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My dissertation introduces a new account of how empirical methods and lines of evidence
can come to bear on cosmological model-building. Through a careful study of the recent
history of cosmology and dark matter research, I explicate a new type of justification for ex-
periments, a ‘method-driven logic’. This structure of justification underlies terrestrial exper-
iments researching dark matter and dark energy, but it is more generally prevalent in cases of
an underdescribed target. Using a method-driven logic comes with a cost, however. Specif-
ically, interpreting the empirical results of experiments justified through a method-driven
logic is non-trivial: negative results warrant secure constraints on the space of possibilities
for the target, whereas significant positive results remain ambivalent. While this ambiva-
lence can be resolved through the amalgamation of multiple lines of evidence, this solution
is sometimes faced with conflicts between those lines of evidence. I propose that, under
specific circumstances, restricting the relevant empirical evidence can be warranted. Finally,
I discuss the use of cosmological evidence as a constraint in other subfields of physics. This
brings me full-circle on the integration of disciplines in cosmology—an integration driven by

experimental practice.

Keywords: History and philosophy of science, integration, philosophy of experiment, cos-

mology, dark matter.
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1.0 Introduction

Cosmology is currently in a peculiar situation. On the one hand, it has developed a suc-
cessful phenomenological model to reconstruct the evolution of the universe at the largest
scales to a very high degree of accuracy. That so-called concordance model of cosmology,
ACDM,! describes the formation of the lightest elements, the decoupling of the cosmic mi-
crowave background radiation (CMB) and the formation of large-scale structure through
gravitational collapse, all in an expanding universe. ACDM sits at the intersection of gen-
eral relativity, particle physics and astrophysics, and it posits genuinely novel physics in the
form of dark energy and dark matter. Cosmology generally integrates models and lines of
evidence of those disciplines in its pursuit to reconstruct the evolution of the universe—with
success. When the Planck Collaboration (2018, p. 59) completed the most recent analysis of
their observations of the CMB, they concluded that they “find that the base-ACDM model
provides a remarkably good fit to the Planck power spectra and lensing measurements”. The
success of ACDM was recognized most recently with the 2020 Nobel Prize in Physics being
awarded to Jim Peebles, for his contributions to the development of the concordance model.

On the other hand, the fundamental nature of approximately 95% of the current total
energy density of the universe remains unknown. That is, based on observations of the
CMB and the large-scale structure of the universe, amongst others, cosmologists have come
to the conclusion that the universe today is dominated by dark energy and dark matter,
approximately 68.3% and 26.8% of the total current energy density,? respectively. What dark
matter and dark energy consist of, remains to be discovered. For dark matter, proposals

range from various Weakly Interacting Massive Particles (WIMPs), over axions to sterile

'In this abbreviation, A is the cosmological constant, and CDM refers to Cold Dark Matter. See Weinberg
2008 for an introduction to cosmology. See Ellis 2018 for a summary of ACDM and various issues with the
concordance model.

2These percentages reflect the current (i.e. redshift z = 0) fractional contributions to the total energy
density pg of the universe. They are usually represented in terms of the dimensionless energy density
paramater Qy = Z—S, where p. is the critical density for which the geometry of spacetime is (extremely
close to) flat (repreéented by the curvature parameter k& = 0). Observations indicate that pg = p., such
that Qo =1 = Qa0 + Qo + Qi,0, where Qp o = 0.6889 & 0.0056, Q2,0 = 0.3147 £ 0.0074, and Qo =0
(values from Planck Collaboration 2018). These percentages have changed over the expansion history of the
universe.



neutrinos (see Bertone, Hooper, and Silk 2005; Particle Data Group 2019b for an overview).
For dark energy, the space of possibilities is even broader; proposals include vacuum energy
density fluctuations, chameleon fields, or a so-called quintessence (see Particle Data Group
2019a for an overview).

In an attempt to find the fundamental nature of dark matter (and to a lesser extent dark
energy), the last four decades have seen an ever-increasing involvement of other disciplines® to
generate novel lines of evidence about both (see De Swart, Bertone, and Van Dongen 2017 for
a historical account of dark matter research). This is an instantiation of a general tendency
in cosmology to integrate models, experimental methods and lines of evidence from other
disciplines. In and of itself, the fact that cosmology is such an integrative discipline generates
several epistemological challenges that parallel existing philosophical work in philosophy of
the life sciences (cf. also infra). These challenges are exacerbated by the fact that, in
cosmology, one is faced with the genuinely novel physics of dark matter and dark energy.
Given that little is known about dark matter and dark energy, outside of their role in ACDM,
it is not immediately obvious how those other disciplines can contribute to dark matter and
dark energy-research—yet they do.

In this dissertation, I raise three epistemological challenges about empirical evidence in

cosmology that arise at the intersection of cosmology and particle physics:

1. Dark matter and dark energy are supposedly genuinely novel, that is, they are not
described by any existing theory of fundamental physics. Current experiments use tech-
niques that have proven to be effective in probing known fundamental physics to probe
this novel physics. How can the effectiveness of these experiments be established? Do
they need to make specific assumptions about the genuinely novel physics, and if so,
what are these assumptions?

2. Given that various lines of evidence in cosmology result from experiments that make
substantive assumptions about their target, do these assumptions undermine the con-

clusions about the target that these lines of evidence warrant? And can these results be

3Here, ‘discipline’ is not used in any substantive way related to questions about demarcation. I solely
use it as a collective name for a set of research strategies, experiments and theoretical models. For example,
particle physics is a discipline where the standard model of particle physics is central, which is usually
explored through experiments in particle accelerators like the Large Hadron Collider.



compared with one another, if they make different assumptions about the target?
3. With accelerator experiments reaching their limits, particle physics has started to exploit
the early universe as a new source of evidence. This is a substantive methodological shift.

What epistemic shift is associated with this methodological shift, if any?

I take up these challenges in the next four chapters.

Chapter 2.0 takes up the first challenge of generating lines of evidence in context of
contemporary dark matter research. Here, I focus specifically on the justification for particle
dark matter searches. I argue that various experiments in contemporary dark matter research
have been justified through a so-called ‘method-driven logic’. The two characterizing features
of a method-driven logic are, first, that an existing empirical method is repurposed to a new
target. Second, the theoretical model of that target is adapted to incorporate the features
that the target would need to have in order for the existing empirical method to be effective
in probing that target. In other words, the theoretical model of the target is adapted to a
particular method, rather than, as is more common, that a method is chosen based on its
fit with a particular target. I show that this method-driven logic is particularly useful (and
used!) whenever the existing description of a target is limited. As an example, I show how
this method-driven logic is used in the justification of various terrestrial particle searches for
dark matter. Thus, the method-driven logic helps to explain certain unexpected connections
between disciplines, connections that are ubiquitous in modern cosmology.

Mluminating the method-driven logic brings a new challenge to the forefront about how
the resulting data should be interpreted. In chapter 3.0, I show that a significant positive
result from a method-driven experiment turns out to be ambivalent as to what conclusions
about the target it warrants, while a negative result warrants secure constraints on the space
of possibilities for the target. Not all is lost to ambivalence when a method-driven experiment
leads to a positive results: I show how various strategies (paralleling Staley (2004)’s security
of evidence framework) allow for a possible escape out of the ambivalence. Once again,
this solution also presents a new challenge: making results from method-driven experiments
comparable with one another, despite the different assumptions about the target they might
make.

I broaden up my discussion of comparing lines of evidence in chapter 4.0 by focusing on



conflicts between lines of evidence. Stegenga (2009) refers to this as the ‘problem of inconsis-
tent evidence’ in context of the robustness debate in philosophy of science. The challenge of
inconsistent evidence extends beyond the robustness debate: it poses a challenge to the basic
requirement of empirical adequacy of scientific models and theories with regards to all the
available empirical evidence. In context of cosmology, such inconsistencies sometimes arise
between lines of evidence with their causal origin in the evolution of the universe, and lines
of evidence that originate from some other target than that evolution at the largest scale.
I show that, under specific circumstances, and in case of conflict between the two types of
evidence, it can be reasonable to (temporarily) ignore the second type of empirical evidence.

Finally, in chapter 5.0, I turn towards the third challenge. Since cosmology sits at the
cross-roads of various disciplines, it provides new potential for these disciplines to further
their own research programmes. This is particularly important for particle physics, where
physics beyond the standard model remains elusive and terrestrial particle accelerators are
nearing their capacity limits. Cosmological probes constitute a methodological shift for
particle physics from accelerator experiments to reconstructing observations of the early
universe. I investigate the locus—if there is any—of the associated epistemic shift. 1 argue
that that epistemic shift does not lie in the shift from experiment to observation, nor in the
shift from direct observation to inference based on effects. Rather, it is in a propagation of
errors from the lines of evidence informing cosmological theorizing, all the way back to the
cosmological constraints on physics beyond the standard model.

Throughout the next four chapters, several central themes will emerge. A first theme is
that of integration. My focus on the intersection of various disciplines in context of cosmology
is reminiscent of the notion of integration that has been extensively discussed in philosophy
of the life sciences. There, it was initially developed as an alternative view on inter-theory
relations to reduction or unification by Darden and Maull (1977). Their motivation was to
provide a philosophical analysis of the development of models of complex target systems.
They argued that modeling complex systems requires the integration of various theoretical
frameworks, and that these inter-theory relations could not be adequately described by the
existing accounts of inter-theory relations.

Since that first proposal, various approaches to successful integration have been identified



(see Mitchell 2003; Love 2008; Love and Lugar 2013; O’Malley and Soyer 2012; Leonelli 2016;
Currie 2018, among many others). The broad view that underlies all these approaches is
that science becomes integrative whenever one discipline is insufficient to make progress on a
(complex or multi-level) research problem. This implies, as Potochnik (2011) argues, that a
large portion of scientific research is integrative. Cosmology is no different, due to the scope
and scale of cosmology’s central research problem (‘how did the universe evolve from an
initial hot dense state to its current state?’). Given the widespread prevalence of integrative
practices in scientific research, this dissertation does not aim to provide a unified account
of ‘integration’. Nonetheless, questions about integration will return—specifically with a
focus on the integration of various empirical methods and the resulting lines of evidence
(also the topic of Leonelli 2016; Mitchell and Gronenborn 2017; Currie 2018, for example).
The arguments from the next four chapters will contain some general lessons for the role of
integration in science. I will return to them in the concluding chapter of this dissertation.

Second, since I discuss the generation of and integration of multiple lines of evidence,
I will also touch on the notion of robustness, and more specifically on robust measurement
results, or triangulation. Following Wimsatt (2007)’s general account, an empirical results
is considered robust if that result is, first, invariant for a range of different measurement
procedures, and where, second, any failure of invariance can be explained. If an empirical
result is found to be robust, it is often inferred that the result is tracking an actual physical
effect, rather than some unaccounted for source of error. In this dissertation, I raise a new
challenge for robustness arguments in context of dark matter searches (chapter 2.0), but I
also use some of the existing literature on strengthening robustness arguments as a guideline
for strengthening the results of those dark matter searches (chapter 3.0).

Finally, by its focus on empirical evidence in observational cosmology, my dissertation
contributes to a revival and reorientation in philosophy of cosmology towards observational
cosmology. This revival has in part been inspired by recent research projects led by Michela
Massimi (“Perspectival Realism. Science, Knowledge, and Truth from a Human Vantage
Point”) and by Chris Smeenk and Jim Weatherall (“New Directions in Philosophy of Cos-
mology”). Before this reorientation, philosophers of cosmology focused primarily on the-

oretical issues, such as global underdetermination and the cosmological principle (Earman



1995; Beisbart and Jung 2006; Beisbart 2009; Butterfield 2014), anthropic reasoning (Bar-
row 1993; McMullin 1993; Cirkovic 2002; Weinstein 2006; Benétreau-Dupin 2015), typicality
(McCoy 2015; McCoy 2017), or the status of (eternal) inflation (Earman and Mosterintl
1999; Tegmark 2003; Kragh 2009; Kragh 2013; Brandenberger 2014; Smeenk 2014). In the
past five years, observational cosmology has started to receive similar scrutiny. Some of
this more recent work has focused on the empirical evidence supporting dark matter and
Modified Newtonian Dynamics, or MOND (Massimi 2019; Merrit 2017), the history of dark
matter (De Swart, Bertone, and Van Dongen 2017), computer simulations in cosmology
(Gueguen 2020; Smeenk and Gallagher 2020) and the nature of observations in cosmology
and astrophysics (Weisberg et al. 2018). I can only hope that this trend will continue, and

that the present work contributes positively towards that goal.



2.0 Method-Driven Experiments and the Search for Dark Matter!

The cosmological concordance model posits the presence of dark matter based on its
gravitational effects on galaxy-, cluster-, and cosmological scales. The same observations
that provide evidence for the existence of dark matter also show that dark matter is not
constituted by anything studied by high-energy physics so far. This makes it puzzling that so
many dark matter particle searches using common experimental techniques from high-energy
physics are under way. This chapter illuminates the structure of justification underlying the

dark matter searches.

2.1 INTRODUCTION

It is widely accepted in philosophy of science that having multiple lines of evidence, and
multiple independent lines of evidence for a hypothesis, model or parameter value is prefer-
able, and in some cases necessary. Cosmologists have taken this adage to heart. In the last
three decades, they have relied on various types of astrophysical and cosmological observa-
tions, as well as terrestrial experiments to produce evidence constraining the cosmological
concordance model, ACDM.

The relevance of these terrestrial experiments to cosmology is not always obvious. For
example, there are experiments underway that use experimental methods from high-energy
particle physics to investigate dark matter (see below), or technology from atomic physics to
investigate dark energy (see for example Hamilton et al. 2015). Meanwhile, all available as-
trophysical and cosmological evidence supporting dark matter indicates that, if constituted
by a (class of) particle(s), it is unlike any other particle studied by high-energy particle
physics so far. Dark energy fares worse: although there is extensive evidence from cosmo-

logical observations for its effect on the expansion of the universe, its other properties are a

LA slightly modified version of this chapter has been accepted for publication in Philosophy of Science
on 11/08/2019; all modifications were merely for consistency with the rest of the dissertation.



complete mystery. Current theorizing about dark matter and dark energy, aside from their
effects on cosmological and astrophysical scales, excels in the negative: many possibilities
have been excluded, none have been supported by empirical evidence.

Given that it is widely accepted that dark matter and dark energy are fundamentally
different from any particle or entity that high-energy physics or atomic physics have studied
in the past, it is puzzling that methods from these respective disciplines are employed to
learn more about their properties. How can these experiments be justified? How do particle
physicists argue that their experimental methods will be effective in probing dark matter,
despite dark matter not being constituted by any particles in the current standard model of
particle physics?

In this chapter, my primary goal is to answer this question of justification: I expose a
new logic to structure the justification for a particular method choice. This logic differs from
the logic that is often assumed, in that it is method-driven, rather than target-driven. I argue
that the method-driven logic plays a crucial role when knowledge of the target is minimal, as
is the case for dark matter or dark energy. Exposing the method-driven logic brings to the
forefront some questions about the availability of robustness arguments and methodological
pluralism more generally. A secondary goal of the chapter is to begin unearthing these
questions in context of dark matter searches.

[ begin by providing necessary terminological clarification as ground-work (section 2.2). I
then explain the common target-driven logic of method choice and I contrast it with the less
familiar method-driven logic in section 2.3. Section 2.4 contains a discussion of contemporary
dark matter research as a detailed illustration of the latter. Before concluding, I draw

implications for methodological pluralism in section 2.5.

2.2 METHODS, TARGET SYSTEMS, AND THEIR FEATURES

In order to get a better handle on this method-driven logic, it will be useful to take a
step back and determine what constitutes a particular method. By ‘method’, I do not mean

anything akin to a ‘unified scientific method’ like Mill’s methods or the logical positivists’



hypothetico-deductivism.? ‘Method’ here refers to something much more specific: a method
is any activity that generates empirical evidence, where that activity can be applied in various
research contexts and to various target systems. A method should be describable such that
it is transferable across target systems, and specific enough such that any misapplication can
be identified.

The use of the term ‘activity’ in the definition is purposefully vague: methods span a
wide range of scientific practices, across disciplines and scales. Often, they will appear as
(sets of) protocols in the ‘method’-sections of scientific research papers. Perhaps the most
useful characterization here comes in the form of some paradigmatic examples: a method can
be anything from radiometric dating for fossils, to using particle colliders and assorted data
processing to search for new elementary particles, or from using optical telescopes to observe
sunspots and the moons of Jupiter to randomized controlled clinical trials in medicine. All
these activities or clusters of activities consist of a protocol that uses some empirical input to
produce data and ultimately a line of evidence for a particular phenomenon.? ‘Conducting
an experiment on a target system’ does not qualify as a specific method, however, since it
is too general to specify in what contexts this method can reliably to a target, and in what
contexts it can not.

Regardless of the specifics of the protocol, a method should be applicable in various
research contexts and to various target systems.* A method should be such that it is not
tied down to one specific phenomenon or research context, even if the method in practice
appears to be tied to a unique event. For example, while cosmologists can only observe one
cosmic microwave background (CMB), their methods—using specific types of telescopes or
radio receivers, among others—used in the mapping of the CMB are transferable to other
targets.

The goal of the types of methods under consideration here, finally, is to generate empirical

data that can be used as evidence for hypotheses about the target system. Whether or not

2See Andersen and Hepburn 2016 for an overview of attempts at defining a unified scientific method. For
discussions about how the notion of ‘integration’, which originates from the life sciences, differs from and
potentially replaces this unity of science-view, see Wylie 1999; O’Malley and Soyer 2012.

31 deliberately leave out methods of theoretical scientists. Although my views may extend to them, I
believe they are different enough from empirical methods to not include them in the current chapter.

4See Norton 2018 for further discussion of the transferability of methods, specifically in context of Ein-
stein’s development of General Relativity.



that is good evidence will depend on how the method was applied to the target system and
how the subsequent data processing happened—*using a scientific method’ does not imply
success.

A second term in need of clarification is that of a ‘target system’. The target system
is that system in the world about which a scientist’s research aims to generate knowledge.
The scientist’s goal is to explore and model the features and causal interactions of the target
system.®

At first sight, this definition may strike one as circular: wouldn’t a scientist only know
what they are investigating after they have finished the investigation? For example, didn’t
researchers at CERN only know what the 125 GeV-Higgs boson was after they had discovered
it? The circularity is only apparent. It is true that some definition of the target system needs
to be accepted before an investigation of the target system can commence, just like particle
physics already had a hypothetical description of the Higgs boson and its role in the standard
model before the discovery. That description or local theory can be minimal and independent
of the new features that a particular experiment is investigating. Nonetheless, it still plays
a crucial role in the justification of method choice, as I will show below.

To clarify the cluster of concepts, consider the following examples. A current high-profile
set of experiments in physics attempts to measure the neutron lifetime (see Yue et al. 2013;
Pattie et al. 2018). The target system is the neutron as described by nuclear physics. This
description includes an estimate of the neutron mass, size, and magnetic moment, as well
as the feature of nuclear [-decay, the process that determines the mean lifetime of the
neutron 7, (the precise value of 7, affects the helium-to-hydrogen ratio generated by Big
Bang Nucleosynthesis in the early universe, and it might help constrain extensions to the
standard model of particle physics—hence its importance). Two types of methods are used
to measure 7,: one traps neutrons in a gravito-magnetic ‘bottle’ for an extended period of

time, and counts the decay products after various time intervals. Another method uses a

This term is in part adopted from the literature on external validity of experimentation (see for example
Guala 2003) and the literature on simulations (see for example Parker 2009; Winsberg 2009; Parke 2014).
The target system is contrasted with the laboratory system, experimental system or object system, i.e. the
actual system on which experiments are being conducted. These two categories do not always come apart,
as is the case for at least some of the experiments I discuss below. However, even in cases where they do
come apart, I take the arguments below to still apply. I am grateful to an anonymous referee for pushing
me on this point.

10



focused neutron beam and traps and counts decay products along the beam line.

Mitchell and Gronenborn (2017) provide an example from biology. Current molecular
biology aims to determine the folding structure of various proteins. In this case, the target
systems are the various proteins, and their feature of interest is their folding structure.
Mitchell and Gronenborn describe how that folding structure can be measured through
nuclear magnetic resonance or X-ray crystallography, and in what ways the two methods
are independent from one another—despite sharing some common assumptions about the

protein’s primary structure, the sequence of amino acids.

2.3 CHOOSING THE RIGHT METHOD

How is a particular method choice justified? In other words, given a particular target,
how do scientists argue that a (set of) method(s) will be effective when trying to learn more
about the target and its features? Or, when multiple methods are available and scientists can
only run a limited number of experiments, how do they argue that one (set of ) method(s) will
be more effective when trying to learn more about the target and its features than another
(set)?

I propose that two types of logic of method choice can be at play in answering these
questions: a target-driven logic, and a method-driven logic. (The use of ‘logic’ here merely
indicates that there is a general schema that can be codified and applied broadly.) Both
logics can be used to justify why a particular method can be used to construct a new line of
evidence for a particular feature of a target system. The former, more common logic relies
primarily on pre-existing knowledge of the target to justify the method choice. The latter,
less familiar logic is prevalent in situations where this pre-existing knowledge is sparse and
can therefore not be relied upon in the justification. For the purpose of this chapter, I will
assume that the methods under consideration are well-developed and that their common
sources of error are generally known, as this is the case for the dark matter experiments

discussed in section 2.4.
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2.3.1 Target-driven method choice

Very often, method choice follows a target-driven logic, where the justification relies
on previous knowledge of the target as the prime differentiating factor between methods.
“Knowledge” here indicates that the target and its various features are described by an

established, empirically confirmed scientific theory. Target-driven method choice adheres to

the following structure:

Given a target system T, with known features A and B.

Method 1 uses feature A of possible targets to uncover potential new feature X.
Method 2 uses feature B of possible targets to uncover potential new feature X.
Method 3 uses feature C of possible targets to uncover potential new feature X.

The preferred methods to uncover a potential new feature X of T will be methods 1 and 2,
while method 3 remains out of consideration (for now).

In short, when a given method adheres to a feature that the target is known to have, it will
be preferred over methods that adhere to features the target either does not have, or for
which it is unclear whether the target has them. Of course, since the accepted theory about
the target can evolve, the specifics that are substituted for ‘method 1’, or ‘feature A’ can
also evolve over time—hence the bracketed caveat in the conclusion.

To see this abstract logic in action, consider again the two examples from the previous

section. First, the neutron lifetime experiments:

Given the neutron, which decays through nuclear 8-decay, which has mass and a magnetic
moment, and which has a radius of approximately 0.8 x 10~1°m

Bottle-experiments trap ultra-cold neutrons through their mass and magnetic moment and
count the remaining neutrons that have not yet undergone [-decay at various times ¢ to
derive 7, from the exponential decay function N(t) = Ny_ge~ /™,

Beam-experiments use a focused beam of cold neutrons that moves continuously through
a proton trap, and count the number of neutrons N in a well-defined volume of the beam,
as well as the rate of neutron decay dN/dt (based on the -decay products (protons) that
get periodically ejected from that volume) to derive 7, from the differential decay function
dN/dt = —N/,.

Optical microscopy uses a minimal resolution of the order of 10~ 7"m to magnify optical
features of small objects.

SFor the purpose of this chapter, I will focus on possible experiments that all try to probe the same
feature X of the target. I believe my arguments extend straightforwardly to cases where different methods
probe different features as well.
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Bottle and beam experiments can both be used to measure 7,,. Optical microscopy uses
length scales much larger than the size of a neutron, and can therefore not be used to
determine an individual neutron’s properties.

Although the example of the optical microscope is contrived, my hope is that it conveys the
structure of target-driven logic here: methods are selected based on pre-existing knowledge
of the target, and on whether the methods in question employ features the target is known
to have.

Along with neutron lifetime experiments, the target-driven logic of method choice also

applies to the various protein folding structure experiments:

Given proteins, which are made up of atoms that have a nucleus and an electron cloud.
NMR experiments use the magnetic moment of atomic nuclei to determine the nuclei’s, and
therefore the atoms’ positions.

X-ray crystallography uses the diffraction of X-rays by electron clouds to determine the
electron clouds’ density, and therefore the atoms’ positions.

NMR and X-ray crystallography can both be used to determine the folding structure of
proteins.

Again, particular methods are chosen based on pre-existing knowledge of the target system.
It is the pre-existing knowledge of the target that determines whether or not an established

method can reasonably be expected to be effective for investigating a new feature X or not.

2.3.2 Method-driven method choice

The above target-driven method choice may be a familiar one, but it is not the only
logic of method-choice. Scientists are sometimes confronted with target systems where the
definition is so thin that the target-driven logic cannot be employed to justify particular
experimental explorations of new features of the target system. For example, in case of
dark energy, its only commonly accepted features are that it is a majority contribution to
the current energy-density of the universe and that it causes the universe’s expansion to

accelerate. In the words of the Dark Energy Task Force:
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Although there is currently conclusive observational evidence for the existence of dark
energy, we know very little about its basic properties. It is not at present possible, even with
the latest results from ground and space observations, to determine whether a cosmological
constant, a dynamical fluid, or a modification of general relativity is the correct explanation.
We cannot yet even say whether dark energy evolves with time. (Albrecht et al. 2006, p. 1)

Without a well-developed, empirically confirmed theory of dark energy that describes its
basic properties, it is impossible to apply the target-driven logic explained in the previous
section. There are not enough known features to latch on to to uncover new features of the
target system.

While the target-driven logic cannot be employed, it is not the case that scientists are
left completely in the dark and cannot justify their choice of methods. Rather, they employ
a different logic: a method-driven logic. This method-driven logic has a similar set-up as the
target driven-logic, namely:

Given a target system T.

Method 1 uses feature A of possible targets to uncover new feature X.

Method 2 uses feature B of possible targets to uncover new feature X.
Method 3 uses feature C of possible targets to uncover new feature X.

However, unlike for the target-driven logic, it is now not stated from the beginning that the
target T has features A, B or C that are used by methods 1, 2 or 3 to uncover a new feature

X. Thus, the next step in the method-driven logic needs to be different:

If T has feature A, method 1 can be used to uncover new feature X.
If T has feature B, method 2 can be used to uncover new feature X.
If T has feature C, method 3 can be used to uncover new feature X.

With this different set-up compared to the method-driven logic, another premise is needed
to complete the justification of the method-choice: which of the antecedent clauses in the

above set of premises can plausibly be triggered?

It is possible and plausible that T has features A and B, but it is either impossible or
implausible (but possible) that T has feature C.

The preferred methods to uncover a potential new feature X will be methods 1 and 2, while
method 3 remains out of consideration (for now).
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In the method-driven logic, the justification of the method-choice primarily appeals to what
features the target would need to have in order for various established methods to be effective
in probing its features. Rather than appealing to an established theory of the target, the
justification primarily appeals to pre-existing knowledge of the available methods. This
guides what assumptions about the target need to be made for that method to produce
reliable evidence about various features of the target.

Using the method-driven logic in a responsible manner requires that these assumptions
are plausible (and at minimum possible), but it does not require sufficient empirical evi-
dence to accept the assumption as ‘known’ or empirically well-confirmed. It is at this point
that the pre-existing knowledge of the target system T still plays a role in context of the
method-driven logic. In the most ideal situation, the pre-existing knowledge allows scientists
to construct a plausibility argument for T having a specific feature, turning the assumptions
from an ‘allowed’ to an ‘educated’ guess, at best. But at minimum, the pre-existing knowl-
edge of T delineates what additional assumptions about the target are possible, and which
ones are already excluded. For example, dark energy cannot be any known form of matter,
since it counteracts gravity. Similarly, dark matter cannot be constituted entirely by stan-
dard model particles. Any method that uses those respective features is therefore already
excluded for dark energy or dark matter research.

One important qualification to the discussion is in order here.” So far, I have introduced
the distinction between the target- and the method-driven logic as a dichotomy. However, the
two logics lie on a continuous spectrum. It is possible to reformulate the general structure of
the target-driven logic such that it is almost identical with the method-driven logic, except for
the final premise. Rather than it being possible or plausible that the target has a particular
assumed feature, this premise would read that there is very high confidence that the target
has a particular assumed feature (which I indicated as ‘known’ in section 2.3.1). The cases
I discuss here all lie on one or another extreme of the spectrum—this allows me to showcase
important implications of the method-driven logic for the interpretation of the results (see
section 2.5).

Finally, let me also briefly touch on the relation between my distinction here, and the

I would like to thank an anonymous referee for this point.
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literature on exploratory experimentation. Exploratory experiments are commonly defined
as contrasting with confirmatory experiments: while confirmatory experiments aim to test
a particular hypothesis, exploratory experiments do not (see for example Franklin 2005).
It is sometimes argued that they are particularly attractive for discovering new phenomena
whenever theoretical frameworks are in turmoil or underdeveloped—something I have also
indicated as a reason to use a method-driven logic.

I take my distinction between target- and method-driven logic to be orthogonal to the
confirmatory /exploratory experimentation distinction, however. I follow Karaca (2017) and
Colago (2018) in that theory of the target system and the method plays a role in confirmatory
and exploratory experiments alike. Colago (2018, p. 38) explicitly identifies “determining
that the system is an appropriate candidate for the application of a technique” as one role
for theory in context of exploratory experiments. My discussion here focuses specifically on
how this task is fulfilled in light of that available theory, whereas the difference between
confirmatory and exploratory experiments focuses on the further aim of the resulting exper-
iment (confirmatory experiments aim to test the theory of the target, whereas exploratory
experiments do not). It is therefore entirely possible for exploratory experiments to be target-
driven (I take Colago’s cases from brain research to be examples of this) or method-driven
(the dark matter example discussed below might qualify as such).

Before discussing the implications of the use of the method-driven logic, more needs to be
said to elucidate this method-driven logic itself. What does it mean to ‘make assumptions
plausible’ without having empirical evidence for them? What can scientists conclude, if
anything at all, if their experiments using methods 1, or 2, or both lead to a positive result?
And what if the contrary is the case? To answer these and other questions about the

method-driven logic further, I now turn towards contemporary dark matter research.

2.4 METHOD-DRIVEN CHOICES IN DARK MATTER RESEARCH

The method-driven logic underlies several research projects in cosmology, including dif-

ferent searches for dark matter particles. I first explain why dark matter was introduced,
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and how the reasons for its introduction define dark matter as a target. This definition is
thin, however, and provides very little in terms of properties of dark matter to use as in
the target-driven logic above. Instead, particle physicists have justified dark matter searches

with a method-driven logic.

2.4.1 Defining the target system of dark matter

An abundance of cosmological and astrophysical evidence supports the presence of an
additional, non-baryonic matter component contributing to the energy density of the uni-
verse. The first observations in support of dark matter date back to the 1930s, to Zwicky’s
observations of velocity dispersions in the Coma Cluster (Zwicky 2009). In the 1980s, Ru-
bin’s observations of flat galaxy rotation curves became the first widely accepted source of
evidence for dark matter (Rubin and Ford Jr. 1970; Rubin, Ford Jr., and Rubin 1973). Other
evidence comes from lensing events like the Bullet Cluster (Clowe et al. 2006), weak lensing
surveys, theories of cosmological structure formation (White and Rees 1978) and the Cosmic
Microwave Background (CMB) anisotropy power spectrum (Planck Collaboration 2018).

In the course of the past four decades, it has become abundantly clear that astrophysical
and cosmological evidence only gets scientists so far in learning more about dark matter.
The available evidence supports dark matter’s gravitational effects, and puts the dark matter
contribution to the current energy density of the universe at approximately 26%. It also
constrains what the particle properties of the constituents of dark matter can be: dark matter
is non-baryonic (i.e. it is not constituted by particles in the standard model of particle
physics), its coupling to standard model particles through the strong or electromagnetic
interaction is very limited or non-existing, and its self-interaction cross-section is limited. It
is this small set of properties that defines dark matter as a target: a form of non-baryonic
matter that acts gravitationally and where there are strong upper limits on various possible
couplings to standard model particles, as well as on its self-interaction cross-section.

That definition is remarkably thin. For all that the cosmological and astrophysical ev-
idence reveals about what features dark matter can not have, it does not indicate much

about what the particle properties of dark matter are. It does not reveal what the coupling
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mechanism of dark matter particles to standard model physics are. Worse, it does not even
reveal whether there is such a coupling in the first place.

Nonetheless, the thin definition plays a crucial role in dark matter research for three
reasons. First, the different dark matter experiments described below all share this common
definition of the target. This makes it at least possible that, despite their different search
strategies and further assumptions about dark matter, all experiments are probing the same
target (although I will raise some issues with this in section 2.5). Relatedly, the thin definition
constrains the space of possibilities for any further theorizing about dark matter: any more
elaborate model for dark matter particles better adhere to the properties above, if it wants to
claim to describe dark matter. Models proposing standard model neutrinos cannot describe
dark matter, for example, since cosmological structure formation excludes neutrinos as a
credible dark matter candidate. Finally, the definition of dark matter provides some resources
for formulating possibility and plausibility arguments that can help guide the method-driven
research.

Within the constraints from cosmology and astrophysics, a variety of experiments has
been proposed and executed in the search for dark matter. These range from searches
at accelerators like the Large Hadron Collider (LHC), over looking for nuclear recoils of
dark matter particles with heavy atomic nuclei, to finding signatures of annihilation prod-
ucts in astrophysical observations. The candidate particle favoured by most so far is the
Weakly Interacting Massive Particle (WIMP), a (class of) particle(s) with a mass of the
order of O(100 GeV) coupling through the weak interaction.® This because of the so-called
“WIMP-miracle”: including WIMPs in a standard Big Bang Nucleosynthesis-scenario would
automatically obtain the dark matter abundance derived from observations of the CMB and
structure formation. WIMPs are therefore considered plausible dark matter candidates (al-
though failure to turn up any positive detection result has recently started to put pressure
on the WIMP hypothesis). Regardless of what happens to the WIMP hypothesis in the
future, it is useful to examine in detail how physicists have tried to find WIMPs.

For the present purposes, I will focus on two sets of experiments: current production

8This definition in itself is still quite minimal; many particle candidates would fit within this definition,
including several supersymmetric particles.
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searches at the LHC, and the early days of direct detection experiments (see also figure 2.1).
Both approaches have had to make additional assumptions about the particle properties of
dark matter without having empirical evidence for them. The most basic assumption is
depicted in figure 2.1: dark matter particles () must couple to standard model particles (f)
through some mediator (dashed line). How that coupling is modelled and exploited varies

between the different experimental approaches.

2.4.2 Production experiments

Production experiments, mostly conducted at the LHC, aim to produce dark matter
through collisions of standard model particles in an accelerator.” The hope is that dark
matter will be another successful LHC search to uncover previously unobserved physics,
similar to the discovery of the Higgs boson, and the general methodology behind it is very
similar. The LHC looks for elementary particles by colliding proton beams at very high
energy levels. These collisions generate approximately 600 million collisions per second, of
which only a small fraction is recorded for further analysis.!® After going through trigger
systems, data reductions and background reductions, new physics presents itself as a detected
excess signal, or as excess missing energy, above the background. A discovery is claimed if
the excess can be calculated as having a high enough statistical significance, and if all known
sources of systematic error have been excluded to a satisfactory degree.

Two types of dark matter searches are conducted at the LHC. The first type searches for
particles described by specific extensions of the standard model, for example supersymmetry
(SUSY). The hope is that there is a supersymmetric particle that also constitutes dark
matter. If this assumption is correct, then SUSY particles, and therefore dark matter, can
be found at the LHC (specifically by searching for a final state signature that is rich in jets
and that has a significant amount of missing transverse energy).

The second type of searches is more general and less dependant on proposed extensions of

the standard model of particle physics. Rather than focusing on constraining the properties

9 The discussion below is based largely on Hong 2017 and Buchmueller, Doglioni, and Wang 2017. I refer
the reader there for more details.

10See Karaca 2017 for a detailed discussion of event selection procedures and data processing at the LHC,
in context of exploratory searches for physics beyond the standard model.
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Figure 2.1: A schematic overview of three types of searches for dark matter particles (rep-

resented by ), all based on interactions with standard model particles (represented by f).
The three Feynman diagrams on the right are specifications of the diagram on the left, where
the arrows on the left diagram indicate the direction in which the diagram should be read.
On the right, the dotted lines represent the mediator, and gy; and gpas are the coupling

strenghts at the standard model and dark matter vertex, respectively.

20



of the dark matter particle itself, these searches focus on the mediator for the coupling of
the ‘dark sector’ (the collection of all dark matter particles to standard model particles).
One possible mediator is the Higgs boson: current constraints on the branching ratios of
the different Higgs decay channels still allow for a significant ‘invisible Higgs’-sector, leaving
room for possible couplings to the dark sector.

These so-called ‘model-independent’ searches are not tied to the actual production of
dark matter—they could just as well detect the mediator particle based on its decay into the
standard model particles.! The decay products of the mediator can either be (1) missing
energy, if it decays into dark matter, or (2) unaccounted for but detected standard model
particles. The goal of the model-independent searches is primarily to discover an unknown
mediator to physics beyond the standard model, and to exploit this new gateway to subse-
quently search for dark matter candidates. One benefit of this approach is that it potentially
mitigates the worry about distinguishing dark matter from neutrinos, another particle species
presenting itself as missing energy.

Production experiments thus instantiate the method-driven logic as follows.

Given dark matter as described and defined in section 2.4.1.

Accelerator experiments use the coupling of new particle species to standard model particles
to detect new particles or couplings in the form of excess events above the background.

If dark matter is made up of SUSY particles, or it couples to standard model particles
through a mediator (invisible Higgs or otherwise), accelerator experiments can be used to
search for signatures of dark matter particles or dark matter mediators.

It is possible and plausible that dark matter is made up of SUSY particles, or that it couples
to standard model particles through a mediator (invisible Higgs or otherwise).

Accelerator experiments can be used to search for signatures of dark matter particles or
dark matter mediators.

Important here is that there is no independent evidence for SUSY particles constituting
dark matter, or even for the coupling between dark matter and standard model particles.
Again, based on the cosmological and astrophysical evidence for dark matter, it is entirely
possible that dark matter does not couple to standard model particles at all. Accelerator

experiments would be useless in the search for dark matter in that case: they require some

'Model-independent searches at the LHC are therefore also not necessarily tied to the WIMP-hypothesis.
Exploring the details of this is beyond the scope of the current chapter, however.
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non-gravitational coupling to standard model particles to detect a signature. Luckily, the
cosmological and astrophysical evidence does not exclude non-gravitational coupling either.
Independent arguments in favor of SUSY- or invisible Higgs-physics then provide a plausibil-
ity argument in favor of the assumptions that are required to make accelerator experiments

effective dark matter probes.

2.4.3 Direct detection experiments

My brief discussion of production experiments provided a first example of how the
method-driven logic can be implemented in practice. They are not the sole type of search
currently under way; direct detection experiments are another. The early days of direct
detection experiments also provide a nice example of scientific practice appealing to the
method-driven logic.

Direct detection searches like LUX, CoGeNT, CRESST, or CDMS look for signals of
dark matter particles that scatter off heavy nuclei like xenon. The basic principle behind
the experiments is the same as that behind neutrino searches: a scattering event results in
recoil energy being deposited, which can be transformed into a detectable signal. Similarly,
direct detection searches look for evidence of a scattering event of a dark matter particle off
a heavy nucleus. According to the WIMP hypothesis, that scattering happens through the
weak interaction. Should a WIMP scatter off one of the xenon nuclei in the detector, it would
deposit some recoil energy which can be detected using scintillators and photomultiplier
tubes, for example.

Even from this brief summary, it becomes clear that the justification for direct detection

experiments is following a method-driven logic. The justification runs as follows:

Given dark matter as described and defined in section 2.4.1.

Neutrino-detection type experiments use the weak coupling of (extra-terrestrial) particles
to detect their presence by their deposited energy in scattering events of those particles
from atomic nuclei.

If dark matter particles are weakly interacting, have a mass of the order of 100 GeV, and
exist stably in the galactic halo, detectors similar to those used for neutrino detection can
be used to search for signatures of dark matter particles existing in the halo of the Milky
Way.

It is plausible that dark matter particles are weakly interacting, have a mass of the order
of 100 GeV, and exist stably in the galactic halo.
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Detectors similar to those used for neutrino detection can be used to search for signatures
of dark matter particles existing in the halo of the Milky Way.

To fully explore the justification for the various premises and the argument structure as a
whole, let me return to the early days of direct detection experiments, in the late 1980s.
Of particular interest here is a review article by Primack, Seckel, and Sadoulet (1988) that
summarizes arguments for the effectiveness of direct detection experiments.

First, the authors use astrophysical and cosmological evidence to establish that dark
matter exists, and that it must be non-baryonic (the first premise above). The authors
appeal to flat galaxy rotation curves as evidence for dark matter.'? The non-baryonic nature
of dark matter is then established by first appealing to galaxy formation theories and Big
Bang Nucleosynthesis constraints on the baryonic energy density component of the universe,
and then comparing this limit to (admittedly very weak) constraints on the total energy
density of the universe.

The second premise, on neutrino detection techniques, is not explicitly addressed in the
review paper. Instead, they refer to previous papers on neutrino detectors by Goodman and
Witten (1985) and Wasserman (1986). The two papers both first describe neutrino-detectors
and subsequently argue that those neutrino-detectors might be effective for dark matter as

well. For example, Goodman and Witten write:

Dark galactic halos may be clouds of elementary particles so weakly interacting or so few
and massive that they are not conspicuous. [...] Recently, Drukier and Stodolsky proposed
a new way of detecting solar and reactor neutrinos. The idea is to exploit elastic neutral-
current scattering of nuclei by neutrinos. [...] The principle of such a detector has already
been demonstrated. In this paper, we will calculate the sensitivity of the detector [...] to
various dark-matter candidates. (Goodman and Witten 1985, p. 3059)

Similarly, Wasserman writes:

Recently, a new type of neutrino detector, which relies on the idea that even small neutrino
energy losses (AE, 2 lkeV) in cold material (T" «~ 1 — 10mK) with a small specific heat

12The authors caution in their review that Modified Newtonian Dynamics (MOND) could provide an
alternative explanation for the flat rotation curves. This is to be expected given the history of dark matter:
most of the current evidence that favours the existence of dark matter over MOND), like the Bullet Cluster
or weak lensing surveys, was discovered in later decades.
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could produce measurable temperature changes, has been proposed. [...] The purpose of
this paper is to examine the possibility that such a detector can be used to observe heavy
neutral fermions (m 2 1GeV) in the Galaxy. Such particles, it has been suggested, could
be a substantial component of the cosmological missing mass, and would be expected to
condense gravitationally, in particular, into galactic halos. (Wasserman 1986, p. 2071).

Both papers start out from the established effectiveness of neutrino detection techniques.
They then immediately move on to the third premise: determining what would be required
to make these neutrino detectors effective dark matter probes.

This also becomes the prime focus of Primack et al., and in their investigation of what
properties dark matter would need to have, they immediately formulate arguments for the
plausibility of these assumptions. The authors start out by listing various dark matter
candidates. The list includes axions and light neutrinos,!® but the main focus lies on
WIMPs. Listed WIMP candidates include the lightest supersymmetric particle and the
now-abandoned cosmion-proposal.!* Setting up terrestrial detection experiments requires

fine-grained assumptions about dark matter:

In order to evaluate the proposed WIMP detection techniques, one must know the relevant
cross sections [for the interaction of WIMPs with ordinary matter|. (Primack, Seckel, and
Sadoulet 1988, p. 762)

The required detail is made plausible by appealing to possible cosmological scenarios that

determine the dark matter abundance. The authors consider two:

1. The dark matter abundance today is determined by freeze-out as per the WIMP-miracle.
In this scenario, dark matter is formed thermally in the early universe, just like baryonic
matter, during Big Bang Nucleosynthesis. In order for the correct abundance of dark

matter to be generated, stringent constraints on the allowed cross-section are placed.

13Light neutrinos were included as a clarifying contrast, rather than as genuine candidates, since they had
already been rejected as plausible dark matter candidates based on their implications for theories of cosmic
structure formation (Primack, Seckel, and Sadoulet 1988, p. 797).

14The cosmion was a theoretical particle that was supposed to resolve the solar neutrino problem, a
discrepancy between the observed flux of neutrinos from the sun and the predicted rate based on the sun’s
luminosity. The solar neutrino problem was resolved by introducing neutrino oscillations. Cosmions were a
rival solution: the weakly interacting cosmions supposedly increased the energy transport from the inner parts
of the sun to the outer layers, thus reducing the central temperature required for the observed luminosity,
and therefore the predicted neutrino flux. See Gelmini, Hall, and Lin 1987 for a detailed account of the
cosmion proposal.
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2. The dark matter abundance today is determined by a so-called “initial asymmmetry”
(Primack, Seckel, and Sadoulet 1988, p. 763). This scenario posits the dark matter-
abundance as an initial condition for the evolution of the universe, which means that
“only a lower bound may be placed on the cross sections from requiring that annihilation
be efficient enough to eliminate the minority species.” (Primack, Seckel, and Sadoulet

1988, p. 763)

The main purpose of both arguments is to investigate what assumptions about dark matter
can plausibly be made such that direct detection experiments can be set up. Primack, Seckel,
and Sadoulet (1988, p. 768) conclude from the cross section determination that “[t|he exciting
possibility exists of detecting WIMPs in the laboratory”.

The remaining sections of the paper focus on details of the experimental setup. The
discussion shifts from justifying the use of neutrino detection techniques for dark matter, to
concerns about background mitigation and signal detection optimization. This discussion
shows that making assumptions about the target system in order to justify why a particular
method might detect it, does not exclude the usual experimental process of then minimizing

systematic errors, or maximizing the signal-to-noise ratio.

2.4.4 Taking stock

Let me take stock. I have explored the particle physicists’ approach to dark matter
experiments, and I have argued that these follow a method-driven (rather than a target-
driven) logic for the justification of their effectiveness as dark matter searches. Specifically,
physicists make additional assumptions about the particle properties of dark matter, most
notably about its non-gravitational interactions (illustrated in figure 2.1). If dark matter
has those properties, the various experiments could plausibly detect it.

What are the implications of relying on a method-driven logic? A first consequence is
that the interpretation of the results is muddled. Suppose a direct detection experiment
detects nuclear recoil by a dark matter particle from the galactic halo. That evidence could
support two things: the fact that such a detected dark matter particle exists, as well as the

assumptions that were required to justify the method choice in the first place. However, the
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detection can only provide evidence for the assumption that was required to get the evidence
going in the first place, if it is plausible that no other unknown features of the target or the
method could give rise to the signal. A second consequence is that the method-driven logic
raises some problems for the appeal to common motivations for methodological pluralism in

context of dark matter searches.

2.5 IMPLICATIONS FOR METHODOLOGICAL PLURALISM

In the previous section, I described two types of dark matter searches, each generating a
separate line of evidence. This pursuit of multiple lines of evidence is common in scientific
practice, and for good reason. One type of arguments concludes that it is better to have
multiple lines of evidence than not. For one, increasing the empirical basis for an inductive
inference is usually taken to strenghten the conclusion of that inference. Increasing the
pool of evidence can also resolve local underdetermination problems and related issues in
theory choice (see for example Laudan and Leplin 1991; Stanford 2017)—even if breaking
so-called global underdetermination remains a lost cause. Another motivation comes from
the literature on robustness.

Specifically for measurement results, Woodward (2006) defines “measurement robust-
ness” as a concurrence of measurement results for the determination of the same quantity
through different measurement procedures. A robust empirical result is a result that has been
found to be invariant for at least a range of different measurement processes and conditions,
and where a failure of invariance for certain other conditions or processes can be explained
(Wimsatt 2007)5. Perrin’s determination of Avogadro’s number is a classic example of such
a robust result. If different experimental procedures, with independent sources of systematic
error all deliver the same value for a given parameter, the general argument goes, it is highly
unlikely that the agreement is the result of different systematic errors all lining up, rather

than that the result is tracking an actual physical effect. For example, in the neutron lifetime

15Wimsatt (2007) gives a general account of robustness analysis, which can apply to empirical results
as well as features of theoretical models. Robustness analysis for modeling features has been discussed for
example by Weisberg (2013), but it lies outside of the purpose of the current chapter.
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example from section 2.3.1, the bottle- and beam-methods come with different sources of
systematic error. Thus, if their outcomes agree, it is likely that the determined value of the
neutron lifetime is accurate.!®

Although this is not always explicitly stated, a crucial condition for measurement robust-
ness is that the same parameter or quantity is being measured by the different experiments.
This is where the definition of a target system comes in: the definition of the target system
remains fixed under the employment of different methods. It provides, in other words, a
common core that might underlie multiple methods attempting to probe the same target.
Without this agreement on the common core, it is not obvious that methods that detect dif-
ferent phenomena are still probing the same target system and that measurement robustness
arguments therefore apply. While the common core does not guarantee that the same target
is probed, I submit it is a necessary condition that this common core can be identified. Of
course, the fact that the definition of the target system needs to remain fixed across various
methods being applied to it, does not mean that it has to remain fixed over time. Rather, the
common core can evolve, but that evolution needs to be shared across the different methods
applied.

A second set of arguments concludes that there are contexts where methodological plu-
ralism is not merely desirable insofar as possible, but in fact necessary to gain understanding
of a complex target system and its workings in different environments. This idea of method-
ological integration is quite common in the life sciences. For example, O’'Malley and Soyer
(2012) describe how systems biology can be understood in terms of methodological integra-
tion, and O’Malley (2013) argues that various difficulties in phylogeny originate in a failure
to apply multiple methods. Mitchell and Gronenborn (2017) use the development of protein
science over the last five decades as an exemplar of how the hope for one experimental strat-
egy to replace all others is futile. Kincaid (1990) (see also Kincaid 1997) formulates similar

views with respect to both molecular biology and the social sciences. Finally, Currie (2018)

nterestingly enough, the outcomes currently do not agree: the neutron lifetime measurements are re-
sulting in two apparently inconsistent results, with the discordance currently at a 3.9¢ significance (Pattie
et al. 2018). The disagreement remains unexplained so far and has caused quite a stir, in part because it
was unexpected given our knowledge of target system and methods predicting otherwise. In the case of
protein-folding structure, NMR and X-ray crystallography also lead to diverging results, but Mitchell and
Gronenborn (2017) show how this divergence can nonetheless lead to a more accurate representation of the
protein folding structure.
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describes the use of multiple methods as an integral aspect of developing an evidential basis
for historical sciences.

Both motivations are at play in the dark matter searches. On the one hand, any result
claiming to have found dark matter will only be accepted if multiple experiments belonging
to multiple types of searches are able to find it. This is in part why the DAMA /Libra result,
after several decades of claiming the sole positive result in dark matter searches, remains
controversial in the larger physics world (see Castelvecchi 2018 for a recent update). On the
other hand, different types of dark matter searches need to be employed to search as much
area of parameter space as possible: production experiments are typically sensitive in a lower
mass-range than direct detection experiments, where the deposited energy in the scattering
interaction would be too small to pick up on. Direct detection and production experiments
(along with the indirect detection experiments that were not discussed here) are therefore
sometimes referred to as being “complementary”!”.

However, the use of the method-driven logic introduces a complication, both for measure-
ment robustness, and for methodological pluralism more broadly in context of dark matter
searches. To draw out this concern, let me recapitulate and bring together different points
of the discussion so far. Recall that production and direct detection experiments require
different assumptions about dark matter for the justification of their potential effectiveness.
Moreover, the two types of searches are clearly two distinct methodologies to search for dark
matter particles. In case of a positive detection, the two types of experiments could try to
pick up the same signal, giving the basis for a typical measurement robustness argument. In
the meantime, while such an uncontroversial positive result remains elusive, the two types
can rule out complementary regions of parameter space. So where lies the problem for
measurement robustness and methodological pluralism?

The situation is not quite as straightforward: complementarity comes at a cost. Direct de-
tection experiments, unlike model-independent production experiments, can only search for
one type of dark matter candidate at a time, with already specified coupling constants. Thus,

direct detection experiments only constrain two free parameters: the interaction cross section

"For a discussion of complementarity in context of SUSY searches at the LHC, as well as its implications
for perspectival realism, see Massimi 2018.
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o and the dark matter mass m,. Model-independent production experiments constrain four
free parameters: the mass of the mediator particle my,egiator, the dark matter mass m,, the
coupling at the standard model-vertex gsy and the coupling at the dark matter vertex gpu
(see figure 2.1). The interaction cross section o depends on all four of these parameters. To
make results from production and direct detection experiments comparable—specifically, to
translate production experiment results into constraints on m, o-parameter space—requires
making assumptions about two of the four free parameters, usually the coupling strengths
gsr and gpar. These assumptions are again based on theoretical plausibility arguments, but
they do pose a significant weakness for constraints from production experiments on specific
dark matter models, since the translation of the production experiment results can be very

sensitive to these assumed parameter values.'®

2.6 CONCLUSION

I have proposed a new logic for justifying scientific method choice, which I have called a
method-driven logic. This logic begins from a common core that describes a target system,
but then looks at the method for guidance as to what further assumptions about a target
system might need to be made in order for a method to be effective to discover new features
of the target system. I submit that this logic is an interesting deviation from the more
common target-driven logic.

The method-driven logic helps to understand why certain cosmological experiments have
a chance at being successful, despite not being conducted on cosmological scales. It also
raises an important puzzle for classic measurement robustness arguments in contexts where
the method-driven logic is employed: due to the use of the method-driven logic, robustness

arguments are not always readily available. This because of the different assumptions that

18This complementarity provides a different kind of data integration than the one discussed by Leonelli
(2016) in context of plant science. In particular, there are no equivalents to iterative cross-species integra-
tion or inter-level integration, but rather a complementary probing of different but overlapping regions of
parameter space. The main difficulty in this case is that different techniques are more effective for different
regions of parameter space, but that the derivation of comparable constraints requires the above ‘translation
exercises’.
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are required to start the experiment in the first place.

The puzzle for robustness and complementarity points towards some further puzzles:
how should results, positive and negative, from method-driven experiments be interpreted in
the first place? What do they provide evidence for (both with regards to the positive result,
and the assumed feature of the target)? These questions only come to the forefront, once

the crucial role of the method-driven logic is recognized.
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3.0 Wishing for Failure? Interpreting Results from Method-Driven

Experiments

The previous chapter introduced two structures of justification for the effectiveness of a
particular experimental technique to generate evidence about a given target. I also briefly
indicated that how an experiment is justified has implications for how results from that
experiment can be interpreted. This chapter expands on those implications for method-

driven experiments.

3.1 INTRODUCTION

The two structures of justification, which I call a ‘method-driven’ and a ‘target-driven’
logic answer the question: “which method(s) can reasonably be expected to be effective in
producing evidence about a new feature of a given target T?” The two structures are the
two extremes of a spectrum, where the spectrum itself is determined by how detailed and
empirically confirmed the available model of the target is. The crucial difference between
the two is that the target-driven logic relies on empirically confirmed theories or models
of the target to select an appropriate method, while the method-driven logic adapts the
theoretical description or model of the target to an available method. Unsurprisingly, the
latter is particularly applicable in cases where the existing theory or model of the target is
underdeveloped or not precise enough to appeal to in the justification of the method-choice.
In that case, an entrenched experimental protocol may be repurposed to the new target, and
the description of the target itself may be adapted so that the repurposed method may be
optimally applied.

The use of either one of these logics has important implications for the interpretation of
experimental results. In the previous chapter, I briefly highlighted the challenge of making
experimental results from different method-driven experiments in dark matter searches com-

parable with one another. This chapter expands on that discussion. The main focus will be
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the following question:

What is the data from a method-driven experiment evidence for? I.e., what conclusions
can be drawn about a target T from empirical data that originate from a method-driven
experiment—and specifically, does a positive (negative) result from a method-driven exper-
iment provide evidence for (against) the assumptions about the target that were required
to get the experiment going?

I will broaden the discussion here compared to the previous chapter by introducing several
other examples of method-driven experiments.

I begin with a brief recap of the method-driven logic in the next section. I then consider
two possible outcomes of a method-driven experiment: a positive result and a null-result
(section 3.3). This discussion brings me to describing an apparent paradox of success: often,
when a method-driven experiment seems to find a significant positive result, it is unclear what
lessons about the original target can be drawn. But whenever a method-driven experiment
fails to find a significant result, it is clear what one learns from that negative result about
the target. Luckily, this ambivalence of a positive result is not definitive: in the fourth
section, I discuss different possible strategies for dealing with the ambivalence of a positive
result. Throughout the chapter, I will introduce several examples from scientific practice:
cold nuclear fusion experiments, analog experiments in black hole research, and dark energy
searches using atom interferometry, but I will also refer back to the dark matter particle

searches introduced in the previous chapter.

3.2 METHOD-DRIVEN EXPERIMENTS: A BRIEF SUMMARY

The previous chapter introduced the target- and method-driven logics for justifying
method-choice as two end-points on a spectrum. There, I argued that the method-driven
logic is particularly useful in cases where the available theory of the target does not suf-
fice to guide experimenters explicitly in the justification of their method-choice. Its overall

structure is as follows:

P1: Given a target system T.
P2: Method 1 uses feature A of possible targets to uncover new feature X.

32



P2’: Method 2 uses feature B of possible targets to uncover new feature X.

P2”: Method 3 uses feature C of possible targets to uncover new feature X.

P3: If T has feature A, method 1 can be used to uncover new feature X.

P3’: If T has feature B, method 2 can be used to uncover new feature X.

P3”: If T has feature C, method 3 can be used to uncover new feature X.

P4: Tt is possible and plausible that T has features A and B, but it is either impossible or
implausible (but possible) that T has feature C.

C: The preferred methods to uncover a potential new feature X will be methods 1 and 2,
while method 3 remains out of consideration (for now).

Crucial in this structure are premises of types P3 and P4. In the remainder of this chapter,
I will refer to premises of type P3 as Assumption, and to premises of type P4 as Plausibility.
Assumption introduces additional assumptions to the established theoretical description
of the target. Premises of the Assumption-type thus allow scientists to justify choosing one
method over another even if little is known about that target. Plausibility then ensure that
these assumptions are indeed possible or plausible. ‘Possible’ indicates that the assumptions
are not contradicting the independently empirically supported theories or models of the
target (minimal though these may be), without being part of these theories or models. They
are, in other words, still permitted. ‘Plausible assumptions’ are possible assumptions that
are, in addition, further supported by plausibility arguments, for example, arguments by
analogy, arguments appealing to simplicity, or arguments appealing to naturalness.!

I introduced the method-driven logic in the previous chapter by focusing specifically on
contemporary dark matter research, and various particle physics experiments searching for a
signature of assumed properties of the dark matter particle. For the purposes of the current
chapter, it will be useful to get some more examples from scientific practice on the table
as they become relevant. In the meantime, let me briefly reiterate the example of dark
matter-searches.

In context of cosmology and astrophysics, dark matter was introduced as a non-baryonic

type of matter. In context of particle physics, various searches for particle dark matter

Dawid (2013)’s arguments for non-empirical confirmation (the no alternatives argument, the meta-
inductive argument from past successful theories in the field, and the argument from unexpected explanatory
connections) could also serve as plausibility arguments. Although Dawid maintains a categorical distinction
between empirical and non-empirical confirmation, I remain wary of calling these arguments confirmatory
at all. Nonetheless, I do agree these can serve as useful plausibility arguments in the sense defined here. I
would like to thank Karim Thébault for this suggestion.
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have been under way since the 1980s. In the previous chapter, I elaborated how both direct
detection searches and production searches have been justified through a method-driven
logic. For direct detection searches, the crucial Assumption-premise in the structure above

was:

AssumptionpirectDetection: 1f dark matter particles are weakly interacting, have a mass
of the order of 100 GeV, and exist stably in the galactic halo, detectors similar to those
used for neutrino detection can be used to search for signatures of dark matter particles
existing in the halo of the Milky Way.

For model-independent production searches, the Assumption-premise was slightly different:

Assumptionp,oduction: 1f dark matter is made up of SUSY particles, or it couples to
standard model particles through a mediator (invisible Higgs or otherwise), accelerator
experiments can be used to search for signatures of dark matter particles or dark matter
mediators.

Both of these experiments have been deemed as potentially effective to find (specific types
of) dark matter particles, but, as discussed before, comparing their results is non-trivial.
With the general structure of a method-driven justification back on the table, let me
now turn to the question raised in the introduction: what is the data from a method-driven
experiment evidence for? And, specifically, does a positive (negative) result from a method-
driven experiment provide evidence for (against) the new feature X, and the assumption that

was required to get the experiment going?

3.3 THE APPARENT PARADOX OF SUCCESS

To get a full handle on these questions, I will consider two possible scenarios. Scenario
1 focuses on cases where a method-driven experiment gives a positive result, that is, where
the experimental outcome seems to suggest that the target has the potential new feature X.
Scenario 2 then examines cases where the method-driven experiment gives a negative result,
that is, where the experimental outcome does not suggest that the target has a potential
new feature X. Surprisingly, while it is unclear what a positive result reveals about the tar-

get, the conclusions from a null-result allow for strong conclusions about the target. This
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consequence of the use of a method-driven logic, I call the apparent paradox of success for

method-driven experiments.

3.3.1 Scenario 1: a method-driven experiment gives a positive result

The first scenario I consider focuses on the positive case. Suppose a scientist justifies
her choice of empirical method through a method-driven logic, and she concludes that the
preferred method to uncover new feature X is method 1. She runs the experiment and finds
a positive result. This result appears to provide evidence for the claim that ‘method 1 finds
that T has feature X’ .

Recall, however, that the justification of the experiment relied on Assumption, i.e. the
premise that ‘if T has feature A, method 1 can find that T has feature X’. Thus, the positive
result supports a slightly different claim. It supports the claim that ‘method 1 finds evidence
that the target T as described by existing theory supplemented with an additional assumed
feature A, has feature X’. In other words, in order to justify the use of method 1 on the
target T through a method-driven logic, the theoretical description of the target T has been
modified to include an assumption about that target.

This modification has far-reaching consequences for what results from method-driven
experiments can provide evidence for, as well as for how results of different experiments
can be compared. It is no longer obvious that the positive result provides evidence for the
claim that ‘method 1 finds that T has feature X’ because that conclusion relies on that
additional assumption about the properties of the target. And it is equally not obvious that
the positive result provides evidence for T having the assumed feature A. The question raised
in the introduction (what is the data from a method-driven experiment evidence for?) thus

encompasses two more specific questions.

1. Does the positive result provide evidence for ‘method 1 finds that T has feature X’?

2. Does the positive result provide evidence for T having the assumed feature A?

I will use two further examples of method-driven experiments with a positive result to explore
these questions: the cold fusion experiments from the 1980s (section 3.3.1.1) and the dumb

hole experiments searching for Hawking radiation (section 3.3.1.2).

35



3.3.1.1 A primer on misapplying the method-driven logic

Example 1: The discovery and subsequent dismissal of cold fusion:®> Nuclear fusion has long
been sought after as a possible waste-free and inexhaustible solution to worldwide energy
needs. Possible fusion reactions within current nuclear physics theories are the fusion of
deuterium ?H to produce large amounts of heat and fusion products (helium isotopes ®He,

tritium 3H, hydrogen H and large quantities of neutrons n):

H+*H — *He+ H (3.1)

2H + *H — *He +n (3.2)

In 1989, Martin Fleischmann and Stanley Pons released a press statement (University
of Utah 1989), followed up by a publication in the Journal for Electroanalytical Chemistry
(Fleischmann and Pons 1989), claiming that they had achieved nuclear fusion in a table-
top experiment. The press release was euphoric, declaring “[t|he breakthrough means the
world may someday rely on fusion for a clean, virtually inexhaustible source of energy”,
while also pointing out that “prior to the breakthrough research [...], imitating nature’s
fusion reactions in a laboratory has been extremely difficult and expensive” whereas Pons
and Fleischmann’s experiment was considered “equivalent to one in a freshman-level, college
chemistry course”.

The experiment consisted of the electrolysis of deuterium oxide (D,0O) with palladium
electrodes over long time intervals.> The experiment was building on Fleischmann’s ex-
perimental expertise. A renowned electrochemist, he had already done extensive work on
electrolysis and, amongst other results, had found that prolonged electrolysis of D>O could
cause a build-up of deuterium on the palladium cathode (see for example Dandapani and
Fleischmann 1972).

More specifically, Pons and Fleischmann reiterated that D;O-electrolysis would lead

deuterium to be highly compressed but lightly bound (and therefore highly mobile) on the

2The description of this example draws from Norton 2018; see also Storms 2007 for a biased but elaborate
defense of the success of Fleischmann and Pons’ cold fusion experiments.

3 Although the paper makes no explicit mention of the duration of each experimental run, one side remark
mentions “experiment times in excess of 120 hours” (Fleischmann and Pons 1989, p. 304).
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palladium cathode. This suggested that “there must therefore be a significant number of
close collisions and one can pose the question: would nuclear fusion of [deuterium| be feasible
under these circumstances?” (Fleischmann and Pons 1989, p. 302).

In other words, Fleischmann and Pons used existing experimental protocols (electrolysis)
to investigate whether deuterium can undergo the new and still mysterious process of cold
fusion. In the argument structure from section 2, their method-driven justification required

the following premise:

Assumptioncg: If deuterium can achieve high compression and mobility on a palladium
cathode, deuterium can undergo cold fusion after prolonged electrolysis of D5O.

Fleischmann and Pons considered the antecedent plausible based on Fleischmann’s previous
work. Their experiments supposedly showed that the consequent was true.

Despite initial excitement about the possibility of cold fusion, the results of Fleischmann
and Pons were very quickly dismissed by the physics community. Norton (2018) lists four
reasons that were given by the Energy Research Advisory Board (ERBA) as to why their ex-
perimental results did not sufficiently show that cold fusion had been achieved. First, despite
some successful replications, there were many more failed replications. Second, calorimet-
ric measurements were technologically difficult, and Pons and Fleischmann did not describe
their measurement protocol in detail (except for an ominous remark that in one set of ex-
perimental conditions, large parts of their experimental apparatus melted due to excessive
heat production (Fleischmann and Pons 1989, p. 305)). Third, the observations showed a
discrepancy between the produced heat and the observed levels of fusion products. There
were 10? less neutrons observed in the experiment than would be required for the produced
heat to be the result of cold fusion reactions. Fleischmann and Pons (1989, p. 308) mention
this in their paper, but they ascribed the discrepancy to some unknown nuclear process being
involved rather than to a failure of nuclear fusion occurring. The fourth and final reason
mentioned by the ERBA was that cold fusion should not be possible based on established
theory: the electrostatic repulsion of nuclei should prevent them approaching closely enough
to one another on the cathode for any nuclear fusion reaction to ignite.

All four reasons were important in the rejection of nuclear fusion, but the fourth reason

is the most interesting for the current purposes. The method-driven justification for cold
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fusion experiments included the premise Assumptioncr, where the antecedent required that
deuterium could achieve high compression and mobility, basically, to pack closely on the
palladium cathode. However, nuclear physics theory prohibited this very possibility based
on the electrostatic repulsion between atomic nuclei. This was reinforced by the failed
replications, and provided sufficient reason for the ERBA and the larger physics community
to ultimately reject the result as evidence for cold fusion.

The cold fusion case offers an interesting example of how the method-driven logic can
be misapplied. Fleischmann and Pons made an assumption about the target (in this case
deuterium) that was neither plausible nor possible according to the pre-existing theory of the
target. In other words, their method-driven justification included premise Assumptioncr,
but by doing so, made the fourth premise, Possibility, automatically false.

This example of a method-driven logic-gone-wrong reinforces the crucial role of the ex-
isting description of the target when applying the method-driven logic. Even though the
description of the target might be thin, the additional assumptions about the target that
the method-driven logic requires, need to be, at the very minimum, consistent with that
description. Otherwise, the method-driven experiment cannot plausibly be claimed to probe

the target it sets out to investigate, positive result or not.

3.3.1.2 A method-driven experiment gives a positive result. Now what?

I will set aside examples of misapplication for the remainder of this chapter. Suppose
now that a scientist successfully and correctly uses a method-driven logic to justify her
experiment, and the result of the experiment suggest evidence for the target having new
feature X. What can she conclude about the original target T? A recent example from black
hole research comes very close to this case.

Example 2: Dumb hole searches for Hawking radiation: Despite their clear mathematical
description in general relativity, black hole physics remains notoriously devoid of empirical
support. One example is Hawking radiation: Hawking predicted in the 1970s that black holes
emit thermal radiation due to quantum effects near the black hole event horizon. Hawking
radiation is expected to be very weak and therefore almost impossible to detect around

black holes. Following an initial proposal from Unruh (1981), an alternative route has been
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proposed towards finding evidence for its existence: the use of so-called ‘analog experiments’
or ‘dumb hole experiments’.

Their physical make-up can vary widely, from supersonic sound waves in a background
fluid flow?, to surface-waves in a water tank (Weinfurtner et al. 2010) or Bose-Einstein
condensates (Steinhauer 2016). They all search for thermal radiation arising due to physics
at the horizon, a phenomenon that is expected based on formal similarity between the
mathematical descriptions of the dumb hole and the black hole, respectively. If such decisive
evidence can be found—stronger than the current positive results—the hope is that these
dumb hole experiments can be taken as evidence for the presence of Hawking radiation
around black holes.

From this initial, rough description, dumb hole experiments might seem like an example
of target-driven method choice. The theoretical model of black holes predicts that quantum
processes at the horizon will give rise to Hawking radiation. This description, in combina-
tion with established isomorphisms with other physical models, implies that there would be
similar processes at horizons for dumb holes as well, and that dumb holes can therefore be
used to find Hawking radiation.

There is ground to doubt this target-driven reconstruction, however. Unruh (2014, p. 1)
writes about Hawking’s initial derivation that “while mathematically unimpeachable, they
are nonsense physically”. This because Hawking’s derivations suffer from the trans-Planckian
problem—in short, the fact that Hawking’s derivation suggests the existence of radiation
with absurdly large frequencies. As long as a complete theory of quantum gravity is lacking,
the trans-Planckian problem causes significant worries for Hawking’s derivation. Thus, it is
not at all obvious that there is an empirically supported model of black holes to which a
target-driven justification can appeal.

Instead, the justification of the effectiveness of dumb hole experiments to find evidence
for Hawking radiation relies on various assumptions about the nature of black holes and
their specific features that would give rise to Hawking radiation. Although it would lead

me too far to fully elaborate the theoretical background behind the existing dumb hole

4These experiments are closest to Unruh’s initial proposal, which he developed out of a pedagogical
analogy. See Unruh 2008 for a full recounting of the pedagogical analogy, including the reader’s imagining
being a deaf physicist fish.
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experiments, | can summarize Unruh (2014)’s defense of the effectiveness of dumb hole

experiments (specifically, the experiments by Weinfurtner et al. 2010) as follows:

Assumptiongy: If black holes emit Hawking radiation such that the quantum emission
(the Hawking process) is completely determined by the classical parameters of a linear
physical system, and such that the essential features of quantum emission can be modelled
in other physical systems than black holes, then dumb hole experiments can be used to find
Hawking radiation.

The target in this case is black holes, the assumed feature is the universality of the quantum
emission process under specific circumstances, the experimental protocol is the dumb hole
experiment, and the new feature would be (a generalized version of) Hawking radiation.

So far, not all of the antecedent conditions have been met by Weinfurtner et al. (2010)’s
experiment.’ For example, quantum emission is supposed to happen spontaneously at the
horizon, while the experiment only detected stimulated Hawking radiation. Moreover, the
experiment only detected the thermal spectrum, none of the other defining properties of
Hawking radiation. In fact, Unruh (2014) revealingly titled a follow-up paper “Has Hawking
radiation been measured?” It is clear that these experiments have not been accepted as
conclusive evidence for some quantum emission process taking place at black or white hole
horizons.

Nonetheless, Unruh (2014, p. 8) does take the experimental result to give “strong support
to the hypothesis that horizons, whether black hole, sonic or other will produce a quantum
noise with a thermal spectrum, whose temperature is determined by the behaviour of the
horizon”. This bold claim raises the two questions from the beginning of this section: does
the positive result provide evidence for the claim that dumb hole searches have found evidence
for Hawking radiation? And does the positive result provide evidence for the universality of
the quantum emission process under a specific set of circumstances?

There has been an ongoing debate about the confirmatory potential of analog experiment
in the philosophical literature. On the one hand, Dardashti, Thébault, and Winsberg (2017)
analyse dumb hole experiments as ‘analog simulations’ for black holes. They claim that if

the isomorphism between modeling frameworks for black holes and dumb holes is robust,

SSteinhauer (2016) claims to also have achieved this success in a Bose-Einstein condensate analog system.
For the scope of this chapter, I will not discuss his experiment any further.
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dumb hole experiments can provide evidence for the universality of Hawking radiation and
therefore for the existence of Hawking radiation from black holes. Crowther, Linnemann, and
Wiithrich (2019) disagree: they claim that the dumb hole experiments beg the question when
it comes to their applicability to black holes. Specifically, in order to confirm the presence of
Hawking radiation around black holes from dumb hole results, it needs to be assumed that
the modelling framework that gives rise to Hawking radiation is in fact applicable to black
holes.

The debate reveals a broader issue with method-driven experiments and how to interpret
a positive result. In order to conclude that a positive result of a method-driven experiment
does, in fact, provide evidence for target T having feature X (in this case, that the detection
of stimulated Hawking radiation in a dumb hole experiment provides evidence for black holes
emitting Hawking radiation), the experimenter has to exclude alternative explanations for
the experiment delivering a significant positive result. There are two parts to this.

First, potential sources of systematic error in the experiment need to be excluded. This
is nothing out of the ordinary—any experiment requires this, whether method-driven or
otherwise. For example, Belgiorno et al. (2010) made an earlier detection claim of Hawking
radiation in an analog experiment. Their setup used laser pulses sent through a so-called
non-linear material, that is, a material for which the refractive index changes under the
influence of light. They detected the spontaneous emission of photons and claimed that
this spontaneous emission was evidence for Hawking radiation at dumb hole horizons. The
authors later retracted their identification of these photons with Hawking radiation, however,
after strong criticism that the emitted light could be generated by other mechanisms (see
for example Unruh and Schiitzhold 2012).

Second, and this is where the dumb hole-debate is situated, it needs to be established that
the method-driven experiment, despite its justification relying on unconfirmed assumptions
about the target, effectively probed the original target T. Again, in the case of Hawking
radiation, the dumb hole experiments rely on the assumption that the quantum emission is
completely determined by the classical parameters of a linear physical system, and that the
essential features of quantum emission can be modelled in other physical systems than black

holes. These are precisely the assumptions Unruh (2014, p. 9) attempts to argue in favour
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of, but he admits that further strengthening of the evidence is required.

This second point raises a new difficulty for method-driven experiments. In particular,
it is true that all evidence claims require arguing that the empirical results are due to a
real, physical effect, rather than due to an experimental error. However, the issue here is
that the evidence has to be secured® against more than susceptibility to experimental errors
alone. An additional argument needs to be made that the physical effect can be ascribed to
(features of) the original target of interest.”

Now consider the second question raised at the beginning of section 3.1.1: does the
positive outcome provide evidence for T having the assumed feature A? From the above
discussion, it should be clear that this is not obvious from the positive result alone. But, as
will become clear in section 3.4, the answer to both questions can be strengthened in case of
positive outcomes.

Finally, the fact that a challenge arises for method-driven experiments that is different
in kind to the challenges for target-driven experiments does not imply that evidence-claims
from method-driven experiments will be less trustworthy than those from target-driven ex-
periments. Generally, method-driven experiments are not less reliable compared to target-
driven experiments; it is highly plausible that a target-driven experiment is susceptible to
much worse systematics than certain method-driven experiments, for example. The securing
of the evidence will be different for method-driven experiments; whether or not the security

of the evidence itself is worse will vary on a case-by-case basis.

6T use Staley (2004)’s language of “security of evidence” here, which indicates the degree to which the
claim “E is evidence for H” is susceptible to defeat from the failure of an auxiliary assumption. The ‘security
of evidence’-framework will play a more elaborate role in section 3.4.

"In addition to the dumb hole-example, I submit that this is also part of the issue with interpreting the
controversial results from the DAMA /Libra experiment. The DAMA /Libra experiment (in combination with
its predecessors) has consistently claimed to have detected dark matter signals since the 1990s. No other
dark matter experiment has been able to detect a similar signal, however, and the results have generally
been met with scepticism insofar as them constituting a genuine dark matter detection. Although I won’t
argue the case here, I believe that there is little doubt that DAMA /Libra has detected something, but there
is significant doubt that their detection is one of dark matter particles.
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3.3.2 Scenario 2: a method-driven experiment gives a negative result

What about the opposite scenario, where a method-driven experiment delivers a null-
result for T having feature X? This scenario applies to various recent experiments in cos-
mology, including almost all current particle dark matter searches (discussed in the previous
chapter) and to various dark energy experiments. Here, I only discuss one.

Ezxample 3: Constraining dark energy with atom interferometry:8

Dark energy, repre-
sented by the cosmological constant in the concordance model of cosmology, is the blanket
term for whatever contribution to the total energy density of the universe is responsible for
the accelerating expansion of the universe. It was introduced based on supernova redshift
observations from 1998 and the later WMAP satellite measurements of the cosmic microwave
background anisotropy power spectrum.

Currently, there is no accepted theory of the mechanism behind dark energy, although
many proposals exist. A standard solution within quantum field theory (QFT) identifies dark
energy with vacuum fluctuations, but this gives rise to the cosmological constant problem.
The predicted value for the vacuum energy density based on QFT is around 120 orders
of magnitude too large compared to the empirically determined value for the cosmological
constant. Alternative proposals have to grapple with two further constraints: (1) preferably
avoid introducing physics at energies far beyond the Planck scale, and (2) avoid mechanisms
that produce a fifth force inconsistent with the strong limitations from terrestrial and solar
system fifth force experiments. One possibility is to propose a scalar field whose properties
vary with the environment that it is in. Fields of this kind have appropriately been dubbed
‘chameleon fields’: chameleon fields are screened in high-density environments (like the solar
system) due to couplings between the scalar field and matter, and unscreened in low-density
environments (like the near-vacuum of the universe).

Recently, atomic physicists have started to look for signatures of such a chameleon field
through light-pulse atom interferometry experiments. The technique uses the same basic
principle as light or gravitational wave interferometry, but applied to matter waves (see figure

3.1). Since the 1990s, atom interferometry has been used to measure various fundamental

8The description of this example is based on Hamilton et al. 2015; Burrage, Copeland, and Hinds 2015;
Jaffe et al. 2017.
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Figure 3.1: A schematic overview of the principle behind an interferometry experiment. An
incoming wave is split, after which two waves follow two different paths. The waves along
the two paths get reflected by mirrors, and recombined at a third point. The recombination
gives rise to an interference pattern. Shifts in the interference pattern can hint at differences

in path length, for example due to the stretching of spacetime by gravitational waves.

constants, e.g. the fine structure constant (for some recent results, see Bouchendira, Nez,
and Biraben 2013; Parker et al. 2018).

Of interest here are a recent set of experiments that have repurposed light-pulse atom
interferometry to dark energy research. In one experimental set-up (see also figures 3.2 and
3.3), caesium (Cs) atoms are launched into free fall in a scalar field gradient generated by
a source mass suspended above the atoms. The Cs atoms will consecutively move through
a beam splitter, a mirror, and a second beam splitter (in practice, these all consist of ap-
propriately tuned laser pulses—hence the name of the experiments) with a separation time
T between each beam splitter and mirror. Over the course of the experiment, the initial
matter wave is split into two spatially separated matter waves which are then reflected
and recombined. At recombination, the phase difference between the two matter waves is
determined based on the population ratio between possible quantum states |a) and |b), for

a large number of atoms.

9The spatial separation is a result from a change in momentum that happens for each atom with prob-
ability 0.5. Two counter-propagating laser beams constitute the first laser pulse. The first laser beam will
stimulate the atom to absorb a photon with momentum Ak;. The atom then emits a second photon with
momentum hks to the second, counter-propagating laser beam. The total momentum change for the atom

is Akery = ﬁ(kl + kg).
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Figure 3.2: The basic set-up for a light-pulse atom interferometry experiment using Cs
atoms with mass mg,. The atoms are launched into free fall, in the vicinity of a source mass
mass Mgource- While in free-fall they experience the gravitational force from the source mass
(Fsource), the gravitational force from the Earth (Fga.n), and potentially an anomalous fifth

force (Fanomaly). Redrawn from Jaffe et al. 2017.
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Figure 3.3: Detail of the three steps in a light-pulse atom interferometry experiment. The
Cs atoms start in an initial quantum state |a, po). The first laser pulse’s duration is tuned
such that each Cs atom can make a transfer to another state |b, po + hk.rr) with probability
0.5. After time T, the two spatially separated matter waves are both ‘reflected’ by another
laser pulse. This causes the atoms in state |a, py) to transfer to state |b, po+ hkess), and vice
versa. The spatial separation between the two waves remains. After another time interval
T, the two matter waves are recombined by a third laser pulse. Redrawn from Jaffe et al.

2017.
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To suppress the effects of the Earth’s gravitational field, the experimenters opt to make
a differential measurement between two possible set-ups: one where the source mass is
located near the launched atoms, and one where it is far away from them. The acceleration
arising from the source mass is then calculated as Gsource = Anear — @fqr. If there are no
anomalous forces due to a chameleon field, this acceleration difference should be entirely
due to differences in the gravitational force of the source mass. With the right value for the
pulse separation time 7', the source mass mg,urc. Of the gravitational field, and large enough
samples of atoms, even small changes in aspurce (and thus also the presence of a chameleon
field) should be detectable (Jaffe et al. 2017, p. 938).

The light-pulse atom interferometry experiments are relevant for cosmology because,
within the constraints from cosmology and fifth force experiments, chameleon fields are still
a possible model for the fundamental physics giving rise to dark energy phenomenology.
Banking on this possibility permits atomic physicists to justify that their experiments could
be probing dark energy mechanisms. In the method-driven logic structure above, the crucial

third premise becomes:

Assumptionpg: If dark energy is constituted by chameleon fields, then light-pulse atom
interferometry experiments should be able to find a fifth force effect in the differential
acceleration resulting from the chameleon field.

So far, no experiment has turned up a positive result (see also figure 3 from Hamilton et al.
2015). Burrage, Copeland, and Hinds (2015, p. 2) conclude that their experiments “show
that there are already more constraints on chameleon scalar fields than previously thought”.

The researchers draw strong conclusions about the exclusion of various regions of param-
eter space, based on their results.!® This is symptomatic for what I consider a more general
feature of method-driven experiments delivering a negative result. While the justification for
method-driven experiments includes the Adaptation-premise (“if T has feature A, method 1
can be used to uncover new feature X”), the experimental outcome suggests that “method

1 does not find new feature X”. From this, it follows that the outcome of the experiment

10The full parameter space encompasses all possible values for the free parameters in the chameleon field
mechanism. FEach set of parameter values is a possible specification of the chameleon field mechanism.
By excluding regions of parameter space, a collection of possible specific chameleon scalar fields are being
excluded.

47



supports (within the technical limitations of the experimental set-up) the conclusions that
“T does not have feature A”. Or, in other words, a negative result provides evidence against
the assumption about the target that was required for the experiment’s justification.

The opportunity to exclude possibilities reveals the power of method-driven experiments:
they can narrow the space of possibilities significantly by excluding large regions of it. For
example, the atom interferometry experiments have also failed to detect any signal of a
chameleon field. This leads one group of scientists to conclude that “these fields are nearly
ruled out, with only a one order of magnitude range left for the coupling strength” (Jaffe
et al. 2017, pp. 939-940). In other words, atom interferometry has allowed scientists to
conclude that chameleon fields most likely do not constitute dark energy, at least for a very
large range of parameter values.!!

But what about the new feature of the target that the experiment was supposed to
detect but failed to? The fact that the experiment fails to detect that novel feature does
not necessarily exclude T having feature X—that depends on whether or not having the
assumed feature and using the specific experimental method are necessary conditions for
detecting feature X or not. In practice, the assumed feature and the novel feature will often
be related, for example when the assumed feature is a parameter range and the novel feature
is a particular value within that range. In that case, the failure to detect X obviously also
implies that T does not have feature X.

Before summarizing, let me make a quick note about the connection between this ex-
clusion power of method-driven experiments and perspectival modeling. Massimi (2018)
describes perspectival models as exploratory models that carve out the space of possibili-
ties. She specifically introduces the use of models for physics beyond the standard model
at the LHC, and argues that their crucial role is not one of modeling what is actually the
case, but rather what could be the case. Accordingly, exploratory searches at the LHC that
look for evidence in support of these models but fail to turn up a positive result still teach

us something about what the world “cannot be like”. The same is true for method-driven

' The same reasoning also occurs in dark matter searches. Dark matter direct detection searches have
failed to turn up any positive WIMP result. This has put significant pressure on the WIMP hypothesis,
and has even excluded the majority of obvious WIMP candidates, including most natural candidates for the
lightest super-symmetric particle.
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experiments delivering a negative result—they seem to fulfil Massimi’s envisioned purpose

for perspectival models.

3.3.3 The paradox of success for method-driven experiments

Let me take stock. I have considered two scenarios for the outcome of a method-driven
experiment, and what claims these outcomes can provide evidence for. A negative result
permits clear conclusions about the target, specifically about what features the target does
not have. For a positive result, it is unclear what, if any, conclusion about the target can be
drawn from the experimental outcome. This is what I call the apparent paradox of success:
initial success turns out to be less conclusive with regards to the conclusions it warrants
about the target, whereas initial failure is clear and conclusive. If one is looking for clear
conclusions about the target, one seemingly needs to wish for failure.

Admittedly, things are not always as dire as I have presented them here for the positive
results. It is possible that certain method-driven experiments have a particular relation
between the assumed feature A and the detected feature X, such that, when the method-
driven experiment does turn up a positive result, it can be considered convincing evidence
for T having both the assumed feature A and the detected feature X. Some method-driven
experiments might assume that a particular quantity of interest has a value that falls into a
specified range (feature A). If the measurement result then is a particular value within that
range (feature X), this result provides evidence for T having both features A and X. Those
are realistic and ideal cases, but they are not universal; the dumb hole searches for Hawking
radiation, for one, do not fit this ideal case.

The apparent paradox has some interesting implications. First, it showcases the power
of a negative result. In case of method-driven experiments, negative outcomes can further
constrain the space of possibilities for the target—a space of possibilities that might initially
be extensive due to a very thin description of the target. Excluding possibilities can narrow
down potential research avenues. For example, chameleon fields have almost entirely been
rejected as a candidate explanation for dark energy. This is significant progress for a target

about which very little is known. In the case of dark matter, the WIMP hypothesis has
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almost completely been excluded. Since no other candidate dark matter particle can be
thermally created during Big Bang Nucleosynthesis, more attention is now turning towards
baryogenesis, the process generating a matter/antimatter asymmetry in the early universe.

Second, the inconclusiveness of positive results of method-driven experiments has impor-
tant consequences for integrating results of multiple methods being applied to the target, all
through different instances of the method-driven logic: can the various positive results be
used to strengthen one another? In other words, can they be used in a measurement robust-
ness argument (see Woodward 2006 and the discussion in the previous chapter)? After all,
each positive result relies on a different assumption about the target in the first place.

One might wonder at this point whether this concern of comparing positive results is
unique to cases where different method-driven experiments give a positive result. Different
method-driven experiments constrain parameter spaces for different assumptions about the
original target, and it is not always the case that these parameter spaces are equivalent. This
was already discussed at the end of the previous chapter, in context of dark matter searches.
In order to compare the constraints, certain assumptions about the values of and relation
between these parameter spaces need to be made. After all, different kinds of dark matter
searches constrain different parameter spaces. What, then, is unique about the positive case?

The difference between the positive and the negative case is one between constraints
on a full space of possibilities, and translating the constraints on the space of possibilities
into constraints on one parameter space. The full space of possibilities can include different
mathematical models, each associated with a specific parameter space. Negative results
primarily constrain the full space of possibilities, which include these different parameter
spaces. It is optional to then translate all negative results into a set of constraints on one
specific parameter space. If this option is taken, the hurdles are more likely to be the same
for the positive and the negative case, like in the case of complementary results for the
WIMP parameter space.

Finally, making empirical results comparable (broadly construed) is not unique to the
case of positive results from method-driven experiments. For example, Leonelli (2013) has
discussed the issue of data integration in plant science, and specifically stressed the impor-

tance of different kinds of integration depending on (1) the question asked (investigating
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different levels in the same complex organism, or extending models from one organism to
another?), and (2) the goal of the data integration (new knowledge, or new forms of in-
terventions to improve human health?). Leonelli also discusses various sociological barriers
to effective data integration like language, funding, resources, involvement of researchers in
data curation (see also Leonelli 2016 for a detailed discussion of these topics). Although
these are closely related to some of the issues discussed here, I submit that the use of a
target- or a method-driven logic adds another determining factor as to how data integration

is achieved.

3.4 STRENGTHENING POSITIVE RESULTS

There are strategies to alleviate the apparent paradox of success and to strengthen the
positive conclusions of method-driven experiments for non-ideal cases. The various strategies
divide into two categories: strengthening the evidence for T having the assumed feature A,
or decreasing the dependence of the claim that T has feature X on the assumption that T has
feature A. These two options parallel Staley (2004)’s options for securing evidence claims,
i.e. for reducing the degree to which an evidence claim ‘E is evidence for a hypothesis H’ is

sensitive to the failure of an auxiliary assumption of the experiment.

3.4.1 Find independent evidence for T having feature A

The first option is to find independent evidence that T has the assumed feature A (the
antecedent of Assumption). This parallels Staley (2004)’s strategy of increasing the evidence
for the auxiliary on which the evidence claim depends. In effect, this boils down to a post hoc-
shift of a method- to a target-driven experiment: if there is independent empirical evidence
for T having feature A, the problematic reliance on an unsupported assumption about the
target can be alleviated.

This strategy might initially seem implausible in context of a method-driven logic. Why

run a method-driven experiment in the first place, if it is possible to first find empirical
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support for the assumptions one is about to make about the target? Practical considerations
could play a role. Sometimes it is easier or more cost-efficient to construct a wide-sweeping
method-driven experiment first, for example. The atom interferometry experiments are much
smaller and quicker than some of the current dark energy observational surveys like the Dark
Energy Survey. Moreover, it makes use of existing expertise in atom interferometry rather
than requiring the development and elaborate testing and optimization of new instruments.

Whether or not this first strategy is available depends on the nature of the assumption
about the target. Consider again the dumb hole experiments. The assumption about the
target was that the quantum emission is completely determined by the classical parameters
of a linear physical system, and that the essential features of quantum emission can be
modelled in other physical systems than black holes. This is summarized by Dardashti,
Thébault, and Winsberg (2017) as the (qualified) universality of Hawking radiation. They
argue that it would be possible to find further evidence for this universality by running more
analog experiments in systems that share the required isomorphisms but have a different
underlying microphysical structure. Thus, for certain kinds of assumptions about a target,
finding independent evidence might be possible. Of course, this is the exact locus of the
dispute with Crowther, Linnemann, and Wiithrich (2019), who argue that Dardashti et al.’s
argument begs the question: it presupposes the black hole model one is trying to confirm

through the analog experiments.

3.4.2 Decrease the dependence on T having feature A

Another option is to find additional evidence for T having the new feature X from different
experiments, experiments that do not rely on the assumption that T has feature A. This
reduces the reliance of the conclusion that T has feature X on the assumption that T has
feature A, paralleling Staley (2004)’s suggestion to decrease the sensitivity of ‘E is evidence
for H’ to the failure of the auxiliary assumption.

This additional evidence for T having feature X would, presumably, also come from a
method-driven experiment. It would therefore suffer from the concern about comparing

results from multiple methods that was raised before. Suppose method 1 finds a positive
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result, and a scientist wants to use this result to claim that T has feature X. She runs
multiple different method-driven experiments and is lucky enough to keep finding positive
results. Even though plenty of different method-driven experiments might all find a positive
result, each of these results depends on a different assumption about the target, and this
means that one can call into question whether the same target is being investigated by the
various experiments.

Take, again, the dark matter particle searches from the previous chapter as an example.
I ended the discussion there with a brief introduction to the complementarity of dark mat-
ter particle searches—specifically direct detection searches and production searches. The
two types of experiments make different assumptions about dark matter: direct detection
searches assume that dark matter consists of WIMPs, whereas model-independent produc-
tion experiments assume that the dark sector couples to standard model particles through
some mediator particle. Direct detection experiments, because they search for a specific
type of dark matter, only constrain two free parameters: the interaction cross-section and
the dark matter mass. Production-experiments constrain four: the mass of the mediator,
the dark matter mass, the coupling at the standard model vertex and the coupling at the
dark matter vertex (the interaction cross-section depends on all four of these). Suppose both
a production experiment and a direct detection experiment find a positive signal. It is not
at all obvious that these two positive results would provide empirical confirmation for the
existence of the same type of particle or coupling.

There are at least two options for scientists to ensure that their different method-driven
experiments all probe the same target T, despite the different assumptions they make about
that target. The first is to formulate ‘translation rules’ between the different adaptations of
the target. This is the current strategy in dark matter particle searches. If, once translated,
the different positive results all suggest that T has feature X, the result that T has feature
X seems less dependent on any single modification of the original target. Of course, these
assumptions are themselves not necessarily based on experimental results, and must therefore
always be handled with care. At the minimum, translation rules could allow consistency
checks between results from different method-driven experiments.

A second option is to fully exploit the fact that the original target T is (close to) the only
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common denominator between the various experiments, for a larger number of method-driven
experiments. This is what Dardashti et al. suggest about the Hawking radiation-searches, for
example. The space of possibilities for a common explanation between the different positive
results can be narrowed down by negative results (in line with scenario 2 in section 3.3.2).
This would make the original target T having feature X the most plausible explanation for

all of the individual positive and negative outcomes.

3.5 CONCLUSION

After introducing the method-driven logic in the previous chapter, this chapter delved
further into the consequences of its application to specific experiments. The method-driven
logic provided an alternative route to justifying method choice in situations where very
little is known about the target. It remained an open question, however, how to interpret
the results from these experiments. Here, I have shown that method-driven experiments
can suffer from an apparent ‘paradox of success’: while a null-result allows for definitive
conclusions about the target, a positive result is ambivalent, making failure almost seem
like an appealing outcome. While method-driven experiments are powerful in excluding
possibilities in light of negative results, their positive results remain ambivalent as to what
they provide evidence for. However, certain strategies are available to strengthen these
results: finding independent evidence for the assumptions about the target, or reducing the
dependence of the result on the assumption. Although imperfect, they make wishing for

failure no longer necessary.
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4.0 Conflicts in Evidence

The previous chapters introduced how empirical data can be generated and interpreted
in context of an underdescribed target. Here, I turn to conflicts between different lines of
evidence, or, the ‘problem of inconsistent evidence’, specifically in a context where different
disciplines are being integrated. Although contradictions between different lines of evidence
prima facie pose a challenge for requirements of empirical adequacy, I show that the challenge

sometimes can be overcome by ignoring part of the available empirical evidence.

4.1 INTRODUCTION

The plethora of proposals for dark matter and dark energy® (many of which originate from
an experimental context where a method-driven logic is at work) comes with an interesting
side-effect: an abundance of new lines of evidence suddenly becomes relevant to cosmology.
For example, there are lines of evidence that potentially probe the fundamental nature of dark
matter and dark energy. Even though these lines of evidence do not constitute observations
of the universe, they nonetheless could be informative about that evolution of the universe.

The growth of the pool of evidence is not uniformly constructive. Sometimes, lines of
evidence that supposedly confirm or falsify the same or related hypotheses about the target
(here, the evolution of the universe) contradict one another. Stegenga (2009) describes this as
one half of the ‘hard problem of discordant evidence’: the problem of inconsistent evidence.?
Although Stegenga considers the problem of inconsistent evidence as a constraint on appeals
to robustness, I take it to be a broader challenge for a general assumption in philosophy of

science: that scientific theories should minimally be compatible with all available empirical

'For the purposes of the present chapter, I only focus on proposals that figure within the framework of
ACDM, the standard model most cosmologists focus on developing further. I thus leave out of consideration
alternative cosmologies like the ekpyrotic universe (first introduced by Khoury et al. 2001) or Roger Penrose’s
conformal cyclic cosmology (see for example Penrose 2014).

2The other half of the problem of discordant evidence is incongruent evidence, i.e. lines of evidence that
seem incomparable with one another. The results of complementary dark matter particle searches, discussed
in the previous two chapters, is an example of potentially incongruent evidence.
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evidence. This assumption is shared by the constructive empiricist, according to whom
the aim of science is delivering empirically adequate theories, and the realist, who can use
empirical adequacy as a starting point for various arguments for (partial) realism. The
problem of inconsistent evidence implies that it might be impossible to construct a consistent
empirically adequate theory.

The goal of this chapter is to show that, at least sometimes, the problem of inconsistent
evidence can be diffused by carefully considering what the pool of ‘all available empirical
evidence’ should or should not include in light of the contradiction. In other words, I
will argue that in some cases, not all evidence is equally relevant and I will introduce a
relevance criterion (a solution Stegenga (2009) considers but dismisses out of hand). As will
become clear below, that relevance criterion is a guideline with limited applicability, not an
epistemological principle with an absolute certain guarantee for success. It does, however,
demonstrate that the problem of inconsistent evidence is not an insurmountable challenge
to the requirement of empirical adequacy.

To identify this relevance criterion, I first posit that, when modelling a complex target
system, a distinction can be drawn between unmediated and mediated evidence (section
4.2). In section 4.3, I argue that, in case of contradiction between unmediated and mediated
evidence, unmediated evidence can take priority over mediated evidence in two different ways:
unmediated evidence trumps mediated evidence in confirming the model of the complex
target, and it takes priority in guiding the construction of that model. Two case studies
follow in sections 4.4 and 4.5, where I apply the abstract arguments to current research in
dark matter (section 4.4) and to the history of the cosmological constant (section 4.5). The
second case study draws out an important consequence of my view: two models of different
target systems can be developed in parallel based on seemingly contradicting sources of

evidence.

4.2 MEDIATED AND UNMEDIATED EVIDENCE

Consider a specific target system, i.e. a real-world system that is being modelled. In
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case of cosmology, the target system is the evolution of the universe on the largest scales.
Often, the target system is different from the so-called object system, i.e. a system on
which experiments can be performed. Different experiments can generate different lines of
evidence about a given target. Not all empirical data will obviously contribute evidence for
any possible target. For example, examining an onion peel through an optical microscope
to reveal its cell structure will not obviously generate evidence relevant to modeling the
functioning of the prefrontal cortex in a human brain. In order to constitute evidence for a
model of a given target, there has to be some reason for the empirical data to be relevant
for the specific target under consideration—whether it was generated through experiments
on the target, or on an object system different from the target.

When modeling a complex target, there are two types of reasons why a particular piece of
data can become relevant evidence for a model of a complex target system. The first reason is
that a particular piece of data is believed to stand causally downstream to the target system
for which the model is being developed. This notion of evidence is strongly reminiscent of
the idea of “traces” in historical science, developed by Currie (2018, p. 70). Because of this
causal relation, this piece of data contributes to delineating what the target system is, or
it provides further evidence for the existing model of the target. Any successful model of
the target system should account for the unmediated evidence, or at the very minimum be
compatible with it. It is, in other words, constitutive of the explanandum, it constitutes the
phenomenology the target gives rise to.

For example, in the case of ACDM, the target system is the evolution of the universe
from an initial hot dense state up to today, approximately 13.8 billion years later. One of the
crucial discoveries in the history of cosmology was that of a uniform radiation with a black-

3 now known as the CMB. The observation

body spectrum permeating the entire universe,
of the CMB is a piece of unmediated evidence for any model reconstructing the evolution
of the universe. The fact that steady-state cosmology could not explain the presence of the

CMB, was part of the reason to dismiss it.

3The discovery of the CMB is often identified with Penzias and Wilson’s observation of an isotropic
background radiation in 1965. It is probably more historically accurate to consider the discovery as spanning
several decades, from 1965 up until the first data results from the Cosmic Background Explorer (COBE)
satellite in the 1990s. It was only with COBE that the CMB blackbody spectrum could be measured, for
example. See Norton 2018; Cirkovi¢ and Perovié¢ 2016 for more details on the history of the CMB.
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Not all evidence for ACDM falls under the category of unmediated evidence. Another
reason why a piece of empirical data can become relevant evidence for a model of a target
is that, despite being causally downstream from an object system different from the target
system, the data is believed to be evidence for the model for other reasons. One example
comes from the previous chapters: by employing a method-driven logic, new object systems
are being experimented on to learn about properties of the target system. Other justifications
draw on relevant similarities between object and target system, or on connections between
scales. This evidence I call mediated evidence: it is evidence where the relevance is established
through a different argument than its causal history.

For example, in context of cosmology, evidence from bubble chambers or particle acceler-
ators provides unmediated evidence for the standard model of particle physics, and mediated
evidence for Big Bang Nucleosynthesis (BBN), the theory of the formation of the lightest
elements in the early universe.* Thanks to the discovery of the CMB, it is well-established
that the early universe was in a hot dense state, similar to the types of states that can be
recreated in particle accelerators. Thus, the types of processes that took place in the early
universe can be described by the same theory that describes accelerator experiments, namely,
the standard model of particle physics.

Although mediated evidence does not constitute the explanandum in the way that un-
mediated evidence does, mediated evidence can be crucially important when modeling com-
plex targets in two ways. First, as the example of BBN illustrates, a model of a complex
target is not conjured up out of thin air; it often incorporates different hypotheses and partial
theoretical models that have been developed in a different scientific context. These partial
models are applied to an entirely new target system, in this case the early universe. Mediated
evidence then becomes important insofar as it provides independent support for the partial
models that are being integrated. In other words, when available and not in contradiction
with the unmediated evidence (unlike the two cases discussed below), mediated evidence
ensures that the partial models and hypotheses feeding into the model of the complex target
are on a secure footing.

Second, unmediated evidence can be gappy. Mediated evidence can therefore help solve

4See the next chapter for a more detailed discussion of BBN.
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outstanding issues by providing additional empirical constraints, or even open up new re-
search avenues. Consider again the appeal to nuclear physics in the modeling of BBN. The
unmediated evidence consists of the abundances of the lightest elements in the universe, in
combination with the CMB establishing the hot dense state of the universe. The mediated
evidence from nuclear physics experiments here is crucial to provide further support for the
modeling of BBN, e.g. for the determination of specific interaction cross-sections. Similarly,
Currie (2018) describes how the existence of an enormous duck-billed platypus was recon-
structed based on the discovery of one fossil molar, in combination with models and theories
that had been developed in different areas of biology.

A couple of further remarks about the distinction introduced just now are in order. First,
a piece of empirical data may provide both unmediated and mediated evidence, depending
on the context in which it is being used. For example, data from accelerator experiments
is unmediated evidence for the standard model of particle physics, but it is also mediated
evidence for BBN. Similarly, while the CMB constitutes unmediated evidence for ACDM,
it is now increasingly used as potentially mediated evidence for extensions to the standard
model of particle physics (see the next chapter and Cyburt et al. 2016 for details). On a
related note, over time the evolution of a field may result in a piece of previously mediated
evidence becoming unmediated evidence, as the scope of the model widens. For example,
while the formation and evolution of galaxy clusters is now also modelled by ACDM, this
was not the case in the 1930s.

Second, a brief remark on the jargon introduced. I have chosen the language of unmedi-
ated and mediated evidence to indicate specifically whether the relevance of the evidence for
the integrative model relies on the identity between the source of the evidence and the target
system, or whether the relevance requires mediation by a different relevance argument. This
of course does not mean that unmediated evidence does not require significant theoretical
work to move from raw data to a piece of evidence; evidence claims are not bits of informa-
tion that are free-floating in the world, ready for our taking.> That type of theoretical work
will be required for both unmediated and mediated evidence.

This remark about jargon might lead one to think that the difference is primarily a

5For a clear elucidation of what theory-lading consists of in practice, see Boyd 2018.
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difference in theory-lading between different lines of evidence. Bogen (2017) introduces three
types of theory-lading: perceptual (differences in perceptual experience due to conceptual
differences), semantic (the influence of theoretical commitments on descriptions of evidence),
and salience (the influence of theoretical commitments on what evidence to collect). It should
immediately be obvious why perceptual and semantic theory-lading are different from the
unmediated /mediated-distinction. The distinction does track a qualitative difference in why
a line of evidence is considered salient. Note, however, that this qualitative difference in what
kinds of theoretical assumptions are loaded in a line of evidence does not imply a different
degree to which a line of evidence is theory-laden or not.

Third, another seemingly related distinction is that between phenomenological and fun-
damental models. ACDM is taken to be a phenomenological model: it ‘saves’ observations
of the universe at the largest scales, but it fails to explain what the fundamental physics is
behind those observations. The phenomenological/fundamental distinction is a distinction
between explanatory models, whereas the unmediated /mediated distinction is a distinction
concerning what explanatory model a piece of evidence is supposed to be relevant for. They
are therefore orthogonal to one another.

Finally, for the present purposes, I am assuming that both mediated and unmediated
evidence are exactly that: evidence. I take this to mean that the procedures required to ob-
tain evidence claims from initial detector data have been completed, and that, moreover, the
resulting evidence claims have passed the standards of evidence that have been established
by the relevant community. Thus, for mediated evidence from particle physics, for example,
appropriate experimental protocol has been followed and the resulting statistical significance
levels and systematic errors have been deemed acceptable by the particle physics community

(standards different from what cosmologists might deem sufficient).

4.3 THE PRIORITY OF UNMEDIATED EVIDENCE

Unmediated and mediated evidence often both provide evidence for the model of the

complex target system. Sometimes, however, unmediated and mediated evidence are in
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tension, or outright contradict one another with regards to specific hypotheses about the
target: different measurements of the same parameter may disagree, causal structures may
or may not be found, the target system may or may not have a particular property, etc.
In Stegenga (2009)’s terms, the mediated and unmediated evidence may be inconsistent.
Stegenga’s concern is that “in the absence of a methodological metastandard, there is no
obvious way to reconcile various kinds of inconsistent data” (654). What are scientists to do
in the face of such contradiction?

As a starting point, consider the three ways scientists can move forward in the face
of inconsistent evidence. The different ways forward depend on whether and where one is
willing to locate the source of the contradiction: with the evidence, with the theoretical

model, or with neither just yet. Let me examine the three options in more detail.

1. The first option is to blame the evidence. The scientist maintains the model of the
complex system in its entirety, as well as the justification for the relevance of the evidence.
She assumes that the error must lie with the evidence. If one assumes, as I have, that
the evidence has passed the standards of the relevant communities, this error must be
unknown. This first option of blaming the evidence thus boils down to banking on some
unknown source of error. Without independent evidence for the source of this error, this
can take decades to work out.

2. The second option, then, is to blame the theoretical model of the complex system itself. In
this case, the scientist takes all the evidence seriously, as well as the various justifications
for the relevance of the evidence, and therefore decides to completely change the model of
the complex system such that the contradiction or tension is explained away. There is a
concern that without additional evidence for some unaccounted for and specific physical
effect causing the inconsistency, this option runs the risk of devolving into a series of ad
hoc epicycles.

3. The third and final option is to blame neither the evidence nor the model. The scientist
remains agnostic as to whether the source of the contradiction lies with the evidence or
the model. However, in order to be able to make progress in developing the model in spite
of the contradiction, the scientist limits the empirical scope of the model by declaring

part of the available empirical evidence irrelevant for the model. Although this approach
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is bold in one sense, in that it puts constraints on the requirement of empirical adequacy,
it is conservative in the sense that it does not locate the source of the contradiction

without sufficient reason to do so.

I have presented them here as separate options, but one might be concerned that the different
options collapse into one another. For example, suppose a scientist changes the theoretical
model such that the relevance of a piece of mediated evidence changes. Doesn’t this de
facto amount to a new source of systematic error? Although this might be the case in
practice, the options track the locus of the explanation of the error. The first option claims
that what presents itself as a systematic error is an unaccounted source of error associated
with the measurement process, while the second associates the error with some unaccounted
for physical effect. Similarly, one might argue that by declaring one line of evidence as
irrelevant, the model of the target has de facto been changed. Hence, doesn’t the third
option collapse into the second option? The second option amounts to possibly changing the
basic assumptions about how one should account for the unmediated evidence. The third
option is potentially not as drastic: the relevance criterion I propose merely changes how
a specific, local piece of mediated evidence fits in the integrative model. The theoretical
change is located in different parts of the theoretical model, for the two options.

In my discussion of the three options, I have indicated that the first two are viable in
cases where there is independent evidence for preferring that option. There is an asymmetry
with the third option, which I described as more conservative in locating the source of the
inconsistency. For the remainder of this chapter, I will focus specifically on cases where there
is no additional reason to choose options one or two. Such cases seem to present the most
pressing challenge of inconsistent evidence.

Stegenga (2009) indirectly recognizes the third option as a solution to the problem of
discordant evidence, but dismisses this solution as merely shifting the problem of discor-
dance to a problem of relevance. This because the third option only solves the problem of
inconsistent evidence if one can find some reason to choose between the lines of evidence.
How can one argue that one line of evidence is somehow more relevant to the model of
the complex target than another? Here, I take up the challenge of providing a relevance

criterion. I argue that unmediated evidence is more relevant for two reasons: prioritizing
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unmediated evidence is a more reliable strategy to develop an adequate® model of a complex
target system, and unmediated evidence offers a more useful heuristic for developing a model

of a complex system.

4.3.1 The argument from reliability

As the name suggests, the argument from reliability concludes that unmediated evidence
is epistemically prior because relying on unmediated evidence can be a more reliable research
strategy when (dis)confirming or constraining a model of a complex target system. It is
more reliable because it does not require extrapolation from a different object system to the
complex target system.

Integrative models are not conjured up out of thin air, but draw on pre-existing theories
and models. These theories and models have been developed and justified in a different
scientific context, using evidence from a different object system than the new target system,
that is, using mediated evidence. The mediated evidence can be used to constrain the new
model insofar as its source is relevantly connected to the target system. That extrapolation,
however, is non-trivial. For example, Peebles, Page Jr., and Partridge (2009) explain how it
was not obvious before the discovery of the CMB (and even for a while after!) that the early
universe at some stage reached energy levels similar to those achieved in certain terrestrial
particle physics experiments, and that, therefore, the ideas from particle physics could be
used to explain the formation of the lightest elements in the early universe—even though
Gamow’s first proposals for BBN dated from the 1940s. This worry about the extrapolation
does not arise to the same extent for unmediated evidence: unmediated evidence constitutes
the explanandum itself. Unmediated evidence provides evidence for features that any model
of the target system must, at minimum, be compatible with.

To put it differently, the argument from reliability draws on the difference in justification
for why evidence can become relevant for a particular theoretical model. In the case of

unmediated evidence, that justification is the causal relation to the target system. In the case

6T deliberately use “adequate” here because it can be interpreted in both a realist manner (where adequacy
would indicate (approximate) truth) and an empiricist manner (where it would indicate empirical adequacy).
The arguments below do not depend on the specific interpretation of adequacy.
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of mediated evidence, the justification requires a different theoretical argument to establish
relevance between the target system and the source system. That theoretical argument is
fallible and a source of epistemic risk. This implies that relying on unmediated evidence is
a more reliable strategy in situations where unmediated and mediated evidence contradict.

Two possible concerns about the argument from reliability merit discussion. First, as
Currie (2018) indicates in the notion of traces, even evidence that is causally downstream
from the target itself, requires some theoretical argument to establish that causal relation.
Why can’t it be equally plausible that the argument for the causal relation comes under
pressure, rather than the relevance argument for the mediated evidence? Here, the argument
from reliability assumes something that is the case for cosmology, but that might not always
extend elsewhere. In case of cosmology, it is often the case that the theoretical argument
for the causal relation draws from the model of the evolution of the universe itself. In other
words, questioning the causal relation of the unmediated evidence would mean changing the
model of the complex target system, an option that was dismissed earlier.

Second, the argument from reliability only applies in cases where a distinction can be
drawn between evidence originating from the target system and evidence originating from
other systems, and if it is assumed that both unmediated and mediated evidence are ‘good
quality’ evidence that has been gathered through reliable methods and analyses, according to
the standards of the relevant scientific communities. It is always possible that, in hindsight,
there were additional sources of systematic error that needed to be taken into account. I will
discuss a case below where it turned out that the unmediated, not the mediated, evidence
was erroneous due to a missed source of systematic error. Such fallibilism does not give

practical guidance, however.

4.3.2 The argument from heuristics

The second argument is the argument from heuristics. This argument focuses on how
the scope and broad structure of a model of a complex target is developed in practice. Love
(2008) introduces the notion of a so-called “problem agenda”. When modeling a complex

target, a problem agenda is a structuring of the complex question into more manageable
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parts. A problem agenda divides the research problem up in sub-problems and relations
between the sub-problems, thus laying out a program for any modeling effort of a complex
target.

Determining a problem agenda requires some existing knowledge about the complex
problem that is addressed. The problem agenda is initially determined by the unmediated
evidence, that is, by evidence for the different properties and behaviours that need to be
explained by the model of the target system. Unmediated evidence sets the boundaries for
future research: it delineates the space of possibilities (what is allowed?) and it determines
the research questions (what needs to be explained?). This boundary-setting is the first step
in determining what existing theories and models may apply to the complex target, and at
what point these existing theories and models fall short and need to be extended. At later
stages, uncovering further unmediated evidence can also change the problem agenda and
lead to a reconsideration of where frameworks can and cannot apply.

For example, in the case of cosmology, the problem agenda addresses the overall recon-
struction of the evolution of the universe from an initial hot dense state up until today.
After the discovery of the CMB by Penzias and Wilson (1965), a main component of the
problem agenda became accounting for the presence of this uniform source of radiation in
the universe. Because the presence of the CMB revealed something about the expansion
history of the universe, it became clear that Gamow’s proposal was correct and that the
formation of the lightest elements could indeed be situated in the early universe. Before the
discovery of the CMB, the only available unmediated evidence was some crude estimates
about the abundances of the lightest elements. Debates remained whether the lightest ele-
ments were formed in the early universe, as predicted by Big Bang cosmology, or whether
they were continuously formed in stellar systems, as proposed by the rivalling steady-state
cosmology. The CMB discovery provided sufficient unmediated evidence for the Big Bang
scenario and for an early universe being hot and dense, which subsequently allowed for the
further development of BBN.

Once a problem agenda has been established, it provides a first notion for how different
mediated evidence may extrapolate to the integrative context, and how it might not. The

problem agenda then guides the inclusion of the mediated evidence in the empirical basis
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of the theoretical model. Mediated evidence can provide further confirmation to certain
hypotheses about the target, in addition to the already included unmediated evidence, or it
can confirm theoretical conjectures about the target (for lack of unmediated evidence).
Determining how and when mediated evidence can inform a model of a complex system
is not possible without having a problem agenda in place, even if that problem agenda is
crude or contains many gaps. The problem agenda cannot be developed without referring to
unmediated evidence to guide its construction. Thus, unmediated evidence can take priority

in a second way: it serves as the primary heuristic when constructing an integrative model.

4.3.3 Taking stock

Let me take a step back. I have introduced a distinction between unmediated and me-
diated evidence. While both are important in scientific research on complex target systems,
they sometimes are in contradiction. This raises the problem of inconsistent evidence. Re-
solving the inconsistencies could happen in various ways, as was discussed at the beginning
of this section. Here, I have proposed two arguments that suggest restricting the scope of em-
pirical adequacy for the model of the target and focusing solely on the unmediated evidence.
Both guidelines go back to the fact that unmediated evidence constitutes the explanandum
for the model of the complex system.

Again, this means that, by definition, the applicability of this relevance criterion is
restricted to cases where the inconsistency is one between mediated and unmediated evidence
(and where that contrast applies in the first place). Moreover, as I have indicated before,
they only apply in cases where there is no independent evidence suggesting the influence of
some unaccounted for experimental error or the presence of a new physical effect.

Another worry that may have come up at this point is that the priority of unmediated
evidence may seem eerily close to the so-called ‘materiality thesis’ from the philosophical
literature on simulations. In short, the materiality thesis claims that experiments on object
systems that are made of ‘the same stuff’ as the target system are more epistemically pow-
erful than, say, computer simulations, which have to rely on a formal instead of a material

similarity. The materiality thesis has been argued against extensively, for example by Parker
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(2009), Winsberg (2009), and Parke (2014).

The priority of unmediated evidence does not collapse into the materiality thesis, how-
ever. On the one hand, mediated and unmediated evidence can result from the same mate-
rial, for example as is the case for the lightest element abundances (unmediated) and particle
accelerator results (mediated evidence). On the other hand, the collection of unmediated
evidence itself can result from a wide variety of ‘stuff’, ranging from galaxy clusters to the
basic atomic elements.

It will be helpful to see how the previous arguments work out in practice and what their
implications are. For this, I introduce two cases from cosmology, one contemporary and one
historical. The tension between unmediated and mediated evidence differ slightly in each
case, as does the type of justification for the mediated evidence. Nonetheless, it will become
clear that the three options described at the beginning of this section descriptively capture
the different responses to the tension in both cases. It will also become clear that prioritizing
the unmediated evidence was a useful relevance criterion in resolving the tension between
mediated and unmediated evidence, in absence of independent evidence for how to move

forward when faced with that tension.

4.4 CONTEMPORARY DARK MATTER RESEARCH

The first case has already been discussed extensively in previous chapters: contemporary
dark matter research. This research sits at the intersection between dark matter as a cos-
mological or astrophysical entity, and particle dark matter as a proposed extension to the
standard model of particle physics.

As discussed in previous chapters, there is a wide range of cosmological and astrophys-
ical evidence for the existence of some non-baryonic form of matter in the universe. One
significant piece of evidence comes from the Bullet Cluster. This “direct empirical evidence
for the existence of dark matter” (Clowe et al. 2006) consists of observations of a merging
event between two galaxy clusters. Weak lensing maps reveal the gravitational effects of

the Bullet Cluster, and thereby its overall matter distribution causing the lensing effects.
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X-ray maps reveal the baryonic matter distribution in the Bullet Cluster. The two maps
diverge, suggesting that there is additional non-baryonic matter dominating the total matter
distribution. It is unclear whether and how dark matter’s main rival hypothesis, Modified
Newtonian Dynamics (commonly known as MOND, first proposed by Milgrom (1983)) can
account for these observations.”

Although the different sources of evidence for the existence of dark matter function on
different scales (from galaxies, over clusters, to the universe at large), they are all taken to
exhibit phenomena that need to be (partially) explained by a model of the evolution of the
universe. For example, structure formation requires the presence of additional matter to
allow for the correct amount of gravitational collapse. Independently, galaxy rotation curves
and the Bullet Cluster both provide evidence for the fact that galaxies are embedded in a
dark matter-halo. In summary, an abundance of unmediated evidence supports the presence
of dark matter in the universe.

From the perspective of particle physics, the situation is less promising. Several plausible
dark matter candidates have been proposed, with most dark matter particle searches focusing
on WIMPs. Recall from previous chapters that this is due to the so-called ‘WIMP miracle’:
the predicted dark matter relic density for WIMP-dark matter matches the observationally
determined dark matter relic density in the universe. Note that the WIMP miracle is partially
based on unmediated evidence that determines the current best estimate for the relic density
of dark matter in the universe (this includes the power spectrum of CMB anisotropies as well
as Baryonic Acoustic Oscillations). The WIMP miracle is unique to WIMPs. Should dark
matter be constituted by axions or sterile neutrinos, their abundance cannot be explained

through thermal production. It either has been fine-tuned in the early universe to exactly the

" Although the Bullet Cluster is often considered the final nail in the coffin of MOND (not in the least by the
scientists behind the discovery of the Bullet Cluster), MOND suffers from additional problems. Milgrom’s
initial, programmatic MOND proposal proved difficult to fit into a more realistic theoretical framework.
First, it violated conservation of energy, momentum, and angular momentum. Second, it remained unclear
how MOND could be embedded into general relativity. Subsequent proposals (e.g. AQUAL, RAQUAL, and
Bekenstein’s TeVeS) were meant to deal with these difficulties in a variety of ways. TeVeS was the most
promising proposal for a long time, but it was recently excluded by LIGO’s observations of the neutron star
merger (Boran et al. 2018). Moreover, the search for independent evidential support for MOND remains
inconclusive, partly because it has generally been difficult, if not impossible, to extract predictions from
any of the MOND frameworks, especially on cluster scales. Finally, MOND fails to fill a crucial gap in the
cosmological model of structure formation, something dark matter does succeed in.
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amount required for large-scale structure formation in our universe, or it is an unexpected
and unexplained result of baryogenesis. (Of course, the latter concern does not arise if
dark matter is constituted by primordial black holes instead of a new non-baryonic type of
particle.)

WIMP searches exploit the coupling of WIMPs to standard model particles through the
weak interaction following the method-driven logic I have explored in a previous chapter.
They broadly follow three strategies (see also figure 2.1): direct detection (see Freese, Lisanti,
and Savage 2012 and Liu, Chen, and Ji 2017 for a review), production (see Buchmueller,
Doglioni, and Wang 2017 for a review) and indirect detection (see Conrad and Reimer 2017
for a review).

So far, none of these approaches have led to a positive result, and not for a lack of trying.®
Although large regions in parameter space remain to be explored, the latest generation of
direct detection experiments is fast approaching the so-called ‘neutrino floor” where WIMP
interactions will no longer be distinguishable from neutrino interactions. As a result, the
WIMP hypothesis has come under serious pressure. In a December 13, 2016 ScienceNews
article, Rocky Kolb is quoted as saying that time is at least close to running out for WIMPs
and that the next gerenation of direct detection experiments will most likely be conclusive
about the fate of the WIMP hypothesis. Similar statements are made by Bertone and Hooper
(2016). This raises an interesting tension in contemporary dark matter research. While there
is an abundance of unmediated evidence for the existence of dark matter from cosmology
and astrophysics, there is no positive mediated evidence on the particle physics side (be it
for WIMPs or for other dark matter particle candidates).

Different responses have been given to the tension. Some, mostly proponents of MOND
and other alternative theories of gravity, hope that the lack of positive results in WIMP
searches will lead to an abandoning of the dark matter idea altogether (see for example
McGaugh 2015 and Narlikar 2018). The majority of the cosmology community takes a
much less drastic approach: they refuse to give up on the abundance of cosmological and
astrophysical evidence for the existence of dark matter. Rather, they seriously reconsider the

importance of the WIMP miracle. These two responses broadly correspond to a complete

8T am deliberately leaving aside the controversial and so far unreplicated DAMA /Libra result.
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revision of ACDM on the one hand, and revising the correctness of the relevance argument
for a specific line of mediated evidence on the other. Given the number and variety of
experiments, there is very little reason to believe that the lack of WIMP detection is due to
some unknown error in the experimental results. That option has therefore been left out of
consideration in the remainder of the discussion.

The two guidelines introduced above, help explain why revising ACDM in light of the
failure of the WIMP hypothesis is not recommended. First consider the argument from relia-
bility. Although the available cosmological and astrophysical evidence puts some constraints
on the fundamental dark matter particle nature, it leaves open a space of possibilities for dark
matter particle candidates that extends far beyond WIMPs. Taking the failure of WIMP
searches as evidence against the dark matter hypothesis in general, assumes that WIMPs
are the only possible dark matter candidate. There is no empirical evidence supporting this
assumption, however (recall from chapter 2.0 that the WIMP miracle makes WIMPs a plau-
sible dark matter candidate, but it is entirely possible for particle dark matter to be created
during an earlier stage of the universe, for example, or for dark matter to be constituted by
primordial black holes!). By refraining from rejecting the dark matter hypothesis, despite
the lack of evidence for the existence of WIMPs (and, indeed, the exclusion of large swaths
of WIMP parameter space), defenders of the concordance model of cosmology remain well
within the constraints posed by the available unmediated evidence.?

This is different for certain defenders of MOND who reject dark matter in light of the
failure to find WIMPs. Instead of including all available unmediated cosmological evidence
as relevant evidence for cosmological theorizing, they restrict the relevant evidence to galac-
tic scales (at which MOND operates), as well as the negative evidence from failed WIMP
searches. What is not included as relevant evidence, according to this approach, is the
evidence from the CMB or from the Bullet Cluster. In other words, this approach fails
to account for part of the unmediated evidence, and, as a result, completely revises the
cosmological concordance model. Given the general argument from reliability, this is an

epistemically inferior strategy compared to the previous one.

9This is also in line with what I argued in the previous chapter. The negative results from WIMP searches
have shown what dark matter can not be constituted by. This is different than claiming they provide evidence
for dark matter not existing altogether.
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Second, this case also shows how the argument from heuristics suggests that a new rel-
evance arguments can be constructed to move dark matter reserach forward. Foregoing
the WIMP miracle (the majority approach) means that a new justification needs to be con-
structed to justify the relevance of particle physics to the dark matter question and for various
new experiments to be constructed following a method-driven logic. Unsurprisingly, this is
no easy task, as it is not obvious what alternative dark matter candidate those experiments
should look for. While most alternative candidates fit within the current cosmological con-
straints, all come with the disadvantage that their abundance cannot be causally explained
in context of BBN.

However, as the argument from heuristics suggests, there is progress to be made even
without a new relevance argument immediately on the table. There is ongoing research
on cluster phenomenology, structure formation (for example with regards to the small-scale
challenges and what these could reveal about the nature of dark matter'?), and specific
events like the Bullet Cluster, that is specifically focused on further constraining the space
of possible dark matter candidates. This approach is guided by new or improved unmediated
evidence and without a complete overhaul of the current concordance model—as suggested

by the argument from heuristics.

4.5 COSMOLOGICAL TIMESCALES IN THE 1930S

The dark matter case illustrated how different responses to inconsistent evidence can
be classified according to the broad categories introduced at the beginning of section 3.
It also illustrated how prioritizing unmediated evidence is the preferred relevance criterion
when restricting the evidential basis for the model of a complex target system. As a second
example, I turn towards the history of cosmology and the problem of mismatching timescales

in the 1930s. While in the case of dark matter, the inconsistency is easily resolved because

10The small-scale challenges, which include the missing satellites problem, the too big to fail problem
and the cusp/core problem are an area of ongoing research. Although unresolved, there is at least some
indication that these problems may be due to simulation assumptions, rather than some fundamental new
property of dark matter. See Bullock and Boylan-Kolchin 2017 for a review of the problems as well as
possible resolutions.
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of the large space of possibilities beyond WIMPs, the current case provides an example of
an inconsistency that seems, at first sight, much harder to resolve. Still, I will show that the

priority of unmediated evidence applied here as well.

4.5.1 Mismatching timescales

The episode of mismatching timescales goes back to the early days of relativistic cosmol-
ogy in the first half of the 1930s. Hubble (1929)’s distance measurements and observations
of redshifts of Cepheid variables had led to the acceptance of the first physical model of an
expanding universe (Lemaitre 1927; Eddington 1930; Lemaitre 1931). One important detail
about the model is that, like Einstein (1917)’s earlier static model, this expanding universe
model included a non-zero cosmological constant.

Although they were a milestone for relativistic cosmology, Hubble’s redshift observations
introduced a new problem: they suggested an expansion age'! of the same order of magnitude
as geological timescales from radioactive dating methods, and of a smaller order of magnitude
than the accepted estimates for the timescales of stellar evolution. The conflict transformed
into an outright contradiction by the common assumption that stellar evolution could not
have commenced until after the onset of the expansion of the universe (an assumption based
on Eddington (1930)’s work on the instability of the Einstein universe). In other words, the
unmediated evidence for the model of the evolution of the universe, in this case Hubble’s
estimate for the age of the universe, contradicted the mediated evidence from stellar evolution
and geology.

The conflicting timescales were widely recognized as problematic (see Eddington 1930;
Tolman 1934, and personal correspondence between Einstein and Lemaitre!?). At the cen-
tennial meeting of the British Association for the Advancement of Science (BAAS), in late

1931 (and reported in British Association for the Advancement of Science 1932), several lead-

1 Hubble’s redshift observations lead to the famous distance-velocity relation, or the Hubble-Lemaitre law:
v = Hd. In this equation, v is the velocity of the astrophysical object (which can be determined based on
its redshift), d is the distance from the observer to the object, and H is the Hubble parameter (indicated as
Hj for the universe today). H%) gives a rough estimate for how long the universe has been expanding, and is
therefore commonly used as an estimate for the age of the universe.

12 Available at the Archives Georges Lemaitre, Université Catholique de Louvain, Louvain-la-Neuve, Bel-

gique.
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ing cosmologists gathered to discuss the evolution of the universe. Many, including James
Jeans, Arthur Eddington, Willem de Sitter and Georges Lemaitre, explicitly addressed the

mismatching timescales. de Sitter, for example, said:

Now if we adopt this theory of the expanding universe, it is very tempting to seek a
connection between this expansion and the evolution of the material bodies constituting the
universe, and to identify the beginning of the expansion with the beginning of that evolution.
But the time elapsed since the beginning of the expansion is only a few thousand million
years—an interval that we have learned to consider as very short from the evolutionary
point of view. There is no escape from this. (British Association for the Advancement of
Science 1932, p. 585)

Here, de Sitter draws attention to the tension between the age of the expansion of the
universe and the age of the oldest stars. Moreover, he suggests that the connection between
the expanding universe and stellar evolution was non-trivial. This seems to fit well with the
distinction between unmediated and mediated evidence.

Two types of responses to the contradiction came into play at the meeting. On the one
hand, Lemaitre took the contradicting timescales as sufficient reason to change the cosmo-
logical model that he had first proposed five years earlier. Lemaitre proposed an entirely
new expanding universe model which included a ‘fire-works beginning of the universe’,'* an
initial phase of expansion, a period of stagnation (similar to a static Einstein universe) and
a second phase of expansion. This ‘coasting model’ of the expanding universe solved the
timescale problem by explaining away the discrepancy (following the second option from
section 4.3). Hubble’s redshift measurements only provided an estimate for the duration of
the second expansion phase, while the evolution of stellar objects could already commence
during the first expansion phase and the coasting phase.

This model gained little traction. This was partly because it still included a non-zero
cosmological constant A, which was required for the stagnation phase. However, Einstein and
Sitter (1932) had developed an expanding universe-model without A around the same time
that the timescale discrepancy emerged. With this new model of the expanding universe,
a large majority of cosmologists dropped the cosmological constant. Lemaitre refused'

because of the conflicting timescales, a tension that the Einstein-de Sitter model in itself

13He also referred to this fire-works beginning as a “primeval atom”, see for example Lemaitre 1931.
14Gee Lemaitre 1949 for a passionate defense of A.
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could not resolve.

But even before Einstein and de Sitter published their expanding universe model in 1932,
few of Lemaitre’s peers were keen to accept Lemaitre’s changes to the cosmological model.
The continuation of de Sitter’s address at the BAAS meeting is particularly clear in this

regard:

I do not think it will ever be found possible to reconcile the two time scales. We thus,
however reluctantly, come to the conclusion that the expansion of the universe on the one
hand, and the evolution of stellar systems and stars on the other hand, are two different
processes, taking place side by side, but without any apparent connection between them.
(British Association for the Advancement of Science 1932, p. 585)

de Sitter makes a very strong claim about the future of cosmology as a field. Even if
interpreted in a slightly weakened version, about the state of cosmology at the time, the
claim is informative. de Sitter suggests that he would rather accept the disconnect between
the evolution of the universe and that of its components, than to immediately accept radical
changes to the model of the evolution of the universe.

This general attitude towards the timescale problem prevailed after 1932 and was shared
by many of de Sitter’s colleagues. Tolman, for example, explored the possibilities of a big
bounce resolving the timescale discrepancy (see for example Tolman 1934, as well as de Sitter
1933). This model did not require changing the model of the expansion phase, but rather
explored the initial singularity such a model might suggest. Einstein, from his end, claimed
that the time scale discrepancy only arose because of the idealizations in the expanding
universe model. He believed that taking into account inhomogeneities could most likely
resolve the problem (he includes this defence in personal correspondence between Einstein
and Lemaitre'®).

The main upshot here is that, unlike Lemaitre, his colleagues were all weary of changing
the core of the cosmological model. Rather, they put into question the specific justification
for the mediated evidence being relevant for the evolution of the universe, in this case that
stellar evolution only commences after the homogeneous and isotropic universe has started

to expand.

15 Available at the Archives Georges Lemaitre, Université Catholique de Louvain, Louvain-la-Neuve, Bel-
gique.
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4.5.2 Why restricting the empirical scope to the redshift observations was jus-

tified

Lemaitre’s colleagues had good reason not to accept the reintroduction of A or Lemaitre’s
primeval atom, when framed in terms of the priority of unmediated evidence. First, as far as
the argument from reliability is concerned, de Sitter’s restricting of the empirical scope of the
cosmological model was a reliable strategy. Hubble’s redshift observations were something
any cosmological model would have to explain—something further elucidated by the fact
that Hubble’s data were solely responsible for a breakthrough in the Einstein/de Sitter-
debate that started in 1917. For the mediated evidence from geological or stellar timescales,
however, no model existed for planet or star formation in the expanding universe. It was
therefore unclear how exactly stellar evolution provided a precise estimate for the age of the
evolution of the universe.

Second, consider the argument from heuristics. Relativistic cosmology was very much in
flux. Although a uniform expansion of the universe was widely accepted, the proposed models
varied widely in what they posited about the aforementioned initial state of the universe, or
its matter content (Tolman (1934)’s textbook provides a good overview), all of which would
be compatible with the redshift observations. There were no further observations suggesting
how to differentiate between them. The problem agenda at the time was crude, and it was
yet unclear where geology and theories of stellar evolution would all fit on the cosmological
timeline. The redshift observations provided some guidance to how the evolution could be
modeled, but more evidence was needed in order to add stellar and geological timescales in
that evolution.

Two further lessons can be drawn from this episode. First, the priority of unmediated
evidence provides the required guidance to move forward in spite of inconsistent evidence.
It does not imply that unmediated evidence cannot be fallible, just like mediated evidence.
In the 1950s, it turned out that a mistake in Hubble’s distance measurements laid at the
basis of the timescale discrepancy. Baade (1956) and Sandage (1958)’s corrections to the

distance measurements for Cepheid variables ultimately resolved the timescale discrepancy.!®

16 A new version of the timescale discrepancy emerged again in the 1990s, when the age of globular star
clusters appeared to be older than the age of the universe (see Bahcall 1995; Bahcall 1996). This was resolved
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These corrections were made to the unmediated evidence, independently from the mediated
evidence.

Second, the episode illustrates an important consequence of the distinction between me-
diated and unmediated evidence: situations may arise where it is reasonable for different
scientific communities to work in parallel with one another based on contradicting evidence.
This was clearly the case for geologists and cosmologists between 1930 and 1958. Each
community focused on accounting for its own unmediated evidence first, and independently

continued to improve on those lines of evidence.

4.5.3 The reintroduction of A

It is useful to contrast the debate between Lemaitre and his peers with the reintroduction
of the cosmological constant in 1998. Riess et al. (1998) and Perlmutter et al. (1999) inde-
pendently reported on anomalous observations of Type Ia Supernovae (SNe Ia) redshifts.!”
These redshifts did not contradict, but complemented previous measurements by examining
supernovae at higher redshifts than before.

In 1998, the model of the universe was a matter-only universe including baryonic and
dark matter. Since the model predicted a very small deceleration of the expansion of the
universe due to gravitational attraction, it predicted an almost linear relationship between
the SNe Ia luminosity and their redshifts at lower redshifts (i.e. closer to the earth). These
predictions fit well with observations.

The surprise in the 1998 observations was that the observations were probing SNe Ia
at higher redshifts, higher than had ever been observed, in an attempt to measure the
deceleration rate of the expanding universe. The observations revealed that the luminosity
of those high-redshift SNe was lower compared to what was expected based on the matter-
only model of the universe. This diminished luminosity provided a new type of unmediated

evidence for the evolution of the universe. In particular, the diminished luminosity revealed

by the discovery of the accelerating expansion of the universe. I would like to thank Arthur Kosowsky for
this point.

"Type Ia Supernovae result from a binary system of a white dwarf and a massive star. SNe Ia supposedly
have extremely regular absolute luminosities thanks to uniformity in the critical mass at which the white
dwarf can no longer support additional mass accretion and explodes. They serve as so-called ‘standard-
candles’ for astronomical distance measurements.
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that the expansion of the universe was accelerating, rather than decelerating, an idea that
was reinforced by the WMAP measurements of the power spectrum of the CMB anisotropies.
Perlmutter, Riess and Schmidt shared the 2011 Nobel Prize in Physics for their discovery of
the accelerating expansion of the universe, and the amalgamation of unmediated evidence
for the accelerating expansion warranted a radical change of the general cosmological model
at the time.

The crucial difference between this episode and the previous one is that the reintroduction
of A was motivated solely by the unmediated evidence, and that the new line of evidence
extended the existing evidence, without necessarily contradicting it. This partially explains
why the discovery almost immediately changed the concordance model of cosmology (only
13 years elapsed between the initial publication and their Nobel Prize win). Moreover, their
discovery came at a time when the model of the evolution of the universe, as well as of the
evolution of supernovae and the formation of large-scale structure was already in a much
more developed stage, and it was clear that only modifications to the Friedman equations

(within general relativity) would be able to account for the new set of observations.

4.6 CONCLUSION

I began by introducing an apparent threat to the requirement of empirical adequacy
for scientific models: the problem of inconsistent evidence. Here, I discussed this threat
particularly in context of models of complex targets, where a distinction between unmediated
and mediated evidence can be drawn. I assessed different possible responses and proposed a
relevance criterion, which amounts to a rethinking or refining of the requirement of empirical
adequacy: in case of conflict, the most basic requirement of empirical adequacy is limited to
unmediated evidence.

This relevance criterion also allows for a more precise articulation of what guides the
modeling of a complex system and what the pitfalls for integrating various disciplines can
be. First, the modeling effort is guided by the target system, and in particular by the

unmediated evidence originating from that target system. It is this unmediated evidence
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that determines the problem agenda and that constrains the questions and answers given
about the target. This means that delineating the target system, as well as how the target
system changes over time, is of crucial importance.

Finally, the relevance criterion only applies in cases where the difference between medi-
ated and unmediated evidence applies. The problem of inconsistent evidence is not restricted
to those cases, however. Nonetheless, this does not obviously imply that the requirement of
empirical adequacy is a lost cause. Although a comprehensive overview would lead me too
far, I submit that in other cases of inconsistent evidence than the ones discussed here, there
are ways to move forward. For example, Mitchell and Gronenborn (2017) argue that incon-
sistent evidence can allow for mutual corrections between results from different experimental
techniques. Alternatively, Bernal and Peacock (2018) suggest that seemingly inconsistent
parameter determinations can nonetheless be amalgamated into a more conservative estimate
for that parameter. These two examples provide some reason to believe that the problem of

inconsistent evidence can quite often be solved.
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5.0 Coupling Back from Cosmology to Particle Physics: A New Cautionary
Tale

Previous chapters have all introduced epistemic issues that arise when particle physics
contributes experimental techniques and lines of evidence to answer questions in cosmology.
The fact that cosmology provides a new research area for high-energy physics to contribute to,
also means that high-energy physicists have started to use cosmology to break new grounds
on remaining questions about the standard model of particle physics (and its extensions).
This chapter first introduces the methodological shift associated with this turn to the early

universe, and then locates the epistemic shift associated with that methodological shift.

5.1 INTRODUCTION

The European Strategy for Particle Physics is being updated between 2018 and 2020.
This collective decision-making process was launched in 2005 and updated a first time in 2012.
Both times, the Large Hadron Collider (LHC) was considered the top priority for the future
of particle physics. The current update is focused on post-LHC facilities, since the LHC’s run
is expected to end in 2035, and setting up new experiments will require significant time and
resources. Some of the proposals include the International Linear Collider (ILC) in Japan,
the Compact Linear Collider (CLIC) and the Future Circular Collider (FCC) at CERN’s
existing site, or the Circular Electron Proton Collider (CEPC) in China. Each proposed
experiment would surpass the LHC’s reach, either by colliding electrons and positrons at
similar energy levels to the LHC (ILC, CLIC), or by colliding hadrons at much higher energy
levels (FCC), or both (FCC, CEPC).

The urgency of these experiments is usually defended by appealing to the incompleteness
of the current Standard Model (SM) of particle physics. For example, in a design report
for CLIC, it is claimed that “[new particles interacting with the SM with electroweak-sized

couplings| are expected because many of the shortcomings of the SM are inherent to the
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electroweak sector of the theory” (CLIC and CLICdp 2018, p. 3). The shortcomings of
the SM include the lack of a convincing dark matter candidate, no mechanism for charge
or charge/parity-violation (necessary to explain the baryon/anti-baryon asymmetry in the
universe), or the naturalness problem.

Building a new accelerator that can reach higher energy-levels or lower background-noise
thus seems like an obvious way forward, especially since it is in line with particle physics
recent history of success.! The 2012-discovery of the Higgs boson is arguably the crowning
achievement of this strategy so far. However, building a post-LHC accelerator also comes
with significant practical challenges. For one, each of the options currently on the table will
cost billions of dollars in construction and operating costs. Moreover, it is not clear that
the cost will pay off, since the space of possibilities for physics Beyond the Standard Model
(BSM) is much larger than any single experiment can probe. It is therefore not all that
surprising that even the ILC, which is furthest along in its development, has yet to receive
full commitment from the Japanese government to host the experiment (Banks 2019).

In light of the practical hurdles, some physicists propose a redirection of high-energy
physics away from accelerators to alternative empirical probes. For example, Hossenfelder
(2019), in a New York Times opinion piece, argues against blindly constructing a new particle
accelerator without having a clear idea of where to look. She advocates pursuing other
avenues, including the astrophysical observations that provide evidence for the existence of
dark matter.

Although Hossenfelder’s piece was contentious (see for example the reply by Randall
2019), it is reflective of a broader trend in particle physics. It is generally the case that
particle physicists have used the early universe more and more to look for constraints on
BSM physics — albeit not necessarily as a replacement, but rather as complementary to
accelerator experiments. This approach is essentially following through on Zel’dovich adage
that the early universe is the ‘poor man’s accelerator’?, or, in Rocky Kolb’s words, the
“ultimate particle accelerator” (Kolb 1998). The early universe reached energy levels far

beyond anything achievable in terrestrial experiments. Thus, the hope is that observations

LGalison (1997) gives a comprehensive overview of experiments in particle physics in the twentieth century.
20f course, the irony here is that constructing telescopes and experiments for observing the relics of the
early universe is in no way cheap. ..
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of relics of the early universe somehow contain signatures of BSM physics, or, at the very
least, allow for the exclusion of some proposed BSM physics models.

This chapter takes a closer look at the use of the early universe as a new probe for
BSM physics. The goal here is not to pronounce a recommendation on the debate about
the future of particle physics. Rather, be it as a replacement for or as complementary to
accelerator physics, the early universe probes to BSM physics represent a significant shift
in the methodology of particle physics. Here, my focus is on what, if any, epistemic shift
might be associated with that methodological shift. In other words, is the epistemic status of
cosmic constraints on BSM physics somehow significantly different than that of constraints
from accelerator experiments? In answering that question, I will achieve two things. First, I
will show that existing philosophical accounts of the unique epistemic status of cosmological
observations do not accurately pinpoint the epistemic shift associated with early-universe
constraints. Second, I will begin carving out the proper locus of that epistemic shift: in a
propagation of errors.

In the next section, I begin with the case of the early universe as the ‘poor man’s accel-
erator’ (section 5.2). I specifically focus on Big Bang Nucleosynthesis (BBN), arguably the
first constraint on BSM physics that was not produced in traditional laboratory experiments,
and I explain how BBN signatures can be used to constrain BSM physics. That leads me
to discussing two existing philosophical accounts on the unique status of empirical evidence
in cosmology and astrophysics (section 5.3). I argue that these misidentify the locus of the
epistemic shift for BSM constraints from cosmology. Instead, I use the neutron lifetime
problem to introduce a new cautionary tale: a propagation of errors (section 5.4). In the
conclusion, I briefly return to the debate on the future of particle physics.

Before I continue, note that the current focus of cosmological constraints on BSM physics
has shifted partly to the power spectrum of the cosmic microwave background (CMB)
anisotropies. This is in part because of limited precision in determining the primordial
element abundances (cf. infra). This does not make the BBN case moot, however. First,
the BBN case was historically the first source of constraints on BSM physics. Second, even
though it is no longer the primary source of BSM constraints, research into BBN is ongoing.

Finally, the BBN case provides a clear illustration of the philosophical argument, but the
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more general conclusions of this chapter extend beyond the BBN constraints.

5.2 THE EARLY UNIVERSE, OR A POOR MAN’S ACCELERATOR

Big Bang Nucleosynthesis (sometimes also referred to as primordial nucleosynthesis)
is the theory of the formation of the lightest elements in the early universe. It was first
developed in the 1940s by Alpher, Gamow and Herman (including in Alpher, Bethe, and
Gamow 1948), and was independently adapted in the 1960s to modern cosmology by Peebles
(1966) and Zel’dovich (1965). The theory draws on general relativity and nuclear physics
to describe how hydrogen, deuterium, helium, and lithium were formed (see Weinberg 2008
for detailed theoretical derivations; see Cyburt et al. 2016; Particle Data Group 2018a for
a summary of the theory and an overview of observational constraints). This section gives
some general background on BBN and discusses how it has become one of the probes for

particle physics beyond the standard model.

5.2.1 The basics of big bang nucleosynthesis

The cosmological context for BBN is an expanding universe with a Friedman-Lemaitre-
Robertson-Walker (FLRW) metric. The universe is assumed to be homogeneous and isotropic
at the largest scales, and with curvature close to zero. During BBN, the universe was
radiation-dominated: its expansion was primarily determined by the evolution of radiation
(photons and neutrinos), rather than the evolution of matter or dark energy.?

BBN models basic nuclear physics in an expanding universe. Different stages of BBN
are defined by the ‘freeze out’ of various nuclear reactions. Specifically, when a particular
reaction rate falls below the expansion rate of the universe, the reaction effectively halts
because the universe’s expansion is pulling particles apart faster than that they can interact

with one another.

3Different contributions to the energy density have different equations of state that describe the relation
between their density and the scale factor of the universe. The universe is currently dark energy-dominated.
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Prior to the onset of BBN (for a temperature T > 10'YK), proton/neutron-conversion

reactions are in thermal equilibrium:

n+ ve<r p+ e (5.1)
pt+ Ve nt e’ (5.2)
n<< p+e + 7, (5.3)

At this stage, the neutron-to-proton ratio is X,,/X, = exp{,;—%}. In this equilibrium ratio,
Q = (my, —my)c*

At 10K > T > 3 % 10°K, the two-body and three-body reactions freeze out. The
neutron-to-proton ratio is approximately X,,/X, = 0.2. Free neutron decay continues, how-
ever: since it does not require any two-body interactions, it can only be halted by neutrons
no longer being free. Thus, the neutron-fraction continues to deteriorate: X, ~ exp{;—nt},
with 7,, the neutron lifetime and ¢ time. The conversion of neutrons to protons will only halt
with the formation of complex nuclei containing neutrons.

Below T = 10°K, the formation of heavier nuclei commences. Due to the low density
of the universe, nucleosynthesis can only occur through two-body reactions; higher-body

reaction rates are too low to compete with the universe’s expansion rate. The gateway to

all heavier elements is thus the formation of deuterium:

n+p— *H+vy (5.4)

This reaction fails to produce a net amount of deuterium until the inverse reaction, the
photo-dissociation of deuterium, freezes out. Below T' = 0.7 * 10° K, the number of photons
per baryon with energy above the deuterium-dissociation threshold is less than 1 and the
photo-dissociation reaction freezes out. The neutron-to-proton ratio thus decreases further
to X,,/X, = 0.14 due to ongoing free neutron decay.

After the deuterium-bottleneck is broken and the net production of deuterium begins,

the other heavier elements are formed through a variety of two-body interactions:
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(Although the one-deuterium-reactions commence before the photo-dissociation of deuterium
freezes out, their cross-sections are intrinsically much smaller than two-deuterium processes.)
Very few neutrons are lost to free neutron decay at this stage; they are almost all bound
up in *He-nuclei. Some further reactions not listed here result in the formation of a small
fraction of "Li. The production of heavier elements does not occur due to the lack of stable
elements with mass number 5 or 8.

The empirical success of BBN is remarkable: its predictions for the relative primordial
abundances of hydrogen, deuterium and helium match empirically determined abundances
very closely. Empirically determining primordial abundances has to overcome an obvious
problem: the primordial abundances were fixed billions of years before current observations.
Between the end of BBN and the universe today, stellar nucleosynthesis has modified el-
ement abundances to a different degree in different regions of the universe. To determine
primordial abundances, the focus is on regions with low metal-abundances, since any element
heavier than “Li is produced in stellar nucleosynthesis. Abundances of the lighter elements
in low-metal regions are assumed to be close-to-primordial. For example, the primordial
helium abundance is partially determined based on recombination emission lines of helium

and hydrogen in blue compact galaxies, whereas empirical determinations of the primordial

84



lithium-abundance are based on metal-poor stars in the galactic spheroid. For all empirically
determined abundances, uncertainties are currently dominated by systematic errors.

Aside from improving observational constraints, another concern for BBN is the lithium-
problem. Given the empirically determined primordial abundances, measurements of nuclear
parameters in terrestrial experiments, and fixed values for cosmological parameters based on
CMB-observations, BBN allows for an internal consistency check. Specifically, all primordial
abundances depend on the value of 7, the primordial baryon-to-photon ratio. n determines
when the photon-dissociation of deuterium freezes out, and therefore when the free neutron
decay ends and the formation of heavier elements commences. Since most neutrons are bound
up in *He-nuclei, more available neutrons implies a higher helium-abundance (commonly
expressed in terms of the primordial helium mass fraction Y),), and similarly for the other
element abundances. The primordial He- and ? H-abundances generally align with the same
value for 7, which is also consistent with the value derived from CMB observations. The
value for n derived from the 7Li-abundance diverges from the others. How the lithium-
problem can be resolved is an outstanding issue, and some suggest it might point to some
new physics (cf. infra). Despite the lithium-problem, the general consensus is that BBN is

remarkably successful.

5.2.2 Constraining new physics with BBN

Its overall success has made BBN a possible candidate to constrain particle physics

beyond the standard model. The particle data group writes, for example:

[BBN] is the most effective test for the cosmological viability of ideas concerning physics
beyond the standard model. (Particle Data Group 2018a, p. 9)

The belief in BBN is not surprising. It is the earliest stage of cosmological expansion for which
there is a broadly accepted and empirically supported model. Earlier stages, particularly
inflation and baryogenesis, continue to be the subject of controversy, and neither is currently
described by an empirically supported model.

The Particle Data Group (2018a) describes two ways in which BBN could point towards

new physics. The first one is the aforementioned lithium-problem. Several classes of solutions
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for the lithium-problem exist. One is invoking a so-called ‘nuclear fix’, where otherwise sub-
dominant nuclear reactions are somehow enhanced. Detailed lab measurements have largely
excluded this possibility. Another option is an astrophysical solution, where some unknown
stellar mechanism causes the destruction of lithium in the host halo stars. Although this
option is still viable, it generally requires invoking ad hoc mechanisms and finetuning of stellar
parameters, and it is therefore generally disfavoured. The final option is that the lithium
problem reveals genuinely new physics at work during BBN. For example, the formation
of light elements could be perturbed by the injection of hadronic or electromagnetic decay
products of dark matter particles. Another proposal refrains from modifying the particle
content of the early universe, but it changes the basic particle interactions by time varying
the fundamental constants. Specifically, lowering the deuterium binding energy would lead
the deuterium bottleneck to be broken later. This would lead to lower lithium-abundances
but higher deuterium-abundances (since fewer deuterium nuclei would be bound up in heavier
nuclei).

A second route from BBN to new physics uses observational bounds on the helium
abundance, without introducing explicit modifications to the simple physics underlying BBN.
BBN can be used to constrain the effective number of neutrino flavors Neg. Ny is a measure
for the total number of relativistic particle species in the universe, that is, the total energy
density in radiation in the universe excluding photons—it does not just cover the number of
neutrino species. Changes in Ny compared to the standard model value would affect the
expansion rate of the universe. Since the expansion rate determines when different reactions
freeze out, a change in expansion rate would affect the various abundances of the lightest
elements. Based on observations from BBN, N .z = 3.28 + 0.28 (Meyers 2018). Note that
Ny depends on 7, which in this context is usually fixed by the deuterium abundance.

N g-constraints can be translated in specific constraints on the possibility of non-neutrino
particle species that would somehow affect the expansion rate of the universe. Examples
include sterile neutrinos, but also supersymmetric (SUSY) scenarios with a very light neu-

tralino or gravitino. Finally, one of the main benefits of BBN is that it is complementary*

4‘Complementarity’ here has the same meaning as in context of dark matter particle searches discussed
in chapter 2.0.
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to accelerator data in constraining SUSY-parameter space.

Interestingly, N.g can independently be determined based on the CMB anisotropy power
spectrum. This determination similarly probes the radiation content of the universe, but at
a much later stage in the universe’s evolution. A discrepancy between the values from BBN
and from the CMB could point towards the existence of so-called dark radiation (e.g. sterile
neutrinos); the fact that the two values are currently consistent severely constrains this

possibility.

5.3 PHILOSOPHERS ON EXPERIMENTS IN COSMOLOGY

In light of the recent debates about the future of high-energy physics (HEP), an epis-
temic analysis of the use of cosmological probes for BSM physics becomes pressing. Various
philosophers of science have offered accounts of what makes cosmological and astrophysical
observations in some way uniquely challenging compared to laboratory experiments. If their
analyses hold, one might conclude that the methodological shift to the early universe as
the ultimate particle accelerator also implies an epistemic shift in the status of empirical
observations in HEP. Here, I examine two such previous accounts and I show that neither

one properly extends to BSM constraints from the early universe.

5.3.1 Intervention, observation and bad jokes

Several recent views on the unique methodology of cosmology and/or astrophysics ap-
peal to the distinction between observational and experimental sciences. Cosmology and
astrophysics are supposed to qualify as purely observational sciences, where, due to the size
and remoteness of the target, no active intervention in laboratory experiments is possible.
It is then either considered evident or it is explicitly argued for that this difference between
observation and intervention is somehow epistemically significant.

If this last claim is true, this would be relevant for the epistemic implications of the

methodological shift to early universe probes for BSM physics. Past successes in high-energy
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physics have been a triumph of experimental science in controlled laboratory environments,
with the discovery of the Higgs boson as its pinnacle. Observations of relics from the early
universe decidedly do not qualify as experiments in a controlled laboratory environment. If
there is a significant epistemic difference between intervention and observation, the epistemic
status of early universe probes for BSM physics would therefore differ from that of accelerator
results.

Thus, we are now faced with the question whether it is true that the difference between
observation and intervention is somehow epistemically significant. In a recent presentation,
Boyd (2019) reviews several accounts that classify cosmology and astrophysics as somehow
distinctly observational, and shows that this distinction should not carry any weight with
regards to the epistemology of cosmological and astrophysical practice. Here, I summarize
Boyd’s arguments and draw brief conclusions for the status of early universe constraints on
BSM physics.

Although Boyd considers three different authors, Hacking (1989) is the only one that ex-
plicitly ties epistemic weight to the distinction between observation and intervention (build-
ing on Hacking 1983). He writes that “[g]alactic experimentation is science fiction, while
extra-galactic experimentation is a bad joke” (Hacking 1989, p. 559). This lack of experi-
mentation is supposedly devastating for the status of cosmology and astrophysics as empirical
sciences: Hacking claims that the scientific method is characterized by experiments and in-
terference with nature, or, in his words, “the creation of new phenomena” (ibid., p. 577),
whereas astrophysics and cosmology merely save the phenomena. Hacking concludes that
astrophysics and cosmology can therefore not properly qualify as scientific.

Boyd (2019) points out that Hacking’s conclusions take an extreme normative position
(perhaps reflective of a different era in cosmological and astrophysical practice). Taking
Hacking’s argument at face value would imply that the entire enterprise of modern cosmol-
ogy and astrophysics is futile. There are several reasons to oppose this conclusion. First,
Boyd (2019) discusses so-called “laboratory astrophysics”, where laboratory experiments are
designed to recreate the interior processes of supernovae. These types of experiments make
a strong observation/intervention-distinction uneasy. Second, complementing Boyd’s point

about laboratory astrophysics, there are several examples in the history of HEP where astro-
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physical observations have led to advances in HEP theorizing. For example, observations of
the solar neutrino flux and the subsequent solar neutrino problem led to the introduction of
the idea of neutrino flavour oscillations (see Bahcall and Davis 1982 for a first-hand account).
It is not obvious how these observations could qualify as ‘proper’ laboratory experiments,
yet discarding them, as Hacking’s account suggests, would mean discarding a swath of the

recent history of HEP as somehow unscientific.

5.3.2 Overlap arguments and inferences from effects

A more recent paper by Weisberg et al. (2018) focuses on methodological challenges in
the search for dark galaxies, galaxies completely composed of dark matter. Dark galaxies
could strengthen the case for dark matter even further, but Weisberg et al. contend that it
could also lead to a partial solution to the small-scale challenges to ACDM (see Bullock and
Boylan-Kolchin 2017 for an overview of the small-scale challenges and possible solutions).
Discovering such a dark galaxy faces a swath of challenges to establishing secure epistemic
justification for a discovery. Ultimately, Weisberg et al. are optimistic about the possibility
of finding sufficient epistemic justification for such a discovery, but they do believe that that
kind of warrant might be particularly difficult to achieve. It is in that light that I look at
their account: do the difficulties they identify raise worries about the status of cosmological
probes for BSM physics?

Some of the difficulties that Weisberg et al. identify are specific to their particular
project. For example, they rely heavily on citizen science and therefore question requirements
of scientific expertise. A second challenge is that astronomy is an observational science—I
have explained in the previous section why this does not obviously constitute an epistemic
shift to the use of cosmological probes for BSM physics.

Most relevant here are two related challenges. First, there is the problem of finding an
astrophysical object that is not detectable through the electromagnetic interaction.® Weis-

berg et al. claim that in astrophysics, the use of ever more powerful instruments is commonly

5Although I recognize this worry for finding a dark galazy, I do believe that their description of dark
matter not being detectable is slightly misleading. Although electromagnetic couplings have been excluded,
it is still possible for dark matter particles to couple to standard model particles through other interactions.
See previous chapters for more extensive discussions of this point.
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justified using overlap arguments: arguments that show that a given phenomenon can be
observed by a reliable experimental technique, as well as by a new technique of unknown
reliability. The fact that the new technique overlaps with the old one then lends warrant to
the reliability of the new technique. If that new technique detects an exotic new object, the
discovery claim also receives partial epistemic warrant from the reliability of the instrument.
The first challenge to observe dark galaxies is that there are no obvious overlap arguments
available. The dark galaxy can’t be detected through usual telescopic or spectroscopic in-
struments. To overcome this challenge, the presence of a dark galaxy will have to be inferred
from its effects. But this leads to the second challenge: inferring the presence of new ob-
jects from their effects is quite common in scientific practice, but it is impeded in the dark
galaxy-case due to serious under-theorizing (both with respect to dark matter as well as the
potential effects of dark galaxies). This means that it is not obvious what the observational
effects could be of the presence of a dark galaxy, and what observations would therefore
suffice to make a discovery claim about such a dark galaxy:.

At first sight, the two challenges faced by the dark galaxy hypothesis seem to apply to
the cosmic constraints on BSM physics as well. Since it is not clear what the coupling of
BSM physics to SM particles might be, it is not obvious what instruments would be useful
to detect it. Therefore, the presence of BSM physics in the early universe, like that of a dark
galaxy, can only be inferred from its effects, for example on the primordial abundances of
the lightest elements or on the CMB anisotropies. But BSM physics is under-theorized in
the same way that the dark galaxy hypothesis is under-theorized: although many theoretical
proposals for BSM physics exist, no single one can clearly be preferred.

Despite superficial similarities to the dark galaxy case, the problem of inferring the pres-
ence of an undertheorized exotic new object from its effects does not pinpoint the epistemic
shift associated with early universe constraints on BSM physics. A main difference between
the dark galaxy search and the BSM search is the nature of the potential discovery. Weis-
berg et al.’s goal is to establish a specific and particular discovery, namely the discovery of
a particular dark galaxy in a specific location in the universe. This is much more ambitious
than the goal of the cosmological probes for BSM physics: currently, they are merely trying
to constrain the space of possibilities for BSM physics. That happens through a process
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of elimination, in other words, looking for any kind of effect that cannot be explained by
existing standard model physics. Because the current goals of early universe probes on BSM
physics are more minimal than those of the dark galaxy project, the lack of overlap argu-
ments is not yet a concern. The current observations all still use instruments for which
overlap arguments are available.

With regards to the second challenge, the fact that BSM physics-effects in the early
universe are undertheorized is also not significantly different compared to terrestrial experi-
ments. In fact, McCoy and Massimi (2018) extensively discuss the use of exploratory models
in BSM-searches at the LHC. Whether or not BSM physics is undertheorized will thus affect

early universe-constraints and accelerator-experiments equally.

5.4 OUT OF THE FYRING PAN, INTO THE FIRE?

So far, I have discussed the overall success of BBN as a theory of the formation of pri-
mordial elements, and I have argued that existing philosophical concerns about the epistemic
status of observations in cosmology and astrophysics don’t extend to the use of early uni-
verse probes for constraining BSM physics. Does that mean that, despite the methodological
shift, there is no obvious epistemic shift associated with the early universe as a replacement
for terrestrial accelerators? Unsurprisingly, the answer I offer here is: ‘not quite’. A re-
cent controversy about the neutron lifetime reveals the proper locus of concern for early
universe-probes of BSM physics. I first discuss the specifics of the neutron lifetime case, and
I then draw conclusions for the epistemic shift associated with early universe-probes of BSM

physics.

5.4.1 The neutron lifetime

The neutron lifetime 7,, plays a crucial role in BBN. Kolb and Turner write that “[a]
high precision measurement of 7,, [...] will all but eliminate the uncertainty in the predicted

*He primordial abundance” (Kolb and Turner 1988, p. 110). Almost three decades later,
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the Particle Data Group similarly states that “[t]he experimental parameter most important
in determining Y,, [the helium-to-hydrogen ratio] is the neutron lifetime, 7,,” (Particle Data
Group 2018a, p. 2).

There are two ways in which the neutron lifetime plays a crucial role in BBN. First,
it determines the reaction rates for neutron-proton conversion reactions, and it therefore
determines when these reactions freeze out and the formation of deuterium begins. Second,
it determines the reaction rate for free neutron decay, which only halts once the deuterium
bottle-neck has been broken. 7, thus determines the neutron-to-proton ratio in the early
universe, and, since almost all available free neutrons in the early universe are captured in
* He-nuclei, the primordial helium abundance Y.

Of course, 7, is not the only free parameter determining freeze-out of various reactions in
the early universe; above, I also discussed the importance of the effective number of neutrino
species N.g and the baryon-to-photon ratio 1. In an ideal scenario, all three parameter
values can be fixed based on alternative observations, such that precise BBN predictions
can be compared to observations. In the past, various authors have proclaimed this to be
possible, and they have therefore declared BBN “a parameter-free theory” (Dubbers and
Schmidt 2011, p. 72; see also Wietfeldt and Greene 2011; Dubbers 2005).

This declaration only holds insofar as the experimentally determined values for the three
parameters hold. This is where the problem arises: recent experimental determinations of 7,
have started to disagree. As discussed in chapter 2.0, there are two main methods to measure
T,: trapping neutrons in a gravito-magnetic ‘bottle’ (Pattie et al. 2018) or counting decay
products along a neutron beam (Yue et al. 2013). The two measurement protocols predict
different values for 7,,. Where beam experiments measure 7,, = 886, 3+ 1.2(stat)+3.2(syst) s,
bottle experiments measure 7,, = 877, 7£0.7(stat)+0.4—0.2(syst) s. This controversy started
over 15 years ago, with no clear resolution in sight (see Witze 2019 for a report on a recent
workshop on the issue).

Regardless of the source of the discrepancy, it does raise an important question for BBN:
what value for 7,, should be used in calculating primordial element abundances? One option
is to follow the Particle Data Group. In their BBN calculations, they use a weighted average
of seven recent measurements of 7,,: 7,, = 880,24+ 1.0 s (Particle Data Group 2018b, pp. 2-3).
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The seven values come from double bottle experiments (1), material bottle experiments (3),
gravitational trap experiments (1), Penning trap experiments (1) and beam measurements
(1).5 This pragmatic solution sits uneasy, however: while the Particle Data Group report
does recommend a single average value, their weighted average suggests a much broader
probability distribution (Particle Data Group 2018b, p. 4).

Given the crucial role of 7,, in BBN, the controversy surrounding 7,, can not obviously be
cast aside as unimportant for BBN. The importance of 7, is further reinforced by a recent
update to AlterBBN, an open source code from 2011 for calculating primordial element
abundances (see Arbey 2012 for the original manual, see Arbey et al. 2019 for the update).
The update introduced several innovations, including the possibility to alter the value for 7,
and compare the resulting predicted abundances with empirically determined values.

Let me not overstate the concern. First, as mentioned before, there are alternative con-
straints on BSM physics available from the CMB (see Planck Collaboration 2018 for details).
The CMB power spectrum can constrain N.g, as well as the neutrino masses independently
from BBN. Second, an alternative approach uses CMB-derived values for standard cosmo-
logical parameters (ACDM has only six free parameters, all of which can be derived from the
CMB anisotropy power spectrum) and plugs those into the standard BBN scenario in order
to make detailed predictions for primordial element abundances as a consistency check for
ACDM. The predicted abundances are consistent with various determinations of Y, (includ-
ing two disagreeing values), and the uncertainties on 7,, are small enough to not significantly
affect the derivations. Finally, given the CMB constraints and the standard scenario for
BBN, BBN can be used to provide an independent measure for 7,, that might help resolve
the current tension between bottle- and beam-experiments. Here, however, the discrepancies

between the different observational determinations of Y, are possible cause for concern.

5.4.2 The new cautionary tale, completed

The neutron lifetime discrepancy might be resolved in the next couple of years through

improved experiments or error estimations. Similarly, observational constraints on primordial

6This average does not include the most recent bottle measurements from Pattie et al. (2018), which
would lower the average lifetime even further.
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element abundances may see significant improvement as more and more systematics are
accounted for. Regardless of these future developments, the case of the neutron lifetime
discrepancy and its role in BBN indicates a possible epistemic shift associated with the
methodological shift from accelerator to early universe-probes for BSM physics.

Because early-universe constraints on BSM physics are embedded in the complete story
about the evolution of the universe from a hot dense state to the universe today, the physical
processes that are supposedly relevant to account for the observations extend over immense
spatio-temporal scales. On the one hand, the processes where new physics might actively
play a role (BBN, the universe’s expansion rate in its radiation-dominated era) extend on
the scale of the entire universe, in combination with gravity and standard model-physics.
On the other hand, the spatio-temporal scales relevant for the observations of relics of these
aforementioned processes (primordial element abundances, CMB) are also significantly larger
than those for terrestrial experiments.

As a result, early universe-probes for BSM physics present both an opportunity, and a
threat. The opportunity is that there can be several independent sources of evidence for
BSM physics, since BSM physics can have had multiple effects in the early universe. Indeed,
both primordial element abundances and the CMB might reveal effects of BSM physics (to
a variable degree of independence). This is all the more important if BSM physics is hiding
at scales inaccessible to terrestrial accelerators.

The threat is that, because so many more physical processes become relevant for the
production of signals of BSM physics and for the conservation of those relics today, there is
a danger of an accumulation of errors. For example, in determining the presence of BSM
physics from primordial element abundances, there are concerns about the modeling of sys-
tematic errors in those observations, as is the case for estimates of Y,. But in addition to
those usual concerns about systematics in observations, there are additional concerns about
uncertainties in presumed ‘established’ quantities like the neutron lifetime. This second
source of uncertainties comes out of the theoretical assumptions that are required for mod-
elling the effects of standard model physics. In other words, errors from disciplines that were
initially informing the cosmological model now come back to bite when the cosmological

evidence is interpreted in ways that constrain those disciplines.
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Is it obvious that this threat is a difference in kind from concerns about systematics
errors influencing the modelling of background physics in accelerator experiments? Perhaps
not in principle. After all, accelerator experiments require an immense amount of modelling
and data processing in order to control for systematic errors in the detectors and to model
the background against which new physics could be detected. In the current status of the
field, there seems to be a significant practical difference between accelerator experiments and
early universe constraints, however, just because of the sheer scale at which early universe

constraints are produced and observed.

5.5 CONCLUSION

This chapter started with an overview of possible future experiments in HEP, and the
debate as to whether a new and improved accelerator should be built, or forsaken in favor of
early universe probes for BSM physics. The main goal here was to investigate whether there
is a significant epistemic shift associated with the proposed methodological shift for HEP. I
argued that existing philosophical views on what makes cosmological observations different
from terrestrial experiments do not accurately locate the epistemic shift. Rather, if there is
such an epistemic shift, it lies primarily in the taking on of existing systematic errors in the

required modelling of SM physics to find evidence of BSM physics, more than anything else.
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6.0 Concluding Remarks: Lessons for Integration in Philosophy of Science

Cosmology sits at the intersection of various disciplines, one of them particle physics.
This dissertation has specifically focused on the exchange between particle physics and cos-
mology, both in context of dark matter research and research on physics beyond the standard
model (areas that are, of course, not mutually exclusive). After exploring various epistemo-
logical issues, let me return to the general question of integration in science. My main focus
has been on experimental practice, and from that focus, I am now in a position to draw
some lessons about integrative science.

Lesson 1—Integration as an alternative perspective on inter-theory relations. A first
lesson is that cosmology provides another example of how integration is an alternative to
other approaches to inter-theory relations. First, the fact that integration responds to just
one (albeit complex) problem sets it apart from multidisciplinarity and transdisciplinarity,
which are usually mentioned in the same context as integration (see for example Klein 1990;
Hoffmann, Schmidt, and Nersessian 2013; Griine-Yanoff 2016). In multidisciplinary research,
multiple disciplines work simultaneously towards a common goal, but the disciplines do not
cooperate to provide one answer. They remain juxtaposed, rather than contributing to an
integrative model. Integration is also different from transdisciplinarity, the process where
there is genuine integration of disciplines, but where that integration has a goal that lies
outside of science.

Second, the ‘coupling back’ in integration should not be understood as integration moving
towards unification. ACDM is no unification of general relativity and particle physics under a
limited set of brute facts; rather, it is a model of the universe that draws on several disparate
theoretical frameworks to model different aspects of the evolution of the universe. It is true
that ACDM does ‘unify’ a variety of cosmological phenomena under a small set of equations
with six free parameters. This is different, however, from unification at the level of the
standard model of particle physics and general relativity: the different theoretical frameworks
maintain their independence from one another, despite the cosmological integration. In other

words, I follow Mitchell (2003)’s integrative pluralism in that pluralism at the theoretical
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level is warranted (although I have not explicitly argued for this in the dissertation), and that
integration is required only at the concrete level, when attempting to model the evolution
of the universe.

Third, and related, integration should also be distinguished from any notion of reduc-
tion. Again, ACDM is not redescribing cosmological phenomena in terms of a single theory
of fundamental physics. Rather, it is built up out of non-hierarchical interactions between
disciplines, many of which are considered ‘fundamental physics’ independently of one an-
other, like particle physics and general relativity. Mitchell (2003) and Batterman (2016)
provide further arguments against including all types of inter-theory relations under just
two umbrellas of unification and reduction. The intersection between particle physics and
cosmology provides an example from practice in support of this idea.

Lesson 2—The empirical aspects of integration. A second lesson is that integration does
not necessarily have to be focused on integrative model-building. An important aspect of
integrative science is empirical. In chapter 2.0, I introduced the method-driven logic. The
case of the particle dark matter searches showed that, even in cases where the model is
underdeveloped and explanatory integration has not yet been achieved, there can be a type
of methodological integration. Similarly, the conflicts in evidence from chapter 4.0 and the
‘coupling back’ discussed in chapter 5.0 are specific instances of the integration of different
lines of evidence.

There is a risk associated with framing integration purely in terms of theoretical model-
building, in that this might eclipse other aspects of integrative practice—those aspects that
are associated with experiments and empirical data. I follow Potochnik (2011) and Plutyn-
ski (2013) that the notion of ‘integration’ in philosophy of science should allow for broader
discussion of non-derivative connections between disciplines. Thus, it should also encompass
experimental integrative practices. One example is Currie (2018)’s account of ‘methodolog-
ical omnivory’ in paleontology; this dissertation is another.

Lesson 3—Integration is a two-way street. A third lesson is that integration is not a one-
way street, something that has not been discussed extensively in the existing philosophical
literature. In chapter 5.0, I described epistemic issues associated with a ‘coupling back’

from cosmology to some of its informative disciplines. There, the coupling back takes the
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form of providing new lines of evidence for particle physics. Schneider (2020)’s discussion
of the cosmological constant problem might provide an example of such coupling back on
the theoretical level. More broadly, Ellis (2018) mentions the inclusion of cosmology in the
reports of the Particle Data Group as evidence that cosmology today contributes to a large
extent to other fields of physics. Coupling back is often met with a unique set of challenges,
and those challenges are importantly different form those faced by the initial integrative
effort. This coupling back thus merits further exploration.

My goal here has not been to offer a full-fledged account of integrative science, perhaps in
part because integration seems to be a catch-all for relations between disciplines that are not
reductive or unificationist. But that does not mean that there are not some more specific
lessons to be drawn for examples of integrative science. Here, I have offered some, with
regards to how such non-reductive, non-unificatory connections can arise in experimental

practice, and how they can also result in a coupling-back.
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