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There has been considerable debate and analysis about the nature and extent of
what many believe to be a replication crisis in psychology and other social sci-
ences. And perhaps to a lesser degree in the medical sciences. Our approach to
the nature and value of replication has been based on the idea that the overriding
purpose of replication is to ferret out and identify confounding causes. In other
words, to reduce systematic uncertainty. This has led us to understand replication
in a broader sense than ordinarily understood. We have developed this approach
in considerable detail in three recent books which include both abstract analysis
and many case studies drawn primarily, but not exclusively, from physics. We
have, for example, considered the difficulty of deciding whether a replication has
been successful or has failed, the roles of null experiments, and episodes in
which a single experiment has been sufficient to decide, or to further investigate,
an issue. In this two-part essay we will review and summarize our approach and
results.
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A. Introduction

It is virtually axiomatic that “replication - the confirmation of results and conclusions
from one study obtained independently in another is considered the scientific gold standard”
[Jasny, Chin et al. 2011]. The underlying argument for this is that if an experiment has suc-
ceeded in revealing a real phenomenon or accurately measuring a quantity then that success
should reappear when the experiment is repeated under the same circumstances or more ex-
pansively that the purported phenomenon or quantity measurement be obtained under differ-
ent circumstances or using an entirely different experimental procedure. The reason for
the more expansive requirement should be obvious since simply repeating an experiment
may do no more than reproduce the experimental deficiencies, if such there be, that existed
in the original experiment. At best, a more or less exact repetition might under the right cir-
cumstances reveal the existence of a confounding cause that varied during the course of
the experiment. But as discussed more fully below, the better approach is to devise an im-
proved experiment that more specifically targets suspected confounding causes.

" This two-part essay is a brief summary of three books we have written on the subject of replication.
For more details see [Franklin 2018; Franklin and Laymon 2019; Franklin and Laymon 2020].
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Putting aside for the moment the more expansive notion of replication, we note that con-
siderable doubt has been expressed whether even when narrowly construed the replication
requirement is all that well satisfied in the social sciences. The question of the extent of such
replication failure is of considerable importance because if replication (in the narrow sense)
is not satisfied, the original experiment was prey to unrecognized cofounding causes. With
the aim of answering this question of extent, the Open Science Collaboration attempted to
replicate 100 experimental results “published in three psychology journals using high-pow-
ered design and original materials where available” [Aarts, Anderson et al. 2015, 943].
One immediate problem that became evident was that “there is no single standard for evalu-
ating replication success” [ibid., 943]. Thus, depending on the criteria used, the Collabora-
tion estimated that only either 47% or 39% of the original studies had been successfully
replicated'. This was in contrast to an expected failure rate of less than 10%. Hence there
was a problem.

One need not delve into the statistical weeds (such as insuring adequate sample size and
statistical power) in order to appreciate the obvious problems of ensuring relevantly similar,
or relevantly superior, initial or test conditions. And since, as we have already noted, there is
at best only marginal value in exactly reproducing the original experiment, there is the addi-
tional and at bottom fundamental problem of knowing whether differences in initial and test
conditions that are claimed to constitute improvements really serve to do so. That this latter
concern is paramount is made evident by the fact that, as tellingly realized by [Anderson
et al. 2016], it is virtually impossible in the social sciences to conduct an exact repetition of
an experiment because of the complex and unruly experimental conditions involved.

More generally, there is no such thing as exact replication. All replications differ in in-
numerable ways from original studies. They are conducted in different facilities, in different
weather, with different experimenters, with different computers and displays, in different
languages, at different points in history, and so on. What counts as a replication involves
theoretical assessments of the many differences expected to moderate a phenomenon [An-
derson et al. 2016], emphasis added.

The reference to theoretical assessments is especially noteworthy because the availabil-
ity and depth of such assessments identifies a potentially telling point of difference between
the social and the physical sciences. But since the spirit of Anderson’s appraisal applies as
well to experimentation in physics we have, as indicated earlier, adopted a broad view of
replication. It will not be solely performing the experiment again with either the same or
a very similar experimental apparatus but also includes experiments that employ different
apparatus with corresponding differences in procedure and underlying theoretical assump-
tions. By way of further expansion of the notion of replication we will also consider experi-
ments that examine different phenomena that bear on the underlying theory or hypothesis in-
volved since such experiments serve the purpose of validating the design and execution of
the original experiment?. Qur broad view of replication was initially developed and applied
in [Franklin 2018] which included cases of both successful and failed replications, along
with episodes in which there were difficulties in determining in what sense a replication had
been achieved.

But before proceeding along these lines, we’ll make a brief detour and consider the sug-
gestion made by the Open Science Collaboration that there exists in the social sciences a re-
search and publication bias as an additional contributing cause for the problems of replica-
tion. The suggestion is that both journals and the scientists themselves value positive results
more than negative results and thus may not publish or even submit negative results. This
has been called the “file drawer” problem in which negative results are filed away and not
submitted for publication. In particular [Anderson et al. 2016] make a persuasive case that
the research and publication bias operates in three ways: (1) to encourage positive results
(i.e., confirmation of the test hypothesis); (2) to discourage publication of failed attempts to
confirm the test hypothesis; and (3) to discourage replications of both positive and negative
results where a negative result is a failure to confirm the test hypothesis. The last is the idea
that the original, or initial, work is more highly regarded than its replication. There is the ad-
ditional desideratum that positive results are preferred that have large size of effect®.
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The reader may at this stage sense a noticeable difference between the social sciences
and the physical sciences, most notably, physics. So, for example, with the physical sciences
in mind, Tan Hacking has noted that “no one ever repeats an experiment. Typically serious
repetitions of an experiment are attempts to do the same thing better - to produce a more
stable, less noisy version of the phenomenon” [Hacking 1983, 231]. Jack Steinberger, one of
the leaders of a group that performed one of the second set of measurements of 1., dis-
cussed below, concurs. “When we first proposed this experiment, we took it for granted that
a more precise measurement of ¢.. [the phase of the CP-violating amplitude] might have
given a clue on the origin of CP violation, still one of the outstanding problems. This was
the physics motivation for constructing the detector. There was another purely experimental:
we saw a way of doing a much better measurement than had been done” (private communi-
cation to Franklin, emphasis added).

In order to measure @..,, however, one must use an interference technique, which in-
volves both the magnitude and phase of the amplitude, so that, in a sense, the measurement
of n.. is free. It is not, however, a requirement that a replication be better. It must simply be
good enough to serve as a successful replication.

This notion of doing the same thing only better raises the obvious question of what are
the standards for having conducted the better experiment. Stated differently, what is it that
gives credibility to claims of having made a significant and relevant improvement? Franklin
has suggested that this credibility is provided by the use of an epistemology of experiment,
a set of strategies used to argue for the correctness of an experimental result [Franklin 2002,
2-6]. These strategies include: 1) experimental checks and calibration, in which the experi-
mental apparatus reproduces known phenomena; 2) reproducing artifacts that are known
in advance to be present; 3) elimination of plausible sources of error and alternative expla-
nations of the result; 4) using the results themselves to argue for their validity. In this case
one argues that there is no plausible malfunction of the apparatus, or background effect,
that would explain the observations; 5) using an independently well-corroborated theory of
the phenomena to explain the results; 6) using an apparatus based on a well-corroborated
theory; 7) using statistical arguments; 8) manipulation, in which the experimenter manipu-
lates the object under observation and predicts what they would observe if the apparatus was
working properly; observing the predicted effect strengthens belief in both the proper opera-
tion of the experimental apparatus and in the correctness of the observation; 9) the strength-
ening of one's belief in an observation by independent confirmation; 10) using “blind” anal-
ysis, a strategy for avoiding possible experimenter bias, by setting the selection criteria for
“good” data independent of the of the final result. Note that strategy 9, independent confir-
mation is essentially replication. It is only one of the possible ways of validating an experi -
mental result.

At bottom, much of the concern about the need for replication and more generally scien-
tific objectivity comes from the worry that an experimental result may reflect the influence
of confounding factors rather than the underlying fundamental processes that the experiment
aims to uncover. Making use of the current terms of art, the problem is how to deal with sys-
tematic uncertainty. As has been made clear by our case studies what’s needed are effective
ways of reducing such uncertainty by means of improved experimental apparatus and proce-
dures. And it is here that the strategies discussed above, what we have referred to as
the epistemology of experiment, come forcefully into play. Thus, while there may be no harm
in simply duplicating an experiment it’s much better to think more deeply and aim for the bet-
ter experiment-assuming of course that the claim of being better has been made credible.

For a specific instance where credibility is at issue consider what can be described as
the “bandwagon effect”. Here experimenter bias comes into play insofar as the experimenter
continues his or her manipulation of the experimental particulars until results are obtained that
agree with earlier results that have already received the imprimatur of the scientific commu-
nity*. As stated by the Particle Data Group, which assembles the “Review of Particle Physics”,
the standard reference on particle properties: “The old joke about the experimenter who fights
the systematics until he or she gets the ‘right’ answer (read ‘agrees with previous experiments’)
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and then publishes contains a germ of truth” [Kelly, Horne et al. 1980, S286]. One technique to
overcome this sort of experimenter temptation and resultant bias is “blind analysis”, which
made an appearance above in our epistemology of experiment. In short, it’s the practice of set-
ting the selection criteria on the data before the final result is calculated and known®.

There is as should be expected both ambiguity and uncertainty in the application of any
requirement of replication. At the top of the list is the very notion of the result of an experi-
ment. So, for example, does the demand for replication just deal with the data produced,
such as density and time determinations or cloud chamber photographs, or should it be un-
derstood more expansively to include higher level theoretical processes and entities such as
the replication of DNA or the existence of the positron? And even assuming that the relevant
type of result has been agreed upon there is the question of how similar or different the re-
sults must be to count as successful or unsuccessful replications. Scientists have offered dif-
ferent answers to this question®. A variant of this question has been raised concerning experi-
mental results in high-energy physics, namely, how statistically significant must a result be
to be considered a discovery?’ And as a related question consider whether the same stan-
dards should be applied to a discovery and to a confirmation of that discovery?

The case studies discussed here and in our earlier books were undertaken with the aim
of discovering methodologically relevant specificity regarding the replication of experimen-
tal results. In other words, our aim has been to add specific historical instances of the role
replication, otherwise only abstractly considered, has played in the development of science.

So in what follows we’ll consider (1) a stunning and current case of a what is undoubt-
edly a successful replication, namely, the near simultaneous discovery of the Higgs boson by
two independent research groups; and (2) the more melancholy series of unsuccessful repli-
cations of the Universal Gravitational constant. In Part II (to be published in the next issue
of this journal) we’ll focus on the repetition of null experiments in physics which at first
glance stands in stark contrast to what happens in the social sciences where because of
the file drawer problem such apparently obsessional behavior carries severe consequences
for one’s career. In short, measuring nothing repeatedly is not likely to get you very far
in the social sciences. We’ll also focus attention on cases where replication was not required
either as a matter of historical fact or of sound methodology considered from a more philo-
sophical perspective. In short, these are cases where once was enough.

B. The Discovery of the Higgs Boson®: A Successful Replication

The recent discovery of the Higgs boson’ reported by both the ATLAS and CMS collab-
orations at the Large Hadron Collider (LHC) is a clear example of a successful replication.
These experiments used different detectors and were performed by different experimental
groups [Aad et al. 2012; Chatrchyan et al. 2012]. They did, however, investigate the same
phenomena. They not only provided strong evidence for the existence of a new elementary
particle but also provided evidence for the Standard Model, the currently accepted theory of
elementary particles. The Higgs boson was the last remaining unobserved piece of that
model. The observed effect in each experiment was more than five standard deviations (5 o)
above background'®, providing very strong statistical support for the credibility of the re-
sults. The observation of the particle in two different decay modes, H — yy and H - ZZ’,
(See [Franklin 2018], Figures 2.1-2.4)"! by both experiments supported the conclusion'?
Both collaborations also found the same mass for the particle, 125.3 * 0.4 GeV (CMS) and
126.0 * 0.4 (stat) = 0.4 (syst) (ATLAS), providing additional support'®. In addition the CDF
and DO collaborations at Fermilab found a 3 o effect at the Higgs mass, which although not
qualifying as a discovery by contemporary high-energy physics standards, did provide addi-
tional support for the existence of the particle'. The results reported by both CMS and AT-
LAS constitute what one might describe as simultaneous and reciprocal replications involv-
ing different experiments where the experiments differed in ways that would maximize
the identification of confounding causes.
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Both the CMS and ATLAS collaborations offered arguments for the credibility of their
results. One of these was an extended calibration procedure of both the CMS apparatus and
its analysis procedures’®. Over a period of several years the CMS experiment had replicated
much the history of 20th century particle physics. For example, the group observed strong
signals for the neutral K mesons as well as other particles. The collaboration constructed
a timeline for discoveries in 20th century particle physics along with the timeline for
the replications performed by CMS. This procedure demonstrated the ability of the appara-
tus and the analysis procedures to produce correct results and provides support for the credi-
bility of other results obtained by the collaboration.

A crucial part of the analysis of the Higgs discovery experiments was the determination
of the photon energies for the H — yy decay mode. “A multivariate regression is used to ex-
tract the photon energy and a photon-by-photon estimate of the uncertainty in that measure-
ment. The calibration of the photon energy scale uses the Z boson mass as a reference;
ECAL showers coming from electrons in Z - ee events are clustered and reconstructed
in exactly the same way as photon showers” [Chatrchyan et al. 2012, 34]. Electrons
and photons are expected to behave in very similar ways in such a detector. The Z boson has
a known mass and was used as a calibration. The mass reconstructed from the two electrons
from the decays were required to fit that mass, thus establishing the energy scale, see
[Franklin 2018], Figure 2.3.

An important part of the analysis was the need to separate the signal from the back-
ground (see [Franklin 2018], Figures 2.1-2.4, [Chatrchyan et al. 2012] and [Aad et al.
2012]). For the decay H — yy the CMS group stated, “The background is estimated from
data, without the use of MC [Monte Carlo] simulation, by fitting the diphoton mass distribu-
tion in each of the categories'® in a range (100 < m,, < 180 GeV) extending slightly above
and below that in which the search is performed” [Chatrchyan et al. 2012, 34]. (See
[Franklin 2018], Figure 2.1.) The collaboration also used a second, independent analysis
“using a different approach to the background modelling” [Chatrchyan et al. 2012, 34].
The collaboration remarked that “The observed limit indicates the presence of a significant
excess at my = 125 GeV in both the 7 and 8 TeV data” [ibid., 34-35].

For the decay mode H — ZZ" the ZZ background was calculated from a Monte Carlo
simulation. “Two different approaches are employed to estimate the reducible and instru-
mental backgrounds from the data. They both used events from a background region, well-
separated from the signal region. Within uncertainties, comparable background counts
in the signal region are estimated by both methods” [ibid., 36]. For both decay modes
the two different background estimates agreed. This robustness added credibility to the re-
sults, the my distribution is shown in Figure 2.3 [Franklin 2018; Chatrchyan et al. 2012].
There is a clear peak at the Z mass where the decay Z — 4l is reconstructed. This feature is
well reproduced by the background estimation. The figure also shows an excess above the
expected background around 125 GeV (p. 36)”. The fact that the figure shows the known
Z boson at its known mass added to the credibility of the result. A clear signal is seen at
125 GeV. The mass distribution found by the ATLAS collaboration also shows a significant
signal (see [Franklin 2018], Figure 2.4, and [Aad et al. 2012]).

To guard against possible experimenter bias the collaborations used blind analysis.
“The new analyses presented herein, ...featuring modified event selection criteria, were per-
formed in a ‘blind’ way: the algorithms and selection procedures were formally approved
and fixed before the results from data in the signal region were examined” [Chatrchyan,
Khachatryan et al. 2012, 31]"".

There is also what one might call internal replication, within a single experiment.
In the cases of the Higgs Boson, as noted above, each of the collaborations reported observ-
ing the same particle in each of two decay modes, albeit with a lower statistical significance.
We note here that the data sets for each of the decay modes was different'®. In addition,
in each collaboration the analysis of the data was independently performed by several
groups, providing robustness for the analysis".
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The fact that the Higgs boson was seen in both decay modes in each experiment added to
the credibility of the result. Further support was added by the fact that for both experiments,
the results for each of the decay modes, as well as for the combined result agreed with the
predictions of the Standard Model, a theory that already had considerable evidential support.

In sum, the discovery of the Higgs boson is a paradigmatic example of a successful
replication where the replication consisted of two simultaneous and reciprocal replications.
As clear a demonstration of the value of replication - broadly construed - as could be
hoped for.

C. Is There a Universal Gravitational Constant??
Failed Replications

Despite its status as perhaps the most venerable of physical constants®, G, the Universal
Gravitational constant is the least well-measured of the important physical constants. Recent
measurements of G show a wide variation, with many of the measurements reporting values
which differ from the accepted value by far more than their stated uncertainties (see
[Franklin 2018], Figure 6.1, [CODATA 2014]). As Mohr and collaborators remarked in their
2016 review of the recommended values of physical constants, the addition of three then
new measurements of G (which will be discussed below), obtained with different methods,
“have not resolved the considerable disagreements that have existed among the measure-
ments of G for the past 20 years” [Mohr, Newell et al. 2016, 035009-4]. The differences are
so large that the Task Group assigned to recommend a value for G used an expansion fac-
tor? of 6.3 for the initial uncertainties in the reported values “that reduces the normalized
residuals of each datum to less than 2...” [ibid.]. This is a clear example of failed replication.

The most recent CODATA value of G is (6.67408 * 0.00031) G, with a relative uncer-
tainty of 4.7 x 107°. For simplicity we will write G as a numerical factor multiplying Go,
where Gy = 10" m® kg™ s2 One might contrast this with the uncertainty in the electron
g factor, the ratio of its magnetic moment to its spin®, of (2.00231930436182 +*
0.00000000000052), with a relative uncertainty of 2.6 x 1073,

One possible problem with measuring G is that the gravitational force is quite weak
when compared to other forces. For example, the electromagnetic force between the elec-
tron and proton in the hydrogen atom is 2 x 10* times as large as the gravitational force
between them. Another is the fact that the gravitational constant is independent of other
physical constants. As Mohr and collaborators noted, “because there is no known quantita-
tive theoretical relationship between G and other adjusted constants, they [then recent
measurements of G] contribute only to the determination of the 2014 recommended value
of G” [ibid.]. For example, the fine structure constant « = 2me?/hc. Thus, measurements of
either a, e, h, or c place constraints on the values of these other constants. G has no such
relationships.

An interesting attempt to resolve the problem was the 2001 experiment by Quinn and
collaborators [Quinn 2001]. They noted that there had been recent measurements of G that
gave values closer to the 1998 CODATA value®, (6.673 * 0.010) Gy, “particularly the paper
by [Gundlach, Merkowitz 2000] that gives a result with the very low uncertainty of 14 ppm
[parts per million]. We report here a new determination of G, which has a standard uncer-
tainty of 41 ppm. Our value is unique in that it is based on two results obtained using the
same apparatus but with different methods of measurement. Our result does, however, differ
from that of Gundlach and Merkowitz by some 200 ppm [ibid., 111101-1]".

Two different methods were used 1) electrostatic servo control and 2) free deflection
(Cavendish method). When the source masses were radially aligned with the test masses
the gravitational torque was zero. Rotating the source masses by 18.7° in either direction
produced a maximum torque. “In the servo-controlled method, the gravitational torque of
the source masses is balanced by an electrostatic torque acting directly on the test masses”
[ibid., 111101-2]. In the Cavendish method at equilibrium the applied gravitational torque is
balanced by the suspension stiffness, T = cB, where c is the stiffness of the suspension wire
and 0 is the angle of equilibrium. Just as Cavendish had done, the stiffness constant was ob-
tained from the period of free oscillation of the test masses and the moment of inertia.

122



The final result for the servo method was G = 6.67553 G, with a standard uncertainty of
6.0 parts in 10°. For the Cavendish method G = 6.67565 G, with a standard uncertainty of
6.7 parts in 10°. The final result was G = 6.67559(27) G, with a standard uncertainty, which
included the effects of correlations between the two methods, of 4.1 parts in 10°. “In conclu-
sion, the close agreement of the results of our two substantially independent methods is evi-
dence for the absence of many of the systematic errors to which a G measurement is subject.
Nevertheless, the two most accurate measurements of G, this one and that of Gundlach and
Merkowitz [6.674215 £ 0.000092 G,], differ by more than 4 times their combined standard
uncertainty” ([Gundlach, Merkowitz 2000, 111101-3], emphasis added). Both results differ
considerably from the 1998 CODATA value. The problem remained”.

In 2013 Quinn and collaborators reported on their continued efforts to resolve the dis-
cordant results. This was the first of the three new values discussed by Mohr and collabora -
tors. They reported a new value for G using the same methods used in their 2001 paper.
“The apparatus has been completely rebuilt and extensive tests carried out on the key pa-
rameters needed to produce a new value for G” [Quinn, Parks et al. 2013, 101102-1]. They
further noted that, “The 2010 CODATA evaluation of the fundamental constants shows
a spread in the recent values of the Newtonian constant of Gravitation of some 400 ppm,
more than ten times the estimated uncertainties of most of the contributing values” ([ibid.],
emphasis added). Their reported values of G were 6.67520(41) Gy and 6.67566(37) G, for
the servo and Cavendish methods respectively. The weighted mean value was 6.67545(18)
Go. They remarked that their “new value is 21 ppm below our 2001 result which had an un-
certainty of 41 ppm but 241 ppm above the CODATA 2010 value” [ibid., 101102-4]. They
further stated, “Noting that in each, the result is based on the average of two largely inde-
pendent methods, taken together, our two results represent a unique contribution to G deter-
minations” [ibid., 101102-5]. The experimenters had successfully replicated their 2001 re-
sult but, the discord among all of the measurements of G remained.

The second of the new values reported mentioned by Mohr was that of the European Lab-
oratory for Nonlinear Spectroscopy at the University of Florence [Prevedelli, Cucciapuoti
et al. 2014]. “The experiment combines two vertically separated atomic clouds forming a dou-
ble atom-interferometer-gravity gradiometer that measures the change in the gravity gradient
when a well-characterized source mass is displaced” [Mohr, Newell et al. 2016, 035009-39].
Their final value for G was 6.67191(99) Gy, a relative uncertainty of 1.5 x 10™. As Mohr and
collaborators remarked, “Although not competitive, the conceptually different approach could
help identify errors that have proved elusive in other experiments” [ibid., 035009-38].

The third new value was the result of a series of measurements, over a period of seven
years, taken by a group at the University of California at Irvine headed by Riley Newman
[Newman, Bantel et al. 2014]. “A measurement of Newton’s gravitational constant G has
been made with a cryogenic torsion pendulum operating below 4 K in a dynamic mode
in which G is determined from the change in torsional period when a field source mass is
moved between two orientations” [ibid., 2014002-1].

The group used three different torsion fibers and obtained values of 6.674350(97) Go,
6.67408(15) Gy, and 6.67455(13) Gy, respectively, with relative uncertainties of 1.5 x 107,
2.2 x 107, and 2.0 x 10°°. The unweighted average of the three values was 6.67433(13) Go.
The experimenters regarded these results as inconsistent. “We have no explanation for the
inconsistency of the results” [ibid., 20140025-24].

Although the value of G obtained by Newman and collaborators is reasonably close to
the CODATA value of G, the discord between measurements of G remains unresolved to
this day. It is fair to say that the measurements of G are a failed sequence of replications.

D. More General Problems in the Determination of the Fundamental Constants

In 1927 Raymond Birge published the first of a series of papers on the value of impor -
tant physical constants [Birge 1929; Birge 1941% Birge 1941°; Birge 1957]. Those values
were generally accepted by the physics community as the most accurate determinations.
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In other papers he also discussed the mathematical techniques for calculating the values and
their probable errors. In his 1932 paper, “The Calculation of Errors by the Method of Least
Squares” [Birge 1932], Birge discussed the distinction between internal and external consis-
tency. (Internal consistency involves a comparison of measurements of a quantity obtained
within a single experiment, whereas external consistency involves a comparison among val-
ues obtained in different experiments). He noted that both methods yield the same result if
only accidental, or statistical errors, are present. “When the ratio of R¢/R; [external to inter-
nal error] exceeds unity by an amount much greater than is to be expected on the basis of
statistical fluctuation, one has almost certain evidence of the presence of systematic errors”
([ibid., 207], emphasis added). Birge did not, however, specify how large that ratio had to be
to justify that conclusion®.

As an example of bad practice, Birge discussed, “F.W. Clarkes monumental work on the
calculation of atomic weights” [ibid., 221]. Clarke used only internal consistency in his cal-
culation of probable errors and in weighting the results obtained by different experimenters.
Birge found that the ratio of external to internal consistency in Clarke’s calculation averaged
approximately ten. “I find, from sample calculations, that the ratio R./R; averages about ten,
so that Clarke's stated probable errors average about one-tenth of the most probable values.
In certain cases, such a system of analysis leads to a clearly false result for the atomic
weight itself, as I have pointed out in a previous paper. Thus, there is occasionally an atomic
weight determination by some particular investigator that is quite at variance with all other
known results, but that happens to have high internal consistency. Clarke accordingly gives
it a high weight, and this weight carries through to the final result, so that the investigation
in question, which should have been discarded entirely, produces an appreciable change
in the published final result. All of the recent reports of atomic weight committees seem to
recognize the fact that the older determinations are nearly all vitiated by constant errors,
and as a result the committee makes an arbitrary assignment of weights. To speak bluntly,
it gives zero weight to these older determinations, regardless of their apparent probable er-
rors... | have adopted the same policy” [ibid.].

Although it seems possible, even probable, that later measurements of a quantity are
more accurate and reliable than earlier measurements because the later experiments have
found and corrected earlier systematic errors, this is not necessarily the case. Similarly, it is
not necessarily true that a result that is at variance with other results is wrong.

The question of the accuracy of both the values and the uncertainties of the fundamental
physical constants has remained an issue until the present. In a 1943 letter to the editor of
the Physical Review, Frank Benford [Benford 1943] complained that the values of many of
the physical constants contained in Raymond Birge’s latest compilations [Birge 1929; Birge
1941°)* had changed by far more than the stated probable errors. (Table 1 lists a few of
these changes.) For example, [Franklin 2018], Figure 7.1%, shows a graph of the recom-
mended values of c, the velocity of light, as a function of time. The changes shown differ by
far more than the stated experimental uncertainty. Benford remarked that, “The main con-
tributing factor to the changes between the 1929 and 1941 list is the new value assigned to
the electronic charge. In 1929 it was 4.7700 %= 50 and in 1941 it was 4.8025 * 10, a differ-
ence of 325 as compared to the probable error of 50. The change is 6.5 times as great as
the probable error, and the chances against such a change are 100,000 to 1, on the basis of
the 1929 figures. It is here again evident that the assigned limits refer to the consistency of
the data from which 4.7700 * 50 was derived, and the present value would, in 1929 have
seemed impossible from the internal evidence” [Benford 1943, 212]%.

[Birge 1943] replied that this was a real problem. “In the preceding paper by Dr. Frank
Benford, attention is called to the important distinction between consistency and accuracy.
The recent large and wholly unanticipated changes in the measured values of many of the
general physical constants have been noted and discussed in many papers... For many years
now I have attempted to emphasize just this distinction. Unfortunately, the true value of any
physical magnitude can never be known. Hence the absolute accuracy of a measured result
cannot be determined and we can only note the difference, if any, between the internal and
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external consistency of the data” [Birge 1943, 213]. He further noted that “As a result of
the diversity of methods now used in determining most of the physics constants and the
greater attention being paid to the question of systematic errors, I feel that the values and
probable errors of the 1941 list can be accepted with considerably greater confidence than
in the case of any earlier list” [ibid.].

Birge was not, however, excessively concerned about the large changes in the value of
the fundamental constants. He remarked, “In spite of the delusive word ‘Constants’ appear-
ing in the title, it is the continual variation in the values of these quantities that furnishes
most of the interest in the subject. It would indeed be disheartening to any real scientist to
feel that an accepted value of any physical constant would never be changed. The most char-
acteristic feature of science - is its never-ending change” [Birge 1941°, 90]. Cohen and Du-
Mond, who took over the task of compiling the fundamental constants from Birge, agreed.
“...having done one’s best with the available data, we must all learn not to be too surprised
or disappointed if more highly developed methods subsequently reveal the presence of sys-
tematic errors unsuspected at the earlier data and of considerably larger magnitude than the
earlier estimate of random error” [Cohen, DuMond 1965, 551].

One possible way of avoiding the problem would be for scientists to increase their esti-
mate of the probable error. Cohen and DuMond disagreed. In discussing the compilation of
constants “It would be an equally grave mistake to recommend that the reviewer enlarge his
error estimates ‘to take care of possible but unknown systematic errors’. Systematic errors
in physical measurements do not obey any known statistics...*® We simply have to learn the
hard fact that, having arrived at a determination of a physical quantity and its estimated uncer-
tainty in the light of all the best information available at a given epoch, this may prove at a later
epoch, when we have more and better information to have been wrong” [ibid., 551-552].

Dunnington had worried about a related, but complementary, problem. This was the ex-
istence of a possible “bandwagon effect”, in which experimental results tend to agree with
either previous measurements or with theoretical calculations. “It is easier than is generally
realized to unconsciously work toward a certain value. One cannot, of course, alter or
change natural phenomena (for example, the location of the current minimum in the present
experiment), but one can, for instance, seek for those corrections and refinements which
shift the results in the desired direction” [Dunnington 1933, 416].

Birge agreed that this was a problem and reported an explanation, which he attributed to
Ernest Lawrence.

In any highly precise experimental arrangement, there are initially many instrumental
difficulties that lead to numerical results far from the accepted value of the quantity being
measured. It is, in fact, just such wide divergences that are the best indication of instrumen-
tal errors of one kind or another. Accordingly, the experimenter searches for the source or
sources of such errors, and continues to search until he gets a result close to the accepted
value. Then he stops. But it is quite possible that he has still overlooked some source of error
that was present also in previous work. In this way one can account for the close agreement
of several different results and also for the possibility that all of them are in error by an un-
expectedly large amount [Birge 1957, 51].

The existence of, and possible solution to, this problem in shown in [Franklin 2018],
Figure 7.2, which shows the values of 1., the CP violating parameter in K°, — m'r decay,
as a function of time, up until 1985. The early measurements were all consistent with one
another and gave an average value of (1.95  0.03) x 107°. Similarly, the post-1973 measure-
ments were all mutually consistent, but with an average of (2.27 * 0.022) x 107, The differ-
ence in the averages is more than eight standard deviations, which has a probability of
1.2 x 107", a very unlikely event indeed. The internal agreement of both pre- and post-1973
sets of measurements might indicate a bandwagon effect. The fact that the later experi-
menters were sufficiently convinced of the correctness of their results that they were willing,
indeed eager™, to publish a result that differed by so much from the world average suggests
that the bandwagon can be stopped.

At the time the situation was sufficiently unusual that the Particle Data Group, which
compiles results on the properties of elementary particles, felt obliged to comment on it.
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There is a very large discrepancy between the old and new results for | N+ | ... The origin
of the discrepancy... is not known... We are troubled by this large, unexplained discrepancy.
We feel that our normal procedure of averaging and increasing the error by a scale factor S to
account for the discrepancy® is not adequate for this case. The new results, when combined
with the average of earlier results by that procedure give (2.15 = 0.11) x 107 (S = 6.0)*. While
this value and error makes some sense in that it nearly spans both incompatible sets of data, we
choose not to quote it. Instead, since the newer experiments are in principle superior (higher
statistics, better acceptance, easier trigger conditions), we have chosen to average them sepa-
rately from the earlier results [Trippe, Barbaro-Galtieri et al. 1976, S81].

Although the origin of the discrepancy between the two sets of measurements has never
been found, later results have been consistent with the higher value for n... The earlier re-
sults have now been omitted from the current world average™ of n._ = (2.232 * 0.011) x 1075,
with a scale factor of 1.8. There is still some inconsistency in the results. This last episode is
an illustration of two apparent sets of successful replications (within the sets) which, unfor-
tunately did not agree (comparing the different sets with each other).

E. Conclusions

(1) Replication in the narrow sense (i.e., exact or nearly exact repetition) is not a neces-
sary condition for scientific acceptability. This because replication in the expanded sense
discussed above is a more telling and profitable requirement to apply.

(2) In considering replication as a normative requirement it is essential to keep in mind
its overriding purpose which is to ferret out and identify confounding causes. In other
words, to reduce systematic uncertainty.

(3) Keeping the second of the above conclusions in mind, it becomes evident that while
successful replication may be a “gold standard”, it surely is not the “gold standard” for es-
tablishing the correctness of a result. There are a host of alternative strategies, what we have
described as an epistemology of experiment, that provide similar benefits when it comes to
dealing with systemic uncertainty. Unless, of course, one construes replication so widely as
to incorporate the entirety of the strategies included in the epistemology of experiment.
In that case, it becomes the gold standard by definitional fiat.

(4) As shown by our discussion of actual cases (here and elsewhere), ambiguities and
vagueness in application of the replication requirement are, more often than not, resolved
when considering the actual candidates in play for being confounding causes. Insofar as
there are known or newly developed methods for controlling such confounding causes
the contours of a telling replication will become apparent.

(5) Finally, as will be shown in Part II, and with due respect to Jacqueline Susann,
sometimes once may be enough. And this in the sense that replication (in either a narrow
or expanded sense) was not a normative requirement and was not required as a matter of his-
torical practice.

Notes

"The collaboration used significance, P values, effect sizes, subjective assessments of replication
teams, and meta-analysis of effect sizes.

>This broad view of replication is further motivated by the fact, as argued by [Franklin, Howson
1984], that “different” experiments provide more support for a hypothesis or an experimental result than
narrowly conceived replications of the “same” experiment.

® In support Anderson et al. argue that: “Low power research designs combined with publication bias
favoring positive results together produce a literature with upwardly biased effect sizes. This anticipates
that replication effect sizes would be smaller than original studies on a routine basis — not because of differ -
ences in implementation but because the original study effect sizes are affected by publication and report-
ing bias, and the replications are not. Consistent with this expectation, most replication effects were smaller
than original results, and reproducibility success was correlated with indicators of the strength of initial evi-
dence, such as lower original P values and larger effect sizes. This suggests publication, selection, and
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reporting biases as plausible explanations for the difference between original and replication effects.
The replication studies significantly reduced these biases because replication preregistration and pre-analy -
sis plans ensured confirmatory tests and reporting of all results” [ Anderson 2015, 3].

*For a discussion of this issue see [Franklin 1986], Chapter 8.

*See [Franklin 2002a], Chapter 6.

®This has been the subject of recent discussions of experiments in psychology. See [Simons 2013; Sri-
vastava 2015]. It is interesting to note that the statistical criterion for a significant effect used in psychology
is two standard deviations, whereas particle physics demands a five-sigma effect for a discovery claim.

"In high energy physics and in gravity wave physics the statistical criterion for a discovery is that the
observed effect be five standard deviations above background. For a discussion and history of the crite-
rion see [Franklin 2013], Prologue.

8 For more details see [Franklin 2017].

9The collaborations did not initially claim to have found the Higgs boson, but rather only a boson.
Identifying the particle as the Standard Model Higgs boson would require later work on the branching ra-
tios and coupling constants. Nevertheless, the physics community generally regarded the new particle as
the Higgs boson.

1"We emphasize here that the 5 o criterion is shorthand for a complex analysis of the data.

! [Chatrchyan et al., 2012], Figures 3 and 4 and [Aad et al., 2012], Figures 2 and 4.

2In fact, both decay modes were needed to meet the required 5 sigma criterion. In the CMS experi-
ment, for example, the H - yy result had a statistical significance of 4.1 ¢ and the H - ZZ* a signifi-
cance of 3.2 ©.

5The difference in mass is 0.7 * 0.7 GeV, a 1 standard deviation difference. This is a clear agree -
ment.

“These collaborations found evidence for the Higgs boson in yet another decay mode.

5This extended calibration procedure was not mentioned in the Higgs discovery paper, but it was
known to the community through published papers and talks at conferences and elsewhere.

16 These categories involved different selection criteria for the Higgs signal and the background.

"For a more detailed discussion see [Franklin 2002a], Chapter 6.

¥ Because the LHC produces events at a rate far greater than can be recorded a trigger system is used
to select events of interest. A trigger system includes counters and other detectors along with computer
programs for making a fast decision on whether to record the detector data for each event.

“We are grateful to Keith Ulmer, a member of CMS, for pointing this out.

2 This will not be a complete discussion of the numerous measurements of G. It will include suffi-
cient discussion to demonstrate a failed replication.

! Although Newton did not use such a constant in his statement of his Law of Universal Gravitation
and though Cavendish measured the density of the Earth and not G, it seems reasonable to consider G as
dating from the time of Newton. Newton did state that the gravitational force between two masses was
proportional to the product of the two masses and inversely proportional to the square of the distance be-
tween them.

22 See discussion below concerning the scale factor used by the Particle Data Group.

»To be fair the g factor of the electron is among the best measured physical constants.

2 CODATA values for the physical constants are the accepted values for the physics community.

2 The experimenters attempted to explain the discrepancy by invoking a failure of Newton’s inverse
square law of gravity, because the effective distances between the source and test masses were different
in the two experiments. They found that the violation required was a factor of three larger than the limit
that had been set by [Spero et al. 1980].

%1t is useful to distinguish between systematic error and systematic uncertainty. The former might be
an effect that changes all of the results by the same amount, whereas the latter may introduce an unknown
uncertainty. An anecdote may help to clarify the distinction. The British humor magazine, Private Eye, re-
ported that although Princess Margaret and her husband, Lord Snowden, were the same height, in all pho-
tographs he appeared taller. The magazine attributed this to his standing on a Lord Snowden Box, which
came in 3, 6, and 9-inch sizes. If one measured the height of a group of people all of whom were standing
on a Lord Snowden box and one knew which version of the box they were standing on their height would
by shifted by 3, 6, or 9 inches. This would be a systematic error. If one didn’t know which version of the
box they were standing on then we would have a systematic uncertainty of (6 * 3) inches.

2T A more detailed account appeared in [Birge 1941b].

% See also [Henrion, Bischoff 1986], Figure 2.

¥ The change in the value of e was primarily due to a change in the measured value of the viscosity
of air.

%0 Another problem with unknown systematic errors is that they are unknown. The experimenter
doesn’t know how large a factor by which to increase the reported uncertainty.
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%1 Although I was not an author of one of these papers because I was not involved in the analysis of
this data, I was a member of the experimental group that took the data. The group had no difficulty in de-
ciding to publish their discordant result. Recall also the comments by Jack Steinberger, the leader of one
of the experimental groups. The group thought that their measurement was better and published its result.

2In a case in which the reported values differ considerably, the Particle Data Group increases
the quoted error by a scale factor, S = [X x2/ (N-)]1/2. (See [Amsler, Doser et al. 2008, 16-17] for details).

33 This was an extraordinarily large scale factor.

% This is not an unusual procedure for the Particle Data Group.

Table 1. Some changes in Fundamental Constants [Benford 1943]

1929 1941 Change Chance
1929 PE. 1to

Velocity ¢ 2.99796 4 299776 4 5.0 1.3 x 10°
of light

Electronic e 4.7700 *50 4.8025 £10 6.5 1.0 x 10°
charge

Planck h 6.5470 *380 6.6242 24 9.6 1.0 x 10"
Constant

Avogadro’s N, 6.0644 £ 60 6.0228 £11 7.0 4.0 x 10°
Number

Boltzmann K 1.37089 * 140 1.38047 *26 6.8 1.0 x 10°
constant

" Probable error
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