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Measurement results depend upon assumptions, and some of those assumptions are theoretical in character. This
paper examines particle physics measurements in which a measurement result depends upon a type of
assumption for which that very same result may be evidentially relevant, thus raising a worry about potential
circularity in argumentation. We demonstrate how the practice of evaluating measurement uncertainty serves to
render any such evidential circularity epistemically benign. Our analysis shows how the evaluation and
deployment of uncertainty evaluation constitutes an in practice solution to a particular form of Duhemian
underdetermination that improves upon Duhem’s vague notion of “good sense,” avoids holism, and reconciles

theory dependence of measurement with piecemeal hypothesis testing.

1. Introduction

Philosophers of science have long associated the claim that obser-
vations or experimental results in science are in some way theory-laden
with a logical/epistemological problem regarding the possibility of sci-
entific knowledge: reasoning from theory-laden observations may
involve circularity. The circularity worry is that the very conclusion
being aimed at (a theoretical claim) has been assumed or somehow
relied upon in the justification or determination of one’s premises.

The term theory-ladenness appears in discussions of various ways in
which theoretical concerns enter into the production of observational or
experimental evidence. This paper will not address all of these. The
target here is a kind of potential circularity that arises in the context of
producing measurement results that are then invoked in evidential ar-
guments to support theoretical hypotheses. For convenience, we will
label this evidential circularity. In the relevant cases, the measurement
results represent conclusions drawn from data with the help of addi-
tional assumptions, including some of a theoretical character, that are
relied upon in producing the specific result produced. In that sense, such
results are theory dependent, but not all cases of theory dependence
involve evidential circularity. The problem of evidential circularity
arises when a measurement result is used to make an evidential argu-
ment in support of a theoretical claim that has been assumed in the
production of the measurement result itself.

Cases of evidential circularity involve something more specific than
what ‘theory-ladenness’ conveys. It involves a certain kind of
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dependence of a measurement result upon theoretical assumptions. Such
terminology raises the question of what is meant by the term ‘theoret-
ical’. It turns out not to matter much, because the target of this inves-
tigation is ultimately the problem of evidential circularity itself. This
problem enters into philosophy of science as a kind of offspring of the
issue of theory dependence, but can be characterized independently of
its parent, at least to the extent that our argument will not depend on any
particular way of delimiting what counts as theoretical.

The inspiration for this analysis comes from a recent paper on
measurement in experimental High Energy Physics (HEP), by Pierre-
Hugues Beauchemin, a practitioner of measurement and the evalua-
tion of measurement uncertainty in his role as a member of the ATLAS
collaboration at the CERN Laboratory’s Large Hadron Collider (LHC).
Measurement in HEP is, according to him, a process of generating
observational facts that is essentially theory dependent. Practices of
evaluating the uncertainty and sensitivity of measurement results serve
to avoid “potential circularity problem [s] traditionally implied by
theory-ladenness” (Beauchemin, 2017, p. 275).

To state Beauchemin’s argument roughly, evaluations of measure-
ment uncertainty weaken the conclusions drawn from measurements
(by adding larger “error bars”) to the extent that the statement of that
measurement result depends on uncertain theoretical assumptions.
Measurement results that are weaker in this sense are correspondingly
less sensitive; their larger error bars make them compatible with a
broader range of theoretical alternatives and consequently less useful for
deciding amongst those alternatives. By thus rendering results that
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suffer from significant circularity problems less capable of deciding
amongst competing hypotheses, uncertainty evaluation helps prevent
such results from being deployed in vicious arguments in support of
theoretical claims.

We find ourselves in broad agreement with the outlines of Beau-
chemin’s account. Moreover, we welcome such a contribution to the
philosophical understanding of the epistemology of HEP from a physicist
engaged in analytic work crucial to the production of knowledge in that
field. We propose to clarify the epistemological import of the insights
that can be gleaned from Beauchemin’s work. We will show how, from a
careful analysis of his account of the evaluation of uncertainty and
sensitivity in measurement, one can reconcile two claims that have
generally been regarded as opposed to one another: (1) determining the
outcome of an experiment that might serve as relevant evidence with
respect to theoretical claims at least sometimes requires assuming
theoretical claims that are closely related to and possibly identical to
those that are to be empirically adjudicated; (2) experimentation en-
ables targeted and piecemeal assessment of theoretical claims, such that
a particular experimental result can be said to support or cast doubt
upon a specific hypothesis independently of other claims that might
reside within the same theory as that hypothesis. The first type of claim
has been associated with the work of Pierre Duhem and work on
confirmational holism, while the second type of claim has been
embraced by New Experimentalists such as Hacking (1983), Ackermann
(1985), Franklin (1986), and Mayo (1996).

Beauchemin’s paper provides us with a thoroughly worked out
example because it is a case in which the derivation of a measurement
result from experimental data does in fact require an assumption of the
same kind as that which the result may be used to test. This creates the
potential for evidential circularity. We also present a second example
that allows us to make this point in an especially vivid way. It may turn
out that, among the competing hypotheses that the result is used to test,
a favored hypothesis is the very one that was assumed in producing the
result. We will show that the surprising upshot of taking into account the
uncertainty and sensitivity considerations introduced by Beauchemin is
that such seemingly blatant circularity need not be vicious. This runs
contrary to a commonly encountered response to claims about the
theory-dependence of observations in science, which is that theory
dependence is not problematic so long as the theory on which an
observation depends is in some sense independent from that which the
observation is used to test or confirm, but that it becomes problematic
when this condition is not met (Hacking, 1983; Kosso, 1989).

But the implications of this analysis go beyond the issue of evidential
circularity itself. We relate the methodology of uncertainty and sensi-
tivity assessment, by which problems of theory dependence are handled
in HEP measurement experiments, to the problem of under-
determination posed by Duhem (1954 (1914)). Like Beauchemin,
Duhem characterizes theory-testing in physics in a manner that em-
phasizes the dependence of experimental results on physical theory
broadly speaking. Such dependence threatens the ability of the investi-
gator to draw sharp conclusions about particular hypotheses of interest,
unless one can somehow differentiate amongst the multitude of as-
sumptions on which experimental results depend. For Duhem, solving
the resulting problem calls for the physicist to exercise “good sense” and
only in this way could one escape from a disabling holism that would
prevent one from deciding theoretical questions on the basis of experi-
mental results. The methodology described by Beauchemin, we argue,
goes beyond the vagaries of good sense to provide a systematic and
practical framework for both identifying those assumptions, theoretical
or otherwise, on which a given result depends and, by quantifying the
extent of dependence of the result on such assumptions, discriminating
amongst those hypotheses that can and cannot be evaluated on the basis
of that result at an acceptable level of epistemic risk. Contrary, then, to
Beauchemin’s own conclusion that his account supports “a more holistic
view of the structure of science,” we conclude that practices of uncer-
tainty evaluation respond to underdetermination without leading to
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holism. We thus reconcile at the level of practice the theory dependence of
measurement results with piecemeal, non-holistic empirical assessment,
where previous reconciliations have offered theoretical responses in the
form of accounts of confirmation (Glymour, 1980).

Our paper proceeds as follows: In section two we review relevant
aspects of two examples. The first, a measurement of quantities crucial
for understanding the production of the W boson, is also discussed in
Beauchemin’s paper. The second measurement, of the W and Z pro-
duction cross sections, is included to clearly outline aspects of our own
analysis. Drawing on both examples, we discern different types of theory
dependence, not all of which threaten to introduce evidential circu-
larity. Section three examines in greater detail the issues of evidential
circularity and holism as problematic offspring of theory dependence.
First, we show how the issue of potential circularity does indeed arise in
the context of the kind of measurements discussed in section two. We
then clarify the notion of holism that seems most germane to the kind of
theory dependence under discussion, and distinguish the issue of holism
from that of non-separability, where the latter is the claim that isolated
hypotheses alone are not sufficient for conducting an experimental test.
Section four presents solutions to the two problems posed in section
three. We first explain how the evaluation of systematic uncertainty,
understood as the outcome of a robustness analysis applied to a mea-
surement model and put to service in the consideration of sensitivity,
serves to render the threat of evidential circularity due to theory
dependence epistemically benign. Second, we utilize Duhem’s articu-
lation of the underdetermination problem to clarify how this same
methodology provides a principled and practically implementable
escape from holism that takes full account of theory dependence,
reconciling the latter with the pursuit of targeted, piecemeal experi-
mental testing of some of the very same theoretical hypotheses on which
the experimental result in hand depends. Duhem’s own solution to
underdetermination, in terms of bon sens, has been criticized as being too
vague to provide illumination. We see the methodology discussed here
as providing detail and structure to Duhem’s response, transforming
Duhem’s insistence that there is a solution in principle, to a demon-
stration of how a solution works in practice. Section five summarizes our
findings.

1.1. Clarification: how we approach Beauchemin’s paper

Before proceeding, we will interject a clarifying note regarding our
approach to Beauchemin’s paper. Our paper appears to be a response to
another paper that is not at all well-known. Our effort cannot, therefore,
be justified by the influence that Beauchemin’s work has exerted in
philosophy of science.

Beauchemin’s paper is unique in being the first serious philosophical
investigation to directly target the particular constellation of issues that
interest us: theory dependence, circularity, uncertainty, and sensitivity
in measurement experiments. He advances philosophical claims
regarding these issues, some of which we find broadly appealing, but
they are not the object of our arguments here. Our approach is to utilize
two important features of his paper as resources in developing our own
argument regarding these same issues: (1) Beauchemin articulates a
general account of how practices of evaluating measurement uncer-
tainty enable the deployment of sensitivity considerations to avoid vi-
cious circularity when using theory-dependent measurement results to
test theoretical hypotheses. (2) Beauchemin provides a richly detailed
description of a particular example of a measurement result from the
ATLAS group to illustrate that general account.

Our discussion of feature (1) goes beyond merely replicating Beau-
chemin’s account, insofar as Beauchemin’s use of the term ‘circular’
appears to be a broad notion that includes both the specific relation
evidential circularity, as well as other patterns of theory dependence.
We develop a narrower construal to be able to clarify, and articulate
with greater specificity, how the methodology invoked by Beauchemin
functions epistemologically. This articulation provides the basis on
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which we then develop our own distinct treatment of the issues of
Duhemian underdetermination and holism that occupies the latter part
of our paper.

We will not fully replicate the discussion in feature (2) of Beau-
chemin’s paper, but instead summarize just enough of the illustration to
explicate the methodology involved and to enable a clearer under-
standing of our arguments. We also present a brief discussion of a second
ATLAS measurement, in which evidential circularity and the way in
which it is addressed through uncertainty evaluation is especially
striking. Our argument then proceeds to show how the methodology
described allows, in an important class of cases, theory-dependent
measurements to be used to target, in a piecemeal way, particular
theoretical hypotheses, even the very same hypotheses upon which the
results themselves depend.

2. Two measurement results

Beauchemin’s analysis is based on the example of a measurement at
the LHC by ATLAS of a process involving production and decay of the W
boson. This section elucidates relevant aspects of Beauchemin’s dis-
cussion of this example as well as an additional example in which the
emphases of our own analysis stand out especially clearly.

2.1. Measuring a differential cross section for the W boson

The study of processes involving the production and decay of the W
boson in association with hadronic jets is important both as a test of
quantum chromodynamics (QCD) and for understanding backgrounds
relevant to the study of other Standard Model (SM) processes and in
searches for Beyond Standard Model (BSM) physics. Beauchemin dis-
cusses a measurement presented by ATLAS as one part of a compre-
hensive study of the production of W’s in conjunction with hadronic jets
(ATLAS, 2012a). Such events can involve different numbers of jets (jet
multiplicity). For several multiplicities, ATLAS measures the W cross
section as a function of a number of kinematic features. The fact that the
measurement is of the dependence of the cross section on some quan-
titative feature of the decay event, rather than measuring the total cross
section of the process, is expressed by the term differential cross section.
Our discussion focuses specifically on a measurement of the differential
cross section oy, of the production of W bosons decaying to an electron
(or positron) e and antineutrino (or neutrino) v in conjunction with at
least one hadronic jet, with respect to the transverse momentum
(component of the momentum transverse to the collider beam) Pr of the
leading (i.e., most energetic) jet. This measured quantity, or measurand,
we may denote do(W —ev + > ljet)/dPr.

To obtain this measurement, ATLAS must identify events that are
instances of the process in question, based on outputs from the ATLAS
detector, and quantify the rate of occurrence of such events while also
measuring the transverse momentum of the leading jet in each such
occurrence. Events to be included in the sample are selected on the basis
of selection criteria (cuts) applied to the measured characteristics of each
event. Because no set of cuts can guarantee that only instances of the
target process will be chosen, events that satisfy the cuts are considered
candidate events, some of which will be instances of non-target processes
(i.e., background). ATLAS reports the main sources of background to the
measurement of W—ev + jet processes to consist of “multijet QCD
events, other leptonic decays of gauge bosons [such as Z— ee] and ... tt
[i.e., top quark—anti-top quark] production” (ATLAS, 2012a).

Each step enumerated by Beauchemin, in the transformations that
take place from electronic signals in the detector to the assignment of
numerical values to the measurand (Beauchemin, 2017, pp. 289-290),
constitutes a complex scientific problem of its own, demanding the
skilled application of some combination of experimental, computa-
tional, technological, and theoretical expertise. Each step also depends
upon assumptions, theoretical or otherwise, of which some are uncertain
in the sense that they could be replaced with plausible alternatives.
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These introduce uncertainty into the measurement result. The evalua-
tion of this uncertainty is a quantitative matter. We will say more about
the methodology for such evaluation in Section 4. For now, suffice it to
say that any specific assumptions will result in attributing a specific
(range of) value(s) to the measurand; the quantification of uncertainty
requires determining how much that attribution changes when varying
among the assumptions that one might possibly (and plausibly) make,
and incorporating that ‘how much’ into the interval of values ultimately
attributed to the measurand (i.e., the size of the “error bars”). Conse-
quently, the statement of the evaluated uncertainty constitutes an
essential part of the statement of the measurement result.

This evaluation of uncertainty is also intrinsically connected to the
sensitivity of a measurement result to features of the underlying physics
potentially targeted for testing by that measurement. The determination
of sensitivity requires comparing, for a given quantity, (1) the difference
in predicted values of that quantity based on competing hypotheses of
interest and (2) the uncertainty on the measurement result for that same
quantity (303). A measurement result is considered more sensitive to the
theoretical possibilities implicated in the competing hypotheses the
more that (1) exceeds (2).

Sensitivity, thus, constitutes a relationship between a measurement
result and a theoretical question (framed in terms of a choice between
competing hypotheses) that the measurement result might be used to
answer. The learning goals of the experiment provide context for sensi-
tivity evaluation. Generically, learning goals characterize the kinds of
inferences investigators aim to be able to draw on the basis of data being
generated. An analysis of sensitivity will understand these goals to
include answering a theoretical question by discriminating amongst
competing hypotheses by comparing their predictions to a measurement
result. Theoretically predicted values will typically have their own un-
certainty that will bear on the determination of (1). Greater un-
certainties therefore weaken the potential for measurement results to be
used to settle theoretical questions. On the theoretical side (1), un-
certainties attached to predicted quantity values will tend to blur the
differences between what competing theoretical hypotheses have to say
about the quantity of interest. On the measurement result side (2)
greater uncertainty blunts the ability of a result to be used to answer the
theoretical question at hand. Simply put, all else being equal, greater
measurement uncertainty means less sensitivity to the physics questions
the measurement result may be used to answer.

The learning goal of measuring the differential cross section in
question, according to Beauchemin, is to “obtain a better understanding
of some aspects of the strong interaction ... that are uncertain, such as
parton distribution functions (PDFs)” (p. 291). These PDFs are important
to our analysis, so a few words to explain them are in order.

What happens in a collision between protons at the LHC depends on
details of the internal structure and dynamics of the protons involved.
The term ‘parton’ refers generically to both quarks and gluons that
together constitute protons. At any given time, the momentum of a
proton will reflect the contributions of its partons, but the details of how
that momentum is distributed among the partons cannot be uniquely
determined from QCD principles alone. PDFs describe the probability of
finding a parton of a given flavor within the proton carrying a given
fraction of the total momentum of the proton, for a specified hard
interaction energy scale. Theoretical predictions of cross sections like oy
depend upon PDFs. Consequently, careful measurements of such cross
sections can be used to test hypotheses about PDFs.

Such a measurement requires enumerating candidate events for the
process in question. Counting is conducted on the basis of cuts that serve
to operationalize the concept of a candidate event by imposing re-
quirements in terms of key physical properties of the event (such as
having at least one jet with Py > 30GeV).

Cuts are chosen so as to enhance the signal to background ratio,
which is crucial to the determination of the sensitivity of the measure-
ment result. Because a theoretical understanding of the signal underlies
the strategy that guides the choice of cuts, and because of the role of
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theory-based simulation in translating that strategy into numerically
defined cuts, Beauchemin concludes that the application of cuts to the
data is “highly theory-laden” (292). To illustrate theory dependence due
to simulation, however, we have chosen to focus on background
estimation.

Cuts serve to differentiate between signal events that involve the
target physical process and background events that do not, but they do
so imperfectly. Some signal events will fail to pass the cuts imposed and
some background events will survive the cuts and be counted as can-
didates. The latter constitute the residual background. Measuring a cross
section requires the reliable estimation, for a given data set, of the ex-
pected size of this residual background, and we focus on two approaches
to this task. The Monte Carlo approach relies more heavily on simulation
than the data-driven approach. Both, however, rely on theoretical as-
sumptions about the very process that ATLAS seeks to measure.

Background estimation begins with theoretical expectations
regarding the kinds of processes that will contribute to the background.
For the W( —ev) + jets process, these are Z(—ee) + jets, W(—1v) + jets,
top, diboson, and dijet events (294). For most of these background
processes, the Monte Carlo approach is applied, meaning that simulated
events of these types are generated and then passed through a simulation
of the ATLAS detector. The simulated data is then subjected to the same
reconstruction software applied to non-simulated data. The cuts applied
to the experimental data are then applied to the simulated data “as if
they were real data events” (294). Finally, the data selected in the
simulation are normalized to compensate for any difference in the sizes
of the experimental and simulation data sets.

Beauchemin emphasizes the ways in which the theoretical under-
standing of these backgrounds processes necessary for this procedure
applies to the W( —ev) + jets process itself. Although the decay of the W
boson differs in the target process and the background processes, “[t]The
sensitivity to PDF, to parton shower, to non-perturbative QCD correc-
tions, to higher order QCD corrections, etc. is the same in both W(—v)+
jets and W( —ev) + jets processes. It is also highly similar in Z(—ee)+ jets
events” (294). Estimating these backgrounds therefore requires as-
sumptions about physics processes that figure in the detection of both
signal and background. The uncertainties introduced by such assump-
tions are relevant to the measurement result through their effects on
both background and signal, and both must be quantified for the pur-
pose of reporting a credible result.

To estimate other backgrounds, ATLAS uses a “data driven”
approach using events reconstructed from actual data rather than
simulated data. The QCD dijet background consists primarily of events
in which either a hadronic jet from a light quark passes the cuts used to
identify electrons and a mismeasurement of energy results in a large
amount of missing transverse energy (the signature of a neutrino), or a
hadron containing a bottom or charm quark decays to an electron.
Because “the mechanisms by which a jet fakes an electron are difficult to
simulate reliably” (ATLAS, 2012a, p. 5), this background is estimated by
means of a background-enriched data sample obtained by reversing the
application of some of the cuts used to define candidate events — in this
case the cuts on electron candidate objects (Beauchemin, 2017, p. 294).

Estimating the dijet background requires the generation of two
“templates” that characterize the distribution of the missing transverse
energy E7. The first template is drawn from the background-enriched
data. The second template, however, is based on “Monte Carlo simula-
tion samples of all the other processes contributing to the data signal
sample, including the W(—ev) + jets process itself” (294). The two
templates are then fitted to the data to obtain a normalized EF** distri-
bution used to derive the dijet background estimate. Because the
normalization requires simulation of the signal (and the leptonic back-
ground) as well as the data-derived template, Beauchemin concludes
that “rather than eliminating the use of W + jets theoretical assumptions
in the full W + jets background estimate, data-driven techniques intro-
duce a further dependence on this process in the inference of the amount
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of dijet events contributing to the data sample” (p. 294).

Beauchemin emphasizes two points regarding these background
estimation procedures. First, “theories, models, and assumptions are
mandatory inputs to obtain measurement results.” Second, “there is a
real danger of circularity here: the same process to be measured is also
used as input to obtain a measurement of this process” (295). Presum-
ably we are to understand from the second point that measuring the
W(—ev) + jets process depends upon assumptions (as manifested in
simulation models) that are descriptive of the very same W( —ev) + jets
process. Although this might be sufficient to indicate that Beauchemin’s
broad notion of circular theory dependence is in play, what remains to
be clarified in the discussion to come is whether and how these features
present the risk of evidential circularity, i.e., argumentation in support of a
theoretical claim that depends on that same claim as premise.

2.2. Measuring the total cross section for the W and Z bosons

We have been discussing the measurement experiment targeted by
Beauchemin’s analysis in order to put on display a case in which the
broad notion of circular theory dependence has been laid out in detail by
someone with an insider’s understanding of the analysis involved, but in
which the stricter notion of evidential circularity that is our concern may
also be identified. We now present a brief discussion of another ATLAS
measurement in which evidential circularity and the way in which it is
addressed through uncertainty evaluation are even more easily seen,
which also has the benefit of yielding a more easily understood mea-
surement result. This measurement, of the W and Z production cross
sections, involves the very same features of dependence on simulation
(and hence PDF) as the result just discussed, while being more explicit
about the uncertainty assessment of this dependence and the use of the
results in pursuit of the learning goal of testing PDF hypotheses.

LHC’s Run 2 began in April 2015, delivering collisions at a center of
mass energy of 13 TeV, a significant increase from the 7 (then 8) TeV
collisions of Run 1. The results of the differential cross section mea-
surement just discussed were based on a relatively small data set taken at
7 TeV. Our next example is based on results published in 2016, partway
into Run 2 (ATLAS, 2016). Noting that theoretical predictions of W and
Z production cross sections “depend on the parton distribution functions
and are thus sensitive to the underlying dynamics of strongly interacting
particles,” ATLAS goes on to describe measurement of these quantities as
“a unique opportunity to test models of parton dynamics” at the higher
Run 2 energy (601).

The paper presenting these results (henceforth “ATLAS, 2016”) re-
ports two kinds of cross section measurements. The total cross section is
defined as ¢ = N/(L-A-C). N quantifies the number of candidate
events. The luminosity L is proportional to the accumulated number of
proton-proton collisions on which the measurement is based. A, the
acceptance, represents the fraction of Monte Carlo events at the
“generator” level (simulating physics processes of proton-proton colli-
sions at the relevant energy) that satisfy the geometric and kinematic
requirements imposed on the data. These latter constitute the fiducial
acceptance of the experiment. The correction factor C is defined as the
“ratio of the total number of generated events which pass the selection
requirements after reconstruction to the total number of generated
events within the fiducial acceptance” (601-602).

The fiducial cross section is defined as ¢ = 6%*.A. A measurement of
the fiducial cross section thus seeks to measure the production rate of the
relevant process within the fiducial region of the experiment, whereas
the total cross section measurement extrapolates to the production rate
of the process in total. Because the fiducial cross section is more directly
measured, the systematic uncertainty on a measurement of fiducial cross
section is smaller than for the corresponding total cross section
measurement.

Assumptions of a theoretical character play an important role in
these measurements, particularly through their dependence on simula-
tion in numerous respects. In addition to the dependence of factors C and
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A on Monte Carlo, the contributions of some backgrounds (top quark
events and electroweak events involving two bosons or single bosons
decaying to tau leptons) are estimated directly from simulated data
samples. Estimating the background in the W* measurement from
“multi-jet” events (which includes events with heavy quarks and had-
rons misidentified as leptons) is handled in a “data-driven” way that is
similar to the previously described data-driven method of estimating the
QCD dijet background in the differential cross section measurement.
Although the estimate is based on actual data rather than simulated
data, the estimation procedure requires fitting the data using templates
drawn in part from simulation (603).

The contribution of PDF assumptions is listed separately in the dis-
cussion of systematic uncertainties in ATLAS, 2016, where it is treated as
a contribution to the uncertainty on the correction factor C. In Table 1 it
can be seen that PDF contributes a relatively small amount to the overall
systematic uncertainty.

ATLAS, 2016 then uses these cross section measurements to test PDF
hypotheses. This can be seen in the two plots in Fig. 1. Here the ratios of
fiducial cross sections are used as the quantities of interest: Ry« /- =
ow+ /ow- and Ry, z = oy /0. These plots compare values of these ratios
to the theoretical predictions from different PDF sets, which are repre-
sented by filled and unfilled triangles, circles, and squares, along with
error bars to represent uncertainties. The central (red) line represents
the calculated value of the ratio represented, while the inner (yellow)
band around that line represents the statistical uncertainty on that value.
The outer (green) band represents the total uncertainty obtained by
adding statistical and systematic uncertainties in quadrature. Stated
numerically, the results are Ry:,y- =1.295+0.003+0.010 and
Ryyz = 10.31 £ 0.04 £ 0.20 (ATLAS, 2016, p. 607).

The importance of systematic uncertainty for sensitivity can be seen
clearly. For the comparison of the measurement of Ry - to theoretical
predictions, the systematic uncertainty renders one prediction compat-
ible (“within uncertainty”) with the measurement result that would
otherwise be incompatible. Compare the measurement of Ry,z, for
which the systematic uncertainty is several times larger than the sta-
tistical uncertainty, rendering the measurement result insensitive to the
differences between theoretical predictions. Although from Table 1 we
can see that in this case the contribution of PDF assumptions to the
overall systematic uncertainty is relatively small, the example illustrates
how the evaluation of such uncertainty matters to the inferences to be
drawn from the result produced.’

Let us take stock of theory dependence as it has figured in our dis-
cussion thus far. We can note first that, as summarized by Beauchemin,
the transformations involved in arriving at a measurement result involve
inputs from theory that are varied in their content, but also in the way in
which they influence the analysis and its results. The variety of theo-
retical inputs is in fact greater than our limited discussion conveys. For
example, detector simulation, which plays a role in the determination of
the unfolding matrix, involves models of nuclear physics (p. 297). To
more clearly define the problem of evidential circularity, however, we
will first articulate a generic category of model dependence.

The generic relationship of model dependence is obtained when the
result of a measurement depends on a model assumption, particularly in
cases where such assumptions are of a theoretical character. The notion
of dependence here is to be understood in terms of inputs to the pro-
cedure P whereby the measurement result is actually produced. To say
that a measurement result R arrived at by procedure P depends on a
particular assumption A is simply to say that the removal without

! Lest it be thought that we have chosen an unusual example, ATLAS has
published many other papers that explicitly invoke measurement results as tests
of PDF and that evaluate uncertainty due to PDF assumptions relied upon in
arriving at those results. In some cases the PDF uncertainty is listed separately
(ATLAS, 2011; ATLAS, 2017), in others it is folded into the uncertainty
attributed to the choice of simulation (ATLAS, 2012a; ATLAS, 2018).

Studies in History and Philosophy of Science xxx (xxxx) xxx

replacement of A among the inputs to P would prevent P from producing
R. It is not to say that R could not be produced without A, because there
may be another procedure P’ that would generate R without A.” The
term ‘theory dependence’ will be applicable when the model in question
is in some sense theoretical, but we do not intend to legislate the
application of this label in any way. As has been well-documented,
experimental results in HEP depend on the deployment of a rich vari-
ety of different kinds of models (Cartwright, Shomar, & Suarez, 1995;
Karaca, 2013, p. 1999; M. Morrison, 1999). The centrality of modeling
to measurement in particular is prominent in Tal’s contributions (2012,
2019). We are happy to allow model dependence to cover a broad range
of cases of model dependence. Although noting the prevalence of model
dependence in the context of HEP measurement is neither novel nor
profound, our specification of this relationship provides a schema that
we can use to define evidential circularity.

3. Circularity and holism
3.1. Circularity

When the support that an argument lends to its conclusion depends
upon a premise that is identical in content to the conclusion itself, the
argument must be, it would seem, epistemically defective. After all, for a
person accepting the conclusion on the basis of such an argument to be
supported logically in their acceptance, they must have already accepted
the very proposition the acceptance of which is supposedly warranted by
the argument in question. This is precisely the condition denoted by the
term “vicious circularity.”

We will next identify the specific context in which evidential circu-
larity arises in HEP measurements, and show how it exemplifies the
pattern of circularity just mentioned. Applied to that context, the
apparatus of evaluating uncertainty and sensitivity allows empirical
argumentation to exhibit simultaneously the attributes of circularity and
cogency. That is to say, circularity of argumentation arising from theory
dependence need not be vicious and need not prevent the conferral of
genuine empirical support for the theoretical conclusion responsible for
such circularity.

As mentioned in section 2.1, an important theoretical motivation for
the cross section measurement described above is to obtain a “better
understanding” of strong interaction processes described by QCD, and to
do so by testing the predictions of different hypotheses essential for the
task of providing QCD with predictive content, such as parton distri-
bution functions (PDFs). PDF hypotheses, however, are also essential for
the purposes of simulating QCD processes, and QCD simulations play
multiple roles in generating measurement results in HEP.

We can apply the schema for model dependence to show that the
potential for circularity is evident: Producing the measurement result R
depends on making an assumption A about PDF. Once R has been pro-
duced, it can be used to test hypotheses about PDF, including A. It could
very well happen that in using R to test between A and a competing
hypothesis A/, R turns out to favor A over A’. Any argumentation in
support of the theoretical conclusion A that depends upon this test
outcome thus relies on R as a premise. If challenged to support R by
making explicit all of the assumptions that investigators relied on to
arrive at R, investigators will include A among their assumed premises.
In a single argumentation context, then, A plays both roles: conclusion
and premise.

Consider the results presented in the left-hand plot of Fig. 1, for
example. The result R: Ry ;- = 1.295 £ 0.003 £ 0.010 would appear
to lend support to the conclusion that one ought to favor the hypothesis
Hj: “The PDF set CT14nnlo is adequate for the analysis of LHC data” over

2 Accordingly, statements in this paper to the effect that particular results are
dependent on, for example, simulation should not be understood as claims that
such results would be impossible without simulation.
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Table 1
Systematic uncertainties, in percentages, on the correction factor C. Individual contributions are added in quadrature to calculate the total (ATLAS, 2016).
éc/C Z—e'y Wt—ety W —ev Z-ptp W-ptv W —pv
Lepton trigger 0.1 0.3 0.3 0.2 0.6 0.6
Lepton reconstruction, identification 0.9 0.5 0.6 0.9 0.4 0.4
Lepton isolation 0.3 0.1 0.1 0.5 0.3 0.3
Lepton scale and resolution 0.2 0.4 0.4 0.1 0.1 0.1
Charge identification 0.1 0.1 0.1 - - -
JES and JER - 1.7 1.7 - 1.6 1.7
Eiss - 0.1 0.1 - 0.1 0.1
Pile-up modeling <0.1 0.4 0.3 <0.1 0.2 0.2
PDF 0.1 0.1 0.1 <0.1 0.1 0.1
Total 1.0 1.9 1.9 1.1 1.8 1.8
ATLAS ATLAS
13 TeV, 81 pb' 13 TeV, 81 pb'
= fid / fid = ofid / fid
RW‘/W' _GJv‘/GV'V' A RW/Z _GIAF/GZI A
|1 data + total uncertainty —y— |1 data + total uncertainty —v—
| data+ stat. uncertainty | data + stat. uncertainty
A ABM12 A ABM12
v CT14nnlo ° v CT14nnlo °
m NNPDF3.0 m  NNPDF3.0
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Fig. 1. Measurements of the fiducial cross section ratios for W' to W~ (left) and WttoZz (right). Both are compared to theoretical predictions based on different PDF
sets. The inner (yellow) band is the statistical uncertainty and the outer (green) band includes the systematic uncertainty (ATLAS, 2016). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

the hypothesis Hy: “The PDF set ABM12 is adequate for the analysis of
LHC data.” Such an argument in support of H; would invoke the result R
as a premise. If we ask what kind of argument can be given in support of
R, we will note that it follows not from the data alone, but by additional
assumed premises. What kind of premises? Well, the data are LHC data,
and deriving a measurement result from them requires the use of a PDF
set. If the PDF set chosen for such an analysis is CT14nnlo, then an
assumed premise is H;: “The PDF set CT14nnlo is adequate for the
analysis of LHC data.””

This pattern of dependence on PDF hypotheses that are potential
targets of empirical argumentation is not restricted to background
estimation and is not restricted to the particular examples under dis-
cussion. PDF assumptions are crucial to any QCD simulation of deep
inelastic scattering (the relevant process for LHC collisions). Moreover,
PDFs play more than one role in simulating event generation. They are
needed for computing the cross section of the basic scattering process
and for determining the initial state radiation, i.e., the radiation from the
incoming partons of gluons, which may in turn radiate new quark-
antiquark pairs. Thus, any of the transformations of data leading to a
measurement result that depend on simulation also depend on PDF and
constitute a potential source of circularity in argumentation using the
measurement result to draw conclusions about PDF.

It is important to distinguish this type of evidential circularity from a
slightly different pattern of theory dependence to which the term
circularity may be sometimes applied, in which a broader theoretical

3 Whether the specific PDF set CT14nnlo was relied upon in producing the
measurement results in (ATLAS, 2016) is not specified in the paper, but simu-
lations used to evaluate efficiency and some background contributions did rely
on the CT10 PDF set, a kind of ancestor to CT14 produced by the same group
and adhering to the same general approach. PDF construction is a data-driven
undertaking, but different sets result from reliance on different kinds of data as
well as different methodologies.

framework is assumed in the testing of a hypothesis that resides within
that broader framework. For example, evidence of the existence of a
Higgs-like boson emerged from an analysis of LHC data that depended
strongly on the assumptions of the Standard Model. Yet the Higgs
mechanism from which the prediction of such a boson derives is part of
the Standard Model (ATLAS, 2012b; CMS, 2012; Franklin, 2017). Some
of Beauchemin’s own uses of the term circularity seem to involve
something like this pattern (as in the quotation from p. 295 in section 2.1
above).*

Regarding this type of theory dependence as exemplifying circularity
(even if of a benign sort) involves a contested assumption about relations
of support, however, which is that evidence supporting a hypothesis that
resides within a broader theory may constitute evidence for that broader
theory. While such an assumption can find clear motivation in philo-
sophical approaches such as Bayesian confirmation theory (Howson &
Franklin, 1985), a severe-test approach, for example, will reject it on the
grounds that a hypothesis may pass a severe test with given data
although the theory within which that hypothesis resides does not
(Mayo, 1996, 2018). From the latter point of view, no circularity would
be involved in the Higgs example so long as the parts of the Standard
Model that are assumed in the analysis of the Higgs data do not include
the assumptions implicated in the Higgs hypothesis itself, for it is only
the latter that is evidentially supported by (severely tested with) those
data. These considerations do not apply in the kind of case we are dis-
cussing. Here it is the very same hypothesis for which a measurement
result may serve as evidence that is assumed in the derivation of that
result.

4 Thanks to an anonymous referee for raising this issue and suggesting the
example.
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3.2. Holism

The term ‘holism’ appears only in the last sentence of Beauchemin’s
paper, which declares that his discussion “points toward a more holistic
view of the structure of science, at least in modern HEP” (310). This
word can signify a broad range of views, however. In this section we
investigate possible connections between theory dependence of the sort
that potentially engenders evidential circularity and holistic theses
about science. We aim to show how the practices of uncertainty and
sensitivity evaluation demonstrate how an acknowledgement of theory
dependence, even of a sort that threatens evidential circularity, is
compatible with a denial of strong holistic theses about theory evalua-
tion in physics.

One way of distinguishing holist theses about empirical assessment
of theories is in terms of what Quine labelled the “unit of empirical
significance” (Quine, 1951). A local, piecemeal approach holds out for
the possibility of isolating particular hypotheses as the targets of testing,
such that falsification rules out the acceptability of the targeted hy-
pothesis while leaving unaffected the antecedent status of any auxiliary
assumptions required for conducting the test. At the opposite end of the
spectrum would be a global holism that regards “all of science” as being
subject simultaneously to evaluation in the light of any given observa-
tions. (Whether such a view has been seriously advocated within phi-
losophy of science may be debatable, but at least some of Quine’s more
provocative comments point to such a view (Quine, 1951).)

The versions of holism most germane to the issues under discussion
here tie support for particular hypotheses to support for the broader
theories within which those hypotheses reside. Specifically, consider the
holist thesis that any evidence E that provides empirical support for any
hypothesis H that resides in theory T to some degree supports T in its
entirety, which is to say that E also supports (to some degree) any other
hypothesis H; that resides in T.”

Of particular relevance is the so-called Duhem problem. Duhem’s
account of theory testing in physics can be separated into a ‘non-sepa-
rability’ thesis and a ‘holism’ thesis. The non-separability thesis states
that you can only ever subject to test a hypothesis that is accompanied
by a group of auxiliary hypotheses, theories, and assumptions.

“To seek to separate each of the hypotheses of theoretical physics
from the other assumptions upon which this science rests, in order to
subject it in isolation to the control of observation, is to pursue a
chimera” (Duhem, 1954 (1914), pp. 199-200).

For Duhem, the non-separability thesis introduces holism as a
problem.

“[T]he physicist can never subject an isolated hypothesis to experi-
mental test, but only a whole group of hypotheses; when the experiment
is in disagreement with his preconditions, what he learns is that at least
one of the hypotheses constituting this group is unacceptable and ought
to be modified but the experiment does not designate which one should
be changed” (Duhem, 1954 (1914), p. 187).

Duhem argues that when only the resources of logic are brought to
bear on a test that is necessarily directed at a group of hypotheses,
theories, and assumptions, any result of that test bears immediately
upon the group of hypotheses, theories, and assumptions as a whole.
Therefore, the experimenter is not able, on the basis of the result alone,
to attribute the evidential weight of the result wholly or partially to any
particular hypothesis, theory, or assumption (at least initially). This
holds for the case of a discrepant result, which Duhem outlines above,
where the experimenter cannot determine which hypothesis ought to be
changed or discarded. In the positive case the experimenter faces the
same problem, whether to accept as trustworthy the auxiliary

5 A hypothesis H resides in a theory T when H contributes to the specification
of the content of T. Exactly how hypotheses contribute to theory content is
disputed between syntactic and semantic views of theory structure, regarding
which we are here neutral.
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assumptions needed to draw a conclusion regarding the hypothesis of
interest. In each case, the choice is underdetermined by applying the
resources of logic to the experimental result. Duhem details an addi-
tional consequence: that it is sometimes the case that the group of
auxiliary hypotheses, theories, and assumptions, required for an
experiment, includes the very same theory or hypothesis that the
experiment is designed to test (1954 (1914), pp. 188-190). This in-
troduces the possibility of vicious circularity.

Both Duhem and Beauchemin commit to the non-separability thesis.
However, Beauchemin’s commitment is implicit and can be found, for
example, where he claims that meaningful physics conclusions can only
be drawn following the addition of a number of statistical inferences that
transform the large number of events required. Beauchemin argues that
each such transformation requires the assumption of theoretical content
in order “to confer epistemic value to measurement results” (Beau-
chemin, 2017, p. 309). Beauchemin therefore commits that for HEP
experiments a group of hypotheses, theories, and assumptions is
required for a measurement result.

Non-separability leads to the threat of holism and the potential for
circularity. As was outlined in section 2.1, the potential for evidential
circularity arises from the fact that simulating QCD processes requires
assumptions concerning PDFs. Simulation-dependent measurement re-
sults therefore require PDF assumptions, and it could be the case that the
measurement result R is later cited as evidence for a PDF assumption
used to arrive at R. In 2.2 the cross section measurement result is
explicitly used to test PDF hypotheses. Consequently, the experimenter
needs to distinguish among the assumptions required for the measure-
ment result to determine how strongly the value assigned to the mea-
surement result depends on any particular assumption. Absent a method
to do so, non-separability would appear to lead to holism: the mea-
surement result would bear upon the group of hypotheses, theories, and
assumptions as a whole. In the following section we will identify how the
evaluation of uncertainties allows for the needed differentiation
amongst assumptions, thus rendering circularity non-vicious and fore-
stalling holism.

4. Uncertainty: undoing circularity and avoiding holism
4.1. Circularity in empirical support and its undoing

Measurements based on experimental data in HEP, then, are theory
dependent in a way that generates a potential for evidential circularity
in the arguments that support theoretical conclusions. Yet HEP is a field
that appears to succeed regularly in producing measurement results that
researchers regard not only as trustworthy but as relevant evidence for
drawing conclusions at the level of physical theory. We can now
reconcile these two facts about HEP. In short, although every HEP
measurement result that utilizes QCD simulation requires investigators
to make some assumption about PDF, it is possible to evaluate, for a
given PDF assumption, how much the value assigned to the measurand
depends on that assumption. Doing so involves a determination of how
much the value assigned to the measurand changes when changes are
made to the PDF assumption itself. If the change is large enough, then
the result will have too large an uncertainty to enable discrimination
amongst the hypotheses being tested. If the changes are sufficiently
small, then the result will have a correspondingly small uncertainty,
such that it may be consistent with one hypothesis and inconsistent with
others. Even if the hypothesis that passes the test is one that was also
assumed in arriving at the result itself, this would not undermine the use
of the result as supporting that hypothesis. This is because the small
uncertainty reflects the fact that the result does not depend very much
on the particular PDF assumed; other plausible PDF assumptions would
lead to results within the same small uncertainty interval.
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Incorporating uncertainties thus changes the argumentation
involved in arriving at a theoretical conclusion. We can reconstruct (in
an abstract manner) the impact of uncertainties on argumentation®
through three stages of measurement evaluation and theory assessment
as follows (Staley, 2020):

e Stage 1 (measurement without uncertainty): Data X is used as input
to a model M. That model is defined by assumptions that attribute
definite values to model parameters and does not characterize the
variance of the data. This allows the computation of a determinate
value for the measurand y = j.

o Stage 1 (theory assessment): The result y = 4 is not useful for theory
assessment. The model used to produce the result does not account
for the degree to which future measurements of the same quantity
would vary in their outputs, even when performed in the same way.
Possible flaws in model assumptions are not considered.

e Stage 2 (measurement with statistical uncertainty): Data X is used as
input to a model My, which includes all assumptions of M, but adds
distributional assumption(s) to account for variance. This allows for
determination of a measurement result 4 = ji &+ u, where u is the
statistical uncertainty.

e Stage 2 (theory assessment): The result u = fi + u is a candidate for

theory assessment, but remains epistemically flawed. Suppose H and

H' make predictions about the value of ;. Any conclusions about H or

H' based on u =i +u will depend on the correctness of the as-

sumptions of My. An argument in support of H or H' that depends on a

false model assumption will be unsound. If H is a model assumption

in My, then an argument in support of H based on agreement between

u = § £+ u and the value of y predicted by H will be viciously circular.

Stage 3 (measurement with full uncertainty): Data X is evaluated by

model My, along with evaluations by a family of variants of My: M,

i=1,2,....Each Mf, involves alternative(s) to the assumptions of My
and yields results determining a range y = § & u; + up, where u;is
the statistical uncertainty and up is the systematic uncertainty
reflecting the variation generated by the variant models M. The
relevance of the result 4 = i + uj + u, depends on the aptness of the
choice of the M{), which should reflect the extent to which alternative
model assumptions are plausible or could have been reasonably
chosen.

Stage 3 (theory assessment): The result ¢ = i + u; + u; may provide
the basis for a cogent empirical argument supporting theoretical
conclusions. If H and H' both make predictions about the value of y,
and y = Ji +u; + uy agrees with the prediction from H and disagrees
with the prediction from H', then, ceteris paribus, the result provides
a reason to prefer H to H’. An objection based on a possible flaw in a
model assumption can be countered to the extent that such a flaw has

been anticipated in one of the alternatives Mi: If the flaw is actual,
the measurement result (as computed with a model that corrects that
flaw) still falls within the range ¢ = Ji + u; & uy. An objection based
on circularity may also be countered. Suppose the objector points out
that the hypothesis H that is being claimed to have support from the
measurement result was relied upon in producing the measurement
result. Provided that the dependence of the result on H has been
explored in the alternative models M}, the following reply is avail-
able: Although H was used in arriving at the result, the interval y =
U £ u; £ upincludes estimates of y produced by relying on alterna-
tives to H (possibly including H').

As argued at length in (Staley, 2020), the core of any methodology

6 For reasons of economy, this reconstruction focuses on uncertainties in
measurement results. Theoretical predictions also come with uncertainties that
are crucial for reaching conclusions about theoretical hypotheses based on such
predictions, as reflected in Fig. 1.
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for evaluating systematic uncertainty involves robustness analysis.
Wimsatt’s influential discussion describes robustness analysis as
involving (1) the analysis of a “variety of independent derivation,
identification, or measurement processes,” (2) determination and anal-
ysis of that which is invariant or identical “in the conclusions or results
of these processes,” (3) determination of the scope of such invariance as
well as the conditions of invariance, and (4) analysis and explanation of
relevant failures of invariance (Wimsatt, 1981, p. 126).

In this case, robustness analysis is applied to a model of the mea-
surement process (M), alternatives to which are generated by varying
model assumptions that are subject to uncertainty. Although these
alternative models differ from Mj only slightly, they are independent in
the relevant sense for the purposes of the analysis undertaken: each
alternative model involves at least one assumption that might be correct
in case its counterpart in My is incorrect. The result of the process is
constituted by the calculated value 7; of the measurand result derived
from a particular model variant M}, and the invariant feature of these
results is that they all lie within the interval i + 1y + us.

That interval, the product of stages 2 and 3 in the above recon-
struction, constitutes a kind of weakening of the measurement result,
relative to the empirically unusable computation of a determinate value
for the measurand y = j that is achieved in stage 1. The robustness
analysis and weakening work together to manage (but not eliminate) the
epistemic risk assumed by the investigator.

Multiple risks threaten the reporting and use of measurement results,
including the following: (1) One might draw an erroneous conclusion
about the value of the measurand on the basis of some feature of the data
that will not be present in future samples, because of the variability of
the data. The statistical component of the uncertainty (stage 2 in the
reconstruction above) addresses this risk. (2) The attribution of values to
the measurand might be biased by some flaw in the model of the mea-
surement process, such as a theoretical assumption, and hence lead to an
erroneous conclusion about the value of the measurand. The systematic
component of measurement uncertainty addresses this risk. (3) In using
aresult to test hypotheses that predict values for the quantity measured,
the agreement between the predictions of a hypothesis and the mea-
surement result (and disagreement of the result with predictions from
competing hypotheses), might be an artifact of assumptions relied upon
in arriving at the result that would vanish under plausible alternative
assumptions. A special case of this is the one in which the hypothesis
apparently supported by the measurement result and a hypothesis
assumed in arriving at that result are one and the same.

Such risks cannot in general be eliminated, but they can be managed.
We speak of managing here because it is a matter not simply of reducing
risk of error, but of making judicious choices regarding the extent to
which inferences are exposed to risk. Implementing the robustness
methodology just described involves tradeoffs between weakening one’s
inferences about the value of the measurand (which also reduces
sensitivity) and exposure to risk.

Robustness analysis aids in this management task because it is a
useful strategy to distinguish, in Wimsatt’s words, the “ontologically and
epistemologically trustworthy” from the “unreliable, ungeneralizable,
worthless, and fleeting” (Wimsatt, 1981, p. 128). Critics have called into
question the ability of robustness analysis to achieve this ambitious aim
(Odenbaugh & Alexandrova, 2011; Stegenga, 2012). Stegenga, for
example, raises a concern about the possibility of a systematic approach
to robustness analysis because of its dependence on judgments about
kinds and degrees of independence. These in turn depend upon “back-
ground assumptions which we are uncertain about,” and Stegenga de-
spairs of the prospects for “a satisfactory and general criterion of
identifying problematic background assumptions” (Stegenga, 2012, p.
220).

With or without a criterion, however, identifying problematic
background assumptions is precisely the task undertaken in uncertainty
evaluation, and no responsible reporting of measurements in HEP would
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be possible without it. Although the sense in which the variation of
measurement model assumptions introduces independent assumptions
is minimal, it is well suited to the problem the physicist seeks to solve.
This problem, as Beauchemin depicts it, is to “account for errors in
measurement procedures that are unknown but which affect the results
without being a priori correctable” (299). Treating the absence of an
effective decision procedure for identifying and accounting for all
possible errors in a measurement procedure as an obstacle to reporting
results in a manner that accounts for errors that can be treated through a
robustness analysis would block the road of inquiry.

Importantly, the logic of this methodology also plays a constraining
role that complements the argumentative strategy just outlined. If a
measurement result does strongly depend on a particular theoretical
assumption (including one that could introduce evidential circularity),
the resulting large uncertainty bounds will render it compatible with
competing hypotheses and incapable of being invoked as supporting one
hypothesis over another (as illustrated in the right hand plot in Fig. 1). In
this way, uncertainty and sensitivity considerations protect against the
potentially vicious features of evidential circularity — that argumenta-
tion might not provide a good reason to accept a conclusion indepen-
dently of having already accepted it.

This point allows for an expanded understanding of the way in which
robustness analysis applied to a model of the measurement procedure
supports the management of epistemic risk: Not only does it enable an
epistemically warranted weakening of the claimed measurement result
to reduce the risk of reporting erroneously the value of the measurand, it
reduces the risk of relying on a theory-dependent measurement result in
an evidential argument for a theoretical claim that is subject to a vicious
form of circularity. Such an epistemically flawed means of defending a
theoretical claim could be present even were the measurement result
itself correct, but sensitivity considerations prevent this from happening,
provided that the uncertainty estimate attached to the result accurately
represents the extent to which the result is sensitive to the particular
assumptions upon which it depends.

4.2. Undoing circularity and ‘good sense’

In this section, we show how uncertainty practices can transform the
epistemic risk of assigning evidential weight to measurement results. We
examine these practices in the light of Duhem’s claim that it is ‘good
sense’ that breaks the underdetermination and can account for historic
progress in science. In this discussion we here highlight how the
epistemic risk introduced by potential underdetermination and holism,
classic problems in philosophy of science, can be managed in practice.

The holism that follows from Duhem’s non-separability thesis can be
avoided, as discussed, if the experimenter can discriminate amongst the
assumptions required for the measurement result to determine how
strongly the value assigned to the measurement result depends on any
particular assumption. As Duhem points out, any discrimination is
initially underdetermined, as the logic of the experimental test is that
the result bears upon the group of assumptions and theories as a whole.
Consequently, there is no indication, absent the investigation of uncer-
tainty, as to which assumptions strongly influence the measurement
result from those that do not, or which hypothesis or assumption should
be revised following a negative result or supported following a positive
result.

Duhem does argue for the existence of a solution to the problem:
‘good sense’.

“Pure logic is not the only rule for our judgments; certain opinions
which do not fall under the hammer of the principle of contradiction are
in any case perfectly unreasonable. These motives which do not proceed
from logic and yet direct our choices, these ‘reasons which reason does
not know’ and which speak to the ample ‘mind of finesse’ but not to the
‘geometric mind,” constitute what is appropriately called good sense.”
(Duhem, 1954 [1908], p. 217).

As many authors have pointed out, Duhem’s solution is too vague to
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be of use as it does not specify criteria or a methodology to determine
discrimination or revision. As Gillies has argued, “Duhem’s theory of
good sense [is] more in the nature of the problem, or a starting point for
further analysis, than of a final solution to the difficulty with which it
deals” (Gillies, 1993, p. 108). Rather than offering an epistemically
justified method, Duhem points to evidence for the existence of a process
of discrimination by gesturing to the history of science where many
choices, that were underdetermined due to non-separability in experi-
mental testing, were ultimately supported by empirical evidence
(Duhem, 1954 [1908], p. 217-218). This, however, is a post-hoc
justification.

Duhem’s claim to the existence of a solution departs from what has
been attributed to Quine as his (in)famous denial of a solution to the
problem. Quine claimed that:

“any statement can be held true come what may, if we make drastic
enough adjustments elsewhere in the system. Even a statement very
close to the periphery can be held true in the face of recalcitrant expe-
rience by pleading hallucination or by amending certain statements of
the kind called logical laws. Conversely, by the same token, no statement
is immune to revision.” (Quine, 1951, p. 40, p. 40).

The denial of the solution is a consequence of the holist ‘web-of-
beliefs’ picture often associated with Quine, where possibility to always
adjust within a system prevents discrimination amongst the group of
statements (or hypotheses and assumptions) which make up the system.
It is important to note here that holism follows from non-separability
only if one also denies the possibility of discrimination. Duhem does
not deny the possibility of discrimination (in principle escaping holism),
however offers no method. The uncertainty practices identified by
Beauchemin show how discrimination can be guided by method, so that
the escape is not merely in principle, but in practice.

In order to work towards an ‘in practice’ solution, we adopt an
approach advocated by Mayo (1997) who argued that Duhem’s problem
is a problem regularly faced by scientists who also very often develop
methodologies, using what she calls “error statistics” (p.229), which
seek to solve Duhemian problems. Mayo’s discussion highlights the
potential of examining the methods of working scientists in which local
epistemic solutions can be located, rather than pursuing a global solu-
tion. By similarly starting from an analysis of methods adapted to the
particular epistemic problems posed by high energy physicists, we
identify a robustness analysis method whereby the epistemic risk
introduced by Duhem’s problem is managed.

We identify two important feats of the methodology outlined by
Beauchemin which, together, provide an in practice, or epistemic, so-
lution to Duhem’s problem. The first of these feats is identification of the
assumptions on which the result is dependent. As was outlined in section
4.1, the intention of robustness analysis is to locate the “epistemically
trustworthy” (Wimsatt, 1981). The systematic uncertainty evaluation in
stage 3 identifies the space of possible assumptions on which the result is
dependent. By identifying a definite group of relevant assumptions, the
scope of the potential holism is determined not to be global. This alle-
viates (without eliminating) the concern of the possibility of a prob-
lematic assumption remaining unknown (as there is no effective
procedure to generate the alternative model assumptions). This also
aligns with the significant body of work coming from the ‘New Experi-
mentalists’, who showed the piecemeal nature of experimental testing
(for example, see Mayo (1996)).

Note that in delimiting the group of relevant assumptions, we can
also see an epistemic justification to a claim made by Duhem. Duhem
claimed that the experimenter “makes use also of a whole group of
theories accepted by him as beyond dispute” (Duhem, 1954 (1914), p.
185). Duhem here alludes to a local rather than a global scope for holism
by placing limits on the size of the group. The robustness analysis
method ensures what Morrison has called ‘moderate scope’ for the ho-
listic thesis (J. Morrison, 2017, p. 3) by demonstrating the finiteness of
the group, or the piecemeal nature of the experimental test, in practice
rather than in principle.
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At this point, identification has only limited the holism to its local
version. Also required is discrimination amongst the local group of as-
sumptions to escape holism altogether. This feat is achieved by deter-
mining the size of the contribution to the uncertainty of specific
assumptions, thereby discriminating amongst the group of assumptions
on the basis of how much the result cited depends on specific assump-
tions. The discussion in 4.1 focuses on the possibility to evaluate how
much the measurand depends on any particular PDF assumption. Stages
2 and 3 show the general structure of how the uncertainty and sensitivity
practices limit epistemic risk in theory testing and support.

The ability to discriminate amongst the group of assumptions man-
ages the epistemic risk introduced by the possibility of evidential
circularity due to the non-separability of the local group of assumptions
required for experimental test in one of two ways. In the case where the
hypothesis that is being tested is assumed in arriving at the result and,
importantly, where the result strongly depends on the very same
assumption, the uncertainty interval will be too large to allow for the
experiment to confirm or disconfirm the hypothesis that is being tested.
This allows for the eschewal of viciously circular argumentation. The
alternative case, where the hypothesis that is being tested is one that is
assumed in arriving at the result and where the result is determined to
not be strongly dependent on the very same assumption, the uncertainty
interval will be small enough to allow for the experiment to confirm or
disconfirm the hypothesis that is being tested. This method allows for
epistemically risky models of the measurement process to be discarded.
It also enables theory-dependent measurements to target, in a piecemeal
way, particular theoretical hypotheses, even the very same hypotheses
upon which the results themselves depend.

Identification also ensures the viability of discrimination because, if
global holism is assumed, every evidential use of measurement results
would include inescapably viciously circular reasoning, as the scope of
the group of assumptions and theoretical content in any experimental
test is the ‘whole of science’. Whilst there have been very few attempts to
claim and argue for a thesis of global holism, the concern remains that
the local group of assumptions may be larger than supposed as a result of
a lack of awareness of assumptions (such as implicit assumptions which
may not be initially apparent to the experimenter). This highlights the
importance of the identification of the local group of hypotheses that are
required for an experimental test or measurement. Identification is
crucial for the effectiveness of discrimination as a strategy to manage
epistemic risk.

The robustness analysis solution corresponds nicely to the negative
claims made by Duhem, that logic cannot provide a solution to his
problem. Non-separability introduces epistemic risks that cannot be
eliminated. However, we have here provided an epistemically justified
account of how such risks can be managed, and holism escaped, in
practice. In this account the ‘good sense’ of the experimenter is in
making judicious choices regarding the extent to which their inferences
are exposed to risk.

5. Conclusion

We have sought to identify an epistemological problem that arises in
the context of analyzing data for the purposes of deriving a measurement
result, and that exemplifies a widely discussed feature of scientific in-
quiry - that experimental results or observations are dependent upon
theoretical assumptions - the philosophical implications of which
remain a matter of debate. Our arguments here cannot resolve that
wider debate, but they do show that theory dependence that engenders
evidential circularity in argumentation need not constitute an epistemic
defect.

It is easy to miss this point. That circularity is an epistemologically
threatening consequence of theory dependence is such a widely held
assumption that it is rarely articulated. To be sure, there is good reason
to worry about circularity in argumentation, but we have argued that
the practices of evaluating uncertainty and sensitivity employed in
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measurements in HEP enable investigators to differentiate between
benign and vicious instances of circularity and to reduce significantly
the risk posed by the latter. We have further argued that these same
practices constitute a means of responding to Duhemian problems of
underdetermination as they arise in measurement experiments in HEP.

The response to problems of evidential circularity and under-
determination that we have investigated here does not take the form of a
philosophical theory of confirmation or empirical support. It is instead a
practical response. A proper philosophical appreciation of this requires
understanding the epistemological basis of the diverse and widespread
practices of uncertainty evaluation employed by scientists using data to
generate measurement results.

Perhaps because these practices seem so mundane and remote from
the theoretical heights of theories of confirmation, philosophers have
long neglected them. We hope to have contributed to the gradual
elucidation of the epistemological efficacy of scientific inquiry that
comes from attending to the details of scientific practice.
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