discovery. While searches for new physics are heavily mediated
by the Standard Model, many indirect searches remain largely independent of any particular successor theory
that one might propose. Given the strong degree of model-dependence required to perform experiments,
conduct data analysis, and interpret the results of a particle physics experiment, heavy dependence on some
set of theories is to be expected. But since the search is for physics that does not conform to the Standard
Model, we can treat the Standard Model itself as a background theory that is only indirectly guiding the
search. Anomaly detection therefore has the potential to be theory-agnostic in the relevant sense, with
the advantage that one is only searching for quantities that are not accurately predicted by the Standard
ModelH Whether a given search is theory-agnostic or not will depend on the details of its design and setup.
The indirect search strategies I describe in the next section are relatively theory-agnostic, with precision
measurement being more agnostic than the machine learning methods.

The disadvantage to theory-agnostic searches is that, by remaining agnostic as to the features of a
successor theory, the search is highly unconstrained. Further, the inference from a given anomaly to a new
theory—or even to a new phenomenon—is far from obvious. Finding an observable quantity that differs in
value from the Standard Model’s prediction gives almost no insight into what new physics is responsible.
Koberinski (2023a) has argued that treating the Standard Model as an EFT can provide a theory-agnostic
scaffolding for organizing indirect searches; the experimental side of this approach will be discussed in
Sec. A second strategy for structuring searches is to use machine learning to flag anomalous events, this
will be the subject of Sec. [£2l While a direct detection of a new particle would be the strongest evidence
for beyond Standard Model physics, indirect theory-agnostic searches can provide the first steps of evidence
of where beyond Standard Model physics is needed. In Sec. [] I further argue that indirect searches provide

L0 All of these have been found to be sources of a seemingly promising discrepancy between empirical findings and the Standard
Model at some point in the last 15 years.

M These are further along the theory-agnostic dimension than searches that presuppose a particular family or class of beyond
Standard Model theories. Examples of this latter form include searches for proton decay—a signature of a large class of grand
unified theories (Bajc et al.|2016)—or searches using so-called simplified models derived from supersymmetric extensions of the
Standard Model (McCoy and Massimi [2018)). However, even in indirect detections, one might set expectations for where to
look on the basis of beyond Standard Model theories.



complementary epistemic benefits to standard high-energy direct detection efforts.

4 Indirect methods of discovery

Experimental practice in particle physics is highly complex, due to the difficulties in reconstructing short-lived
subatomic particle phenomena from decay products detected by highly sophisticated networks of particle
detectors. Production of higher-mass particles requires larger accelerators that can steer and accelerate
stable particles (electrons, protons, etc.) to speeds very near the speed of light. Resulting collisions occur
sporadically, producing unstable particles that rapidly decay into lighter products until only stable particles
remain. Collision products can only be predicted probabilistically from the incoming particles. The challenge
in such collision experiments is to reconstruct an event—a single collision—from potentially far-flung decay
products whose properties can only be constrained by the detector outputs (Karaca 2017, Beauchemin |[2017)).
High-energy collision experiments are expensive and can only be conducted where large accelerators exist.
Building new accelerators is even more prohibitively expensive. While high-energy collision experiments must
still play a central role in the experimental practice of particle physics moving forward, other experimental
practices should be pursued in parallel. In particular, comparatively low-energy “precision” experiments
provide a cheaper option in the search for anomalies. Some of these can be conducted in smaller labs using
cheaper equipment, and carried out at a faster rate. A second approach is to re-analyze data produced in
previous runs of high-energy accelerators like the LHC, to look for events whose signatures are an ill-fit with
expectations from the Standard Model. Given that the Standard Model only makes probabilistic predictions
regarding the outcome of a scattering event, flagging individual events is somewhat tricky. One method that
I will focus on here uses unsupervised machine learning algorithms—specifically autoencoders—trained on
data known to fit well with Standard Model predictions to analyze and reconstruct a broader range of past
events. Poorly reconstructed events are events that the autoencoder takes to be sufficiently different from
the training data, and are therefore candidates for Standard Model anomalies.

4.1 Precision measurement

There are two types of precision measurement one can use in particle physics for the purposes of discovery,
and the distinction can be made in terms of a qualitative recourse to EFT methods. As argued in Koberinski
(2023al), the EFT framework serves as a phenomenological formalism to structure the search for new physics.
Within the EFT framework one expects indirect signals of new physics in the form of higher-mass dimension
operators factoring into observables. The resulting contributions to observables are suppressed by the upper
limit cutoff scale A for the EFT, in the form A,, « (%)n, where p is the energy scale at which the experiment
takes place, n a natural number, and the full observable will be a summed expansion of the form A =)" A,
(more on this below). Under a reading that takes the cutoff scale to have physical significance—it is the scale
at which the EFT breaks down and new physics takes over—there are only two ways to increase sensitivity
to these higher-order terms. First, at a fixed energy scale pu, increase the experimental precision €, such

that € < (j\i)n Second, for fixed experimental precision, increase the energy for the experiment such that

n . . . . . . . .
(%) gets larger. However, increased energies often result in a decrease in experimental preasw what is

needed is a targeted increase in energy while maintaining as much precision as possible: €(u) < (%)n.

The first type of precision increase consists of cheaper, low-energy high-precision measurements. Many of
these are experiments that don’t require the use of a full-scale particle accelerator, and may therefore provide
a promising alternative or supplement to the usual experimental practice in particle physics. However,
because of this, they are also limited in scope. Certain particle physics phenomena are only reliably produced
in high-energy accelerators, and many of the most promising regions of the Standard Model parameter space
are concerned with these higher-energy effects. Nevertheless, for some phenomena, low-energy experiments
are able to reach an impressive degree of precision. As discussed in Koberinski and Smeenk (2020)), precision
measurements of the electron’s anomalous magnetic moment using a Penning trap have become precise

2However, this need not always be true. While experimental uncertainty is often more difficult to control in experiments
done at higher-energies, one can still increase precision in high-energy experiments (as discussed below). On the theory side,
precision is based on the ability to calculate approximations well; this is often accomplished in regimes where perturbative
methods work well. For quantum chromodynamics, for example, perturbative methods work best in the high-energy limit. I
am grateful to an anonymous reviewer for pressing me on this point.



enough to report the value to 11 significant digits. Importantly, calculating the magnetic moment to this level
of precision requires one to go beyond “pure” quantum electrodynamics, and to include indirect dynamical
effects from the strong and weak sectors of the Standard Model. In a counterfactual scenario where the rest
of the Standard Model was not discovered before this level of precision was reached, precision tests would
have revealed a persistent discrepancy between pure quantum electrodynamics and observation, resulting in
an anomaly for the theory. This shows that high-precision measurements of low-energy quantities predicted
by the Standard Model are able to find anomalies, even in very low-energy phenomena.

Part of the challenge in calculating the values of observables like the anomalous magnetic moment of the
electron is due to the mathematical form of interacting QFTs making up the Standard Model. Observables
are generally calculated as expectation values of products of field variables at various spacetime points
(or, equivalently, at different four-momenta), and these are in turn calculated from the theory’s generating
functional Z. Importantly, the measure for the path integral in Z is undefined on a continuum Minkowski
spacetime. Even when one ignores this point (for example, by switching to a Euclidean space instead),
Z has no known exact solution for realistic interacting theories. For theories that have interaction terms
that are small-——quantum electrodynamics is a prime example—one can calculate observables by treating
the interaction term as a small perturbation to the non-interacting theory. The non-interacting theory has
exact solutions, so one takes a truncated perturbative expansion in powers of the coupling constants to be an
approximation to the true interacting solutionH For theories with stronger interaction terms (like quantum
chromodynamics at low energies), one makes the idealization that the field theory is defined on a lattice,
and numerical simulations are used to generate predictions for observables. Both cases necessarily involve
using approximation methods in the absence of some underlying set of closed-form equations that we are
knowingly trying to approximate.

For quantities like the anomalous magnetic moment of the electron, one can therefore make more precise
predictions by increasing the sophistication of the approximation methods used. This includes calculating to
higher orders in perturbation theory, including sub-dominant interactions (like weak and strong nuclear force
effects), and developing better numerical approximation techniques for solving the complicated integrals that
arise in a given calculation (cf. Aoyama et al. 2012; Koberinski and Smeenk [2020; Huggett and Schneider
2025)). On the experimental side, precision is increased by designing apparatus that allow for greater ex-
perimental control, reducing statistical uncertainty, and reducing the magnitude of sources of systematic
uncertainty. By increasing precision experimentally and theoretically, the Standard Model is being put to
an increasingly more stringent test, increasing the odds of finding a discrepancy.

While no discrepancies with the full Standard Model have been found for the electron, a comparable
discrepancy in the muon’s anomalous magnetic moment exists. While the experimental conditions needed
to isolate the muon and probe its magnetic moment involve far higher energies than similar probes for the
electron, this still qualifies as a relatively low-energy precision measurement, compared to the energies reached
in state-of-the-art accelerators. While these higher-energies are accompanied by a decrease in precision for
measurement—a composite measured value of the muon’s anomalous magnetic moment is only measured
to 9 significant digits—the impact of new physics on muon quantities versus electron quantities is expected
within the EFT framework to scale as (m,,/ me)?, with my, ~ 200m.. Thus, despite the decrease in absolute
precision, there is good reason to expect the muon to be more sensitive to new physics. The discrepancy was
increased by recent measurements by Albahri et al. (2021) to a 4.20 tension between theoretical prediction
and measured value, just below the particle physics 5o standard threshold for claiming a discovery.

However, the recently discovered discrepancy has not yet become an anomaly. Just before the Fermilab
announcement of the 2021 results, Borsanyi et al. (2021) recalculated a component of the muon’s anomalous
magnetic moment due to virtual hadron polarization using improved lattice quantum chromodynamics tech-
niques. This calculation led to a correction to the predicted magnetic moment that reduced the difference
between measured and predicted value, therefore reducing the tension (Muon g — 2 Collaboration, Aliberti,
et al. 2025)). The final round of results has since been released, with FermiLab’s new value for the anomalous

131 am glossing over several interpretive issues that complicate the current discussion. For example, Haag’s theorem states
that we are not licensed to treat the full interacting theory as a perturbation to the free theory (Earman and D. Fraser [2006}
Miller 2018; Koberinski [2023b)). The perturbative expansion also has zero radius of convergence, and individual terms diverge
as well (J. D. Fraser |2020)). All of these points only make the approximate nature of QFT even stronger, however, so glossing
over them here is simply for ease of presentation.



magnetic moment of the muon being
Ay exp = [116,592,070.5 + 11.4 x (stat.) £ 9.1(syst.)] x 1071 (1)

with an overall precision of 127 parts per billion (Muon g—2 Collaboration, Aguillard, et al. 2025)). With this
new result, and the updated theoretical prediction, the tension has entirely disappeared: amuy,exp — Gu,sMm =
38 + 63 x 10!, The discrepancy was still important, even if it did not result in a persistent anomaly.
Discrepancies bring to light tensions between incomplete theoretical models and experimental results. It
will often be the case that a discrepancy is resolved in a consistent manner by updating the approximations
and idealizations that go into the construction of the theoretical model. In this case, the tension led to
improvements in calculating hadronic effects with lattice quantum chromodynamics, and to a more precise
measurement of a, ez, When this is done, we learn more about the quantitative implications of our best
theories, and gain tighter constraints on the allowed deviation introduced by theories of beyond Standard
Model physics. When it can’t be done, we are left with an anomaly.

The second type of precision experiment is one that increases the precision on relatively high-energy
measurement results. While absolute precision will ultimately be lower, there are clusters of phenomena in
the Standard Model where even modest gains in precision could serve to highlight discrepancies, in a similar
manner to the relative sensitivity of the muon and electron to new physics. Now that the LHC has reached
peak centre of mass energy, it is shifting into a new phase of high-luminosity collisions, with construction
already underway, and completion expected by 2029. The luminosity in a collision experiment is proportional
to the collision rate at beam crossing; higher luminosity therefore means more collisions per unit time at a
given energy. This is helpful for improving precision on high-energy observables by reducing the statistical
uncertainty introduced when the number of events is low. Statistical uncertainty is the uncertainty associated
with inferring from a sample of a certain size to the category of events as a whole. For larger sample sizes, this
uncertainty is smaller, since one has more confidence that one is dealing with an appropriately representative
sample. For rare, higher-energy events, statistical uncertainty can be a major source of overall uncertainty
on experimental results.

Before the high-luminosity LHC is up and running, targeted collision experiments can decrease statistical
uncertainty in more local ways. For example, if one is studying observables related to weak bosons, statistical
uncertainty is reduced if the experiment produces a greater number of events containing the relevant weak
bosons, from which the magnitude of the observable can be inferred. By tuning the centre of mass energy to be
near the energy required for the most probable pathways to create weak bosons, one increases the likelihood
that more of these particles will be produced. Specially designed triggers can help increase sensitivity to
desired events, while minimizing the chances of recording irrelevant events. For some observables, this
reduction in statistical uncertainty could be sufficient to find persistent discrepancies with Standard Model
predictions. Some of the more promising sectors to search are related to the weak (W and Z) bosons and
b quark, though here again recent results have served to decrease the tension with many Standard Model
predictions (Isidori[2023} Gibney|2024). While the means for increasing precision differ, the inference pattern
for both types of precision tests is the same. When the discrepancies are not found to persist, increased
precision instead places stricter bounds on possible disagreement between candidate theories of beyond
Standard Model physics and the Standard Model predictions. When a discrepancy persists to the point of
becoming an anomaly, we find a known set of phenomena for which the Standard Model alone is inadequate.

4.2 Using machine learning to discover new physics

While machine learning has been prevalent in particle physics for decades, the rapid growth of computing
power and the ensuing development of deep neural networks has greatly expanded the possibilities for its
novel use. Boge and Regt (2025), in particular, have discussed some of the recent advances of machine
learning in particle physics, arguing that artificial intelligence may be able to make meaningful scientific
discoveries in a theory-neutral manner. For my purposes, I will set aside the question of intelligibility of
machine learning discoveries, and focus instead on their use as a tool in the search for discrepancies in
particle physics data. It is only once such discrepancies are flagged that questions of robustness arise; I
will discuss this possibility at the end of the section. The further goal of autonomous discovery via machine
learning is aspirational, and outside the scope of the current argument entirely. What is novel for the context
of experimental discovery is that certain machine learning algorithms can re-examine old data without the
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same expectations of researchers. Further, these algorithms have the ability to flag individual events as
potentially discrepant, rather than aggregated statistical results. Given that particle physics predictions are
probabilistic, this implies that the use of machine learning is only as a first step in flagging events of interest;
further investigation is required to even arrive at a discrepancy, let alone an anomaly.

For much of the history of particle physics, machine learning algorithms were used as computational
tools, to help produce theoretical estimates of parameters, classification of events, or to aid in statistical
analyses of dataE They have formed pieces of larger networks of methods all designed to take readings
from the electronic sensors in a detector and reconstruct the events that produce the detected decay products.
One distinctive feature of experimental particle physics is the heavy theory-mediation in the analysis and
reconstruction of events. Another is the overwhelming amount of raw data produced in collision experiments,
with limited ability to store and analyze it all. Machine learning has played an important part in managing
both of these challenges. In particular, machine learning has been used to more efficiently develop filters
that select only a small subset of candidate events for storage and reconstruction, and to do so without
explicitly simulating the events using the Standard Model. However, the advent of more complex deep
learning algorithms, especially deep neural networks, have allowed for novel applications in data analysis.

One of the strengths of deep neural networks is the ability to search large swaths of data in order
to recognize patterns that might be particularly challenging for human scientists to notice. Unsupervised
machine learning is especially helpful in this context for discovering novel patterns or features of the data,
since the algorithm is not prepared with a set of preconceived data tags already thought to be important.
This way, the algorithm can pick out its own features as relevant, and may recognize novel features of the data
that have thus far been overlooked. However, philosophers have been quick to point out several epistemic
drawbacks to machine learning as a tool for discovery in science. Of particular concern are the problems of
opacity and bias to training data (Sullivan 2022} Kauffmann et al.|[2024]). The problem of opacity has to do
with the complexity of machine learning algorithms. While they learn to perform tasks on training data,
and we can validate their success on other data sets, it is rarely the case that we know how algorithms are
performing the task, or what specific patterns in the data they are latching onto (Boge [2022). In general,
the larger and more complex the algorithm, the more opaque it is to human understanding. The desire
for intelligibility of machine learning algorithms is a desire to reduce this opacity. If we don’t understand
how the machine learning algorithm performs its task, then we have less understanding of why and how it
works, undermining confidence that it is using a reliable method that will generalize to novel use cases. The
problem of bias to training data is a related problem, leading the machine learning algorithm to abstract
the wrong features to generalize based on biases in the training data. For example, if an image classification
algorithm is supposed to distinguish house-cats from lions, it might learn instead to classify cat versus lion
based on the image background, unless the training data is sufficiently varied to account for this. The two
problems are related in that they undermine our confidence in the ability of a machine learning algorithm
to succeed in its task in new contexts[™]

What is interesting about current state-of-the-art uses of machine learning for anomaly detection in
particle physics is that these two major issues are largely neutralized, at least to a first approximation.
Current searches use a particular type of algorithm architecture called an autoencoder, and intentionally
bias the training data to fit expectations of the Standard Model. The structure of the neural network
for a typical autoencoder is to take a high-dimensional input layer to “read” the data, greatly reduce the
dimensionality in an interior coding layer, and then to decode back out to a reconstruction of the input
data. The goal is to have the encoding portion find useful features of the data to abstract into the coding
layer, such that the subsequent decoding leads to a minimal loss as defined by a loss function comparing
input to output. Once an autoencoder has been trained, it ideally has a good, generalizable set of features
to abstract from data similar in kind to the training data. The training ensures that these are sufficiently
useful to successfully reconstruct an image from the encoding. When using autoencoders for discovery of
beyond Standard Model physics, the training data is a set of events that are highly typical according to the
Standard Model. Training is conducted to minimize the loss between input and reconstructed output. Then,

14 A great resource highlighting the various uses of machine learning in the High-Energy Physics living review on machine
learning (Feickert and Nachman [2024]).

15There are further important questions concerning the ethical implications of the use of machine learning, given the above
epistemic concerns (e.g. Dubber, Pasquale, and Das|2020). I do not address these issues here, as the ethical implications in the
context of particle physics are minimal, compared to uses in profiling, human data collection, and ownership rights on training
data.
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datasets consisting of other similarly coded events are fed into the trained autoencoder. Events that it fails
to reconstruct well do not share the abstracted features of the sample data on which it was trained; these
are flagged as candidates for events with beyond Standard Model signatures. These are the events we are
interested in. What is typically recognized as a problem in standard accounts of machine learning discovery
is repurposed to become the essential feature used to find candidate discrepancies; the problem of bias to
training data is acknowledged and exploited as the means of discovery.

The problem of opacity is also largely neutralized in this context. Opacity is useful in that the autoencoder
provides an analysis of events distinct from what could be done via human-led statistical analysis. Since
the goal is simply to use the autoencoder as a first step to flag events for further investigation, it is less
important to understand its inner workings. In this context it is simply a tool whose outputs are analyzed by
human scientists. Human analysis of data requires the use of statistical methods to analyze high numbers of
events and abstract features. What the autoencoder can do is flag individual events in the dataset; human
scientists must then build a more robust case for the presence of a discrepancy via statistical means.

These autoencoder searches help re-scrutinize data that has already been produced. Once the autoencoder
is trained, it is significantly cheaper to re-analyze old events rather than produce new data by running a
particle accelerator. When this re-analysis is conducted via unsupervised machine learning, it minimizes the
impact of physicists’ preconceived expectations on the search, and allows for a more fine-grained analysis of
potential anomalies. Previous work has tested anomaly detection by training an autoencoder on jet images
containing low-mass quarks, and used top-quark jets as a test for anomalies, with mixed results (Oliveira
et al. [2016; Finke et al. 2021)). More recently, the ATLAS Collaboration (2024)) trained an autoencoder on
1% of the LHC Run2 data, which is taken to be representative of the full dataset, and used this to search
for events that may hold signatures of new physics. They limited the search to events containing at least
one electron or muon at centre of mass collision energy of 13 TeV, and looked for anomalies in resulting jet
production, electron, muon, or photon distribution. In particular, the input data was formatted as a rapidity
mass matrix, normalized by the centre of mass energy of the collision event. This matrix encodes several
important variables for a given event, including missing transverse energy, transverse masses, transverse
energies, two-particle invariant masses, and two-particle invariant rapidities for each of the possible particle
combinations. These are variables taken to be salient for finding Standard Model anomalies. The 36 x 36
entry matrices can be visualized as heat map images each containing 1287 inputs (the entries are not all
independent, so 9 inputs are reduced) all normalized to be between 0 and 1. Then the autoencoder is
trained to reproduce these rapidity mass matrices in analogy to a QR code image, with input and output
layers containing 1287 neurons, and the innermost latent layer containing only 200. While the autoencoder
was successfully trained, and found to be able to detect anomalies put in by hand, it did not detect any
statistically significant discrepancies on the remaining Run2 data. However, the search was found to increase
sensitivity to new physics by allowing for a higher degree of precision in the resulting statistical analysis.
This allows for stricter bounds on the possible range of parameter space in which new physics might be
found, in a similar manner to negative results of precision measurement.

There are several modelling choices that go into the training and analysis of autoencoder anomaly detec-
tion. The choice of input data, including the events to focus on, the variables to select, and the formatting of
the input all play an important role in the overall function of the autoencoder. Next, the subsequent analysis
of events with high-loss score is carried out independently of the running of the autoencoder. The autoen-
coder is being used as a tool in a theory-agnostic search for signatures of beyond Standard Model physics;
it is not detecting anomalies or making discoveries on its own. In this context we are thus far from the
question of whether neural networks are capable of making autonomous scientific discoveries, and grounded
in more practical questions regarding the efficacy and level of independence from modelling assumptions of
such searches. Start with the latter; anomaly detection using an autoencoder is clearly not completely free
of modelling assumptions. What is salient in the search for new physics, however, is not that this method be
completely assumption-free, but that we minimize dependence on assumptions relating to candidate classes
of beyond Standard Model theories. Further, if the modelling assumptions used here are largely independent
of assumptions used in searches elsewhere (via precision measurement or high-energy collisions), then one
can be confident that the overall search effort is more exhaustive, as several independent methods are used
to conduct a search.

Regarding the modelling assumptions, most of these are at the level of creating an appropriate data
model, rather than being dependent on any particular theories of beyond Standard Model physics. Choices
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about which variables to encode, and how to encode them, are at most indirectly informed by expectations
of what might be salient for new physics. But even here, the choices are not informed by any particular
model or class of models, but by the general EFT framework that encompasses the Standard Model. In this
particular instance, the only theory-dependence comes in during the selection of particular anomaly regions
to focus on, and on the sample anomalies used to test the trained model. A selection of possible beyond
Standard Model theories were analyzed by the ATLAS collaboration in order to select certain loss and
intensity thresholds, but these simply set the external constraints on the autoencoder search. Expectations
regarding where to look were largely independent of candidate theories, as these expectations were set based
on pragmatic considerations of data coding. While the ATLAS analysis has some weak dependence on
the particular class of theories chosen, and is not completely theory-agnostic, the mediation from beyond
Standard Model theories is minimal. In principle, one could appeal only to the EFT framework to select
parameter regions, minimizing the theory-dependence further.

Are the modelling assumptions used here independent of those used in other searches? As described
above, precision measurements looking for anomalies are largely informed by the current precision limits
on experimental determinations of parameter values and those of the best theoretical predictions from the
Standard Model. Given a promising parameter to measure, the modelling assumptions there depend entirely
on the Standard Model and particular design choices for increasing precision on the experimental side. While
there may be some overlap in the choice of variables/parameters to focus on, especially if EFT is used in both
cases, the autoencoder is not pre-trained with any of the expectations used in selecting precision experiments.
What the autoencoder finds to be anomalous should therefore be independent from any assumptions guiding
precision tests. A similar argument can be made for high-energy collision experiments. While there may be
some overlap on using minimal models extended beyond the Standard Model to choose parameter regions
to focus on, collision experiments aim for direct detection of new forces or particles, while the anomalies an
autoencoder might find are indirect signals of new physics. The major limitation for autoencoder searches
is the fact that they can only analyze subsets of data already produced. Whatever assumptions have gone
into previous LHC data selection and storage are therefore carried over to anomaly detection in this context,
though the analysis of existing data proceeds independently.

Anomaly detection using autoencoders is not as theory-agnostic with respect to physics beyond the
Standard Model as precision measurement, but is agnostic in several relevant senses. What of the efficacy
of detection? At surface level, the previously described analysis failed to find any statistically significant
discrepancies, so in that sense the autoencoder has failed its task. But the failure to detect a significant
discrepancy does not mean that the search strategy failed; it could be the case that the analyzed data
actually contained no signal of any beyond Standard Model physics. Another standard for assessment could
be that the autoencoder search had a greatly increased sensitivity to new physics in several of the target
search areas. In this sense, the search was successful in increasing the ability to detect small effects over
background, and the negative result therefore more strictly constrains possible deviations from the Standard
Model.

In general, there will be no context-independent way to set or assess success conditions of autoencoder
searches. This is because of second-order problems of opacity and bias to training data that come back
into the picture. It would be much easier to assess the efficacy of a method by some general criterion if
the method was intelligible to humans. But by construction, autoencoders learn from training data in a
way that is opaque to humans. This is both its advantage and a potential drawback; an advantage in
providing “fresh eyes” to examine old data, but a drawback for intelligibility. The ATLAS Collaboration
(2024)) tested their trained autoencoder on validation datasets, to ensure it could successfully reconstruct the
types of events it was trained to reconstruct, and on artificially produced anomalies, to gauge how much loss
would typically occur for a range of possible beyond Standard Model signatures. While these benchmark
assessments provide some indication that the autoencoder is working as intended, the tests are results-based,
and only applicable during the training phase. Without an intelligible method we can abstract from the
autoencoder, results-based measures might be the best we can hope for.

One worry related to opacity is a second-order instance of the bias to training data. While anomaly
detection uses this bias as a tool for discovery, the opacity of the autoencoder means that we cannot be
sure that the autoencoder is biased to the right features of the training data. We want the autoencoder to
be biased to features of the data that are indicative of Standard Model physics, such that high loss implies
beyond Standard Model signatures. But the autoencoder might find more narrow features that are indicative
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of particular nonessential features of event selection, or more broad features that also generalize to beyond
Standard Model effects. For the former, picking a varied training set can help minimize the chance that the
autoencoder has abstracted contingent features of the particular dataset. In this case, the Run2 training
data was selected to span several years of data collection, where trigger selection procedures vary across
these events. By varying the nonessential features of training data, one can minimize the likelihood that the
autoencoder will “cheat” by abstracting these features, rather than features that arise as a consequence of
Standard Model physics. However, there is no guarantee of success. In the case of jet anomalies, Finke et al.
(2021)) found that their autoencoder was biased to reproduce images as simple or simpler than the training
data. Images that were more complex were reconstructed with high loss, and thus flagged as potentially
anomalous. Since there is no guarantee that beyond Standard Model physics will manifest in more complex
images of events (in the ATLAS case, more complex rapidity mass matrices), this bias indicates that the
autoencoder might still pick up non-projectable features of the training data. This is simply the problem of
bias to training data arising again.

One might worry that beyond Standard Model effects are present in the training data, such that the
autoencoder abstracts features of beyond Standard Model physics, rather than just Standard Model features.
The easiest way to avoid this issue is to train the autoencoder on simulated data, since one can be certain
that the simulated data only incorporates known physics. However, this comes with severe drawbacks as
well, since the training and test data will differ in significant ways that ought to be inessential to the task
at hand. Luckily, there is some evidence that autoencoders and other machine learning algorithms can be
trained on contaminated data and still abstract features independent of the noise. As an example Farina,
Nakai, and Shih (2020) found that an autoencoder trained to reconstruct background succeeded even if the
training data was contaminated with 10% signal. This means that the autoencoder was just as successful at
constructing background and failing to reconstruct signal as when it was trained on pure background data.
If the training data is chosen such that known features are well-modelled by the Standard Model, then this
means that the deviations due to new physics would be small. In this context, some anomalous data in the
training set should therefore be expected not to pose a problem for training the autoencoder, as long as the
training set is largely in agreement with Standard Model expectations. However, one complicating factor is
again the opacity of the autoencoder. The ability to learn background from signal in a set of events might
not generalize to the ability to filter out systematic variation due to beyond Standard Model effects. In both
cases, one cannot completely eliminate the possibility of unwanted bias, but one can take precautions to
limit bias. For the purposes of flagging potentially anomalous events for further scrutiny, bias that increases
the false positive rate is preferable to bias that increases the false negative rate. Since further investigation
is necessary to find a discrepancy, these false positives could be ruled out during subsequent analysis.

To summarize, assessments of the efficacy of anomaly detection via autoencoder are largely results-driven,
and amount to forms of verification and validation testing familiar from the world of simulation (Kleijnen
1995). While we cannot be certain of the efficacy of a trained autoencoder, it can still serve as a useful
flagging tool that searches in ways independent of precision testing and high-energy collision experiments.
The ability to repurpose old data, and to flag individual events are unique features of indirect discovery via
autoencoders. Since the autoencoder abstracts features of the events in a way that is independent of our
own theoretical presuppositions, it might be able to abstract patterns from the data that we have not, and
therefore flag events as anomalous that we would not classify as such. Coupled to the ability to analyze
individual events, there is some promise for qualitatively new discovery. When that fails, the analysis can at
least typically place stricter bounds on the possibility of new physics in that sector. At this stage, however,
autoencoders can at most point at hints of a discrepancy. Human analysis is needed even to establish a true
anomaly, let alone lead to a discovery.

5 Epistemic advantages to searching high and low

The methods outlined in the previous section allow for novel avenues to experimental discovery of discrep-
ancies between the Standard Model and the phenomena it purports to predict. From these, it is an indirect
path to the discovery of some new physical source responsible for the discrepancy. It is only when the dis-
crepancy persists despite further refinements that it is elevated to an anomaly. For discrepancies in precision
measurement, attempted resolution involves designing new experiments to repeat the measurement with re-

14



duced uncertainty, and refining the theoretical model used to generate the prediction. In the case of machine
learning, flagged events must first be aggregated and analyzed further—by humans, for now—to determine
whether a significant discrepancy is even there. Once this step is completed, then the attempted resolution
can occurm While most discrepancies will be resolved at this stage, those that survive are candidates for
new physics.

For both precision measurement and anomaly detection via machine learning, the EFT framework plays
an important role in structuring inferences involving anomalies. With precision measurement, the EFT
framework provides a structure going beyond the Standard Model, within which anomalies are linked to
new, non-renormalizable terms in the EFT extension of the Standard Model. For machine learning, the EFT
framework is used to help identify regions of parameter space that might contain interesting anomalies. This
pre-selection work helps to guide the construction and training of machine learning algorithms. EFT could
also be used to help strengthen the case for potential anomalies flagged by the algorithm. In both cases, the
move from an anomaly to a discovery is highly indirect.

Of philosophical interest is the epistemic and practical complementarity of indirect searches to more
standard direct searches. When deciding whether to conduct a given experiment, one must determine
possible epistemic payoffs for the possible experimental outcomes. This is especially pressing in the context
of particle physics, where the proposed experiments are typically resource intensive, in terms of both cost and
time. Start with direct detection efforts. As described in the introduction, these are becoming highly resource
intensive, requiring multi-billion dollar accelerators, decades to build, and thousands of scientists to work
onm If direct detection efforts yield a positive experimental result, the epistemic gain is high and relatively
direct. We discover some new particle or force with certain characteristics as determined by the outcome
of the search. The inference is even stronger if the detection is in close alignment with expectations from
some candidate beyond Standard Model theory. But if the result is negative, the epistemic gain is minimal:
at best, we can rule out the candidate theory that predicted new physics in that region of parameter space.
Even if the search is relatively theory-agnostic, then we have only constrained a small region of parameter
space.

By contrast, indirect searches lead to a much weaker epistemic gain if a positive result is found, especially
when they are theory-agnostic. When one has a particular candidate theory of new physics, the inference
from some new phenomenon to its downstream effects elsewhere is more straightforward; one can typically
calculate it from the candidate theory. The inverse problem, however, is much more challenging. Inferring
from a downstream effect to the specific form of new physics is far from trivial, especially in light of only one
anomalous result. All we gain for sure is knowledge that the Standard Model is inadequate to capture the
relevant physics. While weaker than direct detection, knowledge of an anomaly is still epistemically valuable.
Anomalies are essential to the process of theory construction beyond the Standard Model as they serve as
checks that the newly proposed theory makes correct predictions where the current theory is known to fail.
Familiar from other areas of science, a creative leap is often needed to move from anomalies to a new theory
or framework.

This doesn’t mean that we need to have a specific candidate theory in mind in order to claim a discovery,
for either indirect or direct searches. While the goal of experimental discovery is to lead to the development
of new theories of physics beyond the Standard Model, new discoveries have often happened in the absence of
a new theory to guide expectations; the situation in particle physics post-1975 is exceptional in that regard.
Many persistent anomalies can be taken as discoveries of new phenomena; in particle physics, a prominent
example is the discovery of parity nonconserving interactions in relation to 8 decays, in absence of a theory
of weak interactions (Lee and Yang |[1956; Wu et al. [1957; Koberinski 2019). Currently, the phenomenon of
neutrino oscillation serves as a similar example of a discovery of a new phenomenon not accompanied by a
theory on the basis of which to expect it (Bilenky, Giunti, and Grimus [1999).

For the types of anomalies that can be established from precision measurement or with the help of deep
neural networks, the link to a particular physical source is far less direct than even the discovery of parity
nonconservation. For example, a persistent discrepancy in the measured versus predicted values of the W

16Recall that my concern here is only with the use of machine learning algorithms to flag potential discrepancies, not with
the further question of whether machine learning can make independent scientific discoveries.

I7This characterization is simplifying things greatly. Accelerators like the LHC can be used for a variety of purposes beyond
direct detection. But the contrast is with indirect methods described in this paper, where existing tools can be used without
further investing in better accelerators.
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boson’s mass could rise to the level of anomaly, but the underlying physical source giving rise to this anomaly
would be obscure. A similar point could be made for anomalies relating to collision cross-sections as well.
This is at least partially due to the complex interactions that the Standard Model posits to give rise to
quantities like these, as well as the inherently inexact nature of interacting QFTs. Further, there is a strong
underdetermination regarding possible amendments to the Standard Model to resolve a single anomaly of
this type. Even using the EFT framework to organize and order potential amendments (as outlined in
Koberinski [2023al), there is a considerable amount of freedom in choosing which amendments to make to
resolve one anomaly, and therefore considerable flexibility in what new phenomenon is responsible (Bechtle
et al. [2022). A proper discovery will likely have to follow the pattern that Smith (2014) calls closing the
loop. The newly hypothesized phenomenon responsible for the anomaly must have further consequences for
other phenomena within the scope of the theory, and increased precision in measuring quantities related to
these other phenomena should reveal the magnitude of the new effects.

What about a negative result in an indirect search? These are actually of high epistemic value, potentially
even higher than a positive result. When paired with the EFT framework as a generalized framework for
particle physics phenomena, negative results can place tight constraints on the space of beyond Standard
Model theories in a much stronger sense than a failed direct detection. Since we are looking for any indirect
signature of new physics, a negative result for an indirect search is highly constraining, in ways that a
failure to detect a new particle is not. When an indirect search is more sensitive to possible discrepancies
than previous experiments, a negative result implies that the Standard Model is predictively accurate to
an even higher degree of precision than previously thought. This places constraints on the degree to which
any successor theory can alter the predictions of the Standard Model, at least for the effect of interest.
In typical scientific theories, tight constraints on possible predictions in one sector place global constraints
on the form of the theory. Therefore, indirect searches have a much more balanced payoff across different
possible outcomes. If a discrepancy is first observed, but fails to persist to the point of becoming an anomaly
for the Standard Model, we also learn more about the physical details involved in producing the result. As
Smith (2014) argues in the context of Newtonian gravity, discrepancies can provide a strong form of evidence
in favour of the theory, if they are resolved in a consistent and principled way that allows us to discover
more about the world. For example, the resolution of the muon’s anomalous magnetic moment discrepancy
discussed in Sec. involved improvements in the measurement procedure, but also improvements in the
calculation of vacuum polarization from virtual hadrons. The discrepancy was resolved within the Standard
Model, but we learned more about the physics of the Standard Model along the way.

This epistemic complementarity of direct versus indirect searches is added to the practical complementar-
ity as well: direct searches are highly resource intensive, while indirect searches are comparatively resource-
frugal (Huggett and Schneider|2025). On both the epistemic and practical dimensions, direct detection efforts
may be thought of as high-risk, high-reward, while indirect searches are low-to-moderate-risk, moderate-
reward. A balanced approach to future searches prioritizing both would therefore provide a better expected

epistemic payoff@

6 Conclusions

Given the current state of high-energy physics, it seems prudent to widen the search for windows into
new physics. I have provided a conceptual analysis of experimental search strategies in particle physics,
characterizing them by how directly a positive result allows for an inference to specific new physics, and
by how heavily theory-mediated they are. I argued that highly indirect detection methods are a promising
avenue of pursuit due to the complementarity of the epistemic and practical benefits, as compared to high-
energy direct detection efforts. My analysis focused on the epistemic dimensions of indirect searches, relying
on the cases of lower-cost precision measurements of quantities relevant to particle physics and using machine
learning algorithms—particularly autoencoders—for detecting anomalies in pre-existing collision data. Both
of these approaches are appealing ways to broaden the search efforts beyond the standard direct-detection
efforts, and both do so in a relatively theory-agnostic manner. Precision measurements occur at energies

18Perovi¢ (2011) has similarly argued for a diversity of experimental search procedures, though the relevant diversity is
in automated versus non-automated detection processes. The latter, he argues, are under-pursued despite their epistemic
advantage in searching for anomalies. My analysis here should be taken to add to the request for diverse search strategies in
particle physics.
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below the maximum accessible by the best accelerators at a given time, and aim to increase precision
on experimentally determined values of observables by reducing the uncertainty associated with a given
experimental setup. Unsupervised machine learning looks with “fresh eyes” at old data, and examines them
for features that may not have been the target of their initial construction. When used simply as a tool
to flag potential anomalies, many (but not alll) of the drawbacks to unsupervised machine learning are
neutralized. Given the relative costs and ease of conducting indirect searches, there is little reason not to
pursue these avenues.

However, discovery of new phenomena via indirect detection is, unsurprisingly, a more circuitous process
than discovery via direct detection. I have articulated a relatively general account of the process of moving
from discrepancies to anomalies, and from anomalies to possible discoveries. Indirect searches reveal dis-
crepancies between the Standard Model and some sets of experimental results. These must be analyzed, and
an attempt made at reconciliation before the discrepancies rise to the rank of anomalies. Finally, anomalies
must be attributable to some underlying physical source before a discovery claim can be made. In the con-
text of indirect searches in particle physics, the EFT framework serves as a helpful generalized scaffolding
for organizing anomalies and interpreting them as possible phenomena to be discovered. Anomalies can be
attributed to a set of possible new terms in an EFT extension of the Standard Model. One then searches for
the impacts that such terms would have on other observables, and by a process of elimination one arrives
at a set of new terms consistent with the empirical data. This program defines an iterative procedure for
learning more precisely what phenomena—in the form of new EFT terms—are responsible for what new
physical effects, and for constraining the magnitude of those contributions. Indirect searches are epistem-
ically complementary to the standard direct search methods. While positive results in an indirect search
are less informative of new physics, negative results provide important constraints on the space of possible
alternatives to the Standard Model.

Although the process of discovery via indirect detection is therefore mediated by the theoretical super-
structure of EFT, the search for discrepancies and anomalies is relatively theory-agnostic. By definition,
discrepancies and anomalies make reference to the current theory (i.e., the Standard Model), but the rele-
vant sense of theory-agnostic is with respect to candidate beyond Standard Model theories. Any anomalies
established via precision measurement or machine learning would therefore be useful for establishing discov-
eries on the basis of a different theoretical framework than the EFT framework discussed here. The methods
of indirect detect discussed here are relevant in other areas of science whose subjects are epistemically remote,
like astrophysics and cosmology (Doboszewski and Elder [2025)).

Note that the analysis here focuses on the epistemic complementarity or direct and indirect searches.
While the current prospects for direct detection of new physics by, e.g., particle production at accelerators
are dim, the epistemic value of a direct detection is significantly higher. It is epistemically beneficial that
efforts for direct detection will continue in tandem with indirect methods going forward. This offers the
advantage of looking through a larger space of possibilities. Hence, there is value in searching high and low
(energies) for beyond Standard Model physics.
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