2 3

A

. " s gt
e ré_{}:ﬁ:: flﬁ.“;"’:‘ J:';:}H. WAL LAY
A

o

o,
:bn';:li'_!:*'“_- |ll._-|-I=. e II:J-
II | rF‘ I 4':"1'"-'1".:

iy SR
Sl - i [}
A e N S —— |

g e R R ME RSN e e s i PALET

._F—

— '
e I |

(.
: o B

iam

(s My gy W W g gy i sy 4 R

e LRI







SELECTIVITY AND DISCORD






oelectivity
ano Discord

Two Problems of Experiment

ALLAN FRANKLIN

University of Pittsburgh Press



Published by the University of Pittsburgh Press, Pittsburgh, Pa, 15261
Copyright © 2002, University of Pittsburgh Press

All rights reserved

Manufactured in the United States of America

Printed on acid-free paper

I 9 &8 7 6 5 4 3 2 1

Library of Congress Cataloging-in-Publication Liata
Franklin, Allan, 1935
Selectivity and discord : two problems of experiment / Allan Franklin
p.om,
Includes bibliographical references and index.
ISBN (1-8229-4191-0 [cloth : alk. paper}
1. 5Science—Fhilosophy., 2. Physics—Experiments. 5. Physics—History.
I. Title
QI75.F795 2002
50H—dc21

2002011054



To Cyndi Betts, my wife and best friend,
without whom this work could not have been done






CONTENTS

Acknowledements  ix

Intraduction ]

| = Selectivity and the Production of Experimental Results

L.

Ll

£_r

Measurement of the K7, Branching Ratio 41

Early Attempts to Detect Gravity Waves 53

Millikan’s Measurement of the Charge of the Electron 67
The Disappearing Particle: The Case of the

17-keV Neutrino 77

Are There Really Low-Mass Electron-Positron States? 92

. "Blind” Analysis 132

Il = The Resolution of Discordant Results 159

]

v ow

10,

The Fifth Force 165
William Wilson and the Absorption of B Rays 179

The Liguid Scintillator Neutrino Detector;
Two Different Results from One Experiment 207

Atomic Parity Violation, SLAC E122, and the
Weinberg-Salam Theory 220

Conclusion 239

Notes 249
References 269

Ll
-]






ACKNOWLEDGMENTS

Some of the work for this book was carried out while | was a resident fel-
low at the Dibner Institute tor the History of Science and Technology. |
am grateful to Jed Buchwald, the director; Evelyn Simha, the executive
director; and their staff, Carla Chrisfield, Rita Dempsey, and Trudy
Kontoff, for providing both support and an atmosphere in which 1t 1s
almost impossible not to get work done. | have benefited enormously
from discussions with Rudolf Ganz, one of the leading experimenters on
possible low-mass electron-positron states, who also provided a copy of
his dissertation. | have also had valuable discussions with George Smith;
Roger Stuewer; Noel Swerdlow; my colleagues in the Department of
Physics at the University of Colorado, Tony Barker, John Cumalat, and
Patricia Rankin; and my colleagues in the Department of History and
Philosophy of Science at the Umiversity of Melbourne, Maureen Christie,
Rod Home, Howard Sankey, and Neil Thomason; and Manuel Thomaz,
who joined me as a visitor in the department. Much of the material in
this book originally appeared in my papers “The Resolution of Dis-
cordant Results,” Perspectives on Science (1995) 3: 346420, and “Sel-
ectivity and the Production of Experimental Results,” Archive for the
History of Exact Sciences (1998) 53: 399-485. The matenal in Chapter 8
appeared in “William Wilson and the Absorption of Beta Rays,” Physics in
Perspective (2002) 4: 40-70,






SELECTIVITY AND DISCORD






Introduction

Physics and, I believe, all of science is a reasonable enterprise based on
experimental evidence, criticism, and rational discussion. [t provides us
with knowledge of the physical world, and it is experiment that provides
the evidence that grounds this knowledge. As the late Richard Feynman,
one of the leading theoretical physicists of the 20th century, wrote, “The
principle of science, the definition, almost, is the following: The fest of all
knowledge is experiment. Experiment is the sole judge of scientific ‘truth™
(Feynman et al., 1963, p. [-1). In these postmodern times this might seem
to be an old-fashioned view, but it 15 one | consider correct.

Experiment plays many roles in science. One of its important roles is
to test theories and provide the basis for scientific knowledge. It can also
call for a new theory, either by showing that an accepted theory is incor-
rect or by exhibiting a new phenomenon that 1s in need of explanation.
Experiment can provide hints about the structure or mathematical form
of a theory, and it can provide evidence for the existence of the entities
involved in our theories. Finally, it may also have a lite of its own, inde-
pendent of theory: Scientists may investigate a phenomenon just because
it looks interesting. Such experiments may provide evidence for tuture
theories to explain.

[n all of this activity, however, we must remember that science is fal-

lible. Theoretical calculations, experimental results, or the comparison
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between experiment and theory may all be wrong. Science 15 more com-
plex than "The scientist proposes, Nature disposes.” [t may not always be
clear what the scientist is proposing. Theories must often be articulated
and clarified. It also may not be clear just how nature is disposing.
Experiments may not always give clear-cut results, and they may even dis-
agree for a time. Sometimes they can be incorrect.

If experiment is to play these important roles in science, then we
must have good reasons to believe experimental results. [ present here an
epistemology of experiment, a set of strategies that provides reasonable
belief in experimental results. Scientific knowledge can then be reason-
ably based on these experimental results.

Not everyvone agrees. Harry Collins, tor that example, remarks that
“the natural world has a small or non-existent role in the construction of
scientific knowledge™ (Collins, 1981, p. 3)." And Barry Barnes has stated
that “Reality will tolerate alternative descriptions without protest. We
may say what we will of it, and it will not disagree. Sociologists of knowl-
edge rightly reject epistemologies that empower reality” (Barnes, 1991,
P 331).2 This view led Andy Pickering to remark that “there 1s no obliga-
lion upon anyone framing a view of the world to take account of what
twentieth-century science has to say”™ In this book I argue for the view
that nature, as revealed by experiment, plays an important and legitimate
role in science. I will begin by offering my own version of an epistemol-
ogy of experiment, a set of strategies used by scientists to argue for the
correctness of an experimental result. I have argued elsewhere that such
strategies are justified. I also discuss the views of other scholars, some that
support my own view and others that do not.

Experimental Results

The Case for Learning from Experiment
AN EPISTEMOLOGY OF EXPERIMENT

[t has been two decades since lan Hacking asked “Do we see through a
microscope?” (Hacking, 1981). Hacking’s question really asked How do
we come to believe i an experimental result obtammed with a complex
experimental apparatus? How do we distinguish between a valid result*
and an artifact created by that apparatus? If experiment is to play all of
the important roles in science mentioned above and to provide the evi-
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dential basis for scientific knowledge, then we must have good reasons to
believe in those results. Hacking (1983} provided an extended answer in
the second halt of Representing and Intervening. He pointed out that even
though an experimental apparatus is laden with (at the very least) the
theory of the apparatus, observations remain robust despite changes in
the theory of the apparatus or the theory of the phenomenon. His illus-
tration was the sustained belief in microscope 1mages despite the major
change in the theory of the microscope when Abbe pointed out the
importance of diffraction in its operation. One reason Hacking gave for
this continued belief is that in making such observations, the experi-
menters intervened—they manipulated the object under observation.
Thus, n looking at a cell through a microscope, one might imect fluid
into the cell or stain the specimen. One expects the cell to change shape
or color when this 1s done. Observing the predicted effect strengthens our
belief in the proper operation of the experimental apparatus and in the
validity of the observation itself.

Hacking also discussed the strengthening of belief in an observation
by independent confirmation. The fact that the same pattern of dots—
dense bodies in cells—is seen with *different™ microscopes {e.g., ordinary,
polarizing, phase-contrast, luorescence, mterference, electron, acoustic)
argues tor the validity ot the observation. One might question whether
“different” is a theory-laden term. After all, it is our theories of light and
the microscope that allow us to consider these microscopes as different
from each other, Nevertheless, the argument holds: Hacking correctly
argues that it would be a preposterous comadence if the same pattern of
dots were produced in two totally different kinds of physical systems.
Difterent apparatuses have ditterent backgrounds and systematic errors,
making the coincidence, if it is an artifact, most unlikely. If it is a correct
result, and the instruments are working properly, the agreement of results
is understandable.”

Hacking’s answer 1s correct as [ar as it goes. It is, however, incomplete.
What happens when one can perform the experiment with only one type
of apparatus, such as an electron microscope or a radio telescope, or
when intervention is either impaossible or extremely difficult? Other
strategies are needed to validate the observation.” These may include:

l. Experimental checks and calibration, in which the experimental ap-
paratus reproduces known phenomena. For example, if we wish to

argue that the spectrum of a substance obtained with a new tvpe of
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spectrometer 15 correct, we might check that this new spectrometer
could reproduce the known Balmer series for hvdrogen. If we cor-
rectly observe the Balmer series, then we strengthen our beliet that
the spectrometer is working properly. This also strengthens our
beliet in the results obtained with that spectrometer. If the check
fails, then we have good reason to question the results obtamed with
that apparatus.”

2. Reproducing artifacts that are known in advance to be present. An
example of this comes from experiments to measure the infrared
spectra of organic molecules (Randall et al., 1949}, It was not always
possible to prepare a pure sample of such material. Sometimes the
experimenters had to place the substance in an oil paste or in solu-
tion, In such cases, one expects to observe the spectrum of the oil or
the solvent superimposed on that of the substance; one can then
compare the composite spectrum with the known spectrum of the
oil or the solvent. Observation of this artifact gives confidence in
other measurements made with the spectrometer.

3. Elimination of plausible sources of error and alternative explana-
tions ot the result (the Sherlock Holmes strategy).” Thus, when sci-
entists claimed to have observed electric discharges in the rings of
Saturn, they argued for their result by showing that it could not have
been caused by delects in the telemetry, interaction with the envi-
ronment of Saturn, lightning, or dust. The only remaining explana-
tion of their result was that it was due to electric discharges in the
rings—there was no other plausible explanation of the observation.
(In addition, the same result was observed by both spacecrafts Voyager
| and Voyager 2. This provided independent confirmation. Often, sev-
eral epistemological strategies are used in the same experiment.)

4. Using the results themselves to argue for their validity. Consider the
problem of Galileo’s telescopic observations of the moons of Jupiter,
Although one might very well believe that his primitive, early tele-
scope might have produced spurious spots ot light, it is extremely
implausible that the telescope would create images that would appear
to be eclipses and other phenomena consistent with the motions of a
small planetary system. It is even more implausible that the created
spots would satisfy Kepler’s Third Law (R*/T% = constant).? A similar
argument was used by Robert Millikan to support his observation of
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the quantization of electric charge and his measurement of the
charge of the electron. Millikan (1911} remarked, "The total number
of changes which we have observed would be between one and two
thousand, and in not one single instance has there been any change
which did not represent the advent upon the drop of one definite invari-
able guantity of electricity or a very small multiple of that guantity”
(p. 360}, In both of these cases one 1s arguing that there was no plau-
sible malfunction of the apparatus {or no confounding background)
that would explain the observations.

Using an independently well-corroborated theory of the phenomena
to explain the results, This was illustrated in the discovery of the W™,
the charged intermediate vector boson required by the Weinberg-
salam unified theory of electroweak interactions. Although these
experiments used very complex apparatuses and used other episte-
mological strategies (for details, see Franklin [1986], pp. 170-72). ]
be

ieve that the agreement of the observations with the theoretical
predictions of the particle properties helped to validate the experi-
mental results. In this case, the particle candidates were observed in
events that contained an electron with high transverse momentum
and in which there were no particle jets, just as predicted by the
theory. In addition, the measured particle mass of 81 = 5 GeV/c? and
80719, GeV/c?, found in the two experiments (note the independent
confirmation}, was in good agreement with the theoretical predic-
tion of 82 = 2.4 GeV/c*. It was very improbable that any background
effect, which might mimic the presence of the particle, would be in
good agreement with theory.

Using an apparatus based on a well-corroborated theory. In this case,
the support for the theory inspires confidence in the apparatus based
on that theory. This is the case with the electron microscope and the
radio telescope, whose operations are based on well-supported theo-
ries, although other strategies are also used to validate observations
made with these instruments.

Using statistical arguments. An interesting example of this arose in
the 1960s, when the search for new particles and resonances occupied
a substantial fraction of the time and effort of those physicists work-
ing m experimental high-energy physics. The usual technigue was to
plot the number of events observed as a function of the invariant
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mass of the final-state particles and to look for bumps above a
smooth background. The usual informal criterion for the presence of
a new particle was that it resulted in a three-standard-deviation effect
above the background, a result that had a probability of 0.27% of
occurring in a single bin. This criterion was later changed to four
standard deviations, which had a probability of 0.0064% when it was
pointed out that the number of graphs plotted each vear by high-
energy physicists made it rather probable, on statistical grounds, that
a three-standard-deviation effect would be observed. '

These strategies, along with Hacking's intervention and independent
confirmation, constitute an epistemology of experiment: They provide us
with good reasons for belief in experimental results. They do not, how-
ever, guarantee that the results are correct. There are many experiments
in which these strategies are applied, but whose results are later shown to
be incorrect (examples are presented throughout this book). Experiment
is fallible. Neither are these strategies exclusive or exhaustive. No single
one of them, or fixed combination of them, guarantees the validity of an
experimental result. As the episodes discussed in this book show, physi-
cists use as many of the strategies as they can conveniently apply in any

given experiment.

GALISON'S ELABORATION

In How Experiments End, Peter Galison {1987) extended the discussion of
experiment to more complex situations. In his histories of the measure-
ments of the gyromagnetic ratio of the electron, the discovery of the
muon, and the discovery of weak neutral currents, he considers a series
of experiments measuring a single quantity, a set of different experiments
culminating in a discovery, and two high-energy physics experiments
pertormed by large groups with complex experimental apparatus.
Galison’s view is that experiments end when the experimenters
believe that they have a result that will stand up in court—a result that |
believe includes the use of the epistemological strategies discussed earli-
er. Thus, David Cline, one of the weak neutral-current experimenters
remarked, “At present | don't see how to make these effects [the weak
neutral-current event candidates| go away” { Galison, 1987, p. 235).
Galison emphasizes that, within a large experimental group, different
members of the group may find different pieces of evidence most con-
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vincing. Thus, in the Gargamelle weak neutral-current experiment, sev-
eral group members found the single photograph of a neutrino-electron
scattering event particularly important, whereas for others, the difference
in spatial distribution between the observed neutral-current candidates
and the neutron background was decisive, Galison attributes this, in large
part, to differences in experimental traditions, in which scientists devel-
op skill in using certain types of instruments or apparatuses. In particle
physics, for example, there is the tradition of visual detectors, such as the
cloud chamber or the bubble chamber, in contrast to the electronic tradi-
tion of Geiger and scintillation counters and spark chambers. According
to Galison, scientists within the visual tradition tend to prefer “golden
events’ that clearly demonstrate the phenomenon in question, whereas
those 1n the electronic tradition tend to find statistical arguments more
persuasive and important than individual events. { For turther discussion
of this issue, see Galison [1997] and the next section. )

(Galison points out that major changes in theory and in experimental
practice and instruments do not necessarily occur at the same time. This
persistence of experimental results provides continuity across conceptual
changes. Thus, the experiments on the gyromagnetic ratio spanned classi-
cal electromagnetism, Bohr's old quantum theory, and the new quantum
mechanics of Heisenberg and Schrodinger. Robert Ackermann (1985) has
offered a similar view in his discussion of scientific instruments:

The advantages of a scientific instrument are that it cannot change theories.
Instruments embody theories, to be sure, or we wouldn’t have any grasp of the
significance of their operation. . . . Instruments create an invariant relationship
between their operations and the world, at least when we abstract from the
expertise involved in their correct use. When our theories change, we may con-
ceive of the significance of the instrument and the world with which it 1s inter-
acting differently, and the datum of an instrument may change in signihcance,
but the datum can nonetheless stay the same, and will typically be expected to
do so. An instrument reads 2 when exposed to some phenomenon. After a
change in theory,'! it will continue to show the same reading, even though we
may take the reading to be no longer important, or to tell us something other

than what we thought orginally. (p. 33)

Cralison also discusses other aspects of the interaction between exper-
iment and theory. Theory may influence what 1s considered to be a real
effect, demanding explanation, and what is considered background. In



B » INTRODUCTION

his discussion of the discovery of the muon, he argues that the calcu-
lation of Oppenheimer and Carlson, which showed that showers were
to be expected in the passage of electrons through matter, left the
penetrating particles, later shown to be muons, as the unexplained
phenomenon. Prior to their work, physicists thought the showering
particles were the problem, whereas the penetrating particles seemed to
be understood.

The role of theory as an “enabling theory” (i.e., one that allows cal-
culation or estimation of the size of the expected eftect and the size of
expected backgrounds) is also discussed by Galison (see also Franklin
1 1995b]). Such a theory can help to determine whether an experiment is
feasible. Galison emphasizes that ehimination of background that might
simulate or mask an effect is central to the experimental enterprise, and
not just a peripheral activity, In the case of the weak neutral-current
experiments, the existence ot the currents depended crucially on
showing that the event candidates could not all be due to neutron back-
ground.!?

There 15 also a danger that the design of an experiment may preclude
observation of a phenomenon. Galison points out that the original
design of one of the neutral current experiments, which included a muon
trigger, would not have allowed the observation of neutral currents. In its
original form, the experiment was designed to observe charged currents,
which produce a high-energy muon. Neutral currents do not. Theretore,
having a muon trigger precluded their observation. Only after the theo-
retical importance of the search for neutral currents was emphasized to
the experimenters was the trigger changed. Changing the design did not,
of course, guarantee that neutral currents would be observed.

(alison shows that the theoretical presuppositions of the experi-
menters may enter into the decision to end an experiment and report the
result. Einstein and de Haas ended their search for systematic errors when
their value for the gvromagnetic ratio of the electron, ¢ = 1, agreed with
their theoretical model of orbiting electrons. This effect of presupposi-
tions might cause one to be skeptical of both experimental results and
their role in theory evaluation. Galison’s history shows, however, that, in
this case, the importance ot the measurement led to many repetitions of
the measurement. This resulted in an agreed-upon result that diverged
from theoretical expectations: Scientists do not always find what they are
locking for,
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STALEY VERSUS GALISON

Recently, Galison has modified his views. In Image and Logic, an extended
study of instrumentation in 20th-century high-energy physics, Galison
(1997} has extended his argument that there are two distinct experimen-
tal traditions within that field—the visual {or image) tradition and the
electronic (or logic) tradition. The image tradition uses detectors such as
cloud chambers or bubble chambers, which provide detailed and exten-
sive information about each individual event. The electronic detectors
used by the logic tradition, such as Geiger counters, scintillation counters,
and spark chambers, provide less detailed information about individual
events, but detect more events. Galison’s view is that experimenters
working in these two traditions form distinct epistemic and linguistic
groups that relv on different forms of argument.'? The visual tradition
emphasizes the single “golden” event. “On the image side resides a deep-
seated commitment to the production of the ‘golden event’: the single
picture of such clarity and distinctness that it commands acceptance”™
(Galison, 1997, p. 22). "The golden event was the exemplar of the image
tradition: an individual instance so complete, so well defined, so ‘mani-
festly” free of distortion and background that no further data had to be
invoked” (p. 23). Because the individual events provided in the logic
detectors contained less detailed mmformation than the pictures of the
visual tradition, statistical arguments based on large numbers of events
were required.!?

Kent Staley (1999) disagrees. He argues that the two traditions are
not as distinct as Galison believes:

I show that discoveries in both traditions have employed the same statistical [1
would add "and/or probabilistic”| form of argument, even when basing discov-
ery claims on single, golden events. Where Galison sees an epistemic divide
between two communities that can only be bridged by a creole- or pidgin-like
‘interlanguage,’ there is in fact a shared commitment to a statistical form of

experimental argument. {p. 196).

Staley believes that although there is certainly epistemic continuity
within a given tradition, there 1s also a continuity between the traditions.
This does not, [ believe, mean that the shared commitment comprises all
of the areuments offered 1n any particular instance, but rather that the
same methods are often used by both communities. Galison does not
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deny that statistical methods are used in the 1mage tradition, but he
thinks that they are relatively unimportant. “While statistics could cer-
tainly be used within the image tradition, 1t was by no means necessary
for most applications” (Galison 1997, p. 451). In contrast, Galison be-
lieves that experiments in the logic tradition “were inherently and in-
alienably statistical. Estimation of probable errors and the statistical
excess over background 1s not a side issue in these detectors—it 1s central
to the possibility of any demonstration at all” {p. 451). As we shall see,
(alison himself presents an example from the visual tradition that exem-
plifies the use of statistical strategies.

It is interesting to examine the disagreement between Staley and
Galison because it illuminates and illustrates 1ssues in the epistemology
of experiment. This examination will also show the complexity of
demonstrating the validity of an experimental result and the care shown
in that demonstration.' | will begin with a discussion ot what they both
regard as a golden event:'" Anderson’s photograph that provided evi-
dence for the existence of the positron (Figure L.1}.

The image in question is a cloud chamber photograph that shows two tracks, one
on either side of a 6 mm lead plate inserted into the chamber. The two tracks
match up very closely, suggesting a single particle passing through the lead.
Ditferences in the curvatures of the tracks above and below indicate a higher
energy below the lead than above, which entails, on the assumption that it is
indeed a single particle and that particles do not gain energy when passing
through lead, that the particle was traveling from the lower to the upper region
of the space in the photograph. Knowing the direction and curvature of the path,
as well as the magnetic field, Anderson concludes that the particle has a positive
charge. But based on the length of the track and the energy indicated by the cur-
vature, 1t cannot have been a proton, which would have had a much shorter
range. The particle, then, must have much lighter mass, on the same order of

magnitude as that of a free negative electron. (Staley, 1999, p. 215)%

Staley argues that Anderson was, in fact, making a statistical argu-
ment premised on the claim that the probability of a background event
that might have mimicked the presence of a positron was small even
when compared to the single event under consideration. Anderson
explicitly makes such an argument. In considering alternative explana-
lions of the photograph demonstrating the existence of the positron, he
stated:
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Figure 1.1. Anderson’s “golden event.” The original caption for this figure reads, "A
63 million volt positron (Hp = 2.1 ¢ 10° gauss-cm) passing through a 6 mm lead
plate emerging as a 23 million volt positron. [The positron is traveling toward the
top of the figure.] The length of this latter path is at least ten times greater than
the possible length of a proton path of this curvature” From Anderson (1933,

p. 492).

The only escape from this conclusion would be to assume that at exactly the
same instant {and the sharpness of the tracks determines that instant to within
about a fiftieth of a second) two independent electrons happened to produce two
tracks so placed as to give the impression of a single particle shooting through
the lead plate. This assumption was dismissed on a probability basis, since a sharp
track of this order of curvature under the experimental conditions prevailing
occurred in the chamber only once in some 500 exposures, and since there was
practically no chance at all that two such tracks should line up in this way.
{Anderson 1933, p. 491, emphasis added)

As Staley notes, if the probability of a single track is one in 300 expo-
sures, the probability of two such tracks in the same photograph is one in
250,000 exposures, and the probability that they would line up so as to
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appear to be a single track reduces this probability even further. This was
a negligible background indeed, considering the fact that Anderson had
only 1,300 exposures.

Galison (1999), in response, notes that Anderson considered four
alternative explanations of the photograph:

. Light positive particle penetrated the lead (ionization ruled out a proton}.
2. Simultaneous ejection of positron and electron.,
3. Electron gained energy in passing downwards through the lead.

4. Two independent electron tracks were perfectly aligned to imitate a positron

losing energy. (p. 272]

Calison notes that the first two posit the existence of the positron and
thus are not alternative explanations and the third is ruled out by energy
conservation.!” He then asks “Why promote 4} to being the unifying epis-
temological basis of the discovery?” (p. 272). In my view, Galison’s "the”
15 an exaggeration. Staley does mention the other alternatives and is here
showing that in this particular golden event, the experimenter could, and
did, argue on statistical or probalnhistic grounds that the background was
negligible, and thus that the observation was a real effect. Staley’s analy-
sis shows that statistical arguments were one of the arguments used by
those in the visual tradition. He is not claiming that it is always the sole
argument, or that it 1s always used. Galison correctly points out that the
golden event can be and has been decisive in many instances. He cites
Powell et al. (1959): “It is a remarkable feature of those methods in
nuclear physics based on recording individual tracks, that the observa-
tion of a single event has frequently been of decisive importance in lead-
ing to the discovery of phenomena of fundamental importance.” Notfe,
however, that Powell and company say “frequently,” not “always.” What
we have seen here is an example of the Sherlock Holmes strategy, in
which the elimination of alternative explanations of an experimental
result involved the use of statistical arguments.

Staley presents other arguments supporting his view that statistical
arguments are not only used within the image tradition, but are often of
crucial importance. He presents a discussion of the episode of the dis-
covery of the v meson. In this episode, bubble chamber photographs of
the interaction of 7 mesons with deuterium were examined. Events fit-
ting the hypothesis m™ +d —= p + p+ 7 + 7 + 7V were analyzed and
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Figure 1.2. A histogram of the number of events plotted against the invariant mass
of the three-pion system. The large peak at 770 MeV is due to the known w”
meson. The smaller peak at 550 MeV is the suggested new v particle. The phase
space distribution is indicated by the x's. From Pevsner et al, (1961),

the number of events as a tunction of the invariant mass of the o "

system were plotted (Figure 1.2)."" Staley shows that statistical arguments
were not only used in the identification of the events, but were also used
lo establish that the peak at 550 MeV was not due to a statistical fluctua-
tion in the background. {The peak at 770 MeV was caused by the known
w' meson.) The experimenters calculated the background expected if the
events were distributed according to the phase space available and gave a
statistical argument for the presence of the n meson:

We have calculated the Lorentz-invariant phase space for 3-pion mass from the
background reaction . . . using the experimental average of the total energy in the

p-37 center-of-mass system.
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Clearly, because of the presence of the w” particle at 770 MeV, such a nor-
malization of phase space vields a gross overestimate of events expected near 550
MeV. Between 340 and 600 MeV there are 36 events in the experimental distri-
bution, whereas the overestimated phase space would account for 12, {Pevsner et
al., 1961, p. 422)

Thas 15 actually an application of the statistical strategy included in
the earlier discussion of the epistemology of experiment. In this case, al-
though no quantitative estimate of the statistical significance of the pro-
posed signal was made, it is clearly a statistical argument. Staley (1999)
concludes and Galison agrees that “Whatever marks the distinction
between statistical and non-statistical arguments, it cannot simply be the
form of the data”™ (p. 207). Staley goes on to note “that the prevalence of
statistical arguments based on bubble chamber data should already pro-
vide grounds for wondering whether the lines are being drawn correctly”™
(pp. 207-8). This activity (known in the high-energy community as
“bump hunting”) was, I believe, a considerable and significant fraction of
the work done by the bubble-chamber community (visual tradition) dur-
ing the 1960s and 1970s.”"

Staley also discusses an event from a logic-tradition experiment that
was almost a golden event:*! Blas Cabrera’s “magnetic monopaole™ (Cab-
rera, 1982}, Magnetic monopoles, whose existence has never been
successtully demonstrated, were first introduced by Dirac as a possible
explanation for charge quantization. Modern experiments have searched
for monopoles by looking for changes in magnetic flux in a supercon-
ducting loop. For a single loop, the change in flux was predicted to be
2@, where @, = hic/2e, where h is Planck’s constant, ¢ is the speed of light,
and e is the charge of the electron. This was the method used by Cabrera.
He used a four-turn superconducting loop, and in 151 days ot running,
observed one event with a flux change of 8¢, exactly the flux change that
Dirac had predicted.

Cabrera, however, made no discovery claim based on this single
event. He considered various sources of background that might mimic
the presence of a magnetic monopole. These included line voltage fluc-
tuations, radiofrequency interterence from the rotor brushes of a heat
gun, external magnetic held changes, ferromagnetic contamination, the
superconducting loop gomg critical, seismic disturbances, and energetic
cosmic ravs. Each of these was eliminated (an example of the Sherlock
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Holmes strategy), and only one other plausible source of background
remained: the possibility of mechanically produced offsets. This was
investigated by “sharp raps with a screwdriver handle against the detector
assembly.” Two out of the 25 blows produced offsets in excess of 6,
(these offsets were followed by drifts in the detector output that were not
present in the monopole candidate event). Such a mechanical effect was
“not seen as a possible cause for the event,” but Cabrera admitted that it
could not be ruled out. It was precisely because he could not eliminate
this last source of background that Cabrera made no claim that he had
observed a monopole. In a comment to Staley he stated, “It was a striking
event, because 1t was exactly the right step size. I thought that there was a
good chance it was caused by magnetic charge, but T was not convinced
because of the other possible although improbable mechanism™ (Staley
1999, p. 221).

Since Cabrera’s initial experiment, both he and others, using even
more sensitive detectors for a longer time than the initial experiment,
have found no large real or spurious signals. This has cast doubt on the
original monopole candidate and suggests that real and spurious signals
are quite rare or that improvements in the experimental apparatus have
eliminated the source of spurious signals.??

(Galison himselt has presented a case in which a bubble-chamber
experiment used statistics to establish a golden event (Galison, 1987,
Chapter 4): the Gargamelle heavy-liquid bubble-chamber experiment
that demonstrated the existence of weak neutral currents. What makes
this episode so interesting 1s that two different subgroups of the experi-
mental group used very different methods to search tor the phenomenon
in question. The Gargamelle bubble chamber was exposed to a beam of
muon neutrinos, and the first method used to demonstrate the existence
of weak neutral currents was to attempt to show that hadron (strongly
mteracting particles) showers not containing a muon were produced. The
problem was that such showers could also be produced by neutrons.
Thus, one had to demonstrate that there was an excess of showers over
the number of neutron-induced events. The subgroup used a sample of
assoclated events, neutron-induced hadron showers produced by neu-
trons generated in charged-current events that were also visible in the
chamber. (Charged-current events, already well established, contained a
hadron shower and a muon. The neutral-current events had no muons).
Using statistical technigues and computer simulations, the experimenters
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found that neutron-induced background could account for only 20% of
the neutral-current candidates.** In addition, the flat distribution of the
candidate events did not match that expected for neutron-induced
events, which would peak near the front of the chamber: Neutral currents
had been observed.

The second subgroup searched for neutral currents by looking for
examples of neutrino-electron scattering in the same bubble-chamber
exposure. Such events could only arise if neutral currents existed, They
found one such golden event: “this event was a ‘Bilderbuch example’ ot
what we had been expecting [for] months to show up: a candidate for
neutrino electron scattering. But the crucial point was to assess back-
ground” (Helmut Faissner, quoted in Galison [1987], p. 181, emphasis
added). The most obvious background was electrons from ordinary
inverse 3 decay, v, + n — e + p, in which the proton wasn’t observed.
This background was estimated using charged-current events of the
form v, + n— p+ p. The experimenters found that the ratio (Hard
muons without observed protons)/{Hard muons with observed pro-
lons) = 0L03 = 0.02. Tt was also known that electron and muon charged-
current interactions were identical at these energies, so the same ratio
applied to electron events. Using the number of electrons observed with
protons and the relative number of electron- and muon neutrinos in the
beam, the experimenters calculated a background ot 0.09 = 0.07 events.
This background level made the observation of one event extremely
unlikely.

Another possibility was asymmetric electron-positron pair produc-
tion, in which only the electron was observed. Using the number of
observed pairs {only one), the background due to this effect was 0.015
events. Another possible background was Compton scattering, in which
the observed electron was produced by a -y ray. “But the Aachen electron
was so energetic that this possibility never even arose at the collaboration
meeting” (Galison 1987, p. 184). A calculation confirmed that the back-
ground was indeed small: Using the calculated ratio of Compton scatter-
ing to pair production {0.5%) and the one observed pair event gave a
background of (.005 events. The observed neutrino-electron scattering
event was indeed golden, but only after it was shown that it could not be
due to background.

Despite their differences over whether the 1image and logic traditions
consist of different linguistic and epistemic communities, ** both Staley
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and Galison have presented evidence that we learn from experiment and
that that knowledge 1s supported by good reasons.

The Case against Learning from Experiment
COLLINS AND THE EXPERIMENTERS REGRESS

Collins, Pickering, and others have raised objections to the view that
experimental results are accepted on the basis of epistemological argu-
ments. As Donald MacKenzie {1989), for example, remarks:

Recent sociology of science, following sympathetic tendencies in the history and
philosophy of science, has shown that no experiment, or set of experiments how-
ever large, can on its own compel resolution of a point of controversy, or, more
generally acceptance of a particular fact. A sufficiently determined critic can
always find reason to dispute any alleged “result,” If the point at issue is, say, the
validity of a particular theoretical claim, those who wish to contest an experi-
mental proofl or disproof of the claim can always point to the multitude of aux-
iliary hypotheses {(for example about the operation of instruments) involved in
drawing deductions from a given theoretical statement to a particular experi-
mental situation or situations. One of these auxiliary hypotheses may be faulty,
cTitics can argue, rather than the theoretical claim apparently being tested.
Further the validity of the experimental procedure can also be attacked in many

ways. (p. 412)

MacKenzie 1s raising doubts not only about the vahdity of experi-
mental results, but also on their use in testing theories or hypotheses. |
will begin with the former. There are two points at 1ssue. The first in-
volves the meaning one assigns to “compel.” If one reads it, as Mackenzie
seems to, as “entail,” then [ agree that no finite set of confirming instances
can entall a universal statement. No matter how many white swans one
observes 1t does not entail that “all swans are white.” Neither can any
argument, no matter how persuasive or vahd, establish with absolute cer-
tainty the correctness of an experimental result. A more reasonable
meaning for “compel” is having good reasons for beliet. As the episodes
discussed in this book demonstrate, this is the meaning used in science,
and those reasons for beliet in an experimental result are provided by the
epistemology of experiment.

The second point 1s a logical one, known to philosophers of science
as the Duhem-Quine problem (see Harding, 1976). In the usual modus
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tollens, 1f a hypothesis i entails an experimental result ¢ then —e (not ¢)
entails —h. As Duhem and Quine both pointed out, it is not just h that
entails e but rather i and b, where I includes background knowledge and
auxiliary hypotheses. Thus, —¢ entails <k or b and we do not know
where to place the blame.” | am assuming here a weak form of the
Duhem-Quine problem, in which one assumes the experimental result
—e 15 correct. One can, of course, as MacKenzie does, challenge that
experimental result. As Quine pointed out, any statement can be main-
tained come what may, provided one is willing to make changes else-
where in one’s background knowledge. The question is when the price
that one has to pay becomes too high to justify maintaining the state-
ment, As we see 1n this boolk, individual scientists can maimtain a belief in
their own results, despite arguments that the rest of the physics commu-
nity find convincing. Thus, for example, Weber never gave up his belief
that he had found evidence tor gravity waves. In almost all cases, howev-
er, even the proponents of a particular theory or the physicists who
reported an experimental result are persuaded by reasonable epistemo-
logical, methodological, and evidential arguments that their views are
incorrect. Thus, Simpson no longer believes in the existence of the 17-
keV neutrino, and Fischbach, Aronson, and Talmadge no longer believe
in the existence ot a "Fifth Force” in gravity. Several other examples are
also presented in later chapters.

MacKenzie's skepticism illustrates one of the underlying principles of
what has been called the sociology of scientific knowledge, Advocates of
that view argue that because experimental evidence or methodological
rules cannot resolve points of controversy, other reasons must be invoked
to explain the resolution and those reasons are social.

Harry Collins, for example, is well known for his skepticism con-
cerning both experimental results and evidence. Collins (1985, pp. 79-
111) develops an argument that he calls the “experimenters’ regress™
What scientists take to be a correct result 1s one obtained with a good,
that 1s, properly functioning, experimental apparatus. But a good exper-
imental apparatus is simply one that gives correct results. Collins claims
that there are no formal criteria that one can apply to decide whether
an experimental apparatus i1s working properly. In particular, he argues
that calibrating an experimental apparatus by using a surrogate signal
cannot provide an independent reason [or considering the apparatus to
be reliable.
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In Collins” view, the regress 1s eventually broken by negotiation with-
in the appropriate scientific community, a process driven by factors such
as the career, social, and cognitive interests of the scientists, and the per-
ceived utility for future work, but one that is not decided by what we
might call epistemological criteria, or reasoned judgment, Thus Collins
concludes that his regress raises serious questions concerning both exper-
imental evidence and its use in the evaluation of scientific hypotheses and
theories. Indeed, if no way out of the regress can be found, then he has a
point.

Collins™ strongest candidate for an example of the experimenters’
regress is presented in his history of the early attempts to detect gravita-
lional radiation, or gravity waves. {For more detailed discussion of this
episode, see Collins [ 1985, 1994]; Franklin [1994, 1997a].) This episode
will be discussed in detail in Chapter 2 and [ will present only a brief
summary here. In this case, the physics community was forced to com-
pare Weber's claims that he had observed gravity waves with the reports
from six other experiments that failed to detect them. On the one hand,
Collins argues that the decision between these contlicting experimental
results could not be made on episternological or methodological
grounds—he claims that the six negative experiments could not legiti-
mately be regarded as replications=® and hence become less impressive.
On the other hand, Weber's apparatus, precisely because the experiments
used a new type of apparatus to try to detect a hitherto unobserved phe-
nomenon,”’ could not be subjected to standard calibration techniques.

Contrary to Collins, 1 believe that the scientific community made a
reasoned judgment when rejecting Weber's results and accepting those of
his critics. Although no formal rules were applied (e.g., if you make four
errors, rather than three, your results lack credibility; or if there are five,
but not six, conflicting results, your work is still credible), the procedure
was reasonable,

PICKERING: COMMUNAL OPPORTUNISM AND PLASTIC RESOURCES

Pickering has argued that the reasons for accepting results are the future
utility of such results for both theoretical and experimental practice and
the agreement of such results with the existing community commat-
ments. In discussing the discovery of weak neutral currents, Pickering
(1984Db) states, "Quite simply, particle physicists accepted the existence of
the neutral current because they could see how to ply their trade more
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profitably in a world in which the neutral current was real” (p. 87).
“Scientific communities tend to reject data that conflict with group com-
mitments and, obversely, to adjust their experimental techniques to tune
in on phenomena consistent with those commitments”™ (Pickering, 1981,
p. 236). The emphasis on future utility and existing commitments is clear.
These two criteria do not necessanly agree. For example, there are epi-
sodes in the history of science in which better opportunity for future
work 15 provided by the overthrow of existing theory. (See, for example,
the histories ot the overthrow of parity conservation and of CP symme-
try discussed in Franklin [ 1986, Chapters 1 and 3].)

Pickering has recently offered a different view of experimental re-
sults. In his view, the material procedure (including the experimental
apparatus itself along with setting it up, running it, and monitoring its
operation}, the theoretical model of that apparatus, and the theoretical
model of the phenomena under investigation are all plastic resources that
the investigator brings into relations of mutual support (Pickering, 1987,
1989). “Achieving such relations of mutual support is, I suggest, the de-
fining characteristic of the successful experiment™ (1987, p. 199). He uses

Morpurgo’s search for free quarks, or fractional charges of 1/3 ¢or 2/3 ¢
(where e 1s the charge of the electron} as an example of plastic resources.
(See also Gooding [1992].) Morpurgo used a modern Millikan-type ap-
paratus and initially found a continuous distribution of charge values.

Morpurgo began from a conceptual design study of what he believed an ade-
quate charge-measuring device should look like. He set out to implement this
design in the material world, to build the apparatus. When the apparatus had
been built, he attempted to use it to measure charges (on samples of graphite,
initially}. And he found that it did not work. Instead of finding integral or frac-
tional charges, he found that his samples appeared to carry charges distributed
over a continuum.=* There followed a period of tinkering, of pragmatic, trial and
error, material interaction with the apparatus. This came to an end when
Morpurgo discovered that if he increased the separation of capacitor plates with-
in his apparatus he obtained integral charge measurements. . . . After some the-
oretical analysis, Morpurgo concluded that he now had his apparatus working
properly, and reported his failure to find any evidence for fractional charges. . . .
Morpurgo would have been happy if his tinkering had eventuated in measure-
ments of fractional charges. In fact, it did not. The point | want to emphasize 1s

that this eventuation was not entirely under Morpurgo’s (or anyone's) control; it
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was a product of Morpurgo’s immersion, through the medium of his experi-

ment, in the real. {Pickering, 1987, p. 197}

Pickering goes on to note that Morpurgo did not tinker with the two
competing theories of the phenomena then on ofter, those of integral and
fractional charge:

The initial source of doubt about the adequacy of the early stages of the experi-
ment was precisely the fact that their findings—continuously distributed
charges—were consonant with neither of the phenomenal models which Mor-
purgo was prepared to countenance. And what motivated the search for a new
instrumental model was Morpurgo’s eventual success in producing findings in
accordance with one of the phenomenal models he was willing to accept.

The conclusion of Morpurgao's first series of experiments, then, and the pro-
duction of the observation report which they sustained, was marked by bringing
into relations of mutual support of the three elements I have discussed: the
material form of the apparatus and the two conceptual models, one instrumen-
tal and the other phenomenal. Achieving such relations of mutual support is, |

suggest, the defining characteristic of the successful experiment. (p. 199)

Pickering has made several important and valid points concerning
experiment. Most importantly, he has emphasized that an experimental
apparatus 1s rarely mmnally capable of producing valid experimental
results. He has also recognized that both the theory of the apparatus and
the theory of the phenomena can enter into the production of a valid
experimental result, although | doubt that he would regard these as epis-
temological strategies. What [ wish to question, however, 1s the emphasis
he places on these theoretical components. [ have already suggested that
the theoretical components can be among the strategies used to argue for
the validity of experimental results. | do not believe, as Pickering seems
to, that they are necessary parts of such an argument. As Hacking (1983)
points out, experimenters had confidence in microscope images before
and after Abbe’s work fundamentally changed the theoretical under-
standing of the microscope. This confidence was due to intervention, not
theory,

Pickering ignores that prior to Morpurgo’s experiment, it was known
(or there were at least excellent reasons to believe) that electric charge was
quantized in units of e, the charge on the electron, and that fractional
charges, if they existed, were very rare in comparison with integral



22 =« INTRODUCTION

charges. From Millikan onward, experiments had strongly supported the
existence of a fundamental unit of charge, and of charge quantization
(see Chapter 3). The failure of Morpurgo's apparatus to produce mea-
surements of integral charge indicated that it was not operating properly
and that his theoretical understanding of it was faulty, It was the failure
lo produce measurements in agreement with what was already known
(i.e., the failure of an important experimental check) that caused doubts
about Morpurgo’s measurements. This was true regardless of the theo-
retical models available, or those that Morpurgo was willing to accept. It
was only when Morpurgo’s apparatus could reproduce known measure-
ments that it could be trusted and used to search for fractional charge.*®
To be sure, Pickering has allowed a role for the real in the production of
the experimental result, but it does not seem to be decisive. | have argued
that it 1s.

CRITICAL RESPONSES TO PICKERIMNG

Ackermann has offered a modihcation of Pickering's view. Ackermann
(1991) suggests that the experimental apparatus itself is a less plastic
resource than the theoretical model of the apparatus or that of the

rl'h{'!]'ll{]ﬂ']i‘_‘]'ll'.lﬂi

To repeat, changes in A [the apparatus| can often be seen {in real time, without
waiting for accommodation by B [the theoretical model of the apparatus]) as
improvements, whereas “improvements” in B don’t begin to count unless A is
actually altered and realizes the improvements conjectured. It's concervable that
this small asymmetry can account, ultimately, for large scale directions of scien-

tific progress and for the objectivity and rationality of those directions. (p. 456)

Hacking (1992) has also offered a more complex version of Picker-
mg’s later view. He suggests that the results of mature laboratory science
achieve stability and are self-vindicating when the elements of laboratory
science are brought into mutual consistency and support. These are (1)
ideas: questions, background knowledge, systematic theory, topical
hypotheses, and modeling of the apparatus; (2) things: target, source of
modification, detectors, tools, and data generators; and (3) marks and the
manipulation of marks: data, data assessment, data reduction, data analy-
sis, and interpretation. “Stable laboratory science arises when theories
and laboratory equipment evolve in such a way that they match each
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other and are mutually self-vindicating”™ (Hacking, 1992, p. 56). "We
invent devices that produce data and isolate or create phenomena, and a
network of ditferent levels of theory is true to these phenomena. Con-
versely we may in the end count them only as phenomena only when the
data can be interpreted by theory” (pp. 57-58). One might ask whether
such mutual adjustment between theory and experimental results can
always be achieved. What happens when an experimental result 15 pro-
duced by an apparatus on which several of the epistemological strategies
discussed earlier have been successtully applied, and the result is in dis-
agreement with our theory of the phenomenon? Accepted theories can be
retuted. {See Franklin, 1986, Chapters 1 and 3.)

Hacking himself worries about what happens when a laboratory sa-
ence that 1s true to the phenomena generated in the laboratory, thanks to
mutual adjustment and self-vindication, 1s successfully applied to the
world outside the laboratory. Does this argue tor the truth of the science?
[n Hacking’s view it does not. If laboratory science does produce happy
effects in the “untamed world . . . it is not the truth of anything that caus-
es or explains the happy effects” (Hacking, 1992, p. 60).

PICKERING AND THE DANCE OF AGENCY

Recently Pickering (1995) has offered a somewhat revised account of
science. "My basic image of science is a performative one, in which the
pertormances—the doings—of human and material agency come to the
fore. Scientists are human agents in a field of material agency which they
struggle to capture in machines” (p. 21). He then discusses the complex
mteraction between human and materal agency, which T interpret as the
interaction between experimenters, their apparatus, and the natural
world:

The dance of agency, seen asymmetrically from the human end, thus takes the
torm of a dialectic of resistance and accommodations, where resistance denotes the
failure to achieve an intended capture of agency in practice, and accommodation
an active human strategy of response to resistance, which can include revisions to
goals and intentions as well as to the material form of the machine in question

and to the human frame of gestures and social relations that surround it. {p. 22)

Pickering’s idea of resistance is illustrated by Morpurgo’s observation
of continuous, rather than integral or fractional, electrical charge, which
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did not agree with his expectations. Morpurgo’s accommodation consisted
of changing his experimental apparatus by using a larger separation
between his plates, and also by modifving his theoretical account of the
apparatus. That being done, integral charges were observed and the result
stabilized by the mutual agreement of the apparatus, the theory of the
apparatus, and the theory of the phenomenon. Pickering notes that “the
outcomes depend on how the world 157 (p. 182). "In this way, then, how
the material world is leaks into and infects our representations of it in a
nontrivial and consequential fashion. My analysis thus displays an inti-
mate and responsive engagement between scientific knowledge and the
material world that is integral to scientific practice” (p. 183).

Nevertheless there 1s something confusing about Pickering's invoca-
tion of the natural world, Although Pickering acknowledges the impor-
tance of the natural world, his use of the term “infects” seems to indicate
that he is not entirely happy with this. Nor does the natural world seem
to have much efficacy. It never seems to be decisive in any of Pickering’s
case studies. Recall that he argued that physicists accepted the existence
of weak neutral currents because “they could ply their trade more prof-
itably in a world in which the neutral current was real.” In his account,
Morpurgo’s observation of continuous charge 1s important only because
it disagrees with his theoretical models of the phenomenon. The fact that
it disagreed with numerous previous observations of integral charge does
not seem to matter. This is further illustrated by Pickering’s discussion of
the conflict between Morpurgo and Fairbank, As we have seen, Morpurgo
reported that he did not observe fractional electrical charges. On the
other hand, in the late 1970s and early 1980s, Fairbank and his collabo-
rators published a series of papers in which they claimed to have
observed fractional charges {e.g., LaRue et al., 1981). Faced with this dis-
cord, Pickering (1995} concludes:

[n Chapter 3, | traced out Morpurgo’s route to his indings in terms of the par-
ticular vectors of cultural extension that he pursued, the particular resistances
and accommodations thus precipitated, and the particular interactive stabiliza-
tions he achieved. The same could be done, I am sure, in respect of Fairbank.
And these tracings are all that needs to be said about their divergence. [t just
happened that the contingencies of resistance and accommeodation worked out
differently in the two instances. Differences like these are, | think, continually
bubbling up in practice, without any special causes behind them. (pp. 21112}
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The natural world seems to have disappeared from Pickering’s ac-
count. There is a real question here as to whether fractional charges exist
in nature. The conclusions reached by Fairbank and by Morpurgo about
their existence cannot both be correct.” It seems insufficient merely to
state, as Pickering does, that Fairbank and Morpurgo achieved their indi-
vidual stabilizations and to leave the conflict unresolved. (Pickering does
comment that one could follow the subsequent history and see how the
conflict was resolved, and he does give some brief statements about it, but
its resolution is not important for him.) At the very least, I believe, one
should consider the actions of the scientific community. Scientific knowl-
edge is not determined individually, but communally. Pickering seems to
acknowledge this. “One might, therefore, want to set up a metric and say
that items of scientific knowledge are more or less objective depending
on the extent to which they are threaded into the rest of scientific culture,
socially stabilized over time, and so on. I can see nothing wrong with
thinking this way” (Pickering, 1995, p. 196). The fact that Fairbank be-
lieved in the existence of fractional electrical charges, or that Weber
strongly believed that he had observed gravity waves, does not make
them right: These are questions about the natural world that can be
resolved. Either fractional charges and gravity waves exist or they do not,
or to be more cautious, we might say that we have good reasons to sup-
port our claims about their existence, or we do not.

Another issue neglected by Pickering is the question of whether a
particular mutual adjustment of theory (of the apparatus or the phe-
nomenon), the experimental apparatus, and evidence is justified.
Pickering seems to believe that any such adjustment that provides stabi-
lization, either for an individual or for the community, is acceptable. | do
not think this is correct. As we shall see in Part [, some experimenters
both excluded data and engaged in selective analysis procedures in pro-
ducing experimental results. These practices are, at the very least, ques-
lonable, as 1s the use of the results produced by such practices in science.
Consider a simple example. Suppose one wished to show empirically that
all odd numbers were prime. One looks at the odd numbers and notes
that 1, 3, 5, and 7 are all primes, one excludes 9 as an experimental error,
finds 11 and 13 are prime, and then stops looking. Surely no one would,
or should, regard this as a legitimate procedure, or base any conclusion
on the result! Although this 1s a rather contrnived example, in later chap-
ters I discuss episodes (e.g., the claimed existence of low-mass electron-
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positron states and the early search for gravity waves) in which simalarly
questionable procedures occurred.

The ditterence between our attitudes toward the resolution of dis-
cord is one of the important distinctions between my view of science and
Pickering's. I do not believe it is sufficient simply to say that the resolu-
lon 15 socially stabilized. T want to know how that resolution was
achieved and what were the reasons offered for that resolution. If we are
faced with discordant experimental results and both experimenters have
offered reasonable arguments for their correctness, then clearly more
work is needed. It seems reasonable, in such cases, for the physics com-
munity to search for an error in one, or both, of the experiments. Part 11
of this book 1s devoled to a detailed exammation and discussion of
several cases of discordant experimental results and the reasons for the
resolution.

Pickering (1995) discusses yet another difference between our views.
He sees traditional philosophy of science as regarding objectivity “as stem-
ming tfrom a peculiar kind of mental hygiene or policing of thought. This
police function relates specifically to theory choice in science, which . . .15
usually discussed in terms ol the rational rules or methods responsible for
closure mn theoretical debate™ (p. 197). He goes on to remark that:

The most action in recent methodological thought has centered on attempts like
Allan Franklin's to extend the methodological approach 1o experiments by set-
ting up a set of rules for their proper performance. Franklin thus seeks 1o extend
classical discussions of objectivity to the empirical base of science {a topic hith-
erto neglected in the philosophical tradition but one that, of course the mangle
| Pickering's view]| also addresses). For an argument between myself and Franklin
on the same lines as that laid out below, see Franklin 1990, Chapter &; Franklin
1991; and Pickering 1991; and for commentaries related to that debate,
Ackermann 1991 and Lynch 1991, (p. 197}

See also Frankhn {1993b). Although T agree that my epistemology of
experiment 15 designed to offer good reasons for belief in experimental
results, 1 do not agree with Pickering that they are a set of rules. I regard
them as a set of strategies, from which physicists choose, to argue tor the
correctness of their results, As noted above, I do not think the strategies
offered are either exclusive or exhaustive. Judging by Pickering's discus-
sions of Fairbank and Morpurgo and his 1991 essay, he does not think my
epistemology of experiment can serve that function.
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There 15 another point of disagreement between Pickering and
myself, He claims to be dealing with the practice of science, and yet he
excludes certain practices from his discussions. As discussed later (see
also Franklin [1986, Chapter 7] for other cases), one scientific practice is
the application of the epistemological strategies [ have outlined above to
argue for the correctness ol an experimental result. In fact, one of the
essential features of an experimental paper 15 the presentation of such
arguments. | note further that writing such papers, a performative act, 1s
also a scientific practice, and it would seem reasonable to examine both
the structure and content of those papers.!

Thus, there is significant disagreement on the reasons for the accep-
lance of experimental results. For some, like Staley, Galison, and myself,
it 15 because of epistemological arguments. For others, like Pickering, the
reasons are ulility for future practice and agreement with existing theo-
retical commitments. Although the history of science shows that the
overthrow of a well-accepted theory leads to an enormous amount of
theoretical and experimental work, proponents of this view seem to
accept that 1t is always agreement with existing theory that has more
future utility. Hacking and Pickering also suggest that experimental
results are accepted on the basis of the mutual adjustment of elements,
including the theory of the phenomenon.

Nevertheless, evervone agrees that a consensus does arise on which
experimental results to use.

HACKING'S THE S0OCIAL CONSTRUCTION OF WHAT?

Recently Tan Hacking (1999, Chapter 3) has provided an mcisive and
interesting discussion of the issues that divide the constructivists (e.g.,
Collins and Pickering) trom the rationalists such as myselt.’* He sets out
three sticking points between the two views: (1) contingency, (2) nomi-
nalism, and (3) external explanations of stability.

Contingency 1s the idea that science is not predetermined, that it
could have developed in any one of several successtul ways. This is the
view adopted by constructivists. Hacking illustrates this with Pickering’s
(1984a) account of high-energy physics during the 1970s, when the quark
model came to dominate:

The constructionist maintains a contingency thesis. In the case of physics, (a} phys-

ics {theoretical, experimental, material} could have developed in, for example, a
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nonquarky way, and, by the detailed standards that would have evolved with this
alternative physics, could have been as successful as recent physics has been by its
detailed standards.’* Moreover, (b) there is no sense in which this imagined
physics would be equivalent to present physics. The phvsicist demies that.
{Hacking, 1999, pp. 78-79]

To sum up Pickering’s doctrine: there could have been a research program as
successful {“progressive”) as that of high-energy physics in the 1970s, but with
different theories, phenomenology, schematic descriptions of apparatus, and
apparatus, and with a different, and progressive, series of robust fits between
these ingredients. Moreover—and this is something badly in need of clarifica-
tion—the “different” physics would not have been equivalent to present physics.
Mot logically incompatible with, just different.

The constructionist about (the idea) of quarks thus claims that the upshot
of this process of accommodation and resistance is not fully predetermined.
Laboratory work requires that we get a robust fit between apparatus, beliefs
about the apparatus, interpretations and analyses of data, and theories. Before a
robust fir has been achieved, it is not determined what that fit will be. Not deter-
miined by how the world is, not determined by technology now in existence, not
determined Iy the social practices of scientists, not determined by interests or net-
works, not determined by genius, not determined by anything. (pp. 72-73, empha-

515 added)

As was the case with MacKenzie’s use of the term “compel,” much
depends here on what Hacking means by “determined.” If he means
entailed, then T agree with him. I doubt that the world, or more proper-
Iy, what we can learn about it, entails a unique theory. If this 1s not what
he means, as seems more plausible, then he implies that reality places no
restrictions on that successtul science: [ disagree strongly. | would cer-
tainly wish to argue that the way the world is restricts the kinds of theo-
ries that will fit the phenomena, the kinds of apparatus we can build, and
the results we can obtain with such apparatuses. To think otherwise
seems silly. Consider another simple example: It seems to me highly un-
likely that someone can come up with a successful theory in which
objects whose density is greater than that of air fall upwards. This is not,
| believe, a caricature of the view Hacking describes. Describing Picker-
img's view, he states, “Physics did not need 1o take a route that involved
Mazxwell’s equations, the Second Law of Thermodynamics, or the present
values of the velocity of light” (Hacking, 1999, p. 70). Although I have
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some sympathy for this view as regards Maxwell's Equations or the
Second Law of Thermodynamics, I do not agree about the value of the
speed of light. That is determined by the way the world is."* Any success-
ful theory of light must give that value for its speed.

At the other extreme are the “inevitablists,” among whom Hacking
classifies most scientists. He cites Sheldon Glashow, a Nobel Prize winner:
“Any intelligent alien anywhere would have come upon the same logical
system as we have (o explain the structure of protons and the nature of
supernovac (Glashow, 1992, p. 28).

Another ditference between Pickering and myself on contingency
concerns not whether an alternative is possible, but rather whether there
are reasons why that alternative should be pursued. Pickering seems to
identifv can with ought. This 1s illustrated in our very different discus-
sions of the episode of atomic parity violation. See Chapter 10 for a de-
tailed discussion of this episode.

Constructivist case studies always seem to result in the support of
existing, accepted theory (Pickering, 1984a,b, 1991; Collins, 1985; Collins
and Pinch, 1993). One criticism implied in such cases 1s that alternatives
are not considered, that the hypothesis space of acceptable alternatives 1s
either very small or empty. [ do not believe this 1s correct. Thus, when the
experiment ot Christenson et al. (1964} detected K% decay into two
pions, which seemed to show that CP symmetry (combined
particle-antiparticle and space inversion symmetry) was violated, no
fewer than 10 alternatives were offered.?® These included:

l. The cosmological model resulting from the local asymmetry of mat-
ter and antimatter;

2. External fields;

3. The decay of the KY into a K§ with the subsequent decay of the K

into two pions, which was allowed by the symmetry;

4. The emission of another neutral particle, “the paritino,” in the K9
decay, similar to the emission of the neutrino in beta decay;

One of the pions emitted in the decay was in fact a “spion,” a pion
with spin one rather than zero;

n

6. The decay was due to another neutral particle, the L, produced
coherently with the K%
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. The existence of a “shadow” universe, which interacted with our uni-

=]

verse only through the weak interactions, and that the decay seen was

the decay ot the “shadow K97;

8. The failure of the exponential decay law;

9. The failure of the principle of superposition in quantum mechanics;
and

10. The decay pions were not bosons.

As one can see, the limits placed on alternatives were not very strin-
gent. By the end of 1967, all of the alternatives had been tested and found
wanting, leaving CP symmetry unprotected. Here the differing judg-
ments of the scientific community about what was worth proposing and
pursuing led to a wide variety of alternatives being tested.”®

Hacking’s second sticking point 15 nominalism, or name-ism. He
notes that in its most extreme form nominalism denies that there is any-
thing in common or peculiar to objects selected by a name, such as
“Douglas fir” other than that they are called Douglas fir. Opponents con-
tend that good names, or good accounts of nature, tell us something valid
about the world. This is related to the realism-antirealism debate con-
cerning the status of unobservable entities that has plagued philosophers
for millennia. For example, Bas van Fraassen {1980}, an antirealist, holds
that we have no grounds for belief in unobservable entities such as the
electron and that accepting theories about the electron means only that
we believe that the things the theory says about observables are true.”” A
realist claims that electrons really exist and that as, for example, Wilfred
Sellars (1962) remarked, “to have good reason for holding a theory 1s ipso
facto to have good reason for holding that the entities postulated by the
theory exist” (p. 97). In Hacking's view, a scientific nominalist is more
radical than an antirealist and is just as skeptical about fir trees as antire-
alists are about electrons. A nominalist further believes that the structures
we conceive of are properties of our representations of the world and not
of the world itself. Hacking refers to opponents of that view as inherent
structuralists.

Hacking also remarks that this point is related to the question of “sci-
entific tacts.” Thus, constructivists such as Latour and Woolgar (1979)
originally entitled their book Laboratory Life: The Social Construction of
Scientific Facts.”® Andrew Pickering (1984a) entitled his history of the
quark model Constructing Quarks. Physicasts argue that this demeans
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their work. Steven Weinberg, a realist and a physiaist, criticized Picker-
ing’s title by noting that no mountaineer would ever name a book Con-
structing Everest. For Weinberg, quarks and Mount Everest have the same
ontological status. They are both facts about the world. Hacking argues
that constructivists do not, despite appearances, believe that facts do not
exist, or that there 15 no such thing as reality. He aites Latour and Woolgar
(1986) “that ‘out-there-ness’ 15 a consequence of scientific work rather
than its cause” (p. 180). | agree with Hacking {1999) when he concludes
that:

Latour and Woolgar were surely right, We should not explain why some people
believe that p by saying that p is true, or corresponds to a fact, or the facts. For
example; someone believes that the universe began with what for brevity we call
a big bang. A host of reasons now supports this belief. But after vou have listed
all the reasons, you should not add, as if it were an additional reason for believ-
ing in the big bang, “and it is true that the universe began with a big bang.” Or
“and it is a fact.” This observation has nothing peculiarly to do with social con-
struction. It could equally have been advanced by an old-fashioned philosopher of

language, [t 15 a remark about the grammar of the verb "to explain.” {pp. 80-81)

| would add, however, that the reasons Hacking cites as supporting
that belief are given to us by valid experimental evidence and not by the
social and personal interests of scientists. I'm not sure that Latour and
Woolgar would agree, My own position 1s one that one might reasonably
call “conjectural realism.” I believe that we have good reasons to believe
in facts, and in the entities involved in our theories, always remembering,
of course, that science is fallible.””

Hacking's third sticking point is the external explanations of stability:

The constructionist holds that explanations for the stability of scientific beliet
involve, at least in part, elements that are external to the content of science. These
elements typically include social factors, interests, networks, or however they be
described. Opponents hold that whatever be the context of discovery, the expla-
nation of stability is internal to the science itself, {Hacking, 1999, p, 92)

Rationalists think that most science proceeds as it does in the light of good rea-
sons produced by research. Some bodies of knowledge become stable because of
the wealth of good theoretical and experimental reasons that can be adduced for

them. Constructivists think that the reasons are not decisive for the course of sci-
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ence. Nelson (1994) concludes that this issue will never be decided. Rationalists,
at least retrospectively, can always adduce reasons that satisty them. Construc-
tivists, with equal ingenuity, can always find to their own satisfaction an open-
ness where the upshot of research 1s settled by something other than reason.
something external. That is one way of saving we have found an irresoluble
“sticking point.” (pp. 91-92)

Hacking seems to agree with Nelson that this is an irresoluble stick-
ing point. (I will have more to say about my disagreement with Nelson in
the Conclusion.} Although the adherents of both the strong rationalist
and strong constructivist views may be unconvinced {and possibly
unconvincible) by each others’ accounts, I am unconvinced myself, the
majority of those who study science are in the middle and can, I believe,
decide for themselves which account is better. Sandra Harding (1996),
writing on the so-called "Science Wars™ states, "It is significant that the
Right’s objections virtually never get into the nitty-gritty of historical or
ethnographic detail to contest the accuracy of social studies of science
accounts, Such objections remain at the level of rhetorical flourishes and
ridicule” (p. 15). In a sense Harding is correct, because the number of
episodes studied from both a rationalist and constructivist point of view
is rather small, but the blame must be shared by both sides.*™ In the dis-
cussions in Part 11, I present the technical details of several episodes from
the history of contemporary physics (some would say too many such
details). Some time ago I challenged constructivists to offer alternative
accounts of these episodes. That challenge 1s still unanswered.

Hacking also suggests that one should score oneself on the three
sticking points on a scale from 1 to 5, where a score of 5 is a strong con-
structivist position and 1 is a strong rationalist position. He ranks him-
selt 2 on contingency, 4 on nominalism, and 3 on external explanations
of stability.*! My own scores would be 2, 2, and 1.

One 1ssue that Hacking does not discuss, however, 15 the relative
welght that one assigns to the three sticking points. [ rank them, in de-
creasing order of importance: external explanations of stability, contin-
gency, and nominalism. | believe that one can be a rationalist and not be
an inherent structuralist, or a realist, and also consider the issue relative-
ly unimportant. Although T have written on the question of scientific
realism (Franklin, 1988, 1996, 1997b; 2000a), | do not regard it as essen-
tial to my discussion of science as a reasonable enterprise. | believe that
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we have good reasons to believe in the entities involved in our theories,
but I could give up that view. Similarly a strong rationalist, such as myself,
might very well agree that things in science could have been different,
that other theories might have been proposed and adopted. They would
argue that, whatever view of the world is accepted, it is accepted on the
basis of valid experimental evidence. That brings us to sticking point 3:
external explanations of stability,

My own view is that this sticking point (external explanations of sta-
bility} 1s one on which I will not compromise. I believe that such expla-
nations are incompatible with the history ot science (I present several
cases in this book). I also believe that if external factors such as social
mterests and career interests are crucial m the acceptance of scentific
beliefs, then science has, in fact, no claim to knowledge. It is not com-
pletely facetious to suggest that on an external view, what is accepted by
the scientific community could be determined by a majority vote. Stanley
Fish, a well-known cultural critic of science, has likened the laws of
nature to the laws of baseball. Protessor Fish is clearly mistaken. In major-
league baseball there 15 a designated hitter i the American League, but
not i the National League, This was decided on by a vote of the team
owners. Not so for the law of gravity: Obyects would not fall differently in
the United States and in France it the American Physical Society voted to
repeal the law of gravity, whereas the French Academy voted to retain it.
[n my own rough-and-ready view, knowledge is justified beliet, and that
justification can only be provided by vahid experimental evidence and on
reasoned and critical discussion,*

In the case studies discussed in Part [1, [ argue that the resolution of
discordant results, for example, was settled by methodological and epis-
temological arguments based on valid experimental evidence. 1 have
found no evidence that social factors played a role here, or in any other
episodes | have studied.

Two Problems

Recently, detailed studies of experiment, by myself and by others, have
raised two important and serious questions concerning the view [ have
outhined above. These are the question of selectivity in the production of
experimental results and the 1ssue of discordant experimental results. The
former involves the application of selection criteria, or “cuts,” to either
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the experimental data or the analysis procedures used to transform that
data into an experimental result. One might legitimately question
whether the result is valid or i1s an artifact produced by the cuts. One
might also worry about the possibility of experimenter bias in the appli-
cation of the cuts, This is a particular problem when the effect of the cuts
on the final result 15 known.

In Part [, 1 outhne some solutions to the problem of selectivity and
present histories of five episodes that illustrate both the problem and the
solutions. | first discuss several strategies used to argue that an experi-
mental result is not an artifact produced by the cuts, and conversely, how
one might show that a result is such an artifact. The first episode, the
measurement of the K7, branching ratio, shows ordinary cuts made on
data to produce an experimental result, along with the checks that were
performed in order to demonstrate that the result was not an artifact of
the cuts. In the second episode, Millikan's measurement ot e, the charge
of the electron, [ show that Millikan engaged in selectivity in both data
and in analysis procedures. I also demonstrate that the effects of Milli-
kan’s selectivity were quite small. In this episode the correctness of Mil-
likan’s result was checked by the subsequent, and numerous, independent
measurements of e.

In each ot these episodes the result was shown to be correct. This was
not the case in the other three episodes—the early search for gravity
waves, the claimed existence of a heavy, 17-keV neutrino, and the claimed
existence of low-mass electron-positron states. Each of these cases in-
volves not only selectivity, but also discordant experimental results and it
was demonstrated that at least some of the experimental results were arti-
facts caused by selectivity. I present detailed histories showing how the
artifactual nature ot the results was established. For each of these three
episodes, | also discuss how the discord between the experimental results
was resolved. This provides an introduction to Part 11, which deals with
the resolution of discordant results,

Part [ also includes a discussion of blind analysis, a strategy that 1s in
current use and is designed to eliminate the possibility of experimenter
bias. I examine how one argues that the use of Monte Carlo calculations,
an analysis procedure often used in the production of experimental results,
does not produce artifacts. In such calculations, physicists often have choice
of both input parameters and analysis techmques, raising the possibility of
bias. I examine the methods used to guard against this possibility.
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As noted above, 1t 15 a fact of hfe in empirical science that experi-
ments often give discordant results. The occurrence of such discordant
results casts doubt on my epistemology of experiment and on the rea-
sonable use of experimental results in science. If, as is the case, each of the
experiments involved applied the epistemology of experiment, how can
they produce discordant results? In Part 11, T examine several additional
episodes from contemporary science that include discordant results. |
discuss the strategies and arguments used to resolve that discord and
show that they do not cast doubt on the reasonable use of experimental
results in science.






SELECTIVITY
AND THE
PRODUCTION OF
EXPERIMENTAL
RESULTS

Any fool can take data. It’s taking good data that counts.

E. Commins { private communication)

Experimenters never use all of their data in producing a result. Data may
be excluded for many legitimate reasons.! Certainly no one would think
of using data obtained when the experimental apparatus 1s not working
properly. Even when the apparatus i1s working properly, problems may
arise when onlv selected portions of the data (ie., “good” data) are used
to obtain a result. Selection criteria, usually referred to as “cuts,” are
applied to either the data themselves or the analysis procedures® and are
designed to maximize the desired signal and to eliminate or minimize
background that might mask or onimic the desired effect. A legiimate
concern is that the experimental result may be an artifact produced by the
cuts and thus not a valid result.? A further cause for concern may arise if
the effect of the cuts on the experimental result is known in advance: Is the
experimenter tuning the cuts to produce a desired outcome?

This 1s not a purely philosophical or methodological issue: It is basic
lo the actual practice of science. It was the central 1ssue in the recent con-
troversy concerning the possible existence of low-mass electron-positron

a7
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states, or particles, produced in high-energy heavy 1on-atom collisions
(see Chapter 3). Because selection cuts are invariably present in modern
physics experiments, the question of how one argues that an observed
effect is not an artitact produced by the cuts is often of crucial impor-
tance in establishing the validity of experimental results, Experimenters
use several strategies to argue that therr result 15 not an artifact. These
strategies are illustrated in Chapters 1-5, which illuminate the different
ways i1 which selectivity i1s used in producing experimental results and
discuss the arguments for the validity of the application of the cuts.

The first of these strategies involves robustness. Experimenters vary
the selection criteria over reasonable limits and observe whether the
result 15 stable under such varations. If 1t 1s, then the result 15 taken to be
real. [n an experiment to measure the K7, branching ratio, the fraction of
all K™ mesons that decay into a positron plus a neutrino, the experi-
menters varied the values of a range cut, as well as their track matching
criteria, and found that the branching ratio remained constant (see
Chapter 1). Similarly, in the case of early attempts to detect gravity waves,
one of the selection criteria mvolved a choice of analysis algorithm. One
group of experimenters used both proposed algorithms and found no
change in their result {see Chapter 2}. In the case of the 17-keV neutrino,
there was a choice to be made concerning the energy range to be used in
the analysis of the data. Several experiments used both a wide- and a
narrow-energy range and showed the result to be constant (discussed in
Chapter 4).

Il the result is sensitive to variations in the selection criteria, then this
suggests—although it does not prove—that the result 15 an artifact. There
are indeed cases, such as resonant scattering of light, in which the result
is highly sensitive to the experimental conditions and also to the particu-
lar selection criteria. This type of sensitivity will be an important issue in
the episode of possible low-mass eTe™ states discussed 1 Chapter 5, in
which the observed eflects seemed to be very sensitive to the experimen-
tal conditions.

Robustness may also be provided by a sequence of experiments,
rather than by variations on a single experiment. Thus in the case of
Millikan’s measurement of the charge on the electron (Chapter 3), the
variations of the selection criteria he applied to both his data and to his
analysis procedures were provided by subsequent experiments. These
experiments used different experimental techniques and had different
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backgrounds and selection criteria. That Millikan’s experiment and the
subsequent experiments all gave the same value for the charge of the elec-
tron argued that the result was not an artitact produced by the cuts. If the
result had been an artifact, it is highly improbable that the same result
would be obtained under such very different circumstances. The replica-
bality, or apparent replicability, of results also played an important role in
the episode concerning possible low-mass eTe™ states,

Sometimes it is possible to use a surrogate signal to demonstrate that
the cuts do not mask the presence of an effect.* This was the case in both
the search for gravity waves and for a 17-keV neutrino. Conversely, one
may cast doubt on a result by showing that it can be spuriously produced
by the apphcation of cuts (as in the case of the low-mass electron-positron
states, discussed in Chapter 5). This may be done either by the analysis of
actual data or by computer simulation. This method of questioning the
validity of a result is illustrated several times in the tollowing chapters,
and is crucial in the discussion of low-mass electron-positron states,

One may also be able to argue that the application of cuts, although
reducing background, cannot produce the effect observed. In the case of
the measurement of the K7, branching ratio, there was no possible way
in which the application of cuts to the range, decay time, or track-matching
of the particles could produce positrons that would mimic those expected
from K%, decay.

[n Part I, T discuss five historical cases that involve arguments concerning
the reality of an experimentally observed ellect. To introduce the reader
to the issues, [ begin with four straightforward examples taken from the
history of modern physics. The first is an experiment designed to mea-
sure the KT, branching ratio (Chapter 1). The branching ratio is quite
small and the desired events were masked by large numbers of events due
lo other, more common decay modes. Cuts were applied to preferential-
ly reduce this background while preserving a large, and known, fraction
of the K7, events. | show how the experimenters used the cuts to produce
the experimental result and how they argued for its validity.

A somewhat more complex example is provided by Joseph Weber's
claim that he had observed gravity waves, whereas six other experiments
did not find his claimed effect (Chapter 2. In this episode, there were no
arguments about what constituted good data. Both Weber and his critics
used the same type of experimental apparatus, namely, a large-mass
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gravity-wave antenna known as a Weber bar. The question was whether
the data were being analvzed correctly. Weber and his critics used difter-
ent data-analysis algorithms. The linear algorithm used by Weber's crit-
ics was sensitive to changes in either the amplitude or the phase of the
signal. The nonlinear algorithm preferred by Weber was sensitive only to
changes in amphtude. There was a suggestion that Weber chose his algo-
rithm because 1t gave a larger gravity-wave signal in his experiment. A
second question concerned the pulse-height threshold that was used to
determine whether a signal was in fact present. Weber's use of varying
thresholds raised the issue of whether he was tuning his threshold cut to
maximize—or even to create—evidence for his positive signal. T discuss
how these 1ssues were decided and the discord resolved. This episode will
also emphasize the importance of paying close attention to analysis pro-
cedures in order to understand arguments concerning the validity of an
experimental result.

The third historical episode concerns Millikan's famed measurement
of e, the charge of the electron (Chapter 3). Examination of Millikan’s
notebooks has shown not only that Millikan excluded data, but that he
also engaged n selective calculational procedures, We also know that
Millikan had a clear expectation of the value of e, based on his earlier
work. One might ask whether he used selectivity to obtain the answer he
expected. | discuss the effect of what we might call Millikan’s “cosmetic
surgery” on his experimental result.

In the fourth case, I look at the role played by analysis cuts in the epi-
sode that decided against the existence ol the 17-keV neutrino, a pro-
posed new particle (Chapter 4). The last and longest of the historical
cases examines in detail the history of low-mass electron-positron states,
from their initial report in the early 1980s to the present (Chapter 5).

Part I concludes with a chapter on blind analysis, a technique used to
guard against experimenter bias, which includes a discussion of Monte
Carlo sitmulations (Chapter 6). As we shall see, these calculations are often
crucial in producing experimental results. Some critics have questioned
the use of such calculations in the production of experimental results,
because the experimenters can choose the parameters used in the calcula-
tions. I discuss how one establishes the correctness of such calculations.



Measurement of the K;E
Branching Ratio

Perhaps the simplest and most straightforward strategy used to argue for
the correctness of a result when selection criteria are used in its produc-
tion is to vary the values of the cuts being used. If the result remains con-
stant under such variation then it can be argued that the outcome is not
an artifact of the cuts: if the effect is real, then reasonable changes in the
cuts used should not affect the result, This strategy is clearly illustrated in
an experiment designed to measure the K%, branching ratio, defined as
the fraction of all K™ mesons that decay into a positron and an electron
neutrino (K — et 4 v.) (Bowen et al., 1967).

The motivation for this experiment was that it would be a stringent
test, using strangeness-changing decays, of the then-generally accepted
V-A (vector minus axial vector) theory of weak interactions. At the time
of this experiment, the V-A theory had strong experimental support,
although it had not been severely tested in strangeness-changing decays.!

The theoretical predictions of the K, branching ratio were explicit.
If the interaction was pure axial vector, the predicted ratio of K%, to K7
decays was 2.6 X 1077, corresponding to a branching ratio of 1.6 X 1077,
Pure pseudoscalar coupling, however, predicted a K7, to Kllﬂ ratio of
1.02. Thus even if only a small portion of the interaction was due to

For a more detaled discussion of this experiment, see Franklin {1990, pp. 118-31),

41
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pseudoscalar coupling, the K7, branching ratio would be much larger
than that for a pure axial-vector interaction. For example, adding only
one part in a thousand of pseudoscalar interaction to the axial-vector
mteraction would increase the expected branching ratio by a factor of
four. Thus, even a rough measurement of the K7, branching ratio would
be a stringent test for the presence of any pseudoscalar interaction in the
decay, and of the V-A theory in general. The best previous measurement
of the K 'EQ.-“K"12 ratio had set an upper limit of 2.6 X 1073, a factor of 100
larger than that predicted by V=A theory.

[n principle, this is a simple experiment. The positron from K%,
decay has a momentum of 246.9 MeV/c in the kaon center-of-mass frame
of reference. This value is larger than the momentum of any other
charged particle produced in the direct decay of the kaon, the next largest
being the muon from K 'M decay (235.6 MeV/¢). Thus all one has to do,
in principle, to measure the branching ratio is to stop the K meson, iden-
tifv the decay particle as a positron, and measure its momentum. If the
momentum is approximately 247 MeV/c, then the positron is the prod-
uct of K%, decay, and the event can be added to the count of K, decays.
One would then compare this tally to the total number of kaon decays to
obtain the branching ratio. In practice, however, the experiment was far
more difficult.

Experimental Apparatus

The experimental apparatus is shown in Figure 1.1. The incoming beam
was positively charged, unseparated, and momentum selected. It consist-
ed primarily of pions and protons, and also contained small numbers of
kaons, muons, and positrons. The desired kaons were separated from the
more nunerous pions and protons by range in matter and by time of
flight* and were stopped in counter Cj, the stopping region. (For details,
see Bowen et al., 1967.)

Decay particles that left the stopping region at about 90° to the in-
coming beam traversed a set of six thin-plate optical spark chambers
located 1n a magnetic field. This allowed a measurement of the parti-
cle’s momentum. Decay particles were detected by coincidence telescope
C;Cy . Pulses from counters C; and C were displayed as oscilloscope traces
and photographed, so that the time between them, which measured the
time interval between the K* stop and its decay, could be measured for
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Figure 1.1. Experimental apparatus for the measurement of the K7, branching
ratio, From Bowen et al. (1967,

cach event. If the decay particles were indeed due to kaon decay, then the
distribution of time intervals between the stopping kaon signal and the
decay signal should match the kaon lifetime. It did. A small prompt peak
was observed at short decay times due to kaon decays in flight. These were
completely eliminated during the analysis procedure by a requirement that
the decay time of the event be >=2.75 ns after the stop of the K* meson,
This apparatus incorporated both a Cerenkov counter, to identify
positrons, and a range chamber to help eliminate background from other
decay modes. The Cerenkov counter had a measured efficiency of =>99%
for positrons and of 0.38% for other particles of comparable momen-
tum. The thick-plate range chamber was placed behind the Cerenkov
counter, which permitted measurement ot the position of particles
emerging from the counter as well as a measurement of their total range.

Selection Criteria

There were three major sources of background events that might mimic
or mask the desired K7, events. These were:
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l. Acaidental coincidences between accelerator-produced background
in the Cerenkov counter and muons and from I{L;.

2. Kt— pt + Uy followed by p™ — e™ + v, + Vo with a maximum
momentum of 246.9 MeV/c (the same as that for l{h decay) and a
branching ratio of approximately 1.2 X 10™* per foot of muon path.
This decay rate per foot was considerably larger than the total ex-
pected K[, decay rate. If this source of background could not be
eliminated or considerably reduced, then the experiment could not
be done.

3. Decays during the flight of the K™ meson.

Figure 1.2 shows the momentum distrnibution of 16,965 events ob-
tained with the Cerenkov counter in the triggering logic.” This is the
haystack from which the needle of a few K7, events was to be found. (A
rough calculation indicated that approximately five K, events would be
observed.) The momentum for K, decay is shown. It is clear that if the
k> events are present they are rather well hidden.

The large peak at 236 MeV/c and the smaller peak at 205 MeV/c are
due to accidental coincidences between accelerator-produced back-
ground in the Cerenkov counter and muons and pions from KJL,E and
K, decay, respectively. If the K, events were to be found, then the back-
ground due to KJLE events had to be reduced.

The experimenters applied a set of criteria to eliminate unwanted
background events while preserving a reasonable and known fraction of
the K7, events. The first criterion applied was that of range—the path
length n the range chamber before the particle stopped or underwent an
interaction. This criterion was designed to reduce the number of events
from KTLE decay. Muons lose energy only by ionization loss and thus have
a well-defined range in matter. The muons from K'I .o had a mean mea-
sured range of 67 g/cm?, with a straggle of about 4 g/cm? (Figure 1.3).
The expennmenters measured the range distribution for positrons with
momenta between 212 MeV/c and 227 MeV/c (Figure 1.4). These
positrons ditter from K7, positrons by only 10% in momentum and were
expected to behave quite similarly. Positrons do not have a well-defined
range because they lose energy by several different processes, some of
which involve large energy losses, and the distribution of ranges 1s
approximately constant from about 15 g/cm? to 70 g/em?. Requiring
evenls to have a range less than that of the muon from KLE decay serves
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to minimize the background due to those events and yet preserves a large
(and known} fraction of the high-energy positrons. A selection cut was
made at 45 g/cm®. The limits on this cut were varied within reasonable
limits { =5 g!cml'}; it was found that the final result was robust against
such changes. The etfect ot applying this selection criterion to the data is
shown in Figure 1.5, The haystack has gotten smaller.

Another major source of background was decay of the kaon into a
muon, followed by the decay of the muon into a positron. Most of these
positrons are emitted at large angles to the muon path. If the decay
accurred in the momentum chambers, it would have been detected by a
kink in the track {see discussion in note 3). Decays occurring between the
end of the momentum chambers and the end of the Cerenkov counter—
a very long distance—could not be seen. Because of the usually large
decay angle, such decays could be detected by comparing the measured
position of the particle when it entered the range chamber with the posi-
tion predicted by extrapolating the momentum-chamber track. If a decay
had occurred, then the difterence between the two positions would be
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Figure 1.5. Momentum spectrum of particles with momentum =212 MeV/c:
{a) all events; (b) events with range =45 g/cm®. From Bowen et al. (1967).

large. Even for decay angles as small as 5%, the extrapolated momentum-
chamber track will not match the position of the range-chamber track.
Therefore, a cut on the difference between the measured and extrapolated
positions, D_and D, (defined as the x and y differences, respectively) can
be used to eliminate muon decays in flight. If decays with decay angles
=5 are eliminated, then the background due to muon decays in flight
would be reduced to approximately 5% of the expected K7, rate. The
experimental distributions for D, and D are shown in Figures 1.6 and
1.7 for positrons resulting from K%; decay (K" —e* + v, + % these
positrons do not decay). The width of these distributions and the accu-
racy of the comparison were limited by multple scattering in the mo-
mentum chambers and by the uncertainty in extrapolating the particle
trajectory through the fringing field of the magnet. The full width at half
maximum of the distributions is 16 ¢cm for D and 13 ¢m for D.. Fiducial
areas —6 ¢cm to +10 ¢cm for D and -7 to +6 cm for D, were chosen, as
indicated in Figures 1.6 and 1.7. Table 1.1 shows the variation in the
number of accepted particles in the momentum regions of interest as the
fiducial areas were varied. The ratios are constant within the calculated
statistical uncertainty, showing that the branching ratio was robust under
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Figure 1.6. Experimental distribution for 12, the difference in x-position between
the track extrapolated from the momentum chambers and the measured track in
the range chamber, for positrons from K, decay with momenta between 207 and
227 MeV/c. These positrons do not decay in flight. From Bowen et al. {1967).

these changes in the cuts, On the basis of these results, the track-match-
mg criterion was applied. In addition, because these decays occurred
beyond the momentum chambers, they would have a measured momen-
tum equal to that of muons from HL 5 decay (236 MeV/c). Some of these
events would be removed from the data by momentum cuts in the final
analysis of the data. The effects of this track-matching cut for events with
range =45 g/cm® and momentum =212 MeV/c are shown in Figure 1.8,
The selection criteria served to preferentially reduce the events in the
K region relative to the events in the K%, region. (These regions are
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Figure 1.7. Experimental distribution for D_. From Bowen et al. {1967).

232-242 MeV/c and 242-252 MeV/¢, respectively. They are centered on
the momenta for the respective decays.)

There is one additional major source of background. This is due to
decays in flight of the K" meson. If the kaon decaved in flight, then the
momentum of the decay particle could be increased,

eading to possible
simulation of K7, decays. Examination of the distribution of time inter-
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Table 1.1.

Effect of the track-matching criteria for events with range <245 g/em* ®

Fiducial Area

Momentum Region Accepted Accepted Intervals Accepted Intervals
iMeVic) None Intervals Increased by 2 cm Decreased by 2 cm
P=2I2 525 214 24) 154
K (212-218) 297 161 177 143
Koa (231-241) 124 28 33 20
K., {242-252) 33 13 13 11
P == 252 36 3 o 4

Seerce: Bowen et al, [1967),
The number of events i the momentom regions of interest does not change sigmibcantly for
simall variations of the fiducial area.

s

{a) — EVENTS WITH RANGE €45 g/cm®

(b} ™ EVENTS WHICH SATISFY TRACK
MATCHING CRITERION AND §
RANGE < 45 g/em?2

40

NUMBER OF EVENTS
R
-
I

|

bod 0dee d cfa Oagrd

212 222 232 242 252 262 272 282 292
MOMENTUM (MeV/c)

Figure 1.8. Momentum spectrum of particles with momentum =212 MeV/c and

[ 1 . e, 4 . \
range =45 gfcm*: {a) all events; (b) events satisfving track-matching criterion.
From Bowen et al. (1967,

vals between the stopped kaon and the decay positron revealed the pres-
ence of a small peak due to such decays in thight, The peak had a base
width of 2 ns. A cut was made removing all events with a time interval of
<2.75 ns, which eliminated all ot the decays in tlight. The effect ot this
selection criterion is shown in Figure 1.9. This cut preferentially reduced
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Figure 1.9. Momentum spectrum of particles with momentum =212 MeV/c, range
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=45 glcm=, and satisfving the track-matching criterion: (a) all events; (b) events

with K* decay time =2.75 ns. From Bowen et al. (1967,

the number of events in the K7, region, indicating that decays in flight
were indeed a source of simulated K¥,, events. The cut was not varied be-
cause it was intended solely to eliminate decays in tlight. It was clear from
the decay-time distribution, which showed a small prompt peak that was
2 ns wide, that the cut at 2.75 ns was sufficient. In addition, 1t affected
both the number of Kt ; EVents and the events used to normalize the
branching ratio equally; hence, changing the cut would not affect the
branching ratio. The final number ot K7, candidates measured by the
experiment tallies the events in the momentum region 242-252 MeV/c in
Figure 1.9,

The number of events in the K7, region is corrected for various
experimental effects to determine the final number of K%, events. A final
total of ht;; events is attributed to K7, decay after these corrections. The
was calculated

branching ratio—the rate compared with all K™ decays
by normalizing the K*,, events to known K" decay rates by two ditterent
methods. The first used the upper end of the K7; spectrum {the region
from 212 MeV/c¢ to 228 MeV/c in Figure 1.9}, which had been sulyected
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to the same selection criteria as the IiZJ[,2 events, To estimate the total
number of K75 events, the experimenters needed to know the shape of
the K7, decay spectrum. This had, in fact, been measured by the group in
previous experiments. The second method used the total sample of
16,965 K* decays given in Figure 1.2, (Note that the selection criteria have
not been applied to these events.) The results for the branching ratio,
using the two different methods, were R = 2.0718 X 107 and R = 2.2%47%
X 1077, respectively. The two different methods—which have very differ-
ent selection criteria—agreed and the final result given was their average,
R=2.1" 1]“1 % 1072, in agreement with the theoretical prediction of 1.6
1072,

Thus the branching ratio obtained was robust under these two very
different normalization methods, which had very different dependences
on the selection criteria. It was also robust under reasonable changes in
the selection criteria. These observations suggest that the cuts did not
aftect the final result and therefore they argue for the correctness of that
result. The experimental results are a typical and straightforward exam-
ple of robustness.



Early Attempts to Detect
Gravity Waves

[n the previous chapter, I discussed an episode in which selection criteria
were applied to experimental data. The present chapter deals with a case
in which selectivity was applied to the analysis procedures used to trans-
form data into an experimental result. No questions were raised as to
what constituted good data. All of the experimental groups used similar
lypes of experimental apparatus and agreed that they produced good
data. Here we will see how different analysis procedures led to discordant
results, and I discuss how that discord was resolved. The episode consid-
ered here comprises the early attempts to detect gravity waves.

Beginning in the late 1960s, attempts were made to detect gravita-
tional radiation (gravity waves). Such waves are predicted by Einstein’s
general theory of relativity, Just as an accelerated, electrically charged
particle will produce electromagnetic radiation (light, radio waves, etc.},
so should an accelerated mass produce gravitational radiation. Such radi-
ation can be detected by the oscillations produced in a large mass when
it is struck by gravity waves. Because the gravitational force is far weaker
than the electromagnetic force, a large mass must be accelerated to pro-
duce a detectable gravity-wave signal.! The difficulty of detecting a weak
signal is at the heart of this episode.

For more details of this episode, see Franklin (1994), For a very different view, see Caollins
C19HS, 1994,

23
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Figure 2.1. A Weber-type gravity-wave detector. From Collins (1985},

[n 1969, Joseph Weber claimed to have detected such radiation. Weber
used a massive aluminum-alloy bar,? or antenna, which was supposed to
oscillate when struck by gravitational radiation (Figure 2.1). The oscilla-
tion was to be detected by observing the amplitied signal from piezoelec-
Iric crystals attached to the antenna. The signals were expected to be quite
small, and the bar had to be insulated from other sources of noise, such
as electrical, magnetic, thermal, acoustic, and seismic forces. Because the
bar was at a temperature different from absolute zero, thermal noise
could not be avoided; to minimize its eftect, Weber set a threshold for
pulse acceptance. Weber claimed to have observed above-threshold
pulses (in excess of those that are to be expected above the threshold from
thermal noise).? In 1969, Weber claimed to have detected approximately
7 pulses/day due to gravitational radiation.

The problem was that Weber’s reported rate was far greater than that
expected from calculations of cosmic events (by a factor of more than
[,000), and his early ¢laims were met with skepticism. During the late
1960s and early 1970s, however, Weber introduced several modifications
and improvements that mcreased the credibility of his results {Weber et
al., 1973}, He claimed that above-threshold peaks had been observed si-
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multaneously in two detectors separated by 1,000 miles. Such coinai-
dences were extremely unlikely if they were due to random thermal fluc-
tuations. In addition, he reported a 24-hour periodicity in his peaks—the
sidereal correlation—that indicated a single source for the radiation, per-
haps near the center of our galaxy. These results increased the plausibility
of his claims sufficiently so that by 1972, three other experimental groups
had not only built detectors, but had also reported results. None was in
agreement with Weber, By 1975, it was generally agreed that Weber’s
claim was unacceptable.

The reasons oftered by different scientists for their rejection of
Weber’s claims are varied, and not all of the scientists engaged in the pur-
st agreed about their relative significance. During the period
1972-1975, it was discovered that Weber had made several serious errors
in his analysis. His computer program for analyzing the data contained
an error, and his statistical analysis of residual peaks and background was
questioned and thought to be inadequate. Weber’s claim to have found
coincidences between his detector and a second, distant detector was
rejected because the tapes used to provide the coincidences were actually
recorded more than four hours apart. Weber had found a positive result
where no one would expect one. Other critics cited the faillure of Weber’s
signal-to-noise ratio to improve, despite the “improvements™ to his appa-
ratus. In addition, the sidereal correlation previously observed disap-
peared when more data were taken, suggesting that it was a statistical
fluctuation in the data,* Critics also argued that Weber’s apparatus, as
described in his published work, could not produce the signal he report-
ed. Perhaps the most important objection was the uniformly negative
results obtained by six other groups of experimenters.”

Two of the reasons tor the rejection of Weber's result by the physics
community involve questions concerning selection criteria.® The first of
these—the issue of calibration together with Weber's analysis proce-
dure—is not so much a selection criterion applied to the data as a choice
of the analysis procedure used. The problem of determining whether
there is a signal in a gravity-wave detector, or whether two such detectors
have fired simultaneously is not simple. There are several difhiculties. One
is due to energy fluctuations in the bar from nongravitational sources
(e.z., thermal, acoustic, electrical, magnetic, and seismic noise). When a
gravity wave strikes the antenna, the wave's energy 1s added to that
already present in the bar. This may change either the amplitude or the
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Figure 2.2. A plot showing the calibration pulses for the Rochester-Bell Laboratory
collaboration. The peak due to the calibration pulses 1s clearly seen. From Shaviy
and Rosen {1975),

phase (or both} of the signal emerging from the bar. It is not simply a case
of observing a larger signal from the antenna after a gravity wave strikes
it. This difficulty informs the discussion of which was the best analysis
procedure to use,

The nonlinear, or energy, algorithm preferred by Weber is sensitive
only to changes in the amplitude of the signal. The linear algorithm, pre-
ferred by everyone else, is sensitive to changes in both the amplitude and
the phase of the signal. Weber admitted, however, that the hinear algo-
rithm preferred by his critics 1s more efficient (by a factor of twenty) at
detecting calibration pulses. These were pulses of acoustic energy inject-
ed into the antenna to simulate the effect of gravity waves and to test
whether the apparatus was working properly. Similar results on the supe-
riority of the linear algorithm for detecting calibration pulses were
reported by both Katka (pp. 258-59) and Tyson (pp. 281-82). Tyson’s
results for cahbration-pulse detection are shown for the linear algorithm
in Figure 2.2 and for the nonlinear algorithm in Figure 2.3. There is a
clear peak for the linear algorithm, whereas no such peak is apparent for
the nonlinear procedure. {The calibration pulses were inserted periodi-
cally during data-taking runs. The peak was displaced by two seconds by
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Figure 2.3. A tune-delay plot for the Rochester-Bell Laboratory collaboration, using
the nonlinear algorithm. No sign of any zero-delay peak 1s seen. From Shaviv and
Fosen (1975,

the msertion of a time delay, so that the calibration pulses would not
mask any possible real signal, which was expected at zero time delay, )

Nevertheless, Weber preferred the nonlinear algorithm. His reason
for this was that it gives a more significant signal than does the linear pro-
cedure, This is illustrated in Figure 2.4, which compares the data analyzed
using the nonlinear and the linear algorithms. Weber (pp. 251-52)
remarked, “Clearly these results are inconsistent with the generally
accepted idea that £° + #¢ [the linear algorithm] should be the better
algorithm.” Weber was, in fact, using the positive result to decide which
was the better analysis procedure. He was tuning his analysis procedure
to maximize his result.

His critics, however, analyzed their own data using both algorithms.
[f it was the case that—unlike the calibration pulses, for which the linear
algorithm was superior—using the linear algorithm either masked or
failed to detect a real signal, then using the nonlinear algorithm on their
data should produce a clear signal. None appeared. Tvpical results are
shown in Figures 2.3 and 2.5. Figure 2.3, which is Tyson’s data analyzed
with the nonlinear algorithm, not only shows no calibration peak, but it
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Figure 2.4. Weber's time-delay data for the Maryland-Argonne collaboration for
the period 15-25 December 1973, The top graph uses the nonlinear algorithm,
whereas the bottom uses the linear algorithm. The zero-delay peak is seen only
with the nonlinear algorithm. From Shaviv and Rosen (1975).

does not show a signal peak at zero time delay. It is quite similar to the
data analyzed with the linear algorithm shown in Figure 2.5, (Note that
for this data run, no calibration pulses were inserted.) Kafka (pp. 258-39)
also reported the same result: no difference in signal between the linear
and the nonlinear analysis.
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Weber answered these criticisms by suggesting that although the
linear algorithm was better for detecting calibration pulses, which were
short, the real signal of gravity waves was a longer pulse than most
investigators thought. He argued that the nonlinear algorithm that he
used was better at detecting these longer pulses. 5till, if the signal was
longer, one would have expected it to show up when the critics’ data
were processed with the nonlinear algorithm. It did not. {See Figures
2.3 and 2.5.) The critics’ results were robust under changes in the analy-
sis procedure.

Drever also reported that he had looked at the sensitivity ot his appa-
ratus with arbitrary wavetorms and pulse lengths. Although he found a
reduced sensitivity for longer pulses, he did analyze his data explicitly to
look for such pulses. He found no effect with either the linear or non-
linear analysis.”

How, then, did Weber obtain his positive result when his critics, using
his own analysis program, could not? It was suggested that Weber had
varied his threshold cut to maximize his signal, whereas his critics used a
constant threshold. Was Weber tuning his threshold cut to create a result?
This was the second reason why critics rejected Weber’s result.

Tyvson charactenzed the difference between Weber's methods and

those of his critics:

| should point out that there is a very important difference in essence in the way
in which many of us approach this subject and the way Weber approaches it. We

have taken the attitude that, since these are integrating calorimeter type experi-
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ments which are not too sensitive to the nature of pulses put in, we simply
maximize the sensitivity and use the algorithms which we found maximized the
signal to noise ratio, as [ showed you. Whereas Weber’s approach is, he says, as
follows. He really does not know what 1s happening, and therefore he or his
progranumer 1s twisting all the adjustments in the experiment more or less continu-
ously, at every instant in time locally maximizing the excess at zere time delay. |
want to point out that there is a potentially serious possibility for error in this
approach. No longer can you just speak about Poisson statistics. You are biasing
yourself to zero time delay, by continuously modifying the experiment on as short a
time scale as possible (about four days), to maximize the number of events detected
af zero time delay. We are taking the opposite approach, which is to calibrate the
antennas with all possible known sources of excitation, see what the result is, and
maximize our probability of detection. Then we go through all of the data with
that one algorithm and integrate all of them. Weber made the following com-
ment before and 1 quote out of context: "Results pile up.” 1 agree with Joe
{Weber), But | think vou have to analyze all of the data with one well-understood
algorithm. (p. 293, emphasis added)

A similar criticism was offered by Garwin, who also presented evi-
dence from a computer simulation to demonstrate that a selection pro-
cedure such as Weber’s could indeed produce his positive result:

Second, 1n view of the fact that Weber at CCR-5 |a conterence on General
Relativity held in Cambridge|” explained that when the Maryland group failed
to find a positive coincidence excess “we try harder,” and since in any case there
has clearly been selection by the Maryland group (with the publication of data
showing positive coincidence excesses but with no publication of data that
does not show such excesses),” James L. Levine has considered an extreme
example of such selections. In Figure [2.6] is shown the combined histogram
of "coincidences” between two independent streams of random computer-gen-
erated data. This “delay histogram™ was obtained by partitioning the data into
40 segments. For each segment, “single events” were defined in each “channel™
by assuming one of three thresholds a, b, or ¢. That combination of thresholds
was chosen for each segment which gave the maximum “zero delay coinci-
dence” rate for that segment. The result was 40 segments selected from one of
nine “experiments.” The 40 segments are summarized in Figure [2.6], which
shows a “six-standarvd-deviation” zero-delay excess. (Garwin, 1974, pp. 9-10,

emphasis added)
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Figure 2.8. The result of selecting thresholds that maximized the zero-delay signal
for Levine's computer sumulation. From Garwin {1974,

Weber denied the charges:

[t is not true that we turn our knobs continuously. [ have been full time at the
University of California at Irvine for the last six months, and have not been turn-
ing the knobs by remote control from California [Weber’s group and one of his
antennas was located at the University of Maryland|. In fact, the parameters have
not been changed for almost a year. What we do is write the two algorithms on a
tape continuously. The computer varies the thresholds to get a computer printout
which is for 31 different thresholds. The data shown are not the results of looking
over a lot of possibilities and selecting the most attractive ones, We obtain a result
that is more than three standard deviations for an extended period for a wide
range of thresholds. I think it is very important to take the point of view that the
histogram itself is the final judge of what the sensitivity is. (pp. 293-94)
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Weber did not, however, specify his method of data selection for his
histogram. In particular, he did not state that all of the results presented
in a particular histogram had the same threshold.

[nterestingly, Weber cited evidence provided by Katka as supporting
a positive gravity-wave result, Katka did not agree, because the evidence
resulted from performing an analysis using different data segments and
different thresholds. Only one data segment/threshold showed a positive
result, indicating, in fact, that such selectivity could produce a positive
result. Katka's results are shown in Figure 2.7. Note that the positive effect
15 seen in only the bottom graph:

The very last picture (Figure [2.7]) is the one in which Joe Weber thinks we have
discovered something, too. This is for 16 days out of 150. There is a 3.60 [slan-
dard deviation| peak at zero time delay, but yvou must not be too impressed by
that. It is one out of 13 pieces tor which the evaluation was done, and 1 looked at
least at 7 pairs of threshoelds. Taking into account selection we can estimate the

probability to find such a peak accidentally to be of the order of 1%, (p. 265)

In this episode, 1t was suggested that Weber's positive result was
caused, in part, by tuning both his analysis procedure and his threshold
cut to produce that result. Weber’s critics dealt with this problem by ana-
lvzing their data using both their own linear analysis algorithm and
Weber's preferred nonlinear algorithm; they obtained negative results
with both procedures. The results were robust. The critics also showed
how one might produce a positive result by tuning the threshold cut. This
was shown by Katka, using his actual data, and by Levine and Garwin,
who obtained a positive result from random data in a Monte Carlo sim-
ulation!” by manipulating the threshold cut. The latter arguments did
not conclusively demonstrate that Weber’s results were incorrect, but
they strongly suggested that there were credibility problems with his
results. Weber’s selectivity had led to discordant results. How was the dis-
cord between Weber and his critics resolved?

Let us summarize the evidential situation concerning gravity waves
at the beginning of 1975, There were discordant results, Weber had
reported positive results on gravitational radiation, whereas six other
groups had reported no evidence for such radiation. The ¢ritics’ results
were not only more numerous, but had also been carefully cross-checked.
The groups had exchanged both data and analysis programs and con-
firmed the results. The critics had also investigated whether their analysis
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16.6 Days Between March 7, 1974 and March 27, 1874
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Figure 2.7. Kafka's results using various thresholds, A clear peak is seen at zero
delay. From Shaviv and Rosen (1975),

procedure (the use of a linear algorithm) could account for their failure
to observe Weber’s reported results. They had used Weber's preferred
procedure (a nonlinear algorithm) to analyze their data and still found
no sign of an eftect. They had also calibrated their experimental appara-
tuses by inserting acoustic pulses of known energy and finding that they
could detect a signal. Weber, however, could not detect such calibration
pulses (neither could his critics when they used his analysis procedure).
Under ordinary circumstances, Weber’s calibration failure would have
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been decisive. Because this episode 1s atypical—one in which a new type
of apparatus was used to search for a hitherto unobserved phenome-
non—the calibration faillure was not decisive. Other arguments were
both needed and provided to resolve the discord.

The physics community raised several other serious questions about
Weber’s analysis procedures. The various experimental groups cooperat-
ed, exchanging both data and analysis programs. This led to the first of
several questions concerning possible serious errors in Weber’s analysis of
his data. Douglass et al. (1975) pointed out that Weber's analysis program
contained an error. It generated coincidences between detectors even
when none were present. Douglass also pointed out that this error
accounted for all of the coinadences observed in the tape of Weber’s data
that he had examined. Weber admitted the error, but did not agree with
the claim that it accounted for all of his observed coincdences. At the
very least, this error raised legitimate doubts about Weber's results.

There was also a rather odd result reported by Weber, discussed here
by Garwin (1974 ).

First, Weber has revealed at international meetings { Warsaw, 1973. etc.) that he
had detected a 2.6-standard deviation excess in coincidence rate between a
Maryland antenna [Weber's apparatus] and the antenna of David Douglass al
the University of Rochester. Coincidence excess was located not at zero time
delay but at “1.2 seconds,” corresponding to a 1-sec intentional offset in the
Rochester clock and a 150-millisecond clock error. At CCR-5, Douglass revealed,
and Weber agreed, that the Maryland Group had mistakenly assumed that the
two antennas used the same time reference, whereas one was on Eastern Daylight
Time and the other on Greenwich Mean Time. Therefore, the “:.igniﬁfanl" 2.6
standard deviation excess referred to grawﬂ}f waves that took four hou 5, L0

minutes and 1.2 seconds to travel between Maryland and Rochester, (p. 9)

Weber answered that he had never claimed that the 2.6-standard-
deviation effect he had reported was a positive result. Nevertheless, by
reporting a positive result where none was possible, Weber had cast fur-
ther doubt on his own analysis procedures.

Garwin (1974; and Levine and Garwin, 1974) raised vet another
question about Weber's results. They used a computer simulation to show
that if Weber’s apparatus was as he described it, then it could not have
produced the result he claimed. They argued, in particular, that the nar-
row signal seen by Weber should have been broader (Figure 2.8).
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[t seems clear that, according to the epistemological criteria discussed
in the introduction, the critics” results were far more credible than Weber’s.
They had checked their results by independent confirmation, which
included the sharing ot data and analysis programs. They had also elim-
inated a plausible source ot error, that of the pulses being longer than
expected, by analyzing their results using the nonlinear algorithm and by
looking for such long pulses. They had also calibrated their apparatuses
by injecting known pulses of energy and observing the output.

In addition, Weber's reported result failed several tests suggested by
these criteria. Weber had not eliminated the plausible error of a mistake
in his computer program used to analyze the data. [t was, in fact, shown
that this error could account for his result. [t was also argued that Weber’s
analysis procedure, which varied the threshold accepted, could also have
produced his result. Having increased the credibility of his result when he

showed that it disappeared when the signal from one of the two detectors
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was delayved, he then undermined it by obtaining a positive result when
he thought two detectors were simultaneous, when, in fact, one of them
had been delayed by tour hours. As Garwin remarked, Weber's result itselt
also argued against its credibility. The coincidence in the time-delay
graph was too narrow to have been produced by Weber's apparatus,
Weber’s analysis procedure also failed to detect calibration pulses.

The evidence against Weber’s result was overwhelming. The discord
was resolved by showing that the critics in their procedures had success-
fully applied the strategies outlined in the epistemology of experiment,
whereas Weber's experiment had tailed those epistemological criteria.



Millikan’s Measurement of
the Charge of the Electron

Millikan's oil-drop experiments are justly regarded as a major contribu-
tion to 20th-century physics (Millikan, 1911, 1913). They established the
quantization of electric charge, the existence of a fundamental unit of
charge, and also measured that unit of charge precisely. Earlier determi-
nations of the charge of the electron had not established whether there
was such a fundamental unit of electricity.! This was because previous
experiments, which used a cloud of charged water droplets and observed
the motion of the cloud under the influence of both gravity and an elec-
tric fleld and under gravity alone, measured the total charge of the cloud
and could not therefore demonstrate that the value obtained was not a
statistical average. Millikan was able to perform all of his measurements
on solitary oil drops and thus avoid the difhculty. Examination of Milli-
kan's laboratory notebooks reveals, however, that he was selective both in
his choice of data and in his analysis procedure. But we shall see that the
eftects of this selectivity were small and did not significantly affect
Millikan’s final value for e, the charge of the electron. Nevertheless, Milli-
kan’s selectivity is problematic. Was he tuning both his data and his anal-
ysis procedure to get a desired result?

87
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Millikan's Method

Let us brietly examine how Millikan demonstrated the existence of a fun-
damental unit of electrical charge and measured its value. Millikan
allowed a single charged o1l drop to fall a known distance in air, He did
not measure the time of fall from rest, but allowed the drop to fall freely
for a short distance before it passed a crosshair, which signaled the start
of the time measurement. Because of air resistance, the drop was then
traveling at a constant, terminal velocity. Atter the drop passed a second
crosshair, which determined the time of fall at constant speed for the
known distance between the crosshairs, an electric field was turned on.
The charged o1l drop then traveled upward at a different constant speed,
and the time to ascend the same distance was measured. These two time
measurements allowed the determination of both the mass of the drop
and 1ts total charge.

The equation of motion of an oil drop falling under an upward-

directed electric field F is
mx = myg - Kx - e, F,

where e, is the drop’s charge and m its mass compensated for the buoy-
ant force of air. According to Stokes’s law, which holds for a continuous
retarding medium, K = 6map, where a is the drop’s radius and . the air’s
viscosity. To take into account the particulate character of air, Millikan
replaced K by K/(1 + b/pa), where p is the air pressure and b a parameter
determined from the experimental data. Because all measurements were
made at terminal velocities, the acceleration X vanished (recalling that v,

is opposite in direction to 1-}-}:

e, = mglF [(ve+ v )/v,|;

e, = ne = [(9md\{(2/g))/F] [/ (o = p)(1 + Bipa)®]V2
[1;_.7? ( ”ﬂz t 1],

where ¢, the total charge on the drop, is assumed to be an integral mul-
tiple of a unit; d is the distance traveled, either up or down; and g is the
acceleration of gravity.?

Not only did the charge on the oil drop sometimes change sponta-
neously due to absorption of charge from the air or 1womzation, but
Millikan induced such changes with either a radioactive source or an x-
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Figure 3.1. Millikans data sheet for 15 March 1912 {second observation), Notice

“Error high will not use™ at the center-right. Courtesy California Institute of
Technology Archives,

ray source. One can calculate the change in charge using successive times
of ascent (before and after the change):

Ae, = (An)e = [(9wd \/(2/g))/F] (/o= p)(1 + bipa)y |2
(Vv (Ut = 1)),

where ¢’ and teare the successive times of ascent. If both the total charge
on the J;'ﬂp and the change in charge are multiples of some fundamental
unit of charge, then ]fﬂ{]ftg + ”5"} should equal {lfﬁﬂ]{lfj-l - lh}}.
Millikan could easily estimate (1/r — 1/1), because An was usually a very

small number—often equal to one—tfor the smallest change in the charge
of the drop.
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Figure 3.2. Millikan’s data sheet for 16 April 1912 {second observation). Notice
“Won't work” in lower right-hand corner. Courtesy California Institute of
Technology Archives,

Since n' [our An| is always a small number and in some of the changes always
had the value 1 or 2 its determination for any change is obviously never a mat-
ter of the slightest uncertainty. On the other hand n is often a large number, but
with the aid of the known values of #' it can alwavs be found with absolute cer-
tainty as long as it does not exceed say 100 or 150.7 (Millikan, 1913, pp. 123-24)
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Sample data sheets from Millikan's experiments are shown in
Figures 3.1 and 3.2. (These sheets are from Millikan’s notebooks of
1911 and 1912. The results of that experiment were published in 1913.)
The columns labeled “G” and “F” are the measurements of f and £
respectively, The average value of t, and its reciprocal are glwﬂ at the
bottom of column G. To the nght uf column F are calculations of 1/t;
and of [(1/An)(1/t'— ]xrj-}]. Further to the right 1s the calculation ﬁi'
[ lfrz][lfzj,-+ lg’.sﬂjl]. The top of the page gives the date, the number and
time of the observation, the temperature 8, the pressure p, and the volt-
age readings (which include the actual reading plus a correction), and
the time at which the voltage was read. The data combined with the
physical dimensions of the apparatus, the density of clock o1l and of
air, the viscosity of air, and the value of g are all that is required to cal-
culate ¢.

Millikan’s Results

Millikan could determine e trom both the total charge of the drop and
from the changes in the charge. Not only did these values agree very well,
but the average value obtained from different drops was also the same.
Millikan remarked, “The total number of changes which we have ob-
served would be between one and two thousand, and in not one single
instance has there been any change which did not represent the advent upon
the drop of one definite invariable guantity of electricity or a very small mul-
tiple of that quantity” (Millikan, 1911, p. 360). For Millikan, and for most
of the physics community, these results established the quantization of
charge. The value that Millikan found in 1911 for the fundamental unit
of charge, the charge on the electron, was 4,891 X 1071V esu. (Millikan
did not give a numerical uncertainty, but estimated the uncertainty as
approximately 0.2 percent.)*

Following the completion of his 1911 paper, Millikan continued his
oil-drop measurements. His intent was to improve both the accuracy
and the precision of the measurement of e. He made improvements in
his optical system and determined a better value for the viscosity of air.
[n addition, he took far more data in this second experiment. Millikan’s
new measurement gave a value of ¢ = (4.774 * 0.009) X 107" esu.”
This value differs considerably from his 1911 value of 4.891 x 1070
sl
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The difference between these numbers and those originally found by the oil-
drop method, ¢ = 4.891, was due to the fact that this much more elaborate and

prolonged study had the effect of changing every one of the three factors n [the

viscosity of air|, A [related to the correction parameter b in Stokes's law |, and d
[the distance between the crosshairs|, in such a way as to lower ¢ and to raise N
[Avogadro’s number]. The chief change, however, has been the elimination of

faults of the original optical system, (Millikan 1913, pp. 140—41)

In producing has new value of ¢ Millikan engaged n selectivity in
both the data he used and in his analysis procedure. In presenting his
results in 1913, Millikan stated that the 58 drops under discussion had
provided his entire set of data. "It 15 fo be remarked, too, that this is not a
selected group of drops but represents all of the drops experimented upon
during 60 consecutive days, during which time the apparatus was taken
down several times and set up anew” (Millikan 1913, p. 138). This is not
correct. An examination of Millikan’s notebooks for this period shows
that Millikan took data for this measurement from 28 October 1911 to 16
April 1912.° My own count of the number of drops experimented on
during this period is 175. Even it one were willing to count only those
observations made after 13 February 1912, the date of the first observa-
lion Millikan published, there are 49 excluded drops: Of 107 drops ex-
perimented on between 13 February and 16 April, Milhkan published
only 58. We might suspect that Millikan selectively analyzed his data to
support his preconceptions about both charge quantization and the value
of e.”

Millikan’s selectivity included suppressing all of the data for some
drops, suppressing some of the data within the data set for a single drop,
and choosing various methods of calculation. In discussing this selectiv-
ity, we should, however, remember that Millikan had far more data than
he needed to improve the uncertainty in the measured value of ¢ by
approximately a factor of ten. He used only published drops—23 out of
a total of 58—which had a correction due to Stokes’s law of less than six
percent to calculate his final value of e. This was to guard against any
effect of an error in that correction.”

In experiments conducted betore 13 February 1912, Millikan had
labored to make his apparatus work properly. He was particularly wor-
ried about convection currents inside the device that could change the
path of the oil drop. He made several tests on slow drops, for which con-
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vection effects would be most apparent. Milhkan's comments on these
tests are quite illuminating. On 19 December 1911, he remarked, “This
work on a very slow drop was done to see whether there were apprecia-
ble convection currents. The results indicate that there were. Must look
more carefully henceforth to tem|perature] of room.”” On 20 December:
“Conditions today were particularly good and results should be more
than usually rehable, We kept tem very constant with fan, a precaution
not heretofore taken in room 12 but found yesterday to be guite essen-
tial.” On 9 February 1912, he disregarded his first drop because of un-
certainty caused by convection; after the third drop he wrote, “This is
good for so little a one but on these very small ones I must avoid convec-
lion still better” No further convection tests are recorded. By 13 February,
it seems that the device was working to Millikan’s satisfaction, because he
eventually published data from the very first drop recorded on that day.
The data trom 68 drops taken betore 13 February were omitted from
publication, because Millikan was not convinced that his experimental
apparatus had been working properly. It was not producing “good”
data, 1"

After this date, we must assume that the apparatus was working
properly unless we are explicitly told otherwise. There are 107 drops in
question, of which 58 were published. Millikan made no calculation of e
on 22 of the 49 unpublished drops. The most plausible explanation for
why Millikan did not do so is that when he performed his final calcula-
lons in August 1912, the drops seemed superfluous: He did not need
more drops for the determmination of e

The 27 events that Millikan did not publish and for which he calcu-
lated a value of ¢ are more worrisome. Millikan knew the results he was
excluding. Twelve of these were excluded from the set of published drops
because they seemed to require a second-order correction to Stokes’s law.
These were very small drops, for which the value of Millikan’s correction
lo Stokes’s law, b/pa, was larger than one. This made Millikan’s use of a
perturbation series expansion of Stokes’s law for those drops very ques-
tionable. There is no easy way to calculate the correction for such drops,
so Millikan, having so much data, decided to exclude them.!! Of the
remaining 15 calculated events, Millikan excluded two because the appa-
ratus was not working properly, five because there was insutficient data to
make a relhiable determination of ¢, and two for no apparent reason. We
are left with six drops. One is quite anomalous.!? In the five remaining
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Table 3.1.
Comparison of Millikan's and Franklins values of e

e (2107 esu) or
[rrops LUsed in Caloulation Millikan Franklin Millikan Franklin
First 230 4,778 4,77, =002 mad | N} K
All 58 4. 780 4.77 +0.002 0,003
Almost all drops® 4.781 4,780 +0.003 +(0.00013

“Statistical ervor in the mean,

'These are the events that Millikan vsed to determine e.

“Although Millikan nsed a valoe = 0001825 for the viscosity of air i almost all of his calenla-
tions, in reporting his final valoe for ¢ he used p = 0001824, This accounts for the change from
4,774 v 4778 in Millikan's final value. To make the most accurate comparison, T osed o=
0.0ELB25 in all my recalculations.

HThis includes the 58 published drops, 25 unpublished drops measured after 13 February 1912, and
somme small covrections. For details, see Franklin (1981 ).

cases, Millikan not only calculated a value for e but compared it with an
expected value, The four earliest events have values of pa that would place
them in the group Millikan used to determine e. His only evident reason
for rejecting these five events 1s that their values did not agree with his
expectations. Including these events among the 23 that Millikan used to
determine ¢ would not significantly change the average value of ¢, but
would increase the statistical error of the measurement very slightly (see
Table 3.1).

[n addition to excluding these five drops from publication, Millikan’s
cosmetic surgery touched 30 of the 58 published events. As shown in
Figures 3.1 and 3.2, Millikan made many measurements of the time of fall
under gravity and of the time of ascent with the electric field on for each
drop. In the data set tor each ot these 30 drops, Millikan excluded one or
more (usually less than three) of these measurements. This group of 30
drops included several of the 23 drops used by Millikan in his final
determination of e as well as some of the 35 published drops that were
not used. My recalculation of these events, using all of the data for each
drop, gives results little different from Millikan’s. His exclusion of these
measurements was not based on the value of e he obtained for the drops,
because, in general, Millikan did not include these measurements in his
calculations, and therefore did not know their effect.

As discussed earlier, there are two ways to calculate e from the oml-
drop data. The first uses the total charge on the drop, whereas the second
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uses the changes in charge. Millikan claimed that he had used the first
method exclusively because the large number of measurements of t, pro-
vided a more accurate determination of e. In at least 19 of the 58 pub-
lished events,!® however, he used either the average value of the two
methods, some combination of the two that is not a strict average, or the
second method alone. (Figure 3.1 shows the data sheet for an event that
Millikan excluded because he thought the difference in the value of ¢ ob-
tained by the two different methods was too large.} In general, the effects
are small and the result of his tinkering, once again, is to reduce the sta-
tistical error very slightly rather than to change the mean value of ¢

The effect of all of Millikan’s selectivity is shown in Table 3.1. This
mcludes Millikan's results along with my own recalculation of has data.
The results of his selectivity are quite small,

Discussion

What can we conclude from this episode? Millikan intended to establish
the quantization of charge and to measure the fundamental unit more
accurately and precisely than had been done previously. It 1s apparent
that he succeeded: There is no reason to disagree with his assessment that,
in 1913, there was "no determination of e .. . by any other method which
does not involve an uncertainty at least 16 times as great as that repre-
sented in these measurements.” His apparently arbitrary exclusion of five
drops for which he had calculated ¢, a possible worry, had, as we have
seen, an utterly negligible effect on his final result. Because Millikan knew
the value of ¢ obtained from the events he was excluding, he also knew
that the eftect of the exclusions and ot his selective calculations on his
final result was small.'4

Nevertheless there 15 strong evidence that Millikan tuned his cuts and
his analysis procedure to obtain the result he wanted. Several of these cuts
seem quite legitimate: the exclusion of the early drops because he was not
sure that the experimental apparatus was working properly; the exclusion
of some data within the set for a drop; and the exclusion of later events
because he simply did not need them for his calculations. The exclusion
of drops for which he calculated a value of e and could thus select the
value he wanted as well as his choice of calculational method are not jus-
lified. The physics commumty did not know that Millikan tuned his
results. Unlike the episodes of the measurement of the KI, branching
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ratio {Chapter 1) and of Weber's attemipts to detect gravity waves (Chap-
ter 2}, in which the cuts were publicly accessible,’” Millikan’s question-
able selectivity remained private. In fact, his statements in his 1913 paper
that the drops were not selected and that he used only one method of cal-
culation seem to have been designed to conceal that selectivity.

What then are the safeguards against procedures such as Millikan's,
which, in less sure hands, could easily have unfortunate results? In this
case the answer is replication. The value of ¢ 1s an important physical
quantity. It i1s used in the calculation or determination of many impor-
tant physical constants {(e.g., Avogadro’s number, the Rydberg constant).
There were many repetitions of Millikan's measurement.'® Had Milli-
kan's selectivity grossly affected his measured value of ¢, there would cer-
tainly have been a discrepancy with later measurements,



The Disappearing Particle
The Case of the 1/-keV Neutrino

In Chapter 2, T discussed the history of the early attempts to detect grav-
itational radiation. We saw how different choices of analysis procedures
by Weber and his critics led to discordant experimental results. The issues
of selectivity and discord are also linked in the recent history concerning
the possible existence of a heavy, 17-keV neutrino.! In this case, the prob-

lems were more complex, because

unlike the case of gravity waves, in
which only Weber and his collaborators obtained positive results—results
on both sides of the issue were reported by several groups. In addition,
both the original positive claim and all subsequent positive claims were
obtained in experiments using one type of apparatus, namely, that in-
corporating a solid-state detector, whereas the initial negative evidence
resulted from experiments using another type of detector {(a magnetic
spectrometer).” These were both seemingly reliable types of experimen-
tal apparatus. Solid-state detectors had been in wide use since the early
1960s, and their functional principles were understood. Magnetic spec-
trometers had been used in nuclear 3-decay experiments since the 1930s
and both the problems and advantages of using this technique had been
well studied.® This episode is an illustration of discordant results ob-

For details of this episode, see Franklin {1995a),

77
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tained using different types of apparatus. One might worry that the dis-
cordant results were due to some crucial difference between the types of
apparatus or to different sources of background that might mimic or
mask the signal. There were also questions of selectivity concerning the
proper theoretical model with which to compare the experimental data
and the appropnate energy range for that comparison.

The Appearance

The 17-keV {or heavy) neutrino was “discovered” by Simpson (1985). He
had searched for a heavy neutrino by looking for a kink in the decay-
energy spectrum or in the Kurie plot? at an energy equal to the maxi-
mum-allowed decay energy minus the mass of the heavy neutrino, in
energy units. The fractional deviation in the Kurie plot value AK/K 15
approximately R[1 - M%I{Q — E)?)12, where M, 1s the mass of the heavy
neutrino, R is the intensity of the second neutrino branch, () is the total
energy available for the transition, and E is the energy of the electron.
Simpson’s imitial expernimental result for the decay-energy spectrum of
Iritium is shown 1n Figure 4.1. A kink—a marked change in the slope of
the AK/K graph—is clearly seen at electron energy Tg = 1.5 keV, corre-
sponding to a 17-keV neutrino. { The maximum decay energy for tritium
is 18.6 keV. If there were no ettect due to the presence of a heavy neutri-
no, this graph would be a horizontal straight line.} "In summary, the
spectrum of trittum recorded 1 the present experiment is consistent
with the emission of a heavy neutrino of mass about 17.1 keV and a mix-
ing probability [the fraction of heavy neutrinos] of about 3% {Simpson,
1985, p. 1893).”

Within a year there were five attempted replications of Simpson’s ex-
periment (Altzitzoglou et al., 1985; Apalikov et al., 1985; Datar et al.,
1985; Markey and Boehm, 1985; Ohi et al., 1985). Each of them gave neg-
ative results. The experiments set lunits of <Z1% for a 17-keV branch of
the decay, in contrast with Simpson’s value of 3%. A typical result, that of
Ohi et al. (1985), is shown in Figure 4.2 and should be compared with
Simpson’s result shown in Figure 4.1. No kink of any kind is apparent in
the experimental data.

Each of the subsequent experiments had examined the beta-decay
spectrum of 278, and searched for a kink at an energy of 150 keV, 17 keV
below the endpoint energy of 167 keV. Three of the experiments—those
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Figure 4.1. Data from three runs presented as AK/K (the fractional change in the
Kurie plot) as a function of the kinetic energy of the § particles. E;, is the threshold
energy (the difference between the endpoint energy and the mass of the heavy
neutrino). A kink is clearly seen at E;; = 1.5 keV, or at a mass of 17.1 keV. Run a
included active pile-up rejection, whereas runs b and ¢ did not. Run ¢ was the same
as b except that the detector was housed in a soundproof box. No difference is
apparent. From Simpson (1983).

of Altzitzoglou et al. (1985), Apalikov et al. (1985), and Markey and
Boehm (1985)—used magnetic spectrometers. Those of Datar et al.
(1985} and Oht et al. {1985) used Si{Li} detectors, the same type used
by Simpson. In the latter two cases, however, the source was not
implanted in the detector, as Simpson had done, but was separated
from it. Such an arrangement would change the atomic-physics correc-
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Figure 4.2, The ratio of the measured *°5 beta-ray spectrum to the theoretical
spectrum. A 3% mixing of a 17-keV neutrino should distort the spectrum as indi-
cated by the dashed curve. From Ohi et al. (1985).

tions to the spectrum.® In addition, the S beta-decay sources used in
the experiments had a higher endpoint energy than did the tritium used
by Simpson (167 keV in contrast to 18.6 keV). This higher endpoint
energy made the atomic-physics corrections to the beta-decay spectrum
less important.

Simpson’s first report of the 17-keV neulrino was unexpected. It was
not predicted, or even suggested, by any existing theory. Faced with such
a startling result, the physics community took a reasonable approach.
Some theoretical physicists tried to explain the result within the context
of accepted theory. They argued that a plausible alternative explanation
of the result had not been considered, raising the question of whether the
correct theory had been used to analyze the data and compare the exper-
imental result with the theory of the phenomenon. This is an important
point: An experimental result is not usually immediately given by an
examination of the raw data, but requires considerable analysis. In this
case, the analysis included atomic-physics corrections, needed for the

comparison of the theoretical spectrum and the experimental data.
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Everyone involved agreed that such corrections had to be made. The
question was: What were the proper corrections? The atomic-physics cor-
rections used by Simpson in his analysis, particularly the screening po-
tential, were questioned by others (Haxton, 1985; Kalbfleisch and Milton,
1985; Drukarev and Strikman, 1986; Eman and Tadic, 1986; Lindhard
and Hansen, 1986).7 These suggestions were aimed at accommodating
the unexpected result within the accepted theory. Several calculations
indicated, at least qualitatively, that Simpson’s result could be accommo-
dated, and that there was no need for a new particle. "A detailed account
of the decay energy and Coulomb-screening eftects raises the theoretical
curve in precisely this energy range so that little, if any, of the excess
remains’ {Lindhard and Hansen, 1986, p. 965). Thus there was a question
of selectivity in the choice of atomic-physics corrections,

The combination of negative experimental searches combined with
plausible theoretical explanations of Simpson's result had a chilling eftect
on the topic. Almost all experimental work on the subject ceased.
Simpson, however, continued his work. He presented further evidence in
support of the 17-keV neutrino, using a somewhat modihed experimen-
lal apparatus {Simpson, 1986b). He also took the criticism of his work
seriously and presented an analysis of his new data that incorporated the
screcning potential suggested by his critics. Although this reduced the
size of his eftect by approximately 20%, the eftect was still clearly present.
Simpson had shown that his result was reasonably robust under varia-
lions 1 the atomic-physics correction to the decay spectrum. He also
questioned whether the analysis procedures used in the five negative
searches were adequate to set the upper hmuits they had reported. He
argued that the wide energy range used to fit the B-decay spectrum tended
to minimize any possible eftect of a heavy neutrino, which would appear
primarily in a narrow energy band near the threshold. He also questioned
the procedure of merely adding the contribution of a 17-keV neutrino to
the already-fitted spectrum, a point with which others agreed { Borge et al.,
1986). Sumpson further questioned whether the “shape-correction” factor
needed to fit the spectra in magnetic spectrometer experiments could mask
a kink due to the presence of a heavy neutrino. These questions would have
to be answered. Simpson (1986a) also presented a reanalysis of Ohi’s data
using his own preferred analysis procedure. He found a positive effect
(Figure 4.3). (Compare this figure with Ohi's own reported result, shown

in Figure 4.2. How this conflict arose 1s discussed later in this chapter.)
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Figure 4.3. AK/K for the 75 spectra of Ohi et al. {1985) as recalculated by
Sumpson. From Simpson {(1986a),

Further negative evidence was provided by Borge et al. {1986),
Hetherington et al. (1986, 1987), and Zlimen et al. (1988). Hetherington
et al. urged caution concerning Simpson’s method of data analysis. They
pointed out that “concentrating on too narrow a region can lead to mis-
interpretation of a local statistical anomaly as a more general trend”
(Hetherington et al., 1987, p. 1512). The issue of the appropriate energy
range for the analysis had not vet been decided. At the end of 1988, the
situation was much as it had been at the end of 1985, Simpson had pre-
sented positive results on a 17-keV neutrino. There were nine negative
experimental reports as well as plausible theoretical explanations of his
result.

In 1989, Simpson and Hime presented two additional positive re-
sults, using both tritium and *°S, the spectrum used in the original neg-
ative searches, In these reports, the value of the mixing fraction of 17-keV
neutrinos had been reduced to approximately 1%. The new atomic-
physics corrections had reduced the onginally reported effect from 3% to
1.6% (Hime and Simpson, 1989; Simpson and Hime, 1989).

The situation changed dramatically in 1991. New positive results
were reported at both conferences and in the published literature by
groups at Oxford (Hime and Jelley, 1991) and at Berkeley (Sur et al,,
1991).% These results were quite persuasive. Hime and Jelley had incor-
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porated antiscatter baffles into their apparatus to guard against a dis-
tortion of the spectrum caused by scattering of the decay electrons, a
possible problem in the earlier experiments. The Berkeley group had
embedded their '4C source in a solid-state detector and included a guard
ring veto to reject decays occurring near the boundary, which might not
depaosit their full energy and thus distort the spectrum. They claimed that
their result “supports the claim by Simpson that there 15 a 17-keV neutri-
no emitted with ~1% probability in B decay™ (Sur et al., 1991, p. 2447},
They also claimed to rule out the null hypothesis (no heavy neutrino) at
the 99% confidence level. A further positive result was reported by
Zlimen et al. (1991). These new results generated considerable new
experimental and theoretical work. Sheldon Glashow, a Nobel-Prize-
winnming theorist, remarked, “Simpson’s extraordinary finding proves that
Nature’s bag of tricks is not empty, and demonstrates the virtue of con-
sulting her, not her prophets™ {Glashow, 1991, p. 257).

The Disappearance

The summer of 1991 marked the high point in the life of the 17-keV neu-
trino. From that time forward, only negative results would be reported,
and errors would be found in the most persuasive positive results.
Piilonen and Abashian (1992} suggested that Hime and Jelley had over-
looked a background effect that might have simulated the eftect of a 17-
keV neutrino in their experiment. The appearance of several negative
results (discussed later in this chapter) encouraged Hime {1993) to con-
sider the Pulonen-Abashian suggestion seriously and to reanalyze his
own result. He found, using an experimentally checked Monte Carlo cal-
culation, that the scattering of the decay electrons in the experimental
apparatus could explain the result without the need for a 17-keV neutri-
no. “It will be shown that scattering effects are suthcient to describe the
Oxford B-decay measurements and that the model can be verified using
existing calibration data. Surprisingly, the B spectra are very sensitive to
the small corrections considered” { Hime, 1993, p. 166). He also suggest-
ed that similar effects might explain his earlier positive results obtained
in collaboration with Simpson.

Hime briefly reviewed the evidential situation, noting that the major
evidence against the existence of the 17-keV neutrino came from mag-
netic spectrometer experiments, in which questions had been raised con-
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cerning the shape corrections. He commented that Bonvicini {in a CERN
report, CERN-PPE/92-534, published later as Bonvicimi [1993]) had
shown that nonlinear distortions could mask the presence of a heavy-
neutrino signature and still be described by a smooth shape correction.”
He remarked, however, that “A measurement of the ®Ni spectrum
(Kawakan, Kato et al.,, 1992} has circumvented this difficulty. The sufh-
ciently narrow energy interval studied, and the very high statistics accu-
mulated in the region of interest, makes it verv unlikely that a 17-keV
threshold has been missed in this experiment” ( Bonvicini, 1993, p. 165).
He also cited a new result from a group at Argonne National Laboratory
(Mortara et al. [1993], discussed in detail in the next paragraph}, that
provided “convincing evidence agamst a 17-keV neutrino.” In particular,
the Argonne group had demonstrated the sensitivity of their magnetic
spectrometer experiment to a possible 17-keV neutrino by admixing a
small component of '*C in their *°S source and detecting the resulting
kink in their composite spectrum. These negative results provided the
impetus for Hime's reexamination of his result.

Some of the evidence that Hime ated against the 17-keV neutrino
was provided by the Argonne group (Mortara et al., 1993), This experi-
ment used a solid-state Si(L1} detector (the same type originally used by
Simpson), an external *°S source, and a solenoidal magnetic field to focus
the decay electrons. The field also had the effect of reducing the backscat-
tering of the decay electrons, a possible problem when interpreting the
data. Their final result for the mixing probabulity of the 17-keV neutrino,
shown in Figure 4.4, was sin“f = —0.0004 = 0.0008 (statistical) = 0.0008
(systematic}. They had found no evidence for a 17-keV neutrino.

The experimenters demonstrated the sensitivity of their apparatus to
a possible 17-keV neutrino:

To assess the reliability of our procedure, we introduced a known distortion into
the *7S beta spectrum and attempted to detect it. A drop of 1¥C-doped valine
(E, = m_ ~ 156 keV} was deposited on a carbon foil and a much stronger 38
source was deposited over it. The data from the composile source were hited
using the ¥°S theory, ignoring the 'C contaminant. The residuals are shown in
Figure [4.5]. The distribution is not flat; the solid curve shows the expected devi-
ations from the single component spectrum with the measured amount of '#C.
The fraction of decays from 4C determined from the fit to the beta spectrum is

(1.4 *+ 0.1)%. This agrees with the value of 1.34% inferred from measuring the total
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Figure 4.4, Residuals from a fit to the pile-up corrected 775 data, assuming no mas-
sive neutrino; the reduced 2 for the fit is 0.88. The solid curve represents the resid-
uals expected for decay with a 17-keV neutrino and sin’® = (.85%; the reduced y*
of the data1s 2.82, From Mortara et al. (1993},
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Figure 4.5, Residuals from fitting the beta spectrum of a mixed source of '*C and
335 with a pure 775 shape; the reduced ¥? of the data is 3.59. The solid curve indi-
cates residuals expected from the known "C contamination. The best fit yields a
mixing of (1.4 = 0.1 1% and reduced 3.;3 of 1.06. From Mortara et al. (1993,
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decay rate of the '*C alone while the source was being prepared. This exercise
demonstrates that our method is sensitive to a distortion at the level of the posi-
tive experiments. Indeed, the smoother distortion with the composite source is
maore difhicult to detect than the discontinuty expected from the massive neutrino.

[n conclusion, we have performed a solid-state counter search for a 17 keV
neutrino with an apparatus with demonstrated sensitivity. We fiind no evidence
for a heavy neutrino, in serious conflict with some previous experiments.
{Mortara et al., 1993, p. 396)

At this time, the Berkeley group began to question their own positive
result. Further experimental runs had shown that the guard ring seemed
to generate a spurious 17-keV neutrino signal, They searched for the
cause of the artifact in their 14 data. The cause, found in 1993, was quite
subtle. The center detector was separated from the guard ring by cutting
a groove in the detector:

The n™ is divided by a 1-mm-wide circular groove into a “center region” 3.2 ¢m
in diameter, and an outer “guard ring.” By operating the guard ring in anticoin-
cidence mode, one can reject events occurring near the boundary which are not
fully contained within the center region. (Sur et al., 1991, p. 2444},

Such events would not give a full energy signal and would thus distort the
observed spectrum,

What the Berkeley group found was that *C decays occurring under
the groove shared the energy between both regions without necessarily
giving a veto signal, and thus gave an incorrect event energy, distorting
the spectrum. They also found that, although their earlier tests had indi-
cated that the C was uniformly distributed in the detector, their new
tests showed that between one-third and one-half of the "*C was local-
ized in grains. They also found that approximately 1% of the grains were
located under the groove. Thus the localization of the '*C combined with
the energy sharing gave rise to a distortion of the spectrum, simulating
that expected from a 17-keV neutrino (Norman, pers. comm,, LBL-
36136, 1994; Wietfeldt et al., 1993},

The newer negative results were persuasive not only because of their
improved statistical accuracy, but also because they were able to demon-
strate that their experimental apparatuses could detect a kink in the spec-
trum if one were present. This was a direct experimental check that there
were no effects present that would mask the presence of a heavy neutrino.



THE DISAPPEARING PARTICLE: CASE OF THE 17-KEV NEUTRINO = 87

These experiments met Hime’s suggested criteria of a demonstrated abil-
ity to detect a kink combined with high statistics so that a local analysis
of the spectrum could be done.'" Ohshima et al. had also shown that the
shape-correction factors used in their experiment did not mask any pos-
sible 17-keV neutrino effect (Kawakami et al,, 1992; Ohshima, 1993;
Ohshima et al,, 1993).11 This combination of persuasive evidence against
the existence of a 17-keV neutrino and the demonstrated and admitted
problems with the positive results decided the issue. There was no 17-keV
neutrino.

[t seems clear that this decision was based on experimental evidence,
discussion, and criticism—in other words, on epistemological criteria. It
had been shown that the two most persuasive positive results had over-
looked effects that muimicked the presence of a 17-keV neutrino, The
Sherlock Holmes strategy had been incorrectly applied. In addition, the
new negative results had answered the criticisms made previously con-
cerning the “shape-correction” factor and had demonstrated that the ex-
periments could detect a kink in the spectrum it one were present. What,
then, of the question of selectivity? The careful reader may still be asking
why Simpson’s reanalvsis of Ohi's data gave such different results. Thas 1s
discussed in the next section.

Selectivity and the 17-keV Neutrino

One aspect of the selectivity 1ssue n this episode 15 the choice of the energy
range used to fit the decay-energy spectrum, so that the experimental and
theoretical spectra could be compared. Simpson (1986b) had argued that
because 45% of the expected ettect occurred within 2 keV of the neutrino
threshold, a narrow energy range around that threshold should be used:

in trying to fit a very large portion of the B spectrum, the danger that slowly-
varying distortions of a few percent could bury a threshold effect seems to have
been disregarded. One cannot emphasize too strongly how delicate is the analy-
sis when searching for a small branch of a heavy neutrine, and how sensitive the

result may be to apparently innocuous assumptions. {p. 576
Hetherington et al. (1987) suggested caution:

[t has been argued by Stmpson| that in order to avoid systematic errors, only a

narrow portion of the beta spectrum should be employed in looking for the
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threshold eftect produced by heavy neutrino mixing, If one accepts this argu-
ment, our data in the narrow scan region set an upper limit of 0.44% [much lower
than the 3% effect originally found by Simpson|. However, we teel that concen-
trating on a narrow region and excluding the rest of the data 15 not warranted
provided adequate care is taken to account for systematic errors. The rest of the
spectrum plays an essential role in pinning down other parameters such as the
endpoint. Furthermore, concentrating on too narrow a region can lead to misin-
terpretation of a local statistical anomaly as a more general trend which, if extrap-

olated outside the region, would diverge rapidly from the actual data. (p. 1512}!*

This issue was dramatically demonstrated by Simpson’s reanalysis
(1986a) of the data of Ohi et al. (1985). Recall from Figure 4.2 that their
result showed no evidence for a 17-keV neutrino. Simpson’s reanalysis of
that same data shows clear positive evidence (Figure 4.3). How can the
same data provide both positive and negative evidence for the same
ettect? The answer is that the analysis procedures were quite different.
Ohi and collaborators had used a wide energy range for their analysis,!?
As Morrison (1992} later showed, the positive effect found by Simpson
was due to his use of a narrow energy range for his reanalysis of Ohi’s
data:

The question then is, How could the apparently negative evidence of Figure [4.2]
become the positive evidence of Figure [4.3]? The explanation is given in Figure
|4.6], where a part of the spectrum near 150 keV is enlarged. Dr. Simpson only
considered the region 150 keV * 4 ke (or more exactly +4.1 and -4.9 keV). The
procedure was to fit a straight line, shown solid, through the points in the 4 keV
interval above 130 keV, and then to make this the base-line by rotating it down
through about 20 to make it horizontal. This had the effect of making the
points in the interval 4 keV below 150 keV appear above the extrapolated dotted
line. This, however, creates some problems, as it appears that a small statistical
fluctuation between 151 and 154 keV is being used: the neighboring points

between 154 and 167, and below 145 keV, are being neglected although they are

many standard deviations away from the fitted line. |Simpson’s straight-line fit
to the data just above 150 keV and its extrapolation is the line going from lower
left to upper right. Comparing the data points to this line generates the positive
effect seen in Figure 4.6. The dotted curve above the data is the effect expected
for a heavy neutrino.| Furthermore, it is important, when analvzing any data, to
make sure that the fitted curve passes through the end-point of about 167 keV,
which it clearly does not. {p. 600)
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Figure 4.6. Morrison's reanalysis
of Simpson’s reanalvsis of Ohi's
result, From Morrison (19925,
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The caution urged by both Hetherington and collaborators and by Hime
was justified.!

How was this issue dealt with? Several later experiments used both a
narrow and a wide energy range in the analysis of their data (Hether-
mgton et al., 1987; Kawakami et al., 1992; Radcliffe et al., 1992; Ohshima,
1993; Ohshima et al., 1993}, For example, Hetherington et al. {1987 con-
cluded that their results from both the wide- and narrow-energy range
analyses agreed and that “The shape of the plot and the reduced x* value
clearly rule out this large a mixing fraction [3%] for the 17 keV neutri-
no” (p. 1510},

Ultimately, the decision that the 17-keV neutrino did not exist was
based on finding errors in the two most persuasive positive results and by
the overwhelming negative evidence provided by experiments that delib-
erately avoided the data analvsis issues posed by the narrow vs. the wide
energy range. The first of these experiments was that of a Tokyo group
(Kawakami et al., 1992; Ohshima, 1993; Ohshima et al., 1993). These
experimenters noted some of the problems that plague experiments
using wide energy regions and decided therefore to concentrate “on per-
forming a measurement of high statistical accuracy, in a narrow energy
region, using very fine energy steps. Such a restricted energy scan . . . also
reduced the degree of energy-dependent corrections and other related
systematic uncertainties” {Kawakami et al., 1992, p. 45). The data were
taken over three overlapping energy ranges: 41.2—46.3 keV, 45.7-51.1 keV,

and 50.5-56.2 keV (the threshold for a 17-keV neutrino occurs at
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Figure 4.7. Deviations from the best global fit with: (a)} | U | ? free; (h) | 11 ? fixed
to 1%. The curve in (a) indicates the size of a 1% mixing effect of the 17-keV neu-
trino. From Ohshima (1993).

approximately 50 keV). The results are shown in Figure 4.7, for (a) the
mixing probability as a free parameter, and (b} with the probability fixed
at 1%. The effect expected tor a 17-keV neutrino with a 1% mixing prob-
ability is also shown in (a). No effect is seen. Their best value for the mix-
ing probability of a 17-keV neutrino was [-0.011 = 0.033 (statistical) =
0.030 (systematic)]|%, with an upper limit for the mixing probability of
0.073% at the 95% confidence level. This was the most stringent limit yet
and was certainly far lower than the approximately 1% eftect found by
Simpson and others. “The result clearly excludes neutrinos with | U | 2 =
0.1% for the mass range 11 to 24 keV” (Ohshima, 1993, p. 1128).
Although the experiment’s narrow energy range was designed to
minimize the dependence of the result on the shape correction,' the
experimenters also checked on the sensitivity of their result to that cor-
rection. They normalized their data in the three energy regions using the
counts in the overlapping regions, and divided their data into two parts:
(1) below 50 keV, which would be sensitive to the presence of a 17-keV
neutrino, and (2} above 50 keV, which would not. They then fit their data
in region (2} and extrapolated the fit to region (1). The resulting fit was
far better than one that included a 1% mixture of the 17-keV neutrino,
demonstrating that the shape correction was not masking a possible
effect of a heavy neutrino. Bonvicini noted that this experiment, with its
very high statistics, had answered essentially all of his criticism of spec-
lrometer experiments convincingly, “Thus, T conclude that this expen-
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ment could not possibly have missed the kink and obtain[ed] a good x*
at the same time, in the case of an unlucky misfit of the shape factor™
(Bonvicini, 1993, p. 115).'° The Tokyo group had shown that their result
was robust against changes in the energy range used in their analysis and
was not sensitive to their use of a “shape-correction” factor.

The second experiment that provided decisive evidence against the
existence of the 17-keV neutrino was that of a group at the Argonne
National Laboratory (Mortara, Ahmad et al., 1993}, Not onlv did this
experiment find no evidence tor a 17-keV neutrino (Figure 4.4),'7 but
the experimenters had demonstrated that they would have observed such
evidence had it been present.!® That an effect of both the right size and
shape was observed when the spectra of 728 and '*C were mixed demon-
strated that their analysis procedure did not mask a real effect. The fail-
ure to observe any effect in the *°S spectrum alone showed that the analy-
sis procedure did not create an artifact that would mimic the effect of a
heavy neutrino.

Discussion

The case of the 17-keV neutrino 1s vet another illustration of selectivity
applied to analysis procedures. This selectivity was an important factor in
producing the discordant results. The problem of the appropriate analy-
515 procedure—in particular, the energy range to be used in the analy-
sis—was resolved, in part, by several experiments in which both proce-

dures were used and in which the results were robust under changes in
the procedures. The two decisive, negative results (those of the Tokyo and
Argonne groups) both demonstrated, albeit in different ways, that the
choice of analysis procedure was not a relevant issue in assessing the
validity of their results. The Tokyo group not only used both procedures,
but had such high statistics that a kink i the spectrum of the size found
by Simpson could not have been missed in their analysis. The Argonne
group demonstrated that their experiment (apparatus and analysis pro-
cedure) would have detected a 17-keV neutrino at the 1% level had one
been present. As we have seen earlier, the 1ssue of discordant results was
resolved by epistemologically convincing negative results combined with
finding error in the positive results,!”



Are There Really Low-Mass
Electron-Positron States?

In the chapters on gravity waves and on the 17-keV neutrino, we saw that
selectivity can be a cause of discordant experimental results. This was also
the case in the recent controversy concerning the possible existence of
low-mass electron-positron states produced in high-energy heavy ion-
atom collisions. In this episode, we see selectivity applied to both data
and to the procedures used to analyze that data. This episode is more
complex than those discussed earlier because 1t mcludes results that
could be replicated only some of the time and experiments performed
under seemingly identical conditions that gave different results. The
questions of what constitutes an adequate replication of an experiment
and what are the “same” results was extremely important. In addition,
even though there were problems with replicating them, the earliest
results were all thought to be 1in sufficient agreement to support the exis-
tence of the electron-positron states, or at least to merit further investi-
gation. The discord was recognized only later. Eventually the original
results were shown to be incorrect: The consensus is that there are no
low-mass electron-positron states.

Here [ briefly outline the history. Early experiments found evidence
that positrons with discrete energies, or positron lines, were produced in

For mare details of this episode, see Franklin (1998,

a2
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high-energy heavy ion-atom collisions. Later experiments also detected
an electron produced in coincidence with the positron and found peaks
in the sum-energy spectrum (E_. + E__J, suggestive evidence for low-
mass electron-positron states or particles.! Because the effects appeared
for various pairs of projectiles and target nuclei, as well as in three ditter-
ent experimental apparatuses, the results had credibility, although there
were some problems concerning their reproducibality, This credibility led
others to further investigate the phenomena. The later experiments pro-
duced contlicting claims. Part of the difficulty in attempting to resolve
this issue was that the results were not reproducible. Even when later
experiments were done under very similar conditions to the original
experiments, the effects did not always appear, and when they did, the
results were not always identical. The failure to reproduce the effects cast
doubt on the original results.

A recent analysis by Ganz and the EPOS II (Electron POsitron Sole-
noidal spectrometer) group {Ganz et al., 1996) has suggested that the
observed eftects might be artifacts created by the selection criteria used to
produce the experimental result.? Applying certain selection cuts to one-
half of his data and tuning the cuts to produce a maximal effect, Ganz
and company found rather strong evidence (a five-standard-deviation
effect) for a low-mass state. Applying identical cuts to the other half of his
data showed no such evidence.” This failure cast doubt on the positive
result and also on the analysis procedures initially used. The originally
observed effect was five standard deviations above background. If the
observation 1s a real effect, then it 1s very improbable that 1t would disap-
pear in the analysis of the other half of the data. The umplication is that
the effect is an artifact created by the cuts. Although most physicists
working in the held believe that the proposed low-mass electron-
positron states do not exist, not everyone agrees (see Taubes, 1997; and
note 12).

This episode micely raises the question of whether particular experni-
mental cuts or selection criteria can create an effect that 1s not really pres-
ent. | examine how the physicists imvolved dealt with this issue and with
the associated problem of discordant experimental results. The situation
is made more difficult by the fact that the heavy ion-atom systems under
mvestigation contain a large number of particles with many possible
imnteractions. That one may study these reactions as a function of no fewer
than fourteen different variables further increases the difficulty of the
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experiment. On the theoretical side, the situation was made difficult
because (1) the heavy ion-atom svstems being studied are quite complex;
and (2) positrons may be created both by electromagnetic processes in
the strong electric fields produced in heavy ion-atom collisions and by
nuclear interactions,

Positron Line Spectra

The history of possible low-mass electron-positron states began with the
demonstration that positrons were indeed produced in high-energy
heavy ion-atom collisions {Backe et al., 1978; Kozhuharov et al., 1979).
The motivation for these experiments was the theoretical speculation
that positrons would be produced in the strong electric fields produced
by such collisions. The positrons were expected to be produced in super-
critical systems, those tor which the binding energy of the lowest energy
state is greater than 2m_c?, where m_ is the mass of the electron. This is
true for heavy ion-atom systems that have a total nuclear charge Z =
1 73. These early experiments, all performed at the heavy-ion accelerator
at the Gesellschaft fiir Schwernonforschung (GSI}, Darmstadt, Germany,
showed a surprising enhancement of positron production at energies
<2400 keV. They were followed by more detailed experiments, which pro-
duced unexpected results on the basis of accepted theory. The early
experimental results illustrate quite clearly the problems of reproducibil-
ity and sensitivity of experimental results to both the selection criteria
and the experimental conditions. These would be continuing problems in
the subsequent history.

The three early experiments—pertormed by the EPOS [, TORI, and
the Orange groups—used two different methods for high-efficiency
positron detection. Subsequently, no questions were raised concerning
the adequacy of the different detectors. Everyone agreed that they were
good positron detectors and that they had been carefully calibrated.

One of the intriguing new results found by the EPOS I group was the
measurement for 228U + 281 at E(2*8U) = 5.9 MeV/u (u is one atomic
mass unit) {Bokemeyer et al., 1983), shown in Figure 5.1. The lower
graph shows the positron energy spectrum for the angular region 11° =
|AB| = |8, -0, =19°and 89.2° = 26 =0, + 0, < 89.8°, where 0,

B, are the scattering angles of the projectile ion and the target atom,

and

respectively. Two peak-like structures are seen at positron energies of



ARE THERE REALLY LOW-MASS ELECTRON-POSITRON STATES? = 85

—
5 EJHU . E‘EIE-U a
59 MeViu, 450 Amp
20 715°< &, <328
575°< 3, <625
Cut in Q -
S
I—; e
= m@%
=
Lad (=] -
—
=z 7 L
. :
.
v 25k :
T 238y 238
25 o "1} S.9MeViu, 450 Amp |
3557« 34 <395°
15 |- 05« §, <565 |
Cut in O
10 b |
b Lk
g ; P
=
0 ‘-D§ ® o o
 S—— — [ T A R SR RN B
0 200 400 600 800 1000 1200
Eedke"-."'

Figure 5.1. Two selected et -energy spectra observed in 2380 +

23817 collisions at 5.9

MeV/u. The solid lines represent the theoretical spectra normalized to the upper
spectrum. Notice that the energy peaks appear only in the lower graph. From

Bokemeyer et al. (1983).



96 =« SELECTIVITY AND THE PRODUCTION OF EXPERIMENTAL RESULTS

approximately 320 keV and 590 keV. The peaks do not appear in the upper
graph, which is the positron energy spectrum for 25° = |A#| = 35°
under otherwise identical conditions. The EPOS 1 experimenters were
aware of the problems of both reproducibility and selectivity. In discussing
the significance of their results, Bokemeyer and company (1983) stated:

However, before drawing any far reaching conclusions from the experimental
data presented, we feel that the following questions should be solved. First of all
one must show by further analysis that the structures are not produced by some
yet unknown background effects associated with one of the event selecting criteria.

Secondly, the reproducibility of the effect has to be shown. (p. 290, emphasis added

The problem of reproducibility mentioned was not merely methodo-
logical and abstract. It appeared quite dramatically in the results present-
ed by the ORANGE group (Kienle, 1983). They found peak-like struc-
tures appearing at positron energies of 370 keV and possibly at 720 keV
and 950 keV. The structures appeared most strongly only for certain scat-
tering angles, an eftect similar to that seen by EPOS . The energy of the
lowest peak differs from that of EPOS I by approximately 50 keV and the
590 keV peak seen by the latter 1s not visible at all in the ORANGE results.
The peaks at 720 keV and 950 keV observed by the ORANGE group were
not seen by EPOS [; nor were they seen when the ORANGE group repeat-
ed their experiments.

An excess of positrons produced at low energy reported by the TORI
group at the same time suftered from the same problem (Backe et al.,
1983a). The question of the sensitivity of the observed results to the
experimental conditions and what constitutes an adequate replication

had appeared (Greenberg, 1983):

However, it is again disconcerting to find that the inconsistency observed for
some of the measurements reported by Kienle is repeated here. A subsequent
experiment was not able to reproduce the deviations from theory found in the
initial data on the U + U system. This begins to suggest that controlling the bom-
barding conditions carefully mav be a crucial ingredient in studving these effects.
As T noted already, the underlving reason for this sensitivity is presently not

understood, unfortunately. (p. 883)

Despite the problems he had noted, Greenberg’s summary of the
experimental situation at a 1981 conference was quite positive:
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Thus, these last experiments, like the others we have discussed, suggest very con-
vincingly that there are excess positrons above the dynamically induced back-
eround, but they go even further in pointing out that the additional positrons
are associated with selected kinematic conditions possibly reflecting a focused

nuclear reaction. (p. 886)

Unfortunately, theory did not provide either suggestions or justification
for what those conditions and associated selection criteria should be, fur-
ther complicating the problem.

Experimental work continued, but the uncertainty remained. For
example, the EPOS I group reported a 316-keV positron line produced in
U + Cm collisions (Greenberg and Greiner, 1982; Schweppe et al., 1983},
Unfortunately, the group using the TORI spectrometer concluded that
for the same reaction “no statistically significant structures have been
observed 1n this experiment” {Backe et al., 1983b, p. 1840).

The existence of a peak near 300 keV was further supported by the
ORANGE group (Clemente et al., 1984). However, the position and
strength of this and other observed peaks are sensitive to the bombarding
energy and the heavy-ion scattering angle, as shown in Figure 5.2.
Further work by both EPOS I and ORANGE groups achieved, at least,
mternal consistency. The EPOS 1 group observed peaks in the Th + Th,
Th+ U, U+ U, Th + Cm,and U+ Cm systems (Cowan et al., 1985). Their
average value for the peak energy was 336 keV. Similar consistency was
found by the ORANGE group for the U + U and U + Th systems. Their
peak energy was, however, approximately 280 keV. Under virtually iden-
tical conditions, different results had been obtained.

Both groups agreed that neither nuclear transitions nor sponta-
neous positron emission could be the cause of the positron lines. One
could salvage spontaneous positron emission as a cause of the observed
positron lines, but only by invoking changes in the charge configuration
and the ionization states for the compound system that were regarded as
physically unrealistic. Both groups suggested that the constant energy
peak might have a common—and different—source: “An obvious specu-
lation is that the source of the monoenergetic positrons is the two-body
decay of a previously undetected particle” {(Cowan et al., 1985, p. 1764,
emphasis added}.

Everyone—experimentalists and theorists alike—agreed that "a ¢

edr
signal for a neutral particle could be provided by the detection of a
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monoenergetic electron in coincidence with the peak positrons™ (Cowan
et al., 1985, p. 1764}.

Electron-Positron States

The EPOS I group first reported a possible low-mass neutral particle
(Cowan et al.,, 1986). This paper illustrated the dependence of the
observed effects on selection criteria or cuts, discussed earlier in this
chapter. In this experiment, the EPOS | spectrometer had been modified
so that both electrons and positrons could be observed in coincidence
and their respective energies measured. Striking effects appeared, but
only under certamn circumstances. Figure 5.3a shows the mtensity distri-
bution for all coincidence events as a function of the kinetic energies of

800

600

tkeVl

L00

E,.

200

L00  BO0D EIEIGIH:ID
E,. [keV]

Figure 5.3. {a} Scatter plot of positron and electron energies; (b,c) the projections
of the scatter plot. The projections along the energy axes are shown along with the
wedge cut (C), E_, = E__, and the cuts for constant electron (A), positron (B), and
sum energy (D). From Cowan et al, (1986).
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the positron and of the electron, E,. and E._, respectively, tor U + Th col-
lisions at 5.83 MeV/u. Parts b and c of the figure show the projections of
the distribution onto the E,, and E__ axes, respectively. No structure is
apparent. The curves shown are the result of a Monte Carlo calculation
that included both nuclear and atomic processes. It is a good fit to the
spectra.

When cuts were made on the data, however, structures did appear,
Figure 5.4a shows the positron energy spectrum obtained when the ener-
gy ot the coincident electron was restricted to the range 340 << E__ << 420
keV. Figure 5.4b shows the complementary distribution for electron ener-
gy when the positron energy was restricted to the same region. Both
graphs show peaks at approximately 380 keV, with widths of approxi-
mately 80 keV, indicating that a significant fraction of the coincident
events had electrons and positrons with the same energy. The experi-
menters noted that the observed effect was six standard deviations above
background.* (Equal energies are what one would expect if both particles
resulted from the decay of a slowly moving particle.) This peak, although
similar to those previously reported, 15, 1n fact, different from them.
EPOS I had previously found a positron peak at approximately 336 keV
and the ORANGE group had found a peak at approximately 280 keV.

Figure 5.4¢ shows the number of events as a tunction of the sum ot

the electron and positron energies, E,_+ E_.. The experimenters required
E._=E

e e+’
energies, resulted m cut C (the wedge cut in Figure 5.3a). "The resulting

which, when combined with the kinematic broadening of the

sum-energy spectrum contains a narrow peak, al a mean energy of 760 =
20 keV, with 35.3 + 9.4 events in excess of the fitted continuous back-
ground” {Cowan et al., 1986, p. 446). Figure 5.4d is the intensity of events
as a function of the energy difterence E_, — E__, requiring thatE__ + E_
be constant (cut [} in Figure 5.3a). A peak is also seenat E_, —E__ = 0.
None of these structures appeared in any of the projections for the
energy regions adjacent to cuts A-D on either side (Figure 5.4e-h). They
were quite sensitive o the energy cut. The authors were able to fit a
Monte Carlo calculation to the observed peaks by assuming that neutral
particle with mass 1.8 MeV was produced in the collisions { Figure 5.4i-1).
The EPOS I group had found that a significant fraction of the electrons
and positrons from coincident electron-positron pairs had approximately
the same energy and were given off at large angles (~180%) to one another.
This was compatible with the view that they were the result of the decay
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of a low-mass particle, produced at very low velocity in the center-of-
mass frame of reference. Thev concluded that "Features associated with
the electron-positron decay of a slowly moving neutral particle appear to
be reflected in the observations involving electron-positron coinci-
dences” (Cowan et al., 1986, p. 447),

The EPOS T group presented new results in June 1986 {Cowan et al,,
1987). This paper included a history of the positron lines to that time,
details of the modified EPOS spectrometer, the results on the low-mass
electron-positron states previously presented by the group, and a detailed
discussion of new results. The sensitivity of the experimental results to
experimental conditions and selection cuts was made even more appar-
ent in this paper.

The most striking new result was evidence for two additional low-mass
electron-positron states at sum energies £+ E_ of 620 keV and 810 keV.
As was the case with the previously reported 760-keV state, the eftects did
not appear in all of the data: Observing them required selectivity. Figure 5.5
shows the new results. The original hgure caption read, “Results of a pre-
liminary analysis of U + Th collisions near 5.87 MeV/u (Feb 1986). (E_, +
E, ) and (E,, — E__} projections for two subsets of data gated on beam
energy, heavy-ion scattering angle and e or ¢ TOF [time of flight] chosen
to enhance the prominent lines at 810 keV and ~620 KeV, respectively”
(Cowan et al., 1987, p. 117, emphasis added ). The data in Figure 5.5a,b (the
810-keV state} were obtained with beam energy 5.87-5.90 MeV/u and TOF
difference between the heavy-ion signal and the electron and positron sig-
nals set for “prompt” events (prompt events are those expected from the
decay of a single particle ). The data in Figure 5.5¢,d (the 620-keV state} had
beam energy 5.85-5.90 MeV/u, with the electron TOF set for prompt elec-
trons with the positron TOF delayed by an average of 3 ns. The sensitivity
to cuts is clear: Only one state appears in each set of graphs.” The peaks
were sensitive both to the bombarding energy and TOF

The sensitivity of the observed effect to the TOF cut had been found
empirically. The TOF cut was applied because another result had been
seen earlier at one time delay but not at others. No theory at the time pre-
dicted any sensitivity to the TOF of the electrons and positrons. There
were other such effects. Some effects were seen only in data taken with a
“fresh” target. Figure 5.6b shows a positron line observed only with data
laken 1n the first hour of heavy-1on irrachation of the target. Figure 5.6a,
the total data sample for the run, shows no such effect.
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Figure 5.5. Sum- and ditference-energy spectra for U + Th collisions, with cuts
chosen to enhance the hines at (a,b) =810 keV; (c.d) =620 keV (see discussion in
text). From Cowan et al. (1987},

Thas illustrates and emphasizes the problem of cuts. In studving a
rare and previously unobserved phenomenon, one may very well have to
apply cuts to see any effect at all. One might ask: 1s the observed eftect real
or an arfifact of the cuts? Is the experimenter tuning the cuts to create the
effect? Is the sensitivity of the result to beam energy due to a real reso-
nance phenomenon, as some physicists suggested, or is it only a statisti-
cal effect enhanced by the cut on beam energy? Sumilar questions arise for
the TOF and target exposure cuts.
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Although the experimental results were compatible with the produc-
tion of a new particle, no theory or model could actually explain the
results. Despite the theoretical dithculties, the experimental results on the
positron lines and the possible low-mass electron-positron states were
suthciently credible that other experimenters searched for similar effects
i other interactions i which such effects might be expected to appear.
All but one of these searches was negative. No trace of a new particle was
seen in radiative upsilon decay, electron bremsstrahlung, nuclear decays,
muon or pion decay, or hadronic showers.

The only positive result reported in these searches was that of a sug-
gestive peak in the sum-energy spectrum for electrons and positrons pro-
duced in €™ + thorium collisions (Erb et al., 1986). The experimenters
were quite positive about the previously reported positron lines:

The peaks observed in the energy spectra from heavy-ion collisions raise a vari-
ety of important questions. Established bevond any doubt by a series of heavy-
ion experiments their properties are puzzling and their existence appears to be

unexplainable in terms of conventional or atomic phenomena. {p. 52)
They concluded:

The width and energy of the peak structure in our data is similar to that found
in the heavy-ion data [their sum-energy peak was at 670 keV, in contrast to the
peaks found at 620 keV, 760 keV, and 810 KeV by the EPOS group], leading to
the speculation that both may reflect a commeon underlying process. {p. 56}

The subsequent history of this particular effect is a microcosm of the
entire episode. Attempted replications of the experiment gave positive,
negative, and inconclusive results. There were, in addition, problems of
interpretation. Peckhaus and collaborators (1987), for example, also
searched for a peak structure in €™ + Th collisions and found no effect.
They noted, however, that the identification of the peak at 340 keV (the
energy reported by Erb and collaborators [1986]) was complicated by the
Compton edge in the scattering of annihilation - rays. Bargholtz and col-
laborators (1987) tound a small (2.5-standard-deviation)} etfect at the
same energy, but remarked that the eftects of multiple scattering and
energy loss were large in their expernimental apparatus and concluded:
“The evidence for this peak is not considered conclusive™ (p. L265). Wang
and collaborators (1987) also looked for e7e™ comncidences in the scatter-
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Table 5.1.
Positron lines observed

Bomb
o FWHM  Collision Energy
(keV') (keV}  Svstem Z (MeViu) Apparatus Reference
238 = 10 5] U+ U 184 3.6,3.49 ORANGE Tsertos et al. (1987)
250 £ 5 34 U+ Ta 163 3.9 ORANGE Present work
261 = 4 26 Ph+Pbh 164 5.7 ORANGE Present work
23 =5 24 U+ An 171 5.9 ORANGE Present Work
Mean value 255 £ 7
277 = A (5 U+ Th 182 3.9 ORANGE Tsertos et al. (1985
280 = 7 U+ U 184 57,62 ORANGE Tserros et al. (1985)
=5 ~25h U+Th 182 5.85-5.90  EPOS,e'e”  Cowan et al. {1986)
iz =75 U+ U | 84 5.9 EPOYS Cowan et al, {1985
e * 10 =75 U+ Cm 188 (.05 EPOYS Caovwan et al. (1985
327 =10 =75 Th+Th 180 3.75 EPCYS Cowan et al, (1983)
330 = 4 ~13 U+ Ta 165 5.9 ORANGE Fresent work
33 =10 ~75 U+ Cm 188 6.7 FFPOYS Cowan et al, (1985)
337 = 4 33 U+ Au 171 2.9 ORANGE Present work
348 = 10 =75 U+ U | 84 5.8 EP(OYS Cowan et al, (1985)
349 = 10 =100 Th+ U 182 382 EPOS Cowan et al. {1985)
3530+ 5 39 Ph + P 1644 3.7 ORANGE Present work
3532 & 4 34 U+u 184 3.6,3.9 ORANGE Tsertos et al. (1987)
J5d = 10 =75 Th+Cm 188 6,02 EFPOYS Cowan et al, {1985)
Mean value 337 £ 6
373210 =75 Th+Ta 163 378 EPOS GS1 report
N ~ {1 U+ Th 182 ~5,86 EPOS, ete” Cowan et al. (1986)
R0 10 =80 U+ U 184 5.9 TORI G5l report
405 =5  ~40b U+Th 182 5.87-590  FPOS,e'e”  EPOS report
4 =5 31 U+ U | B 5.6,549 ORANGE Tsertos et al. ( 1987

Mean value 396 + 5

Sowrce: Koenig et al. {1987,
* These values are not incloded in the determination of the mean values,
b wWidths ohserved for the ete™ sum energy peaks,
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ing of positrons from thorium. They found no effect, but they did
observe a Compton edge due to the scattering of annihilation vy rays.

However, Sakai et al. (1988) investigated positron scattering from Th,
U, and Ta. They found evidence for a very narrow peak at ~330 keV with
a width of 3.7 keV, but only for the Th and U targets. There was no expla-
nation for this unusual and unexpected difference. Sakar also reported
that new data showed the existence of an energy peak at 409 keV, corre-
sponding the sum-energy peak at ~810 keV reported by the ORANGE
group {Sakai, 1989). To say the least, the situation was unclear.

The uncertainty concerning both the effects and their explanation
was increased when the ORANGE group continued its work on the single
positron lines, extending it to the subcrntical systems Pb + Pb, U + Ta, and
LI + Au, in which spontaneous positron creation was not expected.
Nevertheless, they found two lines at energies of ~258 keV and ~340 keV.
The peak energy of these lines was, once again, independent of Z , the
total charge of the system. They found, however, that the cross section tor
positron line production had a strong Z  dependence, proportional to
?:1]'33 * 2 This was in disagreement with the results previously reported by
the EPOS T group that both the production of positrons and the angular
distribution were independent of the total charge of the system. There
was, In addition, a factor ot 10 difference in the production rates. The
ORANGE group regarded the qualitative similarities as more significant
than the quantitative disagreement (Koenig et al., 1987).

The ORANGE group provided a summary of all the positron lines
that had been observed up to that time {Table 5.1). They arranged these
lines into three groups with mean energies of 255 = 7 keV, 337 £ 6 keV,
and 393 = 5 keV. Note, however, that the measured line widths varied
from 24-50 keV, 13-100 keV, and 31-80 keV, for the three lines, respec-
tively. It is not at all clear that the three groups actually define three dis-
linct positron lines. One might remark that the grouping of the mea-
surements seems somewhat arbitrary. An equally good case could be
made for a continuous spectrum or other groupings (Figure 5.7). The
experimental situation with respect to these lines remained unclear.

The experimental uncertainty in the positron lines and failure to
detect a low-mass electron-positron state in other experimental sys-
lems—combined with the lack of any acceptable theoretical explanation
of lines or state—led theorists to search for another interaction that
might provide both an explanation of the effects and a possible experi-
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Figure 5.7. Energy of the reported positron lines, Data from Koenig et al. (1987},

mental confirmation. The suggested interaction was Bhabha scattering
(scattering of electrons and positrons). Although some work on this
problem at energies of a few million electron volts had already been done,
it had been a neglected area of study. The problems of the GSI results
provided a motivation for more detailed study,

Experimenters were quick to investigate Bhabha scattering in the
appropriate energy region. Once again, experiment gave conflicting
answers, S5ix of the searches were negative: No resonant structures were
seen in the results reported by Mills and Levy {1987), Connell et al.
(1988}, Lorenz et al. (1988}, Tsertos et al. {1988a.b), and Van Klinken et
al. (1988). The failure to observe a predicted effect that should have been
seen in a different system cast doubt on the correctness of the original
results. Three experiments found positive, but small, eftects. Maier and
colleagues (1987) found their largest deviation from the fitted Bhabha
spectrum of approximately 5% at an energy of 824 keV, in agreement
with one of the lines found by EPOS 1. This was confirmed in a later
experiment by the same group, which found an average enhancement of
1.6% at an energy of 810 keV (Maier et al., 1988). Von Wimmersperg and
collaborators (1987) found a deviation from the Bhabha fit of about 6%
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at an energy of 710 keV. They noted, however, that this result {and that of
Maier et al. [1987]) was not easily reconcilable with the EPOS [ observa-
tion of low-mass electron-positron states, which was that approximately
50% of the events produced in the energy region where the peak occurred
were In the peak.

A flurry of new experimental results on the possible low-mass states
appeared in early 1989, These were presented at the Moriond Workshop
that was held 21-28 January 1989.% Once again, the contradictory results
added to the contusion. Kienle {1989} presented results obtained by the
ORANGE group with a new experimental apparatus.” The apparatus
consisted of two orange-type B-ray spectrometers placed back to back.
(One was set to detect electrons and the other positrons. In the total data
set for electron-positron coincidences for U + U and U + Pb collisions at
5.9 MeV/u, "no prominent structures were observed in these spectra™
(Kienle, 1989, p. 71). When the angle between the electron and the
positron was restricted to 180 = 207 and the difference in energy between
the positron and the electron limited to 150 keV = E__ - E_ = 0 keV,
structures were observed n the sum-energy spectra at energies of 540 =+
16, 640 = 10,716 £ 10, 809 = 8, and 895 = 10 keV (Figure 5.8). These
features appeared in both the U + U and the U + Pb collisions. No struc-
tures were seen for events with E_, —E__ = 0. The experimenters {Kienle,
1989) concluded that:

The present results from the sum-energy coincidence spectra are consistent with
the energies of e lines which we presented before. . . . the ensemble of lines,
avallable in a wide range of collision systems suggests a family of resonances with
invariant masses of ~1.54, ~1.66, ~1.72, ~1.83 and ~1.93 MeV/¢? respectivelv,
Two of these lines (1,66 and 1.83 MeV/c®) may be identified with the sum peak
at ~620 kel and ~810 keV found recently by the EPOS collaboration in U-Th
collisions. The line intensities in this work however are approximately by a factor of
10 lower compared to those of (Cowan, Greenberg et al. 1987). No mdication of a
sum hine at 760 keV, as reported by the EPOS collaboration (Cowan et al. 1986) was
found. {p. 74, emphasis added

Once again, the observation of an effect was strongly dependent on
the cuts applied. In this case, there were plausible physical reasons under-
lying the cuts. In the new apparatus, the electrons were detected in the
forward direction relative to the beam, whereas the positrons were detected
in the backward direction. This should result in an observed energy dif-
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terence due to the Doppler shift caused by the center-of-mass motion of
the particle produced.® The electron should have a higher energy than the
positron. (Note, however, that the original EPOS I result reported elec-
trons and positrons with equal energies, the result one expected for the
two-body decay of a very slowly moving particle.) In addition, the region
of positive energy differences was where the background due 1o internal
pair conversion, a nuclear process, was expected to be most pronounced.
The angular restriction (180 = 20%) was applied to select electrons and
positrons resulting from the decay of a single particle. The decay particles
should be emitted back-to-back (i.e., at 180%) in both the center-of-mass
and the laboratory frame of reference because of the low center-of-mass
velocity.

The EPOS 1 group also presented new results at this workshop
(Bokemever et al., 1989). They found evidence in both U + Th and U +
Ta collisions for resonances at 610, 750, and 810 keV. As betore, the
observed eftects were dependent on the experimental conditions or the
selection criteria. The resonances observed were quite sensitive to the
bombarding energy and the TOF difference between the electron and the
positron, For the U + Th collisions, for example, the 610-keV resonance
1s barely visible in Figure 5.9a3, but is quite pronounced in Figure 5.9b3.
The ditterence between the two hgures is that the bombarding energy for
Figure 5.9a3 is 5.87-5.90 MeV/u, whereas tor Figure 5.9b3 it is 5.86-5.90
MeV/u. Thus, increasing the energy range accepted by only 0.01 MeV/u
changed the character of the observed peak considerably. The 810-keV
peak seen in Figure 5.9al (30 level) was enhanced to a 60 effect by
restricting the TOF difference to prompt events. The 610-keV peak, how-
ever, does not appear in the prompt events, but does appear in the
remaining nonprompt events. S5imilar cut etfects were seen in U + Ta col-
lisions. In the U + Ta run, an additional feature had been added to help
decide if the electrons and positrons were due to the decay ol a single par-
licle: Counters were added to 1dentify into which henmsphere—forward
(F) or backward (B)—the decay particle was emitted. For a two-body
decay of a single particle, one expects the electrons and positrons to be
emitted into different hemispheres (electron I and positron B, or vice
versa). They found that only the 810-keV state was consistent with this
condition. In fact, the 748-keV line seemed to be caused primarily by
events in which both leptons were emitted into the forward hemisphere.
The experimenters concluded:
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The presence of narrow electron-positron sum-energy lines in heavy-ion colli-
sions seems to be undebatable. The persistency with which these lines occur in
independent experiments—together with their statistical relevance reaching val-
ues up to 6o—makes their interpretation in terms of statistical fluctuations
rather unprobable, if not impossible. The absence of the 760-keV line observed
in the first caincidence experiments in U + **Th collisions in our more
recent runs (presumably scanning the beam energy region of our previous

experiment), however, 1s not easy to understand. (p. 38}

Nevertheless, the EPOS results were inconsistent with the new ORANGE
results and the previous results of the EPOS group.

Yet another experimental group reported results at the 1989 Moriond
Workshop. The TORI group detected both electrons and positrons pro-
duced in collisions U + Th at 5.85 MeV/u (Rhein et al., 1989}, almost
identical conditions to those used by the EPOS [ group in the experiment
reporting their first positive result for a low-mass particle. The TORI
apparatus could detect electrons in one of two conditions: the 0° condi-
tion (0° = #8_, . = 115%} and the 1807 condition (67 = 8_, . = 1807},
Using the 1807 condition (that expected for the decay of a single particle)
and applying the “wedge cut” (E,, — E__= 0} used by EPOS [, they found
no structure in their sum-energy spectrum. In contrast to the EPOS
result, however, they did see structures in the 180% sum-energy spectra at
551, 642, and 749 keV, but only when the energy ditterence between the
positron and the electron was not close to zero. In fact, the structures
became more pronounced as the energy difference was increased.

Evidence against the existence of a low-mass particle in experiments
on other interactions was also presented at Moriond. Van Klinken and
collaborators {1989) summarized recent work on Bhabha scattering. He
reported that five experiments—conducted at Giessen, Grenoble,
Miinchen, Groningen, and Stuttgart—had all searched for a particle in
the mass region around 1.8 MeV/c? and he concluded “that so far no res-
onances have been found within meamngful limits™ (p. 147). The
Grenoble group presented their own negative result (Schreckenbach,
1989}, Negative searches in the reactions e e~ — ny (Schreckenbach, 1989)
and in nuclear decay (Sona et al., 1989} were also reported.

The final EPOS I results were published in 1990 (Salabura et al.,
1990).7 They were essentially the same as those presented at the 1989
Moriond Workshop:
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Three very narrow e™e” sum-energy peaks around 610, 750, and 810 keV have
been observed in U + Th as well as in U + Ta collisions at beam energies around
the Coulomb barrier. As no processes involving conventional atomic and nuclear
physics were found to describe their origin, the data were in particular con-
fronted with the hypothesis that the lines are due to the two-body decay of neu-
tral objects in an e™e™ pair. Although the 810 keV sum-energy line observed in U
+ Th is consistent with the prompt two-body e™e™ decay of a neutral object if
created nearly at rest in the heavy-ion center-of-mass system, the other lines
require at least a considerably more complicated scenario if they are to be

explained in the context of a two-body decay. (p. 153)

Somewhat later the ORANGE group presented their last results
before an upgrading of both their apparatus and the accelerator (Koenig
et al., 1993). They reported several lines in the energy range from ~550
keV to ~810 keV in the sum-energy spectra obtained from U + U, U +
Pb, and U + '1a heavy-ion collisions. Mot all of these lines were seen under
all experimental conditions. As was the case for the EPOS [ results, some
of the lines were consistent with the two-body decay of a neutral object,
whereas others were not,

Further evidence against the existence ol such a neutral object was
provided by continuing experiments (Wu et al., 1992} on Bhabha
scattering:

Within statistical uncertainties (0.27%) no evidence has been observed for devi-
ations from Bhabha scattering over the entire invariant-mass region 1560 keV/c-
. - ey 3 . . - . .
= M, < 1860 keV/c= that can be associated with the ee” sum-peak energies in

the GSI heavy-ion experiments. (p. 1729)

Let us summarize the situation as of 1993. Discrete energy lines had
been reported in the positron energy spectra obtained from heavy-ion col-
lisions (Table 5.1). These lines had various energies and did not appear in
all of the systems studied, nor were they observed at all bombarding ener-
gies. They also seemed to be sensitive, at least on occasion, to such other
experimental conditions as the scattering angle and the exposure time of
the target. There were also problems concerning the reproducibility of the
observations under seemingly identical experimental conditions.

Similarly, peaks had been observed in the sum-energy specira of elec-
trons and positrons produced 1 such heavy-ion collisions. These results
exhibited not only the same kinds of sensitivity as did the single positron
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lines, but they also seemed sensitive to the TOF difference between the elec-
tron and the positron, their energy difference, and the angle between them.
Some of these electron-positron peaks were consistent with the two-body
decay of a neutral object, but others were not. No evidence of such a neu-
tral object was seen in other interactions, particularly in the Bhabha scat-
lering of electrons and positrons, in which one would also expect to
observe effects if the sum-energy peaks were real.

Nevertheless the consensus seemed to be that something unusual and
unexpected was being observed and that both the positron energy lines
and the sum-energy peaks were real effects. Greiner and Reinhardt
(1995}, two theoretical physicists who had worked extensively in the field,
summarized the experimental and theoretical situation:

During the last decade the development of this held [spontaneous positron
emission| was overshadowed by the spectacular narrow lines in the positron
spectrum and later the monoenergetic electron-positron pairs discovered by the
EPOS and ORANGE groups at GSI. . ..

This apparent universality of the positron lines has created much excite-
ment and led to the belief that some fundamental new process had been discov-
ered. A large variety of speculations, most of them based on very shaky ground,
were pul forward. The most natural explanation for a constant line energy and
two-body decay characteristics would be the creation and subsequent decay of a
new elementary particle, e.g. the axion. This, however, soon could be ruled out
by various arguments, in particular by many control experiments (high-energy
beam dump searches, pair production in nuclear transitions). . . .

However, a probably fatal blow was dealt at the hypothesis of a new particle,
be it elementary or compaosite, by a set of experiments looking for resonances in
electron-positron scattering in the mass region around 1.8 MeV, The outcome of
these experiments (which are sensitive to resonances with a width down to the
eV level and have fully covered the relevant region of lifetimes) has been com-
pletely negative.

Thus one has to conclude that the GS5I positron lines are only observable in
experiments which involve heavy 1ons. Unfortunately the experimental results
have changed considerably over time and it is difficult to decide which of the

data are to be considered reliable. " (pp. 21718}

Experimentalists were more positive. A 1995 paper published jointly
by the ORANGE and EPOS II groups (Bar et al., 1995) offered the fol-
lowing summary:
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Narrow sum-energy lines have been identified in >**U + 2¥U, 280 + 237Th,
238U + V8P, 28U + 209Pb, and “U + ¥1Ta collisions in EPOS and ORANGE
experiments. The sum energies of the lines depend on the collision system and
kinematical parameters. The lines group around ~550, ~620, ~740, and ~810 ke
if the assumption of a common origin can be made, The observed cross sections
vary from der Ic_.-’d!'l‘;l:‘é = 0.1 whisr (815 keV, ***U + *"Ph) to 3.6 pbisr (748
keV, U + '®1Ta), The statistical significance of the lines reaches up to 6.5 o
{634 keV), but in some cases 15 limited. The experimental knowledge on pro-

duction and decay channels is poor. (p. 241}

The APEX group (ATLAS Positron Experiment}, a new player in the
field, agreed (Ahmad et al., 1995a). It is clear that, at the very least, the
EPOS and ORANGE results were regarded as sufficiently credible to

merit further investigation.

The Search Ends

The papers published in early 1995 jointly by the EPOS Il and ORANGE
groups (Bar et al,, 1995) and by the APEX collaboration {Ahmad et al.,
1995a) marked the beginning of the final act of the drama and gave hints
of what was to come. The joint EPOS [I-ORANGE paper described the
improvements that had been made in both experimental apparatuses. In
particular, EPQS 11 was now able to detect both positrons and electrons
in either side of their detector, increasing the yield of events. The groups
reported results for an experimental run on the reaction 23U + 81T at
heavy-ion bombarding energies from 5.98 to 6.07 MeV/u. EPOS | had
previgusly reported a sum-energy peak at ~748 keV in this reaction. The
EPOS II group (Bar et al., 1995) reported a similar peak in their new run:

A sum-energy line around 740 keV is identified in the first run, with an energy
uncertainty of ~10 keV (fig. |5.10]). The line 15 poorly visible on the total spec-
trum of 45000 pair events which can be fully described otherwise by a MC
[Monte Carlo]-calculation based on quasi-atomic and nuclear pair produc-
tion, reproducing all global dependences established by the previous experi-

ments. (p. 242)

Making cuts on the data requiring an interaction distance larger than
18.6 fm (this is related to the heavy-ion scattering angle}, and a positive
energy difference between the positron and the electron enhanced that
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Figure 5.10. Sum-energy spectra for U 4+ Ta collisions at 5,98 and 6.07 MeV/u.

{top) Total spectrum; (bottom) spectrum selected for scattering angle, From Bar
et al. {1995).

peak to a 5.50 eftect (Figure 5.10, bottom graph). In a foreshadowing of
later events, however, the peak did not appear in a subsequent run under
seemingly wdentical circumstances:

In the second run with ~3 times more total pair events the existence of a com-
parable line is not evident. Changes in the experimental set-up are presently
|being ] investigated to clarify if these could influence the observation of the line,

Nevertheless, this apparent inability to properly set the experimental conditions
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again supports the assumption that important parameters for the source of the
lines still remain unidentified. {p. 242)

(A similar effect is shown in Figure 5.11. A peak that is visible in an early
run is not seen in a later run that had more statistics and was taken under
identical conditions and used identical cuts.) The groups did not, at this
time, interpret their failure to reproduce the observed effect as casting
doubt on the reality of that effect, or as evidence that the observed effect
might be an artifact created by the cuts, but rather as demonstrating their
lack of knowledge of all of the important experimental conditions and
their inability to reproduce themn.
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The APEX group, in a paper contiguous to the EPOS-ORANGE
paper {Ahmad et al., 1995a), reported preliminary results. They also
examined the reaction ~**U + '"®1Ta at energies comparable to those
used by EPOS [I. They found no peaks in either the positron energy
spectrum or in the sum-energy spectrum. They investigated the
positron-electron sum-energy spectra in the 38U + 181Ty system (at
bombarding energies of 5.95, 6.10, and 6.30 MeV/u) and the =°%U +
232Th system (at 5.95 MeV/u). These were the systems and the energies
at which both the ORANGE and the EPOS | groups had previously
reported peaks. APEX found “no statistically significant evidence for
sharp sum-energy lines.”

The group apphed selection criteria in an attempt to observe the
sum-energy peaks previously reported at 760 and 809 keV in the U +
$32Th system. These peaks had also been reported to be consistent with
the two-body decay of a neutral object. Their results are shown in Figure
5.12 {Ahmad et al., 1995b). No hint of any peak is seen. The events in the
upper curve of Figure 5.12a are those selected by the “wedge cut”
(approximately equal electron and positron energies) previously used by
EPOS 1 and ORANGE. The histogram is the spectrum of uncorrelated
pairs generated by summing the energies of electrons and positrons from
ditterent events {event mixing}:

The dashed peak, superimposed on the event-mixed spectrum, corresponds to
the signal expected from the decay of an isolated neutral object of mass 1.8
MeV/c?, produced with the cross section given in [Salabura et al. {1990)]
{der/dd ;=5 pb/sr—the pair production cross section averaged over the heavy-

ion detector acceptance). {p. 2660)

Further cuts on the solenoid azimuthal angle and energy correlations
expected for two-body decay are shown i the lower curve of Figure
5.12a. Once again, the effect expected on the basis of the previous results
was not seen. Nor was the 748-keV peak previously reported in the U +

Ta system observed.

The absence of the reported sum-energy lines in our data is puzzling. The ori-
ain of this apparent discrepancy may lie in so far unknown characteristics of
the phenomenon. The overlap between the acceptance of APEX and that of the
previous experiments is large. Nevertheless it is concervable that the energy
and angle correlations of the lepton pairs are such that they escape detection
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ing to the expectations for the sotropic decay of a particle produced at rest in the
center of mass, The “particle analysis” was for events with positrons and electrons
with an opening angle of approximately 1807, From Ahmad et al. {1995b).

in our apparatus, although rather extreme situations are required for this to
occur, (p. 2661

The APEX group examined other possibilities for explaining the dis-
crepancy and concluded, “Nevertheless, we believe that the results of the
present experiment represent a real disagreement with the previous
observation” (Ahmad et al., 1995b, p. 2661).
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Strong evidence against the existence of the sum-energy peaks was
also provided by the EPOS II group: “special care was taken to subtend as
closely as possible the beam energy range investigated by EPOS I (Ganz
et al., 1996, p. 6). In this run, EPOS 1I obtained far more data than had
been acquired by EPOS I; 10 times more for the U + Th system and 25
limes more for the U + Ta system. In analyvzing their data, they used cuts
identical to those used by EPOS I in both the beam energy and the wedge
cut, (i.e,, the energy sharing between the electron and the positron). They
omitted the TOF cut because that cut would have complicated the com-
parison between the old and the new results. They noted that the EPOS |
peaks had been visible using only the two cuts that EPOS IT was using. The
EPOS II results for the three most prominent peaks observed by EPOS I—
the 608- and 809-keV lines in the U + Th system and the 748-keV line in
the U + Ta system
line structures at sum energies given by the EPOS | experiment has been
observed” (Ganz et al., 1996, p. 7). "As indicated in the right column of Fig.
[5.13], where the differences between the measured sum-energy spectra
and the normalized event-mixing distribution are displayed, the expected

are shown n Figure 5.13. "No evidence for narrow

line yields are clearly in contradiction with the new high-statistics data™ (p.
9). They concluded, “In summary, all our attempts led to the same result.
We did not succeed in reproducing with our statistically improved data
basis the e*e™ sum-energy lines reported in EPOS 17 (p. 10).

The difterence between the EPOS | and 11 results was clearly trou-
bling and the experimenters discussed various possibilities for explaining
the discrepancy. They noted that the APEX results were consistent with
those of EPOS 11, and that they covered an angular range for electron-
positron emission that was forbidden in EPOS 1, eliminating that as a
possible explanation of the discrepancy. They also concluded that ditfer-
ences in acceptance, unknown experimental parameters, or background
processes could not explain the discrepancy. Still the question remained:
Why had EPOS | observed peaks in the sum-energy spectrums?

The EPOS 11 group noted that judging the statistical significance of
peaks enhanced by selection criteria, or cuts, was an extremely difficult
problem. In Ganz and collaborators (1996), they remarked on the sum-
energy line that they had reported earlier in Bar and collaborators (1995}

The 723 keV line

ments] was only weakly visible in the total e"e™ sum-energy spectrum but clearly

the energy calibration had changed between the two experi-
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seen (with a nominal significance of 5¢) when requiring cuts with respect to
E, [the energy difference between the electron and the positron] and the
scattering angles of the heavy ions. However, not only was the energy of the
line at variance with the previous value of 748 keV, also two follow-up, high-
statistic experiments performed with an unchanged EPOS 11 set-up failed to
reproduce the line [A similar effect for the line at 620 keV is shown in Figure
5.11]. {pp. 10-11)

The group further investigated the possibility that the effect was due to
the cuts, suggested by the disappearance of the line with higher statistics:

The second example comes trom an investigation suggested in Ref. 17 |[Roe,
1992 | where we took advantage of the enlarged data basis collected in the EPOS
Il experiment. We randomly distributed—on an event-by-event basis—the ee”
pairs collected at a certain beam energy into two subsets. While one of these sub-
sets was kept as a reference sample, we searched for narrow line structure in the
other subset by choosing different E, and time-of-tlight cuts. Surprisingly
enough, we were able to ind a cut—Ileading to a spectrum of similar statistics as
in a typical EPOS | experiment—which enhances a 2o-structure visible at 655
keV in the initial subset to a line of = 5o, which is comparable in width and
intensity to those observed in EPOS I [see Figure 5.14)." However, applying the
identical cut to the reference sample does not show any line structure at this

energy |Figure 5.15]. (p. 12}
They concluded:

Both examples [the disappearance of a peak with higher statistics and the division
of the data set into two subsets| underline that the statistical significance of spec-
tra obtained by introducing selection criteria, which are acceptable when looking
for something unexpected but which cannot be supported later by a coherent
physical picture, has to be taken with great precautions, In this situation an in-
:!'c?pﬁruf:.’.ru J':?pr‘[]ti!luf.'ﬂﬂh! hased on a .r.'nﬂﬁfil'u.*r'fth!'}’ f.[ilr‘gf.*;l' data set is the cm{]: waly Lo
confirm the extstence of a physical effect. Since we failed to demonstrate the repro-
ducibility of the lines observed by EPOS I and derived cross-section limits which
are a factor of up to 10 smaller than the values implied by the previous results, and
in view of the negative results obtamed by the APEX Collaboration the physical
relevance of the EPOS T lines is questionable. (p. 12, emphasis added)

The ORANGE group also repudiated their earlier results {Leinberger
et al., 1997). Their new experiment was designed to look for the ~635-keV
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Figure 5.15. (top) The sum-energy
spectrum obtained by tuning the
energy-difference and TOF cuts to
maximize the peak. (bottom) The
eftect of applving the identical cuts
to the other half of the data: No
peak 1s visible. From Ganz et al.
(1996,
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peak that was their most statistically significant result {(6.50): “At
improved statistical accuracy [by more than a lactor of 10], the line
couldn’t be found in the new data”™ (p. 16). (See Figure 5.16.) The exper-
imental conditions and the cuts used in the analysis of the data were
extremely close to those used previously. The group also eliminated other
lion, as possible causes for the difference between the old and new results.
“Taking mto account that we have not lound any evidence that the
reported line [the earlier result] might be due to trivial effects or back-
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Figure 5.16. Sum-energy spectra from U + Ta collisions found by the ORANGE
aroup. The superimposed peaks are those expected for the 635-keV state they had
reported previously. From Leinberger et al. (1997).

ground processes, its statistical significance has to be reconsidered” (p.
21}). Analysis of their new data had shown that the calculated background
used in their earlier experiment was incorrect. Using the new background
calculation the previously reported effect was reduced from 6.5 to
=3.4¢. The ORANGE group also found, in agreement with EPOS 11, that
manipulating the cuts could produce electron-positron lines that disap-
peared with improved statistics.

Even before the publication of the new ORANGE results, the APEX
and EPOS Il experiments had provided the evidence that convinced vir-
tually evervone working in the field that the sum-energy peaks previously
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reported by EPOS I, ORANGE, and others did not exist. In June 1996, a
meeting was held at Oxftord attended by physicists from the EPOS 1,
ORANGE, and APEX groups. At the end of that meeting, the conclu-
sion was that the search was over and that no further experiments were
needed.!?

Discussion

Physicists, particularly those working on heavy-ion collisions, have con-
cluded that both the positron lines and the sum-energy peaks observed
by EPOS I, ORANGE, and others are not real effects. There 1s a strong
suspicion that they are artifacts created by tuning the selection criteria
applied to the data and by the effects of limited statistics. Taubes (1997},
in fact, has suggested that such tuning even occurred in the acquisition of
data in the early experiments:

Take what the EPOS physicists referred to as the top-hat criterion. Bokemeyer
says that the EPOS physicists had noticed that what turned out to be peaks in the
final analysis would first appear online as a top-hat shaped bulge in an otherwise
smooth spectrum. 5o the experimenters would start collecting data at a particu-
lar energy or with a particular target, and if the spectra were smooth and flat,
they would stop the experiment. "We would change the energy or target and try
again,” savs Bokemever. “When the spectra started to look like a top-hat, this
seemed to be the correct [conditions], and we would continue running without

interruption.” (p. 151)

As we have seen in the cases presented in previous chapters, experi-
menters do not use all of their data in producing a result. Cuts are always
applied. This is not an unreasonable procedure. When one is looking for
a small effect against a much larger background, cuts are needed to
enhance the signal. (Recall the K 5o branching ratio experiment, discussed
in Chapter 1.) One might, however, legitimately worry that the cuts are
being tuned to enhance the effect. We have seen that it is possible to cre-
ate a peak by tuning the cuts and we have also seen the sateguards taken
to guard against this. The problem becomes even more difficult when (as
is true in this episode) the result may depend on a large number of
parameters, each of which may be used for selection, and the theory pro-
vides no guidance as to what the important parameters might be, The
evaluation of the results was also made more difficult by their apparent,
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albeit not exact, replication. The question that must be answered, how-
ever, is whether the result is real or 1s an artifact created by the cuts,

The physicists involved in this episode were quite aware of this prob-
lem from the very beginning. Recall that Bokemeyer had urged caution
in interpreting the first report of positron lines (see page 98), The many
repetitions of the experiments under both very similar and different con-
ditions were attempts to establish the correctness of the results by show-
ing that they were reproducible; and were also efforts to acquire a physi-
cal understanding of the systems involved. Unfortunately, rather than
clarifying the situation, the repetitions made it more complex. One might
speculate that early in the investigation, the criteria for reproducibility
were more lement than they were later. Rough agreement was “good
enough” to encourage pursuit,!? or further investigation of a phenome-
non: [t might not be sufficient to establish the reality of an effect.

The discord was resolved when two experiments with higher statis-
tics and therefore more evidential weight (EPOS II and APEX) found no
evidence for the previously reported results. (This negative result was
supported by subsequent ORANGE results.) In addition, EPOS 11 dem-
onstrated that a peak found in a hmited subset of their data, comparable
to that of the earlier experiments, disappeared when the full data set was
analyzed. They also showed that by choosing suitable cuts, they could cre-
ate a peak similar to those found previously. That the effect disappeared
when identical cuts were applied to the other half of the data suggested
that the peak was, in fact, an artifact created by the cuts.' This also sug-
gested that the limited-statistics peaks reported earlier might also be arti-
facts. The EPOS I1 group had shown that they would have detected a peak
had one been present and that they could artificially create such a peak.
As Dirk Schwalm, co-spokesperson for EPOS 11, remarked, [ think we all
overestimated the statistical relevance of the peaks we saw. It sounds a bit
silly in the end, 10 yvears later, but 1 think that's what happened” (quoted
in Taubes [1997], p. 151}. The fact that the effects did not also appear in
other interactions, such as Bhabha scattering, in which one would have
expected them had the sum-energy peaks been real, provided further evi-
dence against the reality ot the peaks.

[t was ultimately decided that the results were wrong. The decision
that there were no low-mass electron-positron states was arrived at, as |
have shown, on the basis of experimental evidence and rational discus-
sion and criticism.
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Death by a Thousand Cuts: Some Conclusions

In the first five chapters of Part I, we have seen several types of selection
criteria that have been applied to data and analysis procedures. The cuts
have ranged from Millikan’s legitimate exclusion of data obtained when
he was not sure that his experimental apparatus was working properly!?
to the very complex tuning of analysis cuts that produced an artifact in
the case of the suggested low-mass electron-positron states. It is clear that
there is no single solution to the problem of whether an experimental
result is an artifact created by the cuts. What may work in one case may
not work in another. There are, however, some general strategies.

Consider, for example, robustness. This is an important method of
demonstrating the validity of an experimental result and dealing with the
problem of cuts. It was, in fact, used in each of the episodes discussed in
Part | of this book. In the experiment to measure the K, branching ratio
(Chapter 1}, for example, the experimenters varied both the range cut
and the track-matching criterion over reasonable intervals and showed
that the branching ratio found was robust under those varations. In the
case of both gravity waves and the 17-keV neutrino (Chapters 2 and 4},
robustness was again important. In the gravity-wave episode, Weber’s
critics used both their own preferred analysis algorithm as well as Weber's
nonlinear algorithm and showed that they still found no gravity-wave
signal. This was one of the strong arguments in favor of the critics results
and against the correctness of Weber’s result, which appeared only when
his algorithm was used. Similarly, in the case of the 17-keV neutrino, sev-
eral experimenters used both a wide and a narrow energy range in their
analysis and demonstrated that their conclusions did not change. In the
decisive experiments that showed that the 17-keV neutrino did not exist,
the experimenters demonstrated that the choice of analysis procedure
was not a problem in their experiments. We also saw that Simpson’s
apparent failure to use robustness as a criterion led to his interpretation
of an artifact of data analysis as a real effect in his reanalysis of Ohi’s data.
In the case of Millikan's measurement of the charge of the electron
(Chapter 3), robustness was provided by subsequent measurements of
that charge.

Robustness did not, however, provide an unambiguous solution to
the problem in the episode of the low-mass electron-positron states. This
was because the results obtained, although similar, seemed to be ex-
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tremely sensitive to the experimental conditions, such as time of flight,
bombarding energy, scattering angle, and the equality of electron and
positron energies (the wedge cut). Varying these conditions seemed to
make the effects vary or disappear: The results lacked robustness. Were
the variations a real sensitivity to the conditions or were they artifacts?
There are, after all, many phenomena studied in science that exhibit such
sensitivity.® But in this episode, more careful analysis subsequently
showed that tuning the cuts could produce such results.

How similar must two experiments be to count as replications and
how similar their experimental results to count as confirmation? How
similar the conditions or effects must be can be decided only on a case-
by-case basis. In the episode discussed 1 this chapter, the sensitivity to
experimental conditions was shown to be an artifact, In the case of the
1/, as discussed in note 16, the sensitivity of the result to the experi-
mental conditions led to an important discovery.

Showing that cuts can create the observed effects also played a signit-
icant role in these episodes. Thus, Katka, analyzing his own data and
varving his threshold criterion showed that he could create an apparent
gravity-wave signal. The same effect was shown by Levine and Garwin
using a computer simulation. In the episode of the 17-keV neutrino,
Bonvicini demonstrated, also using a Monte Carlo calculation, that
analysis cuts combined with limited statistics could produce etfects that
might mask or mimic the presence of the proposed particle. Conversely,
arguing that the apphied cuts cannot create the observed effect increases
confidence in the result (as was the case for the KT, branching ratio
experiment}). It should be emphasized, however, that demonstrating that
an etfect can be produced by applying selection criteria can only cast
doubt on an experimental result. It cannot demonstrate that the result is
incorrect. In the case of both gravity waves and the low-mass electron-
positron states, other arguments were both needed and provided.

Sometimes one can argue that an expernimental result 15 not an arti-
fact by the use of a surrogate signal. If the apparatus can detect such a sig-
nal, then it argues that the experimental apparatus and the analysis pro-
cedure are working properly. This was the case in the episodes of gravity
waves and the 17-keV neutrino. Weber’s critics were able to detect a pulse
of acoustic energy injected into the antenna that mimicked the effect
expected for gravity waves. The Argonne group was able to detect the
kink created by the composite spectrum of *°S and 4C, which served as



ARE THERE REALLY LOW-MASS ELECTRON-POSITRON STATES? = 131

a surrogate tor the effect expected for the 17-keV neutrino. Such a proce-
dure tests the proper operation of the experimental apparatus and the
analysis procedure, including the cuts.

Should the lack of a universal procedure to guard against results that
are artifacts of the selection criteria cause us to doubt both experimental
results and the science based on those results? I think not. Dithculty 1s not
impossibility. Although, as we have seen, the validity of results may be
difficult to establish, it is not impossible to do so. In each of the episodes
presented in Chapters 1-5, the question of whether the result was an arti-
fact was answered. It would be an error to conclude that because three
out of the five cases discussed had results that were artifacts of the selec-
lion criteria that this is typical of experimental results in physics. The
episodes were chosen precisely because there were discordant results and
the selection criteria were important.’” The K, branching ratio experi-
ment is the norm, not the exception. Cuts may be ubiquitous, but they
need not be tatal.



“Blind” Analysis

As we have discussed in previous chapters, there 1s at least a strong sug-
gestion that experimenter bias was a factor in Millikan's measurement of
the charge of the electron. Millikan excluded data and engaged in selec-
tive calculational procedures to produce his desired result.! Similarly,
Joseph Weber may very well have used selective analysis procedures in
producing his claim that he had observed gravity waves. Selectivity was
also an important issue in the episodes of the claimed existence of both
the 17-keV neutrino and of low-mass electron-positron states.

Recently, considerable attention has been devoted to trying to elimi-
nate such experimenter bias by using a procedure known as blind analy-
s1s, in which “the physics result is kept hidden until the analysis is essen-
tially complete™ (Burchat et al., 2000, p. 3). This is not the first time such
a procedure has been used.

[In 1964, Murray Gell-Mann and George Zwieg independently pro-
posed the quark model of interacting hadrons, the strongly interacting
particles {Gell-Mann 1964; Zweig 1964 ). One consequence of this empir-
ically successtul theory was that the fundamental constituents of the
hadrons—quarks—would be tractionally charged, that is, having charge
+1/3¢ or £2/3¢, where ¢ i1s the charge of the electron. Experimental
searches for these fractionally charged quarks were conducted, and by the
early 1970s, a consensus had been reached that they had not been

132
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observed (Jones, 1977). That led to the idea of quark confinement (i.e.,
the force between the quarks increased with distance, so that free quarks
could never be observed).

[n the early 1980s, Willlam Fairbank and his collaborators claimed
that they had, in fact, observed fractional charges of =1/3e. This result
was an anomaly for the quark confinement theory. The experiment
involved levitating superconducting niobium spheres in a magnetic field,
a modern version of the Millikan oil-drop experiment. Their results were
quite consistent, arguing for the correctness of the result.” “Out of 26
repeat measurements, we have observed 11 residual charges, in every case
of =1/3¢" (LaRue et al., 1981, p. 967). The experimenters also noted that
the residual charges they observed “fall into three groups which have
weighted averages of (—(1.343 = 0.011)e, (0.001 = 0.033)e, and (+0.328 =
0.007)e” (p. 967). That only residual charge values of 0 or £1/3 were
observed supported their claim that fractional charges, and thus free
quarks, existed. This was in disagreement with both a highly confirmed
theory and with other experimental results.

One problem with the Fairbank experiment was possible experi-
menter bias. The results of each measurement of residual charge were
known to the experimenters when the final data selection was made. To
guard against possible bias, Luis Alvarez suggested that a random num-
ber, unknown to the selector, be added to each residual charge result and
subtracted only after final event selection had been made. This was done,
and the results of the blind test were (+0.189 = 0.02)e and (+0.253 =+
0.02)e (Phallips 1980}, The observation of charges that were not 0 or
* 1/3¢ cast doubt on Fairbank’s result. The application of blind analysis
had been successtul. It cast doubt on Fairbank’s result and suggested that
experimenter bias may have played a role in the production of that
result.? To this day there is no credible evidence for fractional charges.

The Methods of "Blind” Analysis

The reasons tor using blind analysis, along with possible problems due to
experimenter bias are clearly stated in "Draft Guidelines for Blind
Analysis in BABAR” (Burchat et al., 2000). This is an elementary-particle
experiment that includes searches for rare decays, precision measure-
ments, and time-dependent asyvmmetries in the decavs of the B (primar-
ily) and D mesons:*
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The major motivation for a blind analysis is to adopt a technique which removes
or minimizes Experimenter’s Bias; the unconscious biasing of a measurement
toward prior results or theoretical predictions. .. .*

There are a number of ways in which Experimenter’s Bias can infect a mea-
surement which can be eliminated with a blind analvsis. First, the point at which
the decision is made to stop working and present one’s result can be influenced
by the value of the result itself, and how it compares with prior results or pre-
dictions.® In a blind analysis the decision to stop and publish is made based on
external checks, and not on the numerical value of the result. After all there is no
information about the correctness of a measurement in the numerical value
abtained; a blind analysis enforces this separation. Second, choices about the
data to include, or the cuts to use, can be subtly biased, if the effect these choic-
es have on the result is known. [As we have seen, the bias is not always subtle, |
Often changes in an analysis, which change the data set, can affect the value of a
result on a statistically reasonable way. A blind analysis ensures that such choic-
es affecting the data sample do not bias the result, Third, the values and types of
cuts to use can be biased by knowledge of the effect of these cuts on particular
events in the data. In particular, for rare decay searches or measurements involy-
ing small samples a blind analysis removes the possibility that cuts are chosen to
include or exclude particular events in the data. In this case a blind analysis

ensures a statistically meaningful result. (p. 3}

The experimenters remarked that their use of blind analysis did not
immply that nonblind analvses are flawed, but only that because 1t was pos-
sible to eliminate or reduce the possible effects of experimenter bias at lit-
tle cost, they would employ that technique. Although the BABAR exper-
imenters suggested ditterent methods of blind analysis for each of their
proposed measurements, | will discuss only the more general procedures.

For the search for rare decay modes (branching ratio <1071, the
“hidden signal box™ method was suggested. “In the hidden signal box
method, we define a signal region in one or two vanables in which the
signal 15 expected to be concentrated. Remaining Mind in such cases means
not looking at the events in the signal region in any way” (Burchat et al.,
2000, pp. 4-5). This prohibition held only until the background estima-
tion was made. The group considered those rare decays in which a com-
plete reconstruction of the exclusive final state could be made. In such an
analysis, there 1s usually a pair of kinematic vanables, whose range 1s
restricted for the signal, but whose distributions are smooth and slowly
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Figure 8.1. The (mq, AE} plane for rare-decay analysis. The shaded rectangle
defined by 5.27 < Mg <= 5.29 eV, |_"|.[* | << (1.1 GeV represents the blinded area,
and the rectangle inside it, the boundary of the signal area. From Burchat et al.

{20000},

varying tor the background and at most weakly correlated. For the decays
to be studied, the variables chosen were m_, the reconstructed mass of
the B meson, and AE, the diflerence between the total measured energy
and the beam energy. In this case a conservative signal box in the two
variables was chosen, and an even larger blinding region {in which events
were not examined until the backgrounds were determined} was estab-
lished (Figure 6.1).

Data were taken in two different types of experimental runs: off-res-
onance, in which the energies of the colhding electron and positron
beams were too low to produce B {or D) mesons, and on-resonance, in
which the beam energies were exactly those needed to produce the
desired particle.” For en-resonance data, the background was estimated
in the tollowing way. The distribution in one variable, let us say AE, was

measured using data in which a cut in the orthogonal variable (mp.) was
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made to avoid the signal region. Thus the entire region to the left of n
= 5.27 GeV/c* was used. Similarly, an ntgg distribution was found for the
two strips outside the region | AE| << 0.1 GeV. The background was then
estimated by extrapolating the two distributions into the signal region.
For oft-resonance data, the entire plane could be examined and the back-
ground n the signal region counted. No real signal events were expected
in these data. The estimation of the background using the two methods
should agree within the experimental uncertainty. A second check can be
provided by a Monte Carlo simulation of the off-resonance continuum.
After the background estimation was made, the signal area would be
examined.

For precision measurements of quantities such as Am 4 {related to the
frequency of B'-BY oscillations™) or measurements of the lifetimes of the
B and D mesons, the hidden offset method (discussed in the next para-
graph) can be used. The experimenters noted that for each of these quan-
tities, there existed very accurate prior measurements. Blind analysis was
used to avold any bias toward getting a result in agreement with those
prior measurements. An interesting illustration of this method will be
discussed later in this chapter,

The hidden offset method involves adding a fixed, hidden offset to
the measured parameter in one of two ways:

(1) X+ 0
X' = or

(2} 2<x>=-x+ 0,

where O is the hidden offset, x is the measured parameter, and <<x> is
either the previously measured value or the value contained in “Review of
Particle Physics,” the standard reference for the properties of elementary
particles, compiled by the Particle Data Group (e.g., Groom et al., 2000).
The analysis was then performed on x* rather than x, so that the value of
the parameter found is unknown to the experimenters. The experimen-
ters then concluded that "The hidden offset method is certainly not the
only possible technique for precision measurements, and there is no sub-
stitute for careful thinking about each particular analysis, Finally, however,
it is recommended that some blind analysis technique be adopted for
each precision measurement” (Burchat et al., 2000, p. 7). They also sug-
gested that care be exercised in choosing the analysis procedures when
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the data must, in fact, be studied directly because they do not fit easily
into blind analysis techniques. The procedures suggested included avoid-
ing examination of the final result until absolutely necessary, using a sub-
sample of the data first to set procedures and cuts, not keeping track of
the answer, and using optimization procedures and standard cuts where
possible. Alan Schwartz (one of the members of the E791 collaboration
whose work 1s discussed later in this chapter) remarked that there were,
in fact, arcumstances in which nonblind analysis would be preferred
(Schwartz, 1995}:

While a blind analysis does yield unbiased upper limits, it has one serious draw-
back: 1t is possible to miss an obvious background, subsequently observe a large
number of candidates, and end up setting a very weak upper limit, This situation
does a disservice to the experiment as the tull “discriminating power” of the
detector has not been used. Thus, one ultimately should look at events in the sig-
nal regions—after all cuts have been fixed—to check whether they are due to
some trivial background or instrumental problem such as the high voltage hav-
ing been tripped off. If such events can be attributed to such sources, then 1t
makes more sense to cut them and set a biased but meaningful limit rather than
leave them and set an unbiased but not useful limit. . . . Whichever choice is
made, it is important that when publishing results one states exactly what was
done and in what order the cuts were made, so that the reader can judge for him-

or herselt the significance of the limit set or the discovery made. (p. 2)

Some Examples
KTeV

The hidden offset method 1s similar to the technique suggested by Alvarez
for the Fairbank experiment.” Its first use in recent high-energy physics
was in experiments searching for rare decay modes of the K meson and
for the weak decay of a hypothesized dibaryon {Arisaka et al., 1993a,b;
Adler et al., 1996; Belz et al., 1996),

The method was also similar to that used by the K'TeV collaboration
i their search for direct CP violation in neutral K-meson decays {Alavi-
Harati et al., 1999).'Y The parameter of interest was:

Re(e'/z) = 1/6[(T(K, — wta )T (K — wrm)/(D(K, — w0 0)/
F(KH . 1T|:}"IT [J]}

5
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Figure 6.2. Plan view of the KTeV experimental apparatus configured to measure
Rele'fe). The label “CsI” indicates the electromagnetic calorimeter. From Alavi-
Harati et al. (19997,

where the I"s are the respective decay rates, the K; and K¢ are the long-
and short-lived neutral K mesons, and the w’'s are pi mesons, or pions.

In any experiment, there will be many selection criteria and correc-
tions to the data. Their final values will be set before the final analysis
is done and they are thus independent of the ultimate result. Some ¢ri-
teria will initially be set quite loosely so that valuable data will not be
lost. They may later be tightened as more detailed knowledge of the
apparatus and the data is acquired. In addition, the final data sample
may be quite sensitive to some of these criteria and not to others. Thus
for example, the experimenters required that the reconstructed K-meson
mass in the events be within +10 MeV/¢? of the accepted K-meson
mass. No events would be lost due to this cut. In contrast, the require-
ment that no photon be within 7.5 ¢m of another photon in the 7YY
sample was guaranteed to ehiminate good events, and thus the final
result might very well be sensitive to this cut. The etfect of such cuts was
investigated in detail.

Let us examine the KTeV experiment to see some of these criteria.
The experimental apparatus 1s shown in Figure 6.2, The experiment used
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two kaon beams from a single target. This allowed simultaneous data col-
lection for both K and K| decays. It also lessened the sensitivity of the
experiment to time variations in the beam and in the detector etficien-
cies. The K¢ beam was produced by placing a regenerator in the K;
beam.!! The regenerator was on alternate sides of the apparatus for each
accelerator beam extraction to nmnimize the effect of any left-right beam
or detector asymmetry,

The guantity of interest Re(e'/e) depends on the double ratio of
wrw~ decays to that of w'w" decays for K and K; mesons. Thus it was
crucial to know the relative acceptances for the different decay modes
(Alavi-Harati et al., 1999):

To measure the double ratio of decay rates in the expression for Rele' /), we
must understand the difference between the acceptances for K versus K; decays
to each ™ final state. Triggering, reconstruction, and event selection are done
with identical criteria [emphasis added] for decays in either beam, so the only
major difference is in the decay vertex distributions, shown in Fig [6.3] as a func-
tion of Z, the distance from the kaon production target. Therefore the most cru-
cial requirement for measuring Relg/e) with this technique is a precise under-
standing of the Z dependence of the detector acceptance. (p. 23)

Because of the presence of the regenerator, the beginning of the allowed
decay region was slightly different for the K¢ and K; beams:

In the regenerator beam [K] the decay region was defined by a lead-scintillator
madule at the downstream end of the regenerator. In the vacuum beam (K, | the
acceptance for decays upstream of Z = 122 m is limited by the "mask anti” (MA),
a lead-scintillator counter with two square holes 50% larger than the beams. (p.

23; see Figure 6.2)

A detailed Monte Carlo simulation was used to calculate the detector
acceptance for the mm signal modes and to evaluate backgrounds.

The spectrometer included four drift chambers and a dipole magnet
to measure the momentum of the charged particles produced in the K-
meson decays, along with an electromagnetic calorimeter to measure the
position and energy of the photons produced in the =% decay of the K
mesons and the energy of charged particles. There was also a trigger
hodoscope of santillation counters, In addition, there were photon veto
counters, a mask anticounter {MA) in front of the regenerator, and a col-
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lar anticounter surrounding each beam hole. These were designed to
reduce background in the w'w" channel, particularly from K — 3x"
decays. The regenerator itself was made of scintillator and viewed by
phototubes, and served as a veto counter for interactions produced in the
regenerator. Events were triggered by either synchronous signals in the
Irigger hodoscope (77w decays) or by a fast-analog energy sum from the
electromagnetic calorimeter (w'w" decays).!*
Cuts were also taken on the individual events. For example, for

events, each pion was required to have a momentum of at least 8 GeV/c
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and to deposit <Z85% of its energy in the calorimeter. The reconstructed
7o mass was required to be between 488 and 508 MeV/c2. (The accept-
ed mass of the neutral K meson is 497.672 MeV/c?.) In addition, the square
of the transverse momentum {p-l'-} of the 7" 7~ system relative to the initial
kaon trajectory was required to be <250 MeV?2/c?, These criteria were
mtended to ensure that the decay was due to a K meson n the beam.

For mV

' candidates, four photons were detected by the calorimeter.
The photon pairing combination that was most consistent with hypothesis
of two =" decays at a common point (each 7" meson decays into two pho-
tons in approximately 1071¢ 5). This was interpreted as the kaon decay ver-
tex. Each photon was required to have an energy of at least 3 GeV, to be
about 5 cm from the outer edge of one of the Csl counters, and to be 7.5 cm
from any other photon. The reconstructed four-photon mass was required
to be between 490 and 505 MeV/c?. To guard against kaon scattering, the
energy centroid of the four photons at the Csl counters that comprised the
electromagnetic calorimeter was used to calculate a “ring number.” This was
defined as four times the square of the larger normal distance (horizontal or
vertical} i centimeters from the energy centrond to the closest beam. The
ring number was required to be <2110, which selected events within a square
of 110 ¢cm? centered on each beam. Other cuts were made on energy
deposits in MA, photon veto counters, and regenerator.

These selection criteria were determined and then applied to con-
struct the final data sample from which the value of Re(e'/e) would be
calculated. They were set before that quantity was calculated and were
thus independent of its value.

Some of the data obtained are shown in Figure 6.4. The cuts on p-ﬁ
and on ring number are shown by arrows. The Vac ww data show the K
decays, and the Reg 7w data show K decays. The signal is the data minus
the background:

Background contributions to the wtw™ samples are determined by using the
sidebands in the mass and p4 distributions to normalize MC [Monte Carlo] pre-
dictions ftor the various background processes. Fig. [6.4{a) and [6.4] (b) show
that the p.f. distributions for data are well described by the sum of coherent 7
MC and total background MC. (Alavi-Harari et al., 1999, p. 24)

For the larger w'n" background, a Monte Carlo calculation of the back-

ground was normalized by using the region where no signal was expect-
ed (ring number 286-792). (Note here the importance of Monte Carlo



142 =« SELECTIVITY AND THE PRODUCTION OF EXPERIMENTAL RESULTS

° L ¢ Daa % F
S 0ty Background (El} Y [b]
g == nw Monle Caro [ H:l-"'r
' -~ xn MC + background | =
ww‘rl + - o + -
= Vacn'n™ | = Regn'n
2 10 Background a Background
2 ] level=0.083% | 2 lovel=0.089%
g . +0.008% | o +0.009%
w o u:'j - J
...-I'LL..|H.!n...r:ﬂ:“:i
O 1000 2000 3000 4
p? (MeV3/c?)
&, 8 @
1
E ’ (C} €108 (d}
— i s 0 0
- Vacn’n° | T | Regr’m
§ r ! Background S0t LL Background
t | level=0.73% | € L level= E} gig
+0.02% @ . +0.
10%) | i
f.nnn.l.:-i-l,...l . m:', TV T T B
0 00 200 300 400 o 100 200 300 400
Hing Mumber Ring Number

Figure 6.4.{a,b) Dhstributions of p.f tor the w' %™ samples. {c.d) Ring number for
the w¥w" samples. Total uncertainties are given for the samples passing the analysis
cuts farrows ), From Alavi-Harati et al., {1999),

calculations in producing the result). “After background subtraction, the
net yields are 2 607 274 '~ in the vacuum beam, 4 515 928 ™~ in the
regenerator beam, 862 254 7" in the vacuum beam and 1 433 923 7'« "
in the regenerator beam”™ (Alavi-Harati et al., 1999, p. 25). The experi-
ment that first demonstrated the existence of the decay K; — #"n~, and
thus, CP violation, had a signal of 45 = 9 events (Christenson et al.,
1964 ). Things had improved considerably.

The experimenters obtained their value of Re{e'/e) from analysis of
the decay distributions of the K meson decays. “Re(&'/e) is extracted from
the background subtracted data [Figure 6.5] using a fitting program [the
program fitted 24 different parameters]|. . . . Fitting was done “blind,” by

hiding the value of Re(&'fe) with an unknown offset, until after the analy-



“BLIND" ANALYSIS = 143

- 2
W 140 =
3
i
g 104 =
g__ 50 %
e - G385 i-'l E-U Iﬂ' 53 :u:!ﬂl
0 --;_..J
™~ B
- N :.::21 TaY
® sea0 TE::
ol +
@ 1000 = - Slope
% 098  (-0.5310.34) x10™
o u AT AP C g
j ot
4 '_' -\-H_I- i 1l |+ '+-*+:F-}—iﬁ;‘|i‘
2o} . o 4 TE ki #
: R 0.98 it {ﬂ‘&ﬁ]i'ﬁﬂd}x‘rﬂ
Py T R PO TR T A LA
pogk -, 1.02 - + 3n°
8O0 L+ . +
o L Slope =
200 3n 0.98 - 1u14+u35}ﬂq"
%10 120 130 140 150 110 120 130 140 150
Vertax Z (m) Vertex Z {m)
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sis and systematic ervor evaluation were finalized” (Alavi-Harati et al,,
1999, p. 25; emphasis added). The analysis procedures and parameters
were determined without the experimenters knowing the wvalue of
Re{e'/e). The group also worried about the possibility that the cuts
applied in their analysis might have affected their value of Re(&'/&). “We
assign systemalic errors based on the dependence of the measured value
of Re(&'/e) on variations of key analysis cuts, in particular the |:|f cut for
the e~ and the ring-number and photon quality cuts for w'w". No sig-
nificant dependence on other analysis cuts 1s observed” (p. 25).

The KTeV group had also investigated the robustness of their result.

We have performed several cross-checks on the Re(&'/e) result. Consistent val-

ues are obtained at all kaon energies, and there is no significant variation as a



144 =« SELECTIVITY AND THE PRODUCTION OF EXPERIMENTAL RESULTS

¥ L T L '
A4E -
a5 —— r
—|—-—.—w ...... — ——— ey —_— T p——
3k
FE
= = n A
.l oL U Rig O g
M 0 SS¢, & 3
= e s e =
3 8% oEeowEESS 3 o B
Iz B 58V0Y8Ge’¥e ST
1.5 b= - —
= 5 e m‘g;ﬁﬁﬂﬂggmﬂhg = i1
U = ﬂgmmﬂwEEﬁ Ehl:'-ﬂ"-"ﬂ =
“ouQy 0= ES00205u2—0uoE82l 5
B0 BECEdNimTSEREEEneE g
,nlﬂf-d:-{ ---1---|.E v - ] E.:mgﬁ m R ]
& EEdvMeme g B R E Y207 E &
Dﬂm-tﬂuq znﬂuuuuuﬁ-ﬁu}ﬁuﬂﬁabﬂmm e
“uumEﬁMME MQN—E ':I.Jlu-[}j
u-_sgnﬂ-l"EI:d ﬂﬂﬂ-a—lbbhﬂﬁﬂJUI—:mu [-ﬂf:ﬁ..ﬂ E
’ : 1o " - 2

Raw &, (1 0"%) versus removing cuts

Figure B.6. Raw value of the decay asymmetry (0 ¥ 107} versus removing cuts,
From Nguven {20017,

function of time or beam intensity. . . . We have also extracted Re{z'/g) using
an alternative fitting technique which compares the vacuum- and regenera-
tor-beam 2 distributions directly, eliminating the need for a Monte Carlo sim-
ulation to determine the acceptance.!? While less statistically powerful, this
technique vields a value of Rele'fe) which is consistent with the standard

analysis.”' (p. 27)



“BLIND" ANALYSIS = 145

20 . , -
" ' ' ! ;f_.-"mjf 1532 /N '

“ i P 1m 0378
b.: 1030 + 27797

1%
"} 4
12 4
1

o

_,_
-3
—
——_.
doad oo

‘r i+J.[Jr IR r-':JFJr

e AR R 1
iE

. 2 T 2z FITEE—Y .08 . oos  as .15

Raw &, (10”%) versus pp0kin for m__ <373 MeV

Figure 8.7. Raw value of the decay asymmetry (0, % 1074} versus ppikin for m__
= 373 MeV. From Nguyen (2004 3,

Tests for robustness of a result were also illustrated in the KTeV mea-
surement of 8, the charge asymmetry in K", decay. { There is a difference
between the decay rates for K§ — e n*v, and that of K§ — e*nv,)
Figure 6.6 shows the raw value of 8, {before corrections and unblinding)
versus removing various cuts made on the data. One can see that with the
exception of two of the cuts "ppOkin™ and “"Regbeam,” the value of & is
constant, within statistics, tor all of the cuts.

“PpOkin” is a kinematic cut designed to remove events due to K{ —
mnw” decays, which form a significant background to the electron
decay process being studied.!”

P L i r = i a o - -

[he w w w" [charged] pions would have to be misidentified as electrons (E/P =
0.925) and this is a verv charge asymmetric process.'® This can be seen in Figure
[6.7] where the result in the 77 ' %" background region is systematically higher

than in the background free region. (Nguyen, 2001, p. 50)

The experimenters wanted to accept only those events that originat-
ed in the vacuum beam. (Recall that the experiment included two beams,
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a vacuum beam and a regenerator beam; see Figure 6.2). The cut on the
regenerator beam reduced events produced in the beam that passed
through the two-meter-long regenerator. Passing through the regenerator
scintillating material produces background events with a very different
asymmetry than that of the K&deca}' being studied. With the regenerator
beam cut in place, the number of events due to crossover events (those
from the wrong beam) was negligible.

The final value found for &, ( the asymmetry in K, decay) was (3320
+ 74) X 10°° The accepted value given by the Particle Data Group was
(3330 + 140} X 107° (Groom et al., 2000, p. 524). The agreement is re-
markably good. In private conversation, several of the experimenters
remarked that such good agreement might have been suspect had blind
analysis not been performed. The value of &; was not known until after
all of the cuts and corrections had been finalized.

E791: Comparing Blind and Nonblind Analysis

An interesting question is whether a blind analysis provides a result differ-
ent from that of an ordinary analysis when both procedures are applied to
the same data. There 15 an episode from the history of recent physics in
which the same data were analyzed using both types of analysis:' the search
for rare decay modes of the D meson by the Fermilab E791 collaboration.
The decays studied in the first analysis were D™ — 7w p ™ and D* —
whete” (Aitala et al.,, 1996), whereas the second, more extensive, analysis
included both those decays and 22 others (Aitala et al., 1999). It is clear that
the experimenters were concerned about the possibility of experimenter
bias. The selection criteria for all D™ decays were determined without exam-
ining the decays of interest. “To search for the D™ FCNC [flavor-changing,
neutral-current]| decays in an unliased way, the track and vertex selection
criteria for all D" decays were determined from the Cabibbo-suppressed
mode DY — 7wt w™" (Adtala et al., 1996, p. 365, emphasis added). Other
criteria, event selection, track matching, and mimmum momentum were
“selected in an unbiased way by optimizing S, ,-/\VBg,..
Monte Carlo FCNC signal and B, is the background of misidentitied
hadrons in data eutside the FCNC signal region” (p. 365, emphasis added]).
The experimental apparatus is shown in Figure 6.8, The search for
DY = qw'p T and DY — wheTe decays also required muon and elec-

where E:M,:; 15 a

tron identification criteria, respectively, Such c¢riteria were set indepen-
dently of the final result. The muons were identified by santllation
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Figure 8.8. The E791 experimental apparatus. From Appel (1992),

counters located behind 15 interaction lengths of shielding. Muons have
a longer range in matter than either pions or electrons, and the probabil-
ity of one of those particles penetrating the shielding was very low. The
muon counter efficiency was measured in special runs using independent
muon identification and was found to be 99 *+ 1%. Electrons were iden-
lified by the lead and hquid scintillator calonimeter. The identification
was based on energy deposition, shower shape, and position in the
calorimeter. "Calorimeter response was studied with topologically identi-
fied electron-positron pairs from conversions upstream of the tracking,
and with pions from kinematically identified K§ — 7" o~ decays” (Aitala
et al., 1996, p. 366).

The results of the search for D™ — 77 "™ are shown in Figure 6.9,
The upper curve was obtained with no identification of the decay parti-
cles as muons. It was fit quite well by a combination of Gaussian peaks
due to misidentified D¥ — 7 w¥w" and D — ww'w" added to an
exponential background.'® The lower curve includes muon identifica-



148 =« SELECTIVITY AND THE PRODUCTION OF EXPERIMENTAL RESULTS

r =
@ -
o -
— g
-2
% |
- Ol
3 4 -
c N
2
w2 =
0 | 11* i
1.7 1.8 1.9 2.0 2.1

My (GeVic?)

Figure 6.9, Search fora D" — «'u'u signal. (a) Invariant-mass spectrum as-
suming a 7w’ u” hypothesis but with no muon identification requirement {dia-
monds). The curve, which is a ht by the sum of Gaussian peaks trom misidentihed
Dt — gt at and ]J_J\ — g and an exponential background, determines
the central values and widths of the peaks. {b) The 7 u" 1™ invariant-mass spec-
trum for events with muon identification (histogram). The solid curve is a best fit
to contributions from DY — w'u'y, feedthrough from D" = 7w w'n" and D —
7w w', and an exponential background. The dashed curve shows the size and
shape of the D" — 7w u™ contribution ruled out at the 90% confidence level.
From Aitala et al, {1996),

tion, which are the candidates for the decay mode, and were [it in the
same way. The dashed curve shows the size and shape of the D* —
7 T contribution ruled out at the 90% conhdence level.

The result for the electron decay DY — w'e’e™ is shown in Figure
6.10. After candidate events {which included electron identification) had
been found, a search window n the mass region 1.830-1.890 GeVie? was
chosen using a simulated decay signal.'” Only one of three candidates for
the decay was inside this window. The experimenters used the two can-
didate events outside the window to estimate the background inside the
window and found a background of 0.42 * 0.29 events, giving a signal of
0.58 = 1.04 events. Application of a standard Poisson method resulted in
3.56 events as the upper limit for the decay.

The experimenters concluded, “In summary, Fermilab experiment
E791 has obtained upper limits on branching fractions B for the
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Figure B.10. Search for D" — w'e'e signal. Invariant-mass spectrum with whe'e
hypothesis. Three events pass the electron-identification requirements (histogram).
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from the m'e"e” invariant-mass spectrum without the electron-identification

requirement, normalized to two events outside the signal region (diamonds). The
dashed curve shows the size and shape of the bremsstrahlung-widened D7 —
w'ete” signal excluded at the 90% confidence level. From Aitala et al. {1996),

three-body FCNC decays DY — 7w p~ and D7 — whe’e™ that are an
order of magmtude below those previously published. At 90% C.L. [con-
fidence level], B(IDY — wtptpn™) < 1.8 X 107 and B(DT — wtete) <
6.6 X 107" (Aitala et al., 1996, p. 367). These results were accepted by the
Particle Data Group as the definitive limits.>"

The group also varied their selection criteria and showed that their
result was robust against reasonable vamations in these criteria. For
example, in studying the decay D7 — wp™p~, the experimenters
observed (Aitala et al., 1996):

Variations on this technique gave consistent results. Specifving widths of the
expected FCNC signal between 11 and 15 MeV/c” changes the upper limit by
only 4%. Constraining the relative amounts of D' — 7 w'«w* and D' —
mw ' wt feedthrough to be the same as in Fig. [6.9] gives < 3.2 events at the 90%
C.L., while use of a si mple mass window instead of a likelihood fit gives = 4.5
events. . . . . At 90% C.L., B(D" — wr ¥ ) < 1.8 % 1077, The limit is quite sta-

ble under variation of vertex selection and muon T criteria. {p. 366)
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Another interesting question that arnses in an experiment that ob-
tains a null result is whether the experiment would actually have detect-
ed the phenomenon in question had it been present.?! The experimenters
checked this by inserting simulated events into their observed distribu-
tion. “We have also tested the procedure with ensembles of simulated
experiments in which fixed numbers (2-10) of simulated FCNC signal
events, drawn randomly from a Gaussian mass distribution, are added to
the observed spectrum and successfully found by the fir” (p. 366, emphasis
added). It the decays had been present they would have been detected.

The second paper on rare decays published by the E791 collaboration
“blindly” analyzed the same data and appeared in 1999 {Aitala et al,,
1999):

For this study we used a “blind” analysis technique. Before our selection criteria
were finalized, all events having masses within a window AM, around the mass
of the D*, D*, or DV were “masked ™2 so that the presence or absence of any
potential signal candidates would not bias our choice of selection criteria. All ¢ri-
teria were then chosen using signal events generated by a Monte Carlo simula-
tion prograim and background events from real data. Events within the signal
windows were unmasked only after this optimization. Background events were
chosen from a mass window AM, above and below the signal window A M. The
criteria were chosen to maximize the ratio No/4/N where N and N, are the
numbers of signal [generated by the Monte Carlo simulation] and background

events, respectively, (pp. 403-4)

Although the data used remained the same, other criteria were
changed shghtly as detailed study of the apparatus and the data contin-
ued in the intervening three years. In addition, somewhat different statis-
tical methods, unavailable earlier, were used to calculate the upper limits.
The final upper limits for the decay modes D' — w'p"p” and D' —
mrete” were <<1.5 % 1077 and <<5.2 X 1072, respectively. These were not
substantially different from the limits of <<1.8 % 107 and <6.6 X 107
reported earlier and no significance was attached to the difference.

One point of interest is that the number of events in the final sample
of D* — wr¥e7e™ candidates had changed. Figure 6.10 shows three events,
one in the signal region and two background events. In the 1999 publica-
lion, the higher-mass background event 1s missing (Figure 6.11). Conver-
sations with several ol the experimenters revealed that the missing back-
ground event had not, in fact, been noticed. They attributed its loss to the
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Figure 6.11. Final sample of candidate events for D7 — w'e’e™. The solid curves
are the estimated background; the dotted curve represents the signal shape for the
number of events equal to the 90% conhdence level upper limit. The dashed verti-
cal lines are the M boundaries. From Aitala et al. {1999,

slightly different selection criteria used in the two papers and noted that
the upper limit for the decay had not changed significantly.?

The Anomalous Magnetic Moment of the Muon

Blind analysis has become so widespread that there are now instances in
which several subgroups of an experimental group perform indepen-
dent blind analyses of the same experimental data. This provides a
strong safeguard against experimenter bias. An example of this is the
recent precision measurement of the anomalous magnetic moment of
the muon (Brown et al., 2001}. This is a quantity that is precisely calcu-
lable by the Standard Model, the currently accepted theory of elemen-
tary particles, and any discrepancy between the experimental and theo-
retical values would be evidence that the current theory needs modifica-
tion or replacement.

[n this experiment, positive polarized muons (their spins are ahgned)
were injected into a storage ring, in which the muons were kept in orbit
by a magnetic field <<B>. The muon spin precesses faster than its
momentum rotates in the magnetic field by an angular trequency . The
anomalous magnetic moment a is:

a, = mdf'[[efrullc}f.’.l?r':s-].

The angular frequency w, was determined by counting the number
of positrons resulting from muon decay, p* —=e" + v_+ v, Parity vio-
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Figure 6.12. Positron time spectrum overlaid with the fitted ten-parameter func-
tion [x't.-"l}lﬁl-' = 3818/37990]), The total event sample of (.95 107 ¢t with E = 2.0
eV 1s shown, From Brown et al, (2001,

lation in the decay*? gives rise to asymmetries in both the electron angu-
lar distribution and the electron energy. The number of positrons with
energy =L is:

N(r) = Ne " {1 + A(E) sin[w_t + ¢ (E}]},

where y7 1s the time dilated lifetime of the muon, A(E) is a function of
the positron energy, and ¢_(E) is a phase depending on the positron ener-
gy, Thus by measuring the distribution of decay positrons, one can deter-
mine w, (Figure 6.12}. The other crucial parameter in determining a, 15
the magnetic field <<B>. The magnetic field was measured by 17 nuclear
magnetic resonance (NMR) probes mounted on a trolley that moved on
a fixed track inside the muon storage ring vacuum chamber. The meas-
urements were made approximately every three days, and interpolation
for the period between measurements was provided by 150 fixed NMR

probes distnibuted around the ring. Because of its importance, the fitting
of the magnetic held was delegated to four different and independent
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subgroups.*? Each group used a different random offset in the value of
the magnetic field. One of the groups had difficulty in obtaining an inter-
nally consistent fit to the field; in an etfort to locate the problem, the
analysis was partially unblinded. Each group was then given the same
random offset, allowing a comparison of the fits. The problem was found
and corrected. The absolute value of the held, needed for the calculation
of a,, Was still unknown to the experimenters,

[nterestingly, the experiment-theory comparison was, in a sense, also
blind. After the experimental group had obtained their final value ot a ),
they asked William Marciano, a theoretical physicist who worked on cal-
culating its value, what the best theoretical value ot a,, was. They did not
mform him of their result untl after he had provided the value. Their
experimental value was a, = 11,659,202 (14)(6) X 107", which was in
good agreement with previously measured values, but it has an experi-
mental uncertainty only one-third the size.>® The best theoretical value,
calculated from the Standard Model, was a,, = 11,659,159.6(6.7) X 107",
The difterence a, (exp) — a, (SM) = 43(16) x 1010 might indicate a
problem with the Standard Model, and 1s, perhaps, an indication of the

presence of supersymmetry, a currently favored theoretical speculation.

Discussion

[t 15 interesting to consider whether blind analysis could have been
applied to the cases of selectivity we have already discussed: the measure-
ment of the K7, branching ratio, Millikan’s measurement of the charge of
the electron, the search for gravity waves, the 17-keV neutrino, and the
search for low-mass electron-positron states.

[n the case of the K7, branching ratio, the analysis was effectively
blind. The cuts on range, tracking matching, and time of decay were all
fixed and their robustness checked before the number of K7, candidates
was normalized to other, more prevalent decay modes.*” For Millikan’s
experiment, one suspects that a random offset added to his calculated
value of ¢ for each event might have guarded against his selectivity on the
oil drops used. It would not, however, have eliminated his selective calcu-
lational methods. Assuming the same random otfset for each oil drop, the
two methods would still have given different values of e. As we have seen,
however, the correctness of Millikan's result was shown by the numerous
repetitions of the experiment,
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For the 17-keV neutrino, it might have been possible to add the same
random offset to each measured electron energy, In that way, the energy
at which the kink in the energy spectrum occurred would not have
appeared at the energy that gave a 17-keV neutrino, but at some other
energy. This might have avoided any possible bias toward reproducing
previous results.2® In the case of Weber’s gravity waves, it is not clear to
me how one might have applied blind analysis. In the episode of the
low-mass electron-positron states, one might argue that had the same
random oftset been applied to the electron and positron energies, any
bias toward reproducing the previously observed lines in the sum-energy
spectrum would have been eliminated. The “hidden signal box™ method
could not have been used because the entire sum-energy spectrum was
regarded as the signal region. There was no signal-free region in which
the value of the cuts could have been fixed and then applied to the signal
region. There was also the very real possibility that the observed ettects
were extremely sensitive to the experimental conditions. As discussed
earlier in the book, the artifactual nature of the results in the last three
episodes was shown by normal strategies. Blind analysis was not needed.

Judging from the significant amount of etfort being devoted to blind
analysis, it seems clear that the problem of selectivity or experimenter
bias is one that troubles the physics community. Blind analysis is a proac-
tive strategy designed to eliminate or minimize the problem. It is not, as
we have seen, applicable to all experiments. It 1s yet another strategy used
lo argue for the correctness of experimental results, As we have discussed,
the robustness of the results was checked in the standard way n the

experiments that used blind analysis.

Monte Carlo Simulation

[n several of the episodes discussed earlier, including the early searches
for gravity waves, the 17-keV neutrine, the low-mass electron-positron
states, and several of the experiments discussed in the section on blind
analysis, Monte Carlo calculations or simulations plaved an important
role.?”

Andrew Pickering has questioned the use of such Monte Carlo cal-
culations and suggested that their use in experiments precludes the use of
the results as evidential support. In discussing the use of such a simula-
tion in the Gargamelle experiment, which reported the existence of weak
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neutral currents, Pickering noted that several of the inputs to the cal-
culation could be questioned. These included the beam characteristics,
the interaction of nucleons with atomic nuclei, neutron production, and
idealized experimental geometry (Pickering, 1984b):

My object here 1s simply to demonstrate that assumptions were made which
could be legitimately questioned: one can easily imagine a determined critic tak-
ing issue with some or all of these assumptions. Moreover, even if all of the
assumptions were granted, it remained the case that they were input not to an
analytic calculation, but to an extremely complex numerical simulation. The
details of such simulations are enshrined in machine code and are therefore
inherently unpublishable and not independently verifiable. Thus the skeptic
could legitimately accept the input to the calculation but continue to doubt its

output, (p. 96}

What Pickering overlooks 15 that considerable eftort is devoted to
checking the results of that calculation by comparison with experimental
evidence that is independent of the result in question.”” The results of
this checking are, in fact, publicly available in the published literature.
Thus in the 17-keV neutrino episode, Hime's (1993 ) Monte Carlo calcu-
lation had shown that intermediate scattering effects in his alununum
battles could account for his data just as well as did the assumption of a
17-keV neutrino. He checked his calculation by comparing it to data
taken with the same experimental apparatus and geometry using a
monoenergetic internal conversion electron source. The excellent fit be-
tween these measurements and his simulation argued for the correctness
of s calculation (Figure 6.13),

Such checks of simulations are usually done, For example, in an
experiment designed to measure the energy dependence of the form
factor in K7y decays, K¥ — ¢* + 7"
dependent parameter A was fixed was by comparing Monte Carlo-
generated spectra that used different values of A with experimental data

i v, the way in which the energy-

(Imlay et al., 1967). The Monte Carlo simulation was checked by com-
paring its results with a sample of background events:

[t was also necessary to know the energy distributions relating to background

events. These distributions were obtained from the Monte-Carlo generated sam-

I
2l

ple of spurions K, events. Indications of the validity ot this calculation were

obtained from the distributions of positron momentum, vy-ray energy, and 7"
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Figure 6.13. ""Cd spectrum accumulated in the Oxford geometry, The solid curve
shows the effect calculated for intermediate scattering, From Hime (1993),

energy for those events which were rejected by selection criterion 3. This criterion
required that the counter behind each spark chamber give a pulse if the shower
in the chamber contained sparks in either of its last two gaps. These rejected
events should differ from the background events in the final sample of 1867
nominal K7, events only with regard to selection criterion 3. Thus, when recon-
structed as K1, decays, the background events that passed and failed criterion 3
should have exactly the same distributions. These are shown in Fig. [6.14], along
with the calculated distributions for Monte-Carlo generated spurious events.
The good agreement provides strong support for the background calculation,
particularly since these distributions differ substantially from the corresponding

distributions for good events. {p. 1209)

Peter Galison's {1987, Chapter 4) discussion of the Fermilab EI1A
experiment, which argued for the existence of weak neutral currents, also
lustrates the checking of a Monte Carlo calculation. In this experiment,
charged-current events were those that included a muon (which was
identified by its ability to penetrate an absorber) as well as a hadron (i.e.,
strongly interacting particle) shower. Neutral-current events contained
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Figure 6.14. Comparison of the Monte Carlo-generated y-ray spectrum with
experimental data for rejected events. From Imlay et al. (1967),

the hadron shower, but did not include a muon. One crucial problem was
that hadrons in a neutral-current event might penetrate (punch through)
the absorber and be classihied as charged-current event. Thus, the esti-
mate of hadron punchthrough was crucial in establishing the existence of
the neutral current. The experimenters used a Monte Carlo calculation to
estimate the punchthrough. They checked their simulation by rescanning
30% of their data and measuring the fraction of charged current events
that also contained a hadron punchthrough. They plotted the punch-
through probability as a function of energy and found that it matched the
results given by the Monte Carlo calculation. This increased their confi-
dence in their model and they applied the computer simulation to calcu-
late the number of neutral current events. The experimenters also ana-
lvzed their data using a ditferent method and obtained the same result,
showing the robustness of both the result and the correctness of the
Monte Carlo calculation. “[Within a week or so [we] will have the mea-
surements needed to analyze the data using 5C4 alone in a nearly
punch-through-free way. Since we also measure [the punchthrough prob-
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ability| .. . with almost no reliance on Monte Carlo, we would like to wait
to include this analysis in the paper” (Galison, 1987, p. 237). In addition,
the Monte Carlo calculation was done independently by two different sub-
groups within the experimental group; the results were indistinguishable.

Pickering also overlooks the fact that the robustness of the results of
a Monte Carlo calculation 1s checked against reasonable variations mn the
simulation input parameters, This 15 done because—as Pickering himself
notes—these parameters are not known exactly. Typically, the results are
not sensitive to such variations. It they are, then the results must be used
with extreme care, and may not, in fact, be usable,

Such independent checks of the robustness of Monte Carlo simula-
lions instill confidence in the calculations in all but the most determined

skeptics.



THE
RESOLUTION
OF
DISCORDANT
RESULTS

As we have seen in Part [, experimental results often disagree, How, then,
can scientific knowledge be based on experiment? If we do not have good
reasons for beliet in experimental results or for our choice of one of a set
of discordant results rather than another, then experimental evidence
cannot provide the grounds for scientific knowledge. Although in prac-
lice, the discord between experimental results is usually resolved within a
reasonable time,! questions remain as to whether the method by which
the resolution is achieved provides grounds for confidence in the knowl-
edge gained from the experimental results.

Social constructivists, whose views we discussed in the Introduction,
imply (however much they may disclaim it)? that it does not. In their
view, the resolution of such disputes and the acceptance of experimental
results in general is based on "negotiation” within the scientific commu-
nity, which does not include epistemological or methodological criteria.
Such negotiations do include considerations such as career interests, pro-
fessional commitments, prestige of the scientists’ institutions, and the
perceived utility for future research. As Pickering (1984b} stated, “Quite
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simply, particle physicists accepted the existence of the neutral current
because they could see how to ply their trade more profitably in a world
in which the neutral current was real” (p. 87). The emphasis on career
interests and future utility is clear.”

Collins (1985) has summed up the argument against both experi-
mental results and reasoned resolution of discordant results in what he
calls the “experimenters regress : What scientists take to be a correct
result is one obtained with a good, that is, properly functioning, experi-
mental apparatus. But a good experimental apparatus is simply one that
gives correct results. Collins claims that there are no formal criteria that
one can apply to decide whether an experimental apparatus is working
properly. “Proper operation of the apparatus, parts of the apparatus and
the experimenter are defined by the ability to take part in producing the
proper experimental outcome. Other indicators cannot be found”
(Collins, 1985, p. 74).

[ disagree. I believe that the discord between experimental results is
resolved by reasoned argument, based on epistemological and method-
ological considerations. These are the other indicators. This does not pre-
clude a joint decision concerning whether a detector works properly and
the phenomenon in question exists. The disagreement between my view
and that of the constructivists concerns the reasons for that decision. As
we have seen and as discussed below, the decision between the discordant
results in the episodes of gravity waves, the 17-keV neutrino, and the pro-
posed low-mass electron-positron states was based on epistemological
and methodological criteria,

Some commentators {as well as social constructivists themselves) have
argued that constructivists do not claim that scientists do not provide rea-
sons for their decisions, but rather that the reasons are insufficient. “Social
constructivists do not say that experimental evidence 1s irrelevant to theory
choice, confirmation, or refutation. Nor do they argue that there are no
good reasons for belief in the validity of evidence” (Lynch, 1991, pp. 476—
77). Nevertheless, in studies presented by constructivists, evidence does
not enter into such decisions, nor are good reasons for beliet in evidence
discussed. The contructivist claim is twotold. First, the reasons used by the
scientific community do not provide justification for either experimental
evidence or for hypothesis testing on the basis of that evidence. Second,
even 1f such reasons were sufhcient within science, they do not have any
standing beyond the scientific community.
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[ shall begin with the second point. As discussed earlier, | believe that
there 1s an epistemology of experiment, a set of strategies that provides
grounds for reasonable beliet in experimental results. | have further argued
that these strategies have independent philosophical justification and have
shown that they are used by scientists. Decisions between discordant results
are made by the commumty of scientists, and are thus inherently social and
dependent on historical context, particularly on what is accepted as scien-
titic knowledge at a given time. | certainly do not deny that scientists have
the usual human motivations, such as career advancement, desire tor
credit, prestige, and economic gain. Scientists also have an interest in pro-
ducing scientific knowledge, as well as a career interest in producing correct
results. [ do claim, however, that such decisions are based on epistemolog-
ical and methodological criteria, and that these criteria are not justified
merely by their acceptance by the scientific community.

[ believe that we have independent grounds for believing that science
and its methodology provide us with reliable knowledge about the world.
[t s not just the successtul practice of science, which s, after all, decided
by scientists themselves, but rather evidence from the “real” world that
underlies this judgment. It 1s not mystical incantations by Faraday, Max-
well, or other scientists that cause a light to come on when a switch 1s
thrown. The earth would not suddenly head toward outer space if the
American Physical Society voted to repeal Newton's law of universal grav-
itation. These and other examples too numerous to mention provide
grounds for believing that science 1s actually telling us something reliable
about the world. As Tan Hacking said (in the more limited context of dis-
cussing the reality of scientific entities such as electrons), "We are com-
pletely convinced of the reality of electrons when we regularly set out to
build—and often enough succeed in building—new kinds of devices that
use various well-understood causal properties of electrons to interfere in
other more hypothetical parts of nature” (Haclang, 1983, p. 265). It 1s this
practical intervention in the world that persuades us that we should take
account of what 20th-century physics has to say when we formulate a
world view. It is possible that negotiations based on the considerations
suggested by some constructivists might give us reliable knowledge about
the world, but that seems rather unlikely. Why should the world be such
that it benefits the career mterests of scientists?

The first point made by constructivists, concerning whether reasons
are sufficient to provide justification for evidence or theories, relies on
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two philosophical points (Nelson, 1994}, The first 15 the underdeterm-
nation of theory by evidence—the fact that one can always find an alter-
native explanation for a given experimental result. The second is the
Duhem-Quine thesis: If an experiment seems to refute a theory, it in fact
refutes the conjunction of both the theory and background knowledge
and one does not know where to place the blame for the taillure. One may
save a hypothesis from refutation by suitable changes in one’s back-
ground knowledge. [ believe that adequate answers have already been pro-
vided for these points {e.g., Franklin, 1990, pp. 144-61; Franklin, 1993b,
pp. 260-67). An adequate discussion of these issues would take us too far
from the central issue of this section, namely: How is the discord between
experimental results resolved?

I have argued for the existence of an epistemology of experiment, a
set of strategies that can be used to defend the correctness of an experi-
mental result. The difficulty is that in cases of discordant results, such
strategies were applied to each of the experiments. The resolution must
proceed by demonstrating that, in at least some of the experiments, the
strategies have been incorrectly applied.

Perhaps the most important method of invalidating a result 1s to
show that the Sherlock Holmes strategy has been incorrectly applied. One
can argue that the experimental result can be explained by an alternative
hypothesis, or that a plausible source of error {e.g., a background that
might either mask or mimic the correct result) has been overlooked. One
can demonstrate that the use of a particular strategy generates a contra-
diction with accepted results. Similarly, one might examine the assump-
tions concerning the operation of the apparatus and show empirically
that they are incorrect. Plausible interpretations of the results may also be
shown to be incorrect.

Other criteria can also be used. In a particular experiment, some
epistemological strategies may have been applied successfully, whereas
others had failed, casting doubt on the result. Sometimes the failure to
reproduce an observation, despite numerous attempts to do so, might be
legitimately regarded as casting doubt on the original observation, even
when no error has been found in the original experiment. This would be
a case of preponderance of evidence,

There are several different types of discordant experimental results.

One may have experiments that measure the same quantity with the
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same, or similar, types of apparatus {(e.g., the early searches for gravity
waves, discussed in Chapter 2), Discordant results may also involve the
measurement of the same quantity, but with different types of experi-
mental apparatus {e.g., the 17-keV neutrino, discussed in Chapter 4). In
this case, one might worry that the difference in the results is due to some
crucial difference in the apparatus. A third tyvpe of discord occurs when
different experiments, measuring different quantities that are predicted
by the same theory, give results such that one of the experiments con-
firms the theory, whereas the other confutes theoretical prediction. One
may even have discordant results produced when different members of
the same experimental group analyze the same data in different ways. In
addition, I present an episode in which two experimental results were
regarded as discordant, but were, in fact, both correct. The discord re-
sulted from an error in the interpretation of one of the results. Each of
these types of discord is illustrated in chapters in Part 11

In these chapters, | examine four episodes from the recent history of
physics: the suggestion of a Fifth Force, a modification of Newton's law of
gravitation; early experiments on the absorption of 3 particles; experi-
ments on neutrine oscillations; and experiments on atomic parity viola-
tion and the scattering of polarized electrons, and their relation to the
Weinberg-5Salam unified theory of electroweak interactions. In each of
these episodes, discordant results were reported, and a consensus was
subsequently reached that one result, or set of results, was incorrect. |
examine the process of reaching that consensus, and that this process was
based on the epistemological and methodological criteria [ have suggested.

Can case studies be used to demonstrate that scientists resolve the
discord between experimental results by the application of epistemolog-
ical and methodological criteria? The case studies show only that in the
six episodes presented here, the discords indeed were so resolved. Never-
theless, case studies do support the generalization. Although it is danger-
ous to generalize from only seven mstances, [ believe that these episodes
provide a reasonable picture of the practice of modern physics. But note
that constructivists also provide case studies to support their view of
science. Two of the episodes discussed in this book—namely, the early
attempts to detect gravity waves and the atomic-parity violation experi-
ments—have been used by constructivists to support their view that the

resolution of such discordant results does cast doubt on the status of
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science as knowledge (Collins, 1985; Pickering, 1984a, 1991). 1 have
argued in detail elsewhere that their accounts are incorrect (Franklin,
1990, 1993¢, 1994). Constructivists such as Pickering and Collins seem to
imply that epistemological criteria are never decisive in resolving the dis-
pute between discordant results, In that case, the presentation of even one
case study m which the critena are deaisive casts doubt on their view.



The Fifth Force

[n January 1986, Aronson, Fischbach, and Talmadge proposed a modifi-
cation of Newton's law of universal gravitation (Fischbach et al., 1986).
The Newtonian gravitational potential is V. = =G mi,/r. Their modifica-
tion took the torm V = =G, /1 [1 4 aeM|, where a is the strength of
the new interaction and A is its range. This new interaction became
known as the “Fifth Force.” Their initial suggestion was that o was
approxamately 1% and A approximately 100 m. Unlike the gravitational
force itself, the new force was composition dependent. The Fifth Force
between a copper mass and a platinum mass would be different from that
between a copper mass and an iron mass. By early 1990, a consensus was
reached that such a force did not exist. The decision process was not sim-
ple. There were two different sets of discordant results: (1) from mea-
surements of gravity using towers and mineshafts, which examined the
distance dependence of the torce; and (2} from experiments on the com-
position dependence of the force. For a reasoned decision to be reached
concerning the existence of the Fifth Force, the discords had to be
resolved.

For details of this history, see Franklin ( 1993a),
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Tower Gravity Experiments

One way in which the presence of the Fifth Force could be tested was by
mvestigating the distance dependence of the gravitational force, to seef
there was a deviation from Newton's inverse-square law. This type of
experiment measured the variation of gravity with position, usually in a
tower, or in a mineshaft or borehole. All ot the experiments used a stan-

dard device—a LaCoste-Romberg gravimeter—to measure gravity. The
measurements were then compared with the values calculated using a
model of the earth, surface-gravity measurements, and Newton’s Law of
Gravitation.! This was a case in which the experiments used the same
type of apparatus to measure the same quantity.

Evidence from such measurements had provided some ot the initial
support for the existence of the Fitth Force. Geophysical measurements
during the 1970s and 1980s had given values of G, the universal gravita-
lional constant, that were consistently higher (by about 1%) than that
obtained in the laboratory.® Because of possible local mass anomalies
they were also tantalizingly uncertain.

After the proposal of the Fitth Force, further experimental work was
done. At the Moriond workshop in January 1988,% Eckhardt presented
results from the first of the new tower gravity experiments {Eckhardt et
al., 1988).% The results differed from the predictions of the inverse-square
law by =500 = 35 pGal {1 pGal = 107% ms™) at the top of the tower
(Figure 7.1). A second result was also presented at the workshop by the
Livermore group { Thomas et al., 1988). They used gravity measurements
from five boreholes and found a 2.5% discrepancy between their ob-
served gravity gradient and that predicted by their Newtonian model.
This result also differed in magnitude from the 0.52% discrepancy in
mineshaft measurements reported by Stacev and in both sign and mag-
nitude from the 0.29% discrepancy reported by Eckhardt. They noted,
however, that their measured free-air gradients disagreed with those cal-
culated from their model and concluded “that the model does not reflect
the total mass distribution of the earth with sufficient accuracy to make
a statement about Newtonmian gravity [or about the Fifth Force|” (Tho-
mas et al., 1988, p. 591).

Further evidence for the Fifth Force was provided by a group that
measured the variations in gravity in a borehole in the Greenland icecap
(Ander et al., 1989). They tfound an unexplained difference of 3.87 mGal
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Figure 7.1. Eckhardt et al.s experimental results fitted to a scalar Yukawa model. The
difference between the predictions of Newtonian gravity and the measured values are
plotted as a tunction of the height in the tower, From Fairbank ( 1985).

between the measurements taken at a depth of 213 m and those taken at
1,673 m. The experimental advantage of the Greenland experiment was
the uniform density of the icecap. The disadvantages were the paucity of
surface-gravity measurements and the presence of underground geolog-
ical features that could produce gravitational anomalies,

All of the evidence from tower and mineshalt experiments prior to 1988
supported the Fifth Force. There was, however considerable—although not
unambiguous—negative evidence from other types of experiments. Nega-
tive evidence from tower experiments would, however, be torthcoming, and
it is the discrepancy between the tower results that | address here. (The dis-
cord between the other experimental results on the composition depend-

ence of the Fifth Force 1s addressed i the next section.)
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Even before those negative results appeared, questions were raised
concerning the positive results. It was not, in fact, the gravity measure-
ments themselves that were questioned. These were all obtained with a
standard and reliable instrument. It was, rather, the theoretical calcula-
tions used for the theory-experiment comparison that were criticized.
One of the important elements needed 1 these calculations was an ade-
quate model of the earth. Recall that the Livermore group had doubted
their own comparison because their model had not given an adequate
account ot the measured free-air gradients.

The Greenland group’s calculation was the first to be criticized. It was
subjected to severe criticism, particularly for the paucity of surface-grav-
ity measurements near the location of their experiment (their survey
included only 16 such points), and for the inadequacy of their model of
the earth. It was pointed out that there were underground features in
Greenland of the type that could produce such gravitational anomalies.
The Greenland group was criticized for having overlooked plausible
sources of error in their experiment-theory comparison and for over-
looking plausible alternative explanations of their result. When this result
was later presented, the group stated that their result could be interpreted
either as evidence for non-Newtoman gravity (a Fifth Force), or
explained by local density variations. “We cannot unambiguously attrib-
ute it to a breakdown of Newtonian gravity because we have shown that
it might be due to unexpected geological features below the ice” (Ander
et al., 1989, p. 985},

Parker (a member of the Greenland group) and Bartlett and Tew,
suggested that both the positive evidence for the Fifth Force of Eckhardt
and collaborators ({1988) and that of Stacey and collaborators (1987)
could be explained by either local density variations or by inadequate
modeling of the local terrain. Bartlett and Tew (1989a) gave more details
of their criticism at the 1989 Moriond Workshop. They conceded that it
was still an open question as to whether the models of Stacey and
Eckhardt properly accounted for local terrain, and presented a calcula-
tion arguing that 60-65% of Eckhardt's tower residuals could be ex-
plained by local terrain.

Eckhardt disagreed. His group presented a revised value for the devi-
ation from Newtonian gravity at the top of their tower of 350 £ 110
pGal. They attnibuted this change—a reduction of approximately one-
third—to better surface-gravity data and elimination of an elevation bias



THE FIFTH FORCE = 169

in their previous survev.” “We also had the help of critics who found our
claims outrageous” (Eckhardt, 1989, p. 526). They concluded, "neverthe-
less the experiment and its reanalysis are incomplete and we are not pre-
pared to offer a final result” (p. 526).

The Livermore group presented a result from their gravity measure-
ments at the BREN tower at the Nevada test site (Kasamevyer et al., 1989).
To overcome the difficulties with their previous calculations, they had
extended their gravity survey to include 91 of their own gravity measure-
ments {taken within 2.5 km of the tower) supplemented with 60,000 sur-
face-gravity measurements {taken within 300 km) that were done by oth-
ers.” They presented preliminary results in agreement with Newtonian
gravity, reporting that, at the top of the tower, the difference between the
measured and predicted values was 93 = 95 pGal.”

Bartlett and Tew continued their work on the effects of local terrain.
They argued that the Hilton-mine results of Stacey and his collaborators
could also be due to a failure to include local terrain in their theoretical
model (Bartlett and Tew, 1989b). They communicated their concerns to
Stacey privately. Their view was conhirmed when, at the General
Relativity and Gravitation Conference in July 1989, Tuck {1989} reported
that their group had incorporated a new and more extensive surface
gravity survey into their calculation. "Preliminary analysis of these data
indicates a regional bias that reduces the anomalous gravity gradient to
two-thirds of the value that we had previously reported (with a 50%
uncertainty).” With such a large uncertainty, the results of Stacey and his
collaborators could no longer be considered as support for the Fifth
Force.

Parker and Zumberge (1989), two members of the Greenland group,
offered a general criticism of tower experiments, They argued, in some
detail, that they could explain the anomalies reported in both Eckhardt’s
lower experiment and n their own ice-cap experiment using conven-
tional physics and plausible local density variations.® They concluded
that there was “no compelling evidence for non-Newltoman long-range
forces in the three most widely cited geophysical experiments [those of
Eckhardt, of Stacey, and their own| . .. and that the case for the failure of
Newton's Law could not be established” (p. 31).

The last hurrah for tower gravity experiments that supported the
Fifth Force was signaled by Jekeh and collaborators {1990). In this paper,
Eckhardts group presented their final analysis of their data, which
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Figure 7.2. Difference between measured and calculated values of ¢ as a tunction of
height, No significant difference 1s seen. From Jekeli et al. (1990),

mcluded a revised theoretical model, and concluded that there was, in
fact, no deviation from Newtonian gravity. (See Figure 7.2 and contrast
this with their mitial positive result, shown in Figure 7.1}. Two subse-
quent tower results also supported Newton's Law (Kammeraad et al,,
1990; Speake et al., 1990).

The discord had been resolved. The measurements were correct: It
was the comparison between theory and experiment that had led to the
discord. Tt had been shown that the results supporting the Fifth Force
could be explained by inadequate theoretical models—failure to account
adequately tor local terrain or failure to include plausible local density
variations. In other words, the Sherlock Holmes strategy had been in-
correctly applied. The experimenters had overlooked plausible alternative
explanations of the results or possible sources of error.

The careful reader will have noted that it had not been demonstrat-
ed that the original theoretical models were incorrect. It had only been
shown that the measurements agreed with the theory when plausible
sources of error were eliminated. Although this made the positive Fifth
Force results very questionable, it was not an airtight argument. The new
calculations could have been wrong. Note, however, that the expern-

menters themselves agreed that the newer models were better.
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Scientists make decisions in an evidential context. The Fifth Force
was a modification of Newtonian gravity. Newtonian gravity, and its suc-
cessor, General Relativity, are strongly supported by existing evidence. In
addition, there were other credible negative tower gravity results that did
not suffer from the same dithculties as did the positive results, There was
also, as discussed 1n the next section, an overwhelming preponderance of
evidence against the Fifth Force from other types of experiments, The
decision as to which theory-experiment comparison was correct was not
made solely on the basis of the experiments and calculations themselves,
although one could have justified this. Scientists examined all of the
available evidence and came to a reasoned decision about which were the
correct results—and concluded that the Fifth Force did not exist.

The Search for a Composition-Dependent Force

The other strand of experimental investigation of the Fitth Force was the
search for composition dependence of the gravitational force.” The
strongest pece of evidence cited when the Fifth Force was originally pro-
posed came from a reanalysis of the Edtvids experiment (Edtvos et al.,
1922). The original Eétvis experiment was designed to demonstrate the
equality of gravitational and inertial mass for all substances. Lotvos
reported equality to about one part in one million. Fischbach and collab-
orators (1986} had reanalyzed the Edtvis data and reported a large and
surprising composition-dependent effect (Figure 7.3).

This was the effect that was subsequently investigated. Two tvpes of
composibion-dependence experiments are shown in Figure 7.4. To
observe the effect of a short-range force such as the Fifth Force, one needs
a local mass asymmetry. This asymmetry was provided by either a terres-
trial source—a hillside or cliff—or a large, local, laboratory mass. It there
were a composition-dependent, short-range force, the torsion pendulum
shown in Figure 7.4 would twist in response to1t. A vanant of this exper-
iment was the float experiment, in which an object floated in a flind and
the difterence in gravitational force on the float and on the fluid would
be detected by the motion of the float. These experiments were carried
out using terrestrial sources,

The results of the first tests for a composition-dependent force
appeared n January 1987, a vear after the Fifth Force was first proposed.
They disagreed. Thieberger (1987), using a float experiment, found
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results consistent with the presence of such a force. A group at the
University of Washington, headed by Enc Adelberger, and whimsically
named the E6t-Wash group, found no evidence for such a force and set
rather stringent limits on its presence {Adelberger et al., 1987).

The results of Thieberger’s experiment, done on the Palisades clift in
New Jersey, are shown in Figure 7.5, One can see that the tloat moves
quite consistently and steadily away from the cliff (the y-direction), as
one would expect if there were a Fifth Force. Thieberger elimmated other
possible causes for the observed motions. These included magnetic ef-
fects, thermal gradients, and leveling errors. He also rotated his appara-
tus by 90" to check tor possible instrumental asymmetries, and obtained
the same positive result. In addition, he performed the same experiment
at another location, one without a local mass asymmetry or cliff, and
found no effect, as expected. He concluded:
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Figure 7.4. Two types of composition-dependence experiments used to search for

the Fifth Force. From Stubbs { 1990,
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The present results are compatible with the existence of a medium-range, sub-
stance-dependent force which is more repulsive {or less attractive} for Cu than
for H,O. . . . Much work remains before the existence of a new substance-
dependent force 1s conclusively demonstrated and its properties fully character-
ized. (Thieberger 1987, p. 1063

The Edt-Wash experiment used a torsion pendulum, shown sche-
matically in Figure 7.4. It was located on the side of a hill on the University
of Washington campus. If the hill attracted the copper and beryllium test
bodies used in the apparatus differently, then the torsion balance would
experience a net torque. None was observed (Figure 7.6}, The group min-
mnized asymmetries that might produce a spurious effect by machining
the test bodies to be identical to within very small tolerances. The test bod-
ies were coated with gold to minimize electrostatic forces. Magnetic, ther-
mal, leveling, and gravity-gradient eftects were shown to be negligible.

The discordant results were an obvious problem for the physics com-
munity. Both experiments appeared to be caretully done, with all plausi-
ble and sigmificant sources of possible error and background adequately
accounted for. Yet the two experiments disagreed.!”

In this case we are dealing with attempts to observe and measure the
same quantity—a composition-dependent force—with very difterent
apparatuses, a float experiment and a torsion pendulum. Was there some
unknown but crucial background in one of the experiments that pro-
duced the wrong result? To this day, no one has found an error in Thie-
berger’s experiment, but the consensus 1s that the Eit-Wash group 1s cor-
rect and that Thieberger is wrong—that there is no Fifth Force. How was
the discord resolved?

[n this episode, it was resolved by an overwhelming preponderance of
evidence. The torsion pendulum experiments were repeated by others,
imcluding Fitch, Cowsik, Bennett, Newman, and again by Eét-Wash (for
details and references, see Franklin [1993a]). These repetitions, in differ-
ent locations and with different substances, gave consistently negative
results. There was also evidence against the Fifth Force from modern ver-
sions ot Galileo’s Leaning Tower of Pisa experiment performed by
Kuroda and Mio (1989} and by Faller (Niebauer et al., 1987 ). For a graph-
ical illustration of how the evidence concerning a composition-dependent
force changed with time, see Figures 7.3, 7.7, and 7.8. As more evidence
was provided, the initial, and starthing, effect claimed by Fischbach and
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collaborators became far less noticeable, In addition, Bizzeti and collabo-
rators (1988, 1989), using a float apparatus similar to that used by
Thieberger, also obtained results showing no evidence of a Fifth Force.
(Compare Bizzeti et al.s results [Figure 7.9] with those of Thieberger
| Figure 7.5]). Bizzeti and collaborators’ result was quite important. Had
they agreed with Thieberger, then one might well have wondered whether
there was some systematic difference between torsion-balance experi-
ments and tloat experiments that gave rise to the conflicting results. But
this did not happen. There was, instead, an overwhelming preponderance
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of evidence against composition-dependence of the Fifth Force. Even
Thieberger {1989} agreed, although he had not found any error in his
own experiment:

Unanticipated spurious eftects can easily appear when a new method is used for
the first time to detect a weak signal. . . . Even though the sites and the substances
vary, effects of the magnitude expected have not been observed. . .. Tt now seems
likely that some other spurious effect may have caused the motion observed at
the Palisades cliff.!! (p. 810}

In both instances discussed in this chapter—the composition de-
pendence and the distance dependence of the proposed Fitth Force—the
decision that such a force did not exist was made on the basis of reasons
that allow us to consider experimental results as the basis for scientific
knowledge. In the case of the distance dependence, 1t was shown that the
positive results were obtained by overlooking effects in the theoretical
calculations that resulted in an incorrect experiment-theory comparison.
This, combined with credible negative results, argued against the exis-
tence of the Fifth Force. The discrepancy between the Thieberger and
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Adelberger results on the composition dependence of the Fifth Force was
resolved by an overwhelming preponderance of evidence. In addition,
Bizzeti and collaborators, using an apparatus quite similar to that of
Thieberger, found no evidence for the Fifth Force. This argued against
any crucial difference between the different types of apparatus being

responsible for the discordant results.



William Wilson and the
Absorption of 3 Rays

In the first decade of the twentieth century, physicists believed that the
particles emitted in radioactive decay were monoenergetic and that such
monoenergetic electrons would be absorbed exponentially in passing
through matter.! Conversely, they also believed that if electrons followed
an exponential absorption law, then they were monoenergetic. There was
evidence supporting this view. William Wilson, however, with some sup-
porting evidence from other experimentalists, showed conclusively that
this view was wrong. Within a very short period of time, the physics com-
munity accepted his results. He also showed that the previous experi-
mental results, on which the view of exponential absorption had been
based, were, in fact, correct. They had been misinterpreted. This was an
episode in which the discord was apparent, not real. Nevertheless, be-
cause the participants believed the discord was real, the method by which

the discord was resolved is relevant to our discussion.

The Exponential Absorption of 3 Rays

In 1902, Kaufmann (1902) had demonstrated that radium emitted elec-
trons with a wide range of velocities. A similar result also was found by

For a more detailed discussion, see Franklin {2002 ).
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Meyer and von Schweidler (1899} and Becquerel (1900}, Despite the evi-
dence provided, the physics community did not accept, at this time {the
first decade of the twentieth century), that the energy spectrum of elec-
trons emitted in 3 decay was continuous. There were plausible reasons
for this, Physicists argued that the sources used by both Kaufmann and
Becquerel were not pure B-ray sources, but contained several elements,
each of which could emt electrons with different energies. In addition,
even if the electrons were initially monoenergetic, each electron might
lose a ditferent amount of energy in escaping trom the radioactive source.
This view was due, in part, to a faulty analogy with « decay. Bragg (1904)
had argued earlier that each of the o particles emitted in a particular
decay has the same, unique energy, as well as a definite range 1n matter.
Physicists at the time thought, by analogy with the « particles, that the 3
rays would also be enuitted with a unique energy. Physicists also knew that
electrons did not have a unique range in matter.

The difterence between the behavior of the o and B particles was due to
the difference in their interactions with matter. Alpha particles lose energy
almost solely by 1omzation, whereas electrons lose energy by several pro-
cesses, iIncluding 1onization, scattering, and processes unknown to physicists
i the early twentieth century. It was believed that monoenergetic electrons
would follow an exponential absorption law when they passed through mat-
ter. This was a reasonable assumption for the physicists of that time: If elec-
tron absorption was dominated by the scattering of electrons out of the
beam, and if the scattering probability per unit length was constant, then an
exponential absorption law would follow. As Bragg (1904) stated:

Nevertheless it is clear that b rays are liable to deflexion through close encoun-
ters with the electrons of atoms; and therefore the distance to which any given
electron is likely to penetrate before it encounters a serious deflexion 1s a matter

of chance. This, of course, brings in an exponential Law. (p. 720)

Early expenimental work on electron absorption gave support to such
an exponential law and theretore to the homogeneous {monocenergetic)
nature of B rays, particularly the work of Schmidt (1906, 1907). Schmidt
fitted his absorption data for electrons emitted from different radioactive
substances with a single exponential or a superposition of a few expo-
nentials. Figure 8.1 shows the absorption curves that Schmidt obtained
for electrons from radium B and from radium C.? The logarithm of the
ionization (a measure of the electron intensity) decreases linearly with
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Figure 8.1. Schmidt’s result on the absorption of B ravs. The logarithm of the elec-
tron intensity (ionization) is plotted as a function of absorber thickness. Each of
the curves is a reasonable fit to two straight lines, indicating to Schmidt both expo-
nential absorption and the presence of two groups of monoenergetic electrons for
cach substance. From Schiudt (1906),

the thickness of the absorber, which indicates an exponential absorption
law. Each curve actually consists of two straight line segments, showing
the superposition of two exponentials. Schmidt (1906) interpreted this
result as demonstrating that two groups of 3 rays were emitted in each of
these decays, each with 1ts own unique energy and absorption rate:

We have seen that the B-rays from radium are absorbed according to a pure
exponential law within certain filter thicknesses. Should this not be taken to
mean that there exists a certain group [of rays| with a constant absorption coef-
ficient among the totality of B-radiations? Indeed, could we not go one step fur-
ther and interpret the total action of B-rays in terms of a few B-ray groups [each]
with a constant absorption coefficient? {Translated in Pais 1986, p. 149]

There was, in fact, a circularity in the argument. If the B rays were
monoenergetic, then they would give rise to an exponential absorption
law. It they followed an exponential absorption law, then they were
monoenergetic. As Rutherford (1913) remarked:
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Figure 8.2. The B-ray absorption curve obtained by Hahn and Meitner for
mesothoriunm. The curves are a reasonable fit to straight lines. From Hahn and
Meitner (1908a).

Since Lenard had shown that cathode rays . . . are absorbed according to an
exponential law, it was natural at first to assume that the exponential law was an
indication that the B rays were homogeneous, 1.e. consisted of B particles pro-
jected with the same speed. On this view, B particles emitted trom uraninm
which gave a nearly exponential law of absorption, were supposed to be homo-
geneous. On the other hand, the B rays from radium which did not give an expo-
nential law of absorption were known from other evidence to be heterogeneous.
{pp. 209-10)

This association of homogenous electrons with an exponential
absorption law informed early work on the energy spectrum in B decay.
This was the situation in 1907, when Lise Meitner, Otto Hahn, and Otto
von Baeyer began their work on the related problems of the absorption
of electrons in matter and of the energy spectrum of electrons emitted in
B decay.” They first examined the absorption of electrons emitted in the
[} decay of several complex substances: uranium + uranium X (34T,
radiolead + radium E, radium E alone, and radium. They found that the
absorption of these electrons did, in fact, follow an exponential law, con-
firming the results obtained by Schomidt (Figure 8.2). They formulated
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the simple and attractive hypothesis that each pure element emitted a
single group of monoenergetic |3 rays. The multielement sources they
used yielded absorption curves that consisted of several superposed ex-
ponentials. The only exception seemed to be mesothorium-2. As Hahn
(1966) later remarked, “but we felt so certain about the uniformity of
beta rays from uniform elements that we explained the noncompliance of
mesothorium-2 by a still not understood complexity m the nature of
mesothorium-2" (pp. 33-54),

The Experiments of William Wilson

The evidential situation changed dramatically with the work of William
Wilson. Wilson investigated what was, in retrospect, a glaring omission in
the existing experimental program—the actual investigation of the veloc-
ity dependence of electron absorption {Wilson, 1909). He noted that his
“present work was undertaken with a view to establishing, if possible, the
connection between the absorption and velocity of 3 rays. So far no actu-
al experiments have been performed on this subject” (p. 612, emphasis
added). Although Schmidt’s experiments had provided some informa-
tion on the subject, there had been no real investigation of the issue.
Wilson commented that "It has generally been assumed that a beam of
homogeneous rays 1s absorbed according to an exponential law, and the
fact that this law holds for the rays from uranium X, actinium, and
radium E has been taken as a criterion of their homogeneity” (p. 612).
Wilson questioned that assumption:

The assumption is open to many objections, for the exponential law may be due
to rays of different types being mixed in certain proportions, If the distribution
of the rays and their velocity do not change in passing through matter, and if the
absorption of the particles is proportional to the number present, we should ex-
pect an exponential law of absorption [as previous experimenters had assumed |,
bt if their speed diminishes, the absorption should be greater the greater the

thickness of matter traversed, (p, 612, emphasis added)

Wilson included not only detailed arguments for the credibility of his
result, but also gave careful consideration to backgrounds that might
mask or mimic the effect he wished to measure and how he dealt with
them. He also included an explanation of why his results differed from
those obtained previously by other experimenters.
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Figure 8.3, W, Wilson's experimental apparatuses tor measuring the absorption of
B rays. Electrons trom the radioactive sources pass through slit C, are bent by a
magnetic field perpendicular to the plane of the paper, and pass through the slits in
plate MM and F This defines a range of radii of curvature and thus, a range in
momentum or velocity, Varving amounts of absorber were placed above slit F and
the [3 rays were detected by the electroscope. From Wilson (1909},

Wilson used radium as the source of his electrons. He noted that
Kaufmann had shown that radium emitted electrons with a wide range
of velocities. Wilson selected electrons within a narrow band of veloci-
ties—an almost monoenergetic beam—and investigated their absorp-
tion. He stated his remarkable conclusion at the beginning of his paper:
“"Without entering at present into further details, it can be stated that the
ionisation [the electron intensity| did not vary exponentially with the
thickness of matter traversed. But, except for a small portion at the end
of the curve, followed approximately a hinear law”™ (p. 613). This result
contradicted those of Schmidt, Meitner, Hahn, and von Baeyer.

The two different versions of Wilson's experimental apparatus are
shown in Figure 8.3. In the apparatus on the left, a radium-bromide
source was placed at C. The collimated p rays from the decay of radium
were bent in a circular path by a magnetic field perpendicular to the
plane of the paper. The rays passed first through slits MM and F, then
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through an absorber, and were detected by the 1omization produced in
electroscope E. The radius of the circular path is proportional to the
velocity of the electrons, so that by selecting only electrons with certain
path radii, Wilson was selecting electrons within a certain velocity (or
energy) range, whose width was approximately 10%. Varying the strength
of the magnetic field changed the velocity of the selected electrons, so
that the absorption of the electrons as a function of velocity could be
measured. Initially Wilson found that most of the electrons emitted were
absorbed betore leaving the radium-bromide source. To increase the sig-
nal, in later experiments he substituted a thin-walled glass bulb contain-
ing radium emanation (radon, a radioactive gas emitted by radium) for
the original radium-bromide source.

There were important sources of background, however, that limited
the accuracy of the measurement. Wilson devoted considerable care and
eftort to reducing this background, and in cases where it could not be
eliminated, to measuring the size of the background signal so that it
could be subtracted from the total signal to obtain a correct measure-
ment. A major source of such background were the v rays that were also
emitted by the radicactive source. These v rays produced 1onization in
the electroscope that mimicked that produced by the decay electrons.
This background etffect was typically about 60% of the entire ionization
produced, and for thick absorbers, when the number of decay electrons
remaining was greatly reduced, accounted ftor almost all of the ionization
produced. If the background could not be eliminated or greatly reduced,
then the experiment would be impossible. Wilson replaced the radium-
bromide source with one consisting of radium emanation (radon} and
reduced the y-ray background to <<20% of the total signal. He also mea-
sured the ionization produced by the v rays by inserting a lead plate at
slot T (Figure 8.3). The plate was thick enough to eliminate all of the
decay electrons, but left the y-ray background essentially unchanged. The
remaiing iomzation measured by the electroscope then was entirely due
to the y-ray background, which was measured and subtracted from the
total signal for each setting. Background from electrons scattering from
other parts of the apparatus was greatly reduced by the lead screens (M
and MM in Figure 8.3 ).

Wilson's results are shown in Figure 8.4. The upper graph shows the
iwomzation (not its logarithm) for various velocities as a function of
absorber thickness. It 1s clearly linear, and not exponential. This is made



186 = THE RESOLUTION OF DISCORDANT RESULTS

clear in the lower graph, in which the logarithm of the iomzation 15 plot-
ted against absorber thickness. As we have seen earlier in the results
obtained by Schmidt, if the law of absorption were exponential, then this
graph would be a straight line. It 1s not.

Wilson recognized that his result, which disagreed with all of those
obtained previously, needed to be defended carefully. He identified three
possible influences that might affect the absorption curves and give an
incorrect result: (1) the lack of saturation in the 1onization current; {(2)
the shape and size of the electroscope opening; and (3) the proximity of
the magnetic field to the electroscope, which might cause irregularities in
its operation. Wilson compared the time it took for the gold leaf of the
electroscope to traverse very different parts of the scale for various values
of the 1omization, If the lonization was saturated, then the ratio of the
times should be constant when the 1onization level was varied, and it was.
This result was further checked by measuring the absorption curves ob-
tained using two sources of very difterent strengths. They were identical,
further indicating that saturation was not a problem,

Wilson also calibrated his electroscope by showing that it gave the
same absorption curve for actinium as that obtained in previous mea-
surements. He further checked for possible magnetic-field effects by
measuring that same absorption curve with the magnetic field on and
with it off. No difference was observed, indicating that the magnetic field
did not aftect the operation of the electroscope or his result. Wilson’s
results were internally consistent. He obtained the same result with both
versions of his experimental apparatuses, even though the magnetic held
required to deflect the electrons into the electroscope was far larger in the
first device than in the second.

Wilson’s results were credible. He had either reduced the background
effects or measured them so that they could be subtracted. He had also
shown that none of the effects that might have compromised his results
were present. He had calibrated hus apparatus and obtained independent
confirmation of s result using two different experimental apparatuses.
He had eliminated plausible alternative explanations ot his result, and
was left with the conclusion that the result was correct.

How could such capable physicists as Wilson, Schmidt, and the trio
of Hahn, Meitner, and von Baever reach such different conclusions about
electron absorption? Wilson had shown that the absorption of mono-
energetic electrons was approximately linear, whereas the others had
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found that electron absorption tfollowed an exponential law. In retro-
spect, the simple explanation is that Wilson had actually measured the
absorption of monoenergetic electrons in groups that had various veloc-
ities, whereas the others had assumed that they were measuring the
absorption of monoenergetic electrons when they were, in fact, measur-
mg the absorption of electrons with a continuous energy spectrum. What
makes Wilson's paper so fascinating is that he provided an explanation
for these conflicting results. The other experimental results were not
incorrect; they had been misinterpreted.

Wilson (1909) devoted a section of his paper to an “Explanation of
the Exponential Law found by various Observers for the Absorption of
Rays from Radio-Active Substances.” He began:

Betore entering into a discussion as to the meaning of the absorption curves
obtained, it is preferable to try to explain why various observers have found that
the rays from Uranium X, radium E, and actinium are absorbed according to an
exponential law with the thickness of matter traversed. The fact that homoge-
neous ravs are not absorbed according to an exponential law suggests that the
rays from these substances are heterogeneous. (pp. 621-22, emphasis added)

Wilson then provided an explanation. He began with data from
Schmidt’s work that showed the ionization produced as a function of the
velocity of the emitted rays. S5chmidt had found a range of such velocities,
but had not interpreted that result as indicating that the primary electrons
were heterogeneous. He and others believed that they were emitted with a
unigque energy, but that they then lost energy by some unknown process.
Wilson showed that the iomization curve produced varied with the amount
of matter through which the electrons had passed (Figure 8.5).* The figure
shows the electron intensity as a function of momentum. Curves 4, b, and
¢ were obtained with thicknesses of aluminum ot 0, 0.489, and 1.219 mm,
respectively. Not only was the total ionization reduced, but the lower-
velocity electrons were completely absorbed when the absorber thickness
was increased. He calculated this effect for various absorber thicknesses and
found that the total ionization produced by such heterogeneous electrons
as a function of that thickness indeed did follow an exponential law (Figure
8.6). He concluded that “It is thus clear that the exponential curve for the
absorption of rays 1s not, as has been widely assumed, a test of their homo-
geneity, but that in order that the exponential law of absorption should
hold, we require a mixture of rays of different types” (pp. 623-24).
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and e are for thicknesses of 0,489, and 1.219 mm, respectively, placed at T (figure
8.3, left side of right-hand apparatus), just before entering the magnetic hield. If the
B3 ravs lose velocity in passing through matter, then curves d and e should be shifted
to the left. They are. From Wilson (1909),

There was, however, existing evidence that disagreed with Wilson’s
result that the velocity of electrons diminished as they passed through
matter. Schmidt (1907} had used the apparatus shown in Figure 8.7 to
investigate the constancy of the B-particle velocity. The B rays from a
radium E source at A were bent by a magnetic field perpendicular to the
plane of the paper so that they passed through a semicircular canal ABC
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Figure 8.6. Wilson’s calculated absorption curve assuming an inhomogeneous
energy spectrum for the emitted B rays. Wilson calculated values of the intensity as
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of the intensity. The absorption is predicted to be linear, not exponential. From
Wilson {19049,

and then passed into an ionization chamber. Schmidt adjusted the feld
strength to a value Hy which resulted in the maximum ionization {iLe.,
the maximum number ol [ ravs). He then placed aluminum foils be-
tween the radioactive source and the canal entrance. The B rays passed
through the absorber. Once again he adjusted the field strength to obtain
the maximum number of B particles. If the velocity had not changed in
passing through the absorber, then that value would be H,,. It was. This
certainly cast doubt on Wilson’s result that the B particles lost energy in
passing through matter, a result he needed to explain why he had ob-
served linear absorption whereas others had found an exponential
absorption law.

Wilson showed that although Schmidt’s experimental result was cor-
rect, his interpretation of that result was incorrect. Wilson measured the
absorption of [ rays as a function of momentum for various absorber

thicknesses, The measurements were made under two different sets of
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conditions. For curves a, b, and ¢ in Figure 8.5, the absorber (thickness 0,
0.48% mm, and 1.219 mm, respectively) was placed just under the electro-
scope (see Figure 8.3, right side). For curves d and ¢ (0.489 mm and 1.219
mm} the absorber was placed at T, before the electrons entered the mag-
netic feld. If electrons do not change velocity in passing through matter,
curves d and e should be identical to curves b and ¢. They clearly are not;
the shift of the curves to the left demonstrates that electrons lose velocity
(energy) in passing through matter. Once again Wilson had provided an
explanation of an incorrect interpretation of an experimental result.

Wilson's results also explain why the experiments of Schmidt appar-
ently show no change in the velocity of the rays. According to the views
expressed in Wilson's paper, he was dealing with heterogeneous rays and
the position of the maximum should therefore move to the higher helds
if the velocity of the rays does not change. The actual decrease in velocity,
however, brings the maximum point back to practically the same posi-
tion as before (Wilson, 1909).

Initial Reaction of the Physics Community

Wilson's negative result on the exponential absorption of [ rays received
support from further work by Schmidt (1909). Schmidt inferred from his
data that electrons did change their velocity in passing through matter,
confirming Wilson's result, and he also found that the electrons were not
always absorbed exponentially. He did not mention or <ite Wilson's
results, however. This was not the case in the paper by Hahn and Meitner
(1909b), published in the same journal 1ssue as Schnudt’s paper. Hahn
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and Meitner argued that Wilson's results showed rather that the 3-decay
electrons were monoenergetic and that they did not lose energy in pass-
ing through matter. They also suggested that the energy spread in Wil-
son’s electron beam was too large. Wilson (1910b) responded and argued
persuasively for the homogeneity of his electron beam. He noted that his
differences with Hahn and Meitner did not concern the correctness of
their respective experimental results, but rather the interpretation of
those results. Hahn and Meitner performed no further experiments on
electron absorption, and in a later account, Meitner (1964 ) remarked that
they had realized that to say anything about the velocity of the electrons,
they had to use deflection in a magnetic field, just as Wilson had done,
The 1ssue of whether the electrons enutted in [ decay were monoen-
ergetic or had a continuous energy spectrum would not be resolved until
the experimental work of Ellis and Wooster (1927).°> The question of
whether electrons lose energy in passing through matter was, however,
immediately investigated and resolved in favor of Wilson. Crowther
(1910} soon reported results on that very question. He noted that there
already existed a considerable amount of indirect evidence on the sub-
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Figure 8.9. Electron intensity as a function of magnetic held for two different ini-
tial electron velocities, The two curves on the right correspond to a high initial
velocity, The upper and lower of these curves were obtained with 0.0 and (.47 mm
of aluminum absorber, respectively. Not only is the intensity reduced, but the lower
curve is shifted to a lower magnetic field value, demonstrating that the electrons
have lost velocity in passing through the absorber (similarly for the curves for the
initially lower velocity electrons on the left). From Crowther {19101,

ject, citing the work of both Wilson and Schmidt. Crowther proposed to
investigate the question directly by measuring the velocity of electrons
before and after they passed through an absorbing layer. His apparatus is
shown 1 Figure 8.8. Radium was placed at either A or B (depending on
whether a parallel beam of electrons was needed}, and the entire appara-
tus placed in a magnetic field;

Two chambers were made and placed so that the window A of the one came
directly opposite the window B of the other, The two magnetic fields [each appa-
ratus had its own, separately adjustable magnetic feld] were arranged so that the
rays of the proper velocity would be deflected round the two systems and emerge
hinally into an ionization chamber of the usual pattern. (p. 446)

Fig. [8.9] shows the effect of interposing a sheet of aluminum 0.47 mm in
thickness between the two systems, for two different velocities of the incident
beam. The upper curve in each case is the curve obtained for the incident beam

in the absence of the absorbing sheet. The ordinates represent the intensity of the
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Figure 8.10. Gray's apparatus for investigating the absorption of B rays. Electrons
from the radioactive source A passed through the slit § and struck a photographic
plate at F. The entire apparatus was placed in a magnetic tield so that electrons of
ditferent velocities would follow ditferent paths. From Gray (19107,

rays passing through the two systems, as measured by the ionization produced;
the abscissae measure the magnetic field acting upon the second system,

[t will be seen that in each case the introduction of the absorbing sheet
produces a very definite displacement of the curve in the direction of smaller
velocities. . . .

[t is evident therefore that there is a small, but perceptible decrease in the

velocity of the B-rays as they pass through absorbing media. (p. 448)

Crowther had shown that electrons lost energy in passing through
matter. His results supported those of Wilson, Further support was pro-
vided by the experiments of ]. A. Gray, who, along with Wilson, was work-
g in Manchester with Ernest Rutherford. To avoid difficulties arising
from the decay of several elements in the same source, Gray used Radium
E (214Bi), a single-element source. His apparatus is shown in Figure 8.10.
Electrons from the radioactive source A passed through the slit § and
struck a photographic plate at P. The entire apparatus was placed in a
magnetic held, so that electrons of different velocities would follow dif-
ferent paths. Gray's results (1910) are shown in Figure 8.11:
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Figure 8.11. Gray’s photograph of the intensity of electrons of different velocities.
No evidence of a single energy or of a line spectrum is seen. " The narrow band [on
the left] is caused by the undetlected rays in the absence of a magnetic field. The
other band [on the right], or magnetic spectrum as it may be called, shows no sign
of bands, the spectrum being quite continuous.” From Gray (1910,

There was no sign of a set or sets of homogeneous B-rays. The narrow band is
caused by the undeflected rays in the absence of a magnetic field. The other
band, or magnetic spectrum as it may be called, shows no sign of bands, the

spectrum being quite continuous, (p. 138)

The results also show a broad spectrum of electron velocities. Gray
measured the absorption of these electrons, and his results are shown in
Figure 8.12. The logarithm of the intensity as a function of the thickness of
the aluminum absorber “is practically a straight line,” indicating exponen-
tial absorption. “[We| see that P-rays, which are very nearly absorbed
according to an exponential law, are by no means homogeneous™ (p. 140).
This conclusion conformed to Wilson's view on exponential absorption.

Surprisingly, Gray did not emphasize the continuous energy spec-
trum ot the electrons emitted in B decay that seems to be indicated by his
results. This may have been due, 1n part, to his focus on electron absorp-
tion { Wilson had been sinularly focused). Gray (1910} concluded:

Summing up the experiments, which as we have seen, confirm Wilson's results,
we may say that—
l. B-rays, which are absorbed according to an exponential law, are not
homogeneous.
2. B-rays must fall in velocity in traversing matter. (p. 141)

In a companion paper, Wilson (1910a) presented further evidence to
support his view that electrons lost velocity in passing through matter.
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Figure 8.12. Gray’s results for the absorption of inhomogeneous B ravs, for two
different experimental conditions, The logarithm of the intensity of electrons as a
tunction of absorber thickness is plotted as a function of absorber thickness. Both
curves are straight lines, indicating an exponential absorption law, From Gray
(1910),

His experimental apparatus, similar to that used by Crowther, is shown
in Figure 8.13. Electrons emitted by a radioactive source A were bent in a
circular path by a uniform magnetic field C. If the electrons followed a
circular path of a certain radius, they would pass through hole O. The
electrons that passed through hole O were then bent by a uniform mag-
netic field D and detected in electroscope L. Absorbers of various thick-
nesses were placed at Q, and the velocity change, if any, measured.”
Wilson described the experiment as follows:

By passing currents of known strength though the electromagnets C and D,
approximatelv homogeneous radiation was allowed to pass through the hole O
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Figure 8.13. Wilson's apparatus for investigating whether electrons lose velocity in
passing through matter, 1t is similar to that used by Crowther (Figure 8.8}, A
radicactive source is placed at A and the emitted electrons bent in a circular path
by separately adjustable magnetic fields in each chamber. Absorbers of varving
thickness were placed at Q. From Wilson (1910a).

into the magnetic feld 1) The field in 1) was varied, while that in C was kept con-
stant, so that the same bundle of approximately homogeneous rays passed
through the hole O during the whole of the experiment. The lonisation in the
electroscope was determined for each value of the field in D, and the values thus
obtained were plotted against the current in D. The rays were then made to pass
through various sheets of aluminum placed mn the slot in Q before they entered

the second magnetic field and the experiments repeated. (p, 144)

Wilson’s results for various absorber thicknesses are shown in Figure
8.14. "It will be noticed that these maximum points move to the lower
fields as the sheets of aluminum are interposed in the path, proving con-
clusively that the velocity of the rays decreases by an appreciable amount as
they pass through matter” (p. 145).

Meitner, Hahn, and von Baever made improvements in their experi-
mental apparatus to increase the energy resolution in their B-ray spectra



198 =« THE RESOLUTION OF DISCORDANT RESULTS

s

) A

X

e
__,..-"""'r

FONISATION Y AXBI/TEARY UAYTS
Ea

1
i
, s AN
Y
'Ill -
s
& ) g iy =0

CORFENT THREVEN D

Figure 8.14. Wilson’s results om whether electrons lose velocity in passing through
matter. The intensity of electrons is plotted as a function of the current in the mag-
net in chamber D (Figure 8.13), after the absorber, for various absorber thicknesses
and for ditferent initial velocities. As the absorber thickness is increased {curves
A—D2), the intensity is reduced and the peak is shifted to lower fields, demonstrating
that the electrons have lost velocity in passing through the absorber and that the
loss 18 larger for thicker absorbers, From Wilson {1910a).

(Figure 8.15). Electrons emitted from the radioactive source S were bent
in a magnetic field, passed through a small slot F, and then struck a pho-
tographic plate P. Electrons of the same energy would follow the same
path and produce a single line on the photographic plate. The results
showed a line spectrum and still seemed to support the view that there
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was one unique value for the electron energy for each radioactive ele-
ment. The best photograph obtained with a thorium source shows two
strong lines, corresponding, the experimenters believed, to the P rays
from the two radioactive substances present (Figure 8.16). There were
some problems, however. There are some weak lines in the photograph
that are difhicult to explain from the viewpoint of one energy line per ele-
ment (von Baeyer et al., 1911a}:

The present investigation shows that, in the decay of radicactive substances, not
only c-rays but also B-rays leave the radioactive atom with a velocity character-
istic for the species in question. This lends new support to the hyvpothesis of
Hahn and Meitner. (p. 279)

Further improvements to the apparatus, including stronger and thin-
ner radicactive sources, improved the quahty of the photographs
obtained, but showed a complexity of electron velocities that made it dif-
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ficult to argue tor the Hahn-Meitner hypothesis (Figure 8.17). As Hahn
(1966} later wrote, "Our earlier opinions were beyond salvage. It was
impossible to assume a separate substance for each beta line” (p. 57).” Von
Baeyer and collaborators {1911b) also conceded that the exponential
absorption law “could not be a criterion for the homaogeneity of the radi-
ation as Hahn and Meitner, in contrast to other scientists” have assumed”
(p. 379).78

Ciray and Wilson (1910} proved the heterogeneity of electrons emit-
ted from a thick layer of radium E. They remarked on the recent discus-
sions and experimental evidence concerning the exponential absorption
of electrons and on the decrease in the velocity of electrons as they pass
through matter. They concluded that *It follows as a necessary conse-
quence of these results that B rays which are absorbed exponentially by
aluminum are not homogeneous” {p. 870). They noted, however, that
recent work by von Baeyer and Hahn had shown “that the P rays from
several radioactive products possess a considerable degree of homogene-



WILLIAM WILSON AND THE ABSORPTION OF p RAYS = 201

Mesothor 2 Jrisch hergestells,

Fig. 1.

ThA + B+ 04+ D,

Fig. 4.

Prassclbe Mesothor 2 24" alt (zeigt bereits eie
SV streifen,

Fig. 2.

TAE+C4 D
Fig. 5.

Dasselbe Mesothor 2: 3 T alt {reipt keine W
thorstreifzn mehr, dafitr die 74 .5~ and ZhA-Strel

Figure B8.17. The complex B-ray energy spectra obtained by Meitner, Hahn, and
von Baeyer with their improved apparatus. A large number of lines are seen. {a)
Mesothorium-2, freshly prepared. {b) Mesothorium-2, 24-hours old, showing a
faint line from thorium-X. (¢) Mesothorium-2, eight days old. The mesothorium
lines have disappeared, but lines from thorium-X and thorium-A begin to show,
{d) Thorium A + B + C + . (¢} Thorium B + C + I, From Hahn {1966).

ity” (a reference to the line spectra that had been found) and went on to
state:

We have no definite evidence so far that the rays from such thin layers as they
used are absorbed according to an exponential law. Gray by the same method
showed that the P rays from a thick layer of radium E are distinctly hetero-
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Figure 8.18. The apparatus of Gray and Wilson for investigating the absorption of
B rays, From Gray and Wilson (1910,

aeneous, although they are absorbed according to an exponential law by alu-
minum. In view of the experiments of v. Baeyer and Hahn the following experi-

ments were performed. {(pp. 870-71)

Surprisingly, they did not mention Gray's own very recent result, dis-
cussed above, that the electrons from a thin film of radium E were emit-
ted with widely dilferent velocities,

The experimental apparatus of Gray and Wilson is shown in Figure
8.18. Electrons from a radium-E source at B were bent in a circular orbit
of fixed radius by a magnetic field, passed through holes O and P, and
were detected by electroscope E. The ionization in the electroscope was
measured as a function of magnetic field. The experiment was repeated
with aluminum absorbers of various thickness placed just below the elec-
troscope. The results are shown in Figure 8.19. The graph clearly shows
that lower-field (lower velocity or energy) electrons are absorbed more
easily. "It will be noticed that the rays which produced the maximum 1on-
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Figure 8.19. The ionization in the electroscope {electron intensity) plotted as a
function of electron momentum. The experiment was repeated with aluminum
absorbers of various thickness placed just below the electroscope (Figure 8.18).
Curves o, b, o, d, and ¢ were obtained with alummmum thicknesses 0.0, 0067, (1,245,
0,489, and 0.731 mm, respectivelv. The graph clearly shows that low momentum
{energv) electrons are absorbed more easily, From Gray and Wilson (19107,
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Figure B.20. Wilson’s experimental plots on the absorption of a beam of electrons.
{top) Curves band ¢ show the intensity of homogeneous electrons as a function of
absorber thickness after they have passed through a platinum sheet rendering them
inhomogeneous. Curve a shows the absorption of the homogenous electrons. (bot-
tom) The logarithm of the ionization is plotted. The curves for & and ¢ are straight
lines, indicating exponential absorption for inhomogeneous electrons, Curve a, for
manoenergetic electrons, is clearly not an exponential. From Wilson (1912},
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ization when no aluminum was placed under the electroscope are practi-
cally all absorbed by a thickness of .73 mm Al, while for rays correspon-
ding to the higher fields appreciable quantities are still transmitted”
(Gray and Wilson, 1910, p. 873).

Gray and Wilson (1910} also measured absorption curves for elec-
trons of different energies directly. They found, once again, that the
lower-energy electrons were more easily absorbed and that the absorp-
tion for such almost monoenergetic electrons was not exponential;

It has been shown above that from a pencil of B rays which is absorbed accord-
ing to an exponential law, rays of widely ditferent penetrating powers can be sep-
arated out, It follows, therefore, that absorption of B rayvs according to an expo-

nential law is no criterion of homogeneity. {p. 875)

By 1911, Hahn, Meitner, von Baever, Gray, Wilson, Crowther, and,
no doubt, everyvone else in the physics community were 1in agreement.
Monoenergetic electrons were not absorbed exponentially and expo-
nential absorption was not an indication that they were monoenergetic.

The coup de grace was administered by Wilson. Wilson was not sat-
isfied with a mere calculation to show that other experimenters had
misinterpreted their results on electron absorption. In subsequent ex-
perimental work, he showed that an inhomogeneous beam of electrons
was absorbed exponentially (Wilson, 1912}). He began with a monoen-
ergetic beam of electrons and showed once again that it did not obey an
exponential absorption law. He then modified the beam and made it
heterogeneous by allowing it to pass through a thin sheet of platinum
before strikang an alunmnum absorber. This resulted n an exponential
absorption curve (Figure 8.20) similar to the one he had calculated
previously:

The fact that B-rays, initially homogeneous, are absorbed according to an expo-
nential law after passing through a small thickness of platinum has been con-
firmed, and it has been shown that this is not due to mere scattering of the rays,
but to the fact that the beam is rendered heterogeneous in its passage through

the platinum. (p. 325]
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Conclusion

The controversy concerning the exponential absorption of electrons is a
case of apparent, not real, discord. It was ultimatelv shown that both sets
of experimental results were correct. The discord arose because one set of
results had been misinterpreted: Schmidt and Meitner, Hahn, and von
Baeyer believed that they were observing the absorption of mono-
energetic electrons, when, in fact, they were observing the absorption of
electrons with a continuous energy spectrum. Wilson, with some eviden-
tial support from others, demonstrated clearly that monoenergetic elec-
trons were not absorbed exponentially. He argued persuasively for the
correctness of his results. He also demonstrated, first by calculation then
by direct experiment, that exponential absorption actually showed that
the electrons had a continuous spectrum of energies. Wilson and others
had also shown that electrons lost energy when passing through matter,
a critical assumption in his interpretation of the results. The evidence
convinced the physics community that Wilson was correct. The issue was
resolved by a critical examination and reinterpretation of the available
experimental evidence,



The Liquid-Scintillator

Neutrino Detector

Two Different Results from
One Experiment

Beginning in the 1960s, physicists were faced with a discrepancy between
the observed and theoretically calculated tlux of neutrinos from the sun
(the “solar neutrino problem™).! Bahcall and Davis (1989)? later summa-
rized the situation:

[t is surprising to us, and perhaps more than a little disappointing, to realize that
there has been very little qualitative change in either the abservations or the stan-
dard theory since these papers® appeared, despite a dozen years of reexamination

and continuous effort to improve details. (p. 508)

The reason for their disappointment is shown clearly in Figure 9.1, which
depicts the experimental results and theoretical predictions as functions
of time: Experiment and theory are unreconciled over the 16-year inter-
val charted.

Various attempts 1o solve the problem by modifying the theory
failed. Two alternative explanations were offered. The first was the idea of
neutrino decay. If neutrinos have a finite lifetime, the solar neutrino
deficit could be explained by the decay of significant numbers of neutri-
nos before they reach the earth.* This suggestion was rejected when neu-
trinos from the supernova SN 1987 A were observed at the earth {Hirata
et al., 1988):

207
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Figure 8.1. Published neutrinoe capture rates as a function of time, The circles are
the theoretical predictions. The x's are the observed rates. From Bahcall and Davis

{1989,

The idea that neutrino decay into some sterile form” might provide an explana-
tion of the solar neutrino problem died in its most straightforward form along
with the supernova SN 1987A, since the observation of (antijneutrinos from
that stellar explosion clearly requires survival times much longer than the 5Sun to
Earth transit. { Anselmann et al., 1992, p. 395)

The second suggested alternative was neutrino oscillations—the idea
that one type of neutrino can transform into another type.® For example,
the electron neutrino mght transform into a4 muon neutrino, and vice
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versa. This could explain the discrepancy between theory and experiment
because the initial solar neutrino experiments were sensitive only to elec-
tron neutrinos: The latter would be undercounted if, during their travel
from the sun to the earth, they transformed into undetectable muon or
tau neutrinos.

There have been numerous experimental attempts to observe neutri-
no oscillations and at present, there is good experimental evidence for
such oscillations.” The most recent measurement of the solar neutrino
flux not only supports the hypothesis of neutrino oscillations, but also
gives a result in agreement with the theoretical predictions. In this chap-
ter, I discuss one of the early accelerator experiments that was designed
lo search for electron-neutrino oscillations. This was the Liquid-
Scintillator Neutrine Detector (LSNID) experiment. This experiment is of
interest because different members of the experimental group initially
produced discordant results by analyzing the same data in different
ways—an almost unprecedented event in physics.

The LSND Experiment

The LSND experiment is an example of a neutrino-oscillation experi-
ment that uses neutrinos produced by a high-energy particle accelerator.
The experiment used pions produced by protons from the 800-MeV linear
proton accelerator at Los Alamos National Laboratory. The pions then
provided a source of muon antineutrinos by the process =+ — p™ 4 Vo
followed by muon decay at rest, .* —= e* + v, 4 I_JM.H The experimenters
then searched for neutrine oscillations v, v, by looking for the signa-
ture of the electron antineutrino. The signature was established by detec-
tion of both the positron and the neutron produced in the reaction v +
p —= e + n, followed by 2.2-MeV v rays produced by the reaction n + p
—d + .

It was, of course, extremely important that there be no possible
source of electron antineutrinos present other than those produced by v,
== v_ oscillations. There was an obvious source of such electron antineu-
trinos resulting from the symmetrical decay chain starting with =~

mesons, which are also produced by the accelerator:

This background is suppressed by three factors in this experiment. First, #™ pro-

duction is about 8§ times the ¥ production in the beam stop. Second, 95% of w
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Figure 8.2. Schematic drawings of the LSND detector, From Athanassopoulos et al,
L1997 )
[ i

come to rest and are absorbed before decay in the beam stop. Third, 88% of p~
from %~ DIF [decay in flight] are captured from atomic orbit, a process which
does not give a v . Thus, the relative yield, compared to the positive channel, is
estimated to be ~( 1/8) % 0.05 X 0.12 = 7.5 ¥ 107%, A detailed Monte Carlo sim-
ulation gives a value of 7.8 X 107" for the flux ratio of v, to v . (Athanas-

sopoulos et al., 1996a, p. 3082)

The detector, shown schematically in Figure 9.2, is a cylindrical tube
8.3 m long by 5.7 m in diameter, filled with 167 metric tons of liquid scin-
tillator and viewed by 1220 phototubes. The phototubes detected both
the Cerenkov radiation produced by relativistic positrons and the scintil-
lation light. The tube was surrounded by an anticoincidence veto shield,
also filled with liquid scintillator. The entire detector was shielded by 2
kegfcm? of overburden to reduce background due to cosmic rays. The
timing and pulse heights of the photomultiplier pulses were used to re-
construct the electron or positron track (the detector did not distinguish
between them}). The relativistic positrons were detected by using the cone
of Cerenkov light combined with the time distribution of the light from
the phototubes, which is broader for nonrelativistic particles. The infor-
mation allowed the experimenters to reconstruct the position and the
time of the event. The apparatus also detected the delayed v rays pro-
duced by the absorption of the neutron produced. The experimenters
required that the positron energy be between 36 and 60 MeV, to reduce
background due to the reaction v, 4 120 — ¢ + X and to include all neu-
trinos with an energy up to the maximum allowed. In addition, they
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required that the event be more than 35 cm from the boundary of the
detector. Once a positron had been identified, a search was made for an
associated 2.2-MeV -y rays.

The physicists could determine Ar, the reconstructed distance
between the v ray and the positron; At, the relative time between detec-
lion of the v ray and the positron; and Nv, the number of phototubes
triggered by the v ray. They required Ar << 2.5 m, At << | ms (the absorp-
tion time was 186 ps), and Nvy (which is a measure of the y-ray energy)
be between 21 and 50. They then dehined the function R{Asn Af, Nvj,
which was approximately the ratio of the likelihood that the vy ray was
correlated with the positron to the likelihood that it was an accidental
coincidence. They found that “a + ray with R = 30 has an efficiency of
23% for events with a recoil neutron and an accidental rate of 0.6% for
events with no recoil neutron”™ (Athanassopoulos et al., 1995, p. 2651).

For R = 30 and a positron energy between 36 and 60 MeV, the group
found nine beam-on events and 17 beam-off events. The beam status was
not used in the trigger decision, but was recorded for each event. This
allowed the experimenters to determine whether the event was assocal-
ed with the beam and to study beam-unrelated backgrounds. The relative
beam-on duty factor of 7.3% allowed 13 times more beam-off than
beam-on data to be collected. This reduced the beam-oft background to
17/13 or 1.3 events, giving a beam-on excess of 7.7 events. The back-
ground due to accidental y rays with R = 30 was 0.79 £ 0.12, which gave
a net excess of 6.9 events;

In conclusion, the LSND experiment observes 9 ™ events within 36 << E_, < 60
MeV, which satisty strict criteria for a correlated low energy . The total esti-
mated background from conventional processes is 2.1 = 0.3 events, so the prob-
ability that the excess is a statistical fluctuation is <1072, If the excess obtained
from a likelihood At to the full et sample arises from vy oscillations, it cor-

responds to an oscillation probability of (0.3410-42 + 0.07)%.° (p. 2653)

T'his was not, however, the conclusion reached by all of the members
of the LSND group. Alfred Mann, one of the original collaborators on the
experiment, withdrew from the group because he was concerned that the
experimenters might be tuning their analysis procedure to produce a
positive result."! He worried that the R criterion had been unconscious-
ly shaped to find an effect and that it was unnecessarily complex. "My
whole experience says that if you're going to fiind something new, it gen-
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Figure 9.3, The 25 beam-on e-y coincidences, before the application of the fiducial
volume cut, Events within the fiducial region are denoted as solid circles, whereas
those outside are represented as open circles. From Hill {1995).

erally rises up out of the data and pokes vou in the eye” (Louis et al., 1997,
p. 106).

James Hill, a graduate student working with Mann, presented an al-
ternative analysis of the LSND data in a companion paper (Hill, 1995).!!
Rather than using R, he required Ar << 2.4 m, Ar << 750 ps (= four cap-
ture times), and Ny = 26. These criteria were similar but not identical to
those used by the rest of the LSND group in their analysis of the data. He
noted that the background due to unrelated processes was extremely
asymmetric, and was concentrated near the bottom of the detector:

The inhomogeneity of the background . .. and of the potential signal . . . requires
confining the fiducial volume to a region of the detector that is not only more
background free, but within which there are no strong gradients of event densi-
ty. Since the backgrounds for both e* and coincident v are inhomogeneous, and
both enhanced at the bottom of the detector, the distribution of distance
between the primaries and accidentally coincident v rays will not be constant
throughout the detector. This problem is addressed both by tightening the
region analyzed and by the requirement that coincidences pass each of the sepa-

rate criteria on the ¢* — v relative time and distance, and y-ray energy. (p. 2656)

Hill chose a more restricted fiducial volume for acceptable events,
one that avoided the bottom of the detector (Figure 9.3). He found five
events with an expected background of 6.2 = 1.2 events, which “leaves no
apparent signal tor v, STV oscillations™ (p. 2656). He also checked that
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his conclusions and results were stable against reasonable varations in
his selection criteria. He varied the fiducial volume, the Ar requirement,
and the At requirement. His conclusion was always the same: There was
no evidence of neutrino oscillations.

The discord within the LSND group concerning analysis procedure
and data selection was not easy to resolve. The major difference between
the two procedures was Hill's use of a more restrictive fiducial volume for
accepted events, based on the distribution of background events. This
seems to have been a matter of judgment. | note that blind analysis might
have been usefully applied in this experiment. As we shall see in the next
section, the group took Hill's criticism seriously and used his more
restrictive volume in one of their analyses of subsequent data.

The Attempted Resolution

The LSNIY group continued taking data and reported new results based
on all the data taken during 1993-1995 (Athanassopoulos et al., 1996a).
(A more detailed analysis was presented in Athanassopoulos et al
[1996b].)} They analyzed their data using several different selection cuts.
These included the selection cuts used mn their earher analysis (Selection
[} and a more relaxed set of cuts {Selection V1), which increased the sig-
nal ethciency by approximately 40%. The energy calibration, the energy
resolution, and the particle identification scheme were checked using
electrons from the decay of stopped muons. Cosmic-ray neutrons were
used to check the properties of the 2.2-MeV v rays. The group also
addressed Hill's criticism concernming the detector background and pre-
sented an analysis of the data using the Selection VI cuts, but with a more
restricted fiducial volume (Selection VIb). They remarked, “The second
criterion defined as selection Vb, and motivated by [Hill's analysis]
removes 55% of the acceptance” (Athanassopoulos et al., 1996b, p. 2699).

The results using all three sets of selection criteria are shown in Table
9.1. The group chose the Selection VI events to determine ther final
result. They concluded:

This paper reports the observation of 22 electron events in the 36 < E_, < 60
MeV energy range that are correlated in time and space with a low-energy v with
R = 30, and the total estimated background from conventional processes 1s 4.6
* 0.6 events. The probability that this excess is due to a statistical fluctuation is
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Table 9.1,

The number of signal and background events in the 36 << E_ < 60 MeV energy range
Selection® Signal Beam-Off" v Background Excess EiF

[ R =1 221 1336 = 3.1 035 £ 6.4 339+ 166 | 30 = 64

IR =30 13 28 04 1o = 13 By * 3.6 146 * 61
VIR=0 300 1605 = 3.4 6.2+ 97 3.3+ 2001 171 *+ 54
VIR = 30 27 25 0.4 2.1 =014 17.4 + 4.7 205 + 64
VIbR =0 Lo il T e 3.3 = 4.4 312 X 11.0 187 & 66
VIb R = 30 i ha = 0.2 09 =02 43+ 2.5 110+ 63
Sonrger Athanassopoulos et al, [ 1996a).

Wb is a restrictive geomerry test.
"The beam-off background has been scaled to the beam-on time,
“EfF is the excess number of events divided by the total efficiency.

4.1 > 1072 A fit to the full energy range 20 < F,I: <2 60 MeV gives an oscillation
probability of (0.31 = 0.12 = 0.05)%. These results may be interpreted as evi-

dence for v, TV, oscillations. (Athanassopoulos et al., 1996a, p. 3085).

There 1s still a noticeable positive effect for R = 0 and R > 30 using
Selection Vb, the more restrictive hducial volume. For R = 30, there are
4.3 = 2.5 events. The probability that this is due to a fluctuation in the
background of 1.7 = 0.3 is 1.1%.

The LSND group provided a further check on their oscillation results
by searching for a similar effect in v, >V, oscillations, using muon neu-
trinos obtained from pion decay in thight (DIF), a different experiment
(Athanassopoulos et al., 1998a) with a more detailed analysis presented
in Athanassopoulos and collaborators (1998b). Their original result had
been obtained using v, from muon decay at rest {DAR):

The analysis presented here uses a different component of the neutrino beam, a
different detection process, and has different backgrounds and systematics from
the previous DAR result, providing a consistency check on the existence of neu-

trino oscillations.!? (Athanassopoulos et al., 1998a, p. 1774}

Once again, there had to be no possible source of electron neutrinos
present other than those that might be produced by neutrino oscillation.
Electron neutrinos from 7" decay in flight were suppressed by the
branching ratio of 1.23 X 1074, and those from p' decay in flight were
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reduced by the longer muon hifetime and by the kinematics of the three-
body decay of the muon (W'—e* +v_+ V)

Their previous experiment looked for the appearance of electron
antineutrinos by identifying both the positron and the neutron pro-
duced. In the decay-in-flight experiment the electron neutrino was to be
identified only by the electron produced in the reaction v, + C — ™ + X,
in which the carbon nucleus was present in the liquad scintillator of the
detector:

Candidate events for v, <= v, oscillation from the DIF v, Hux consist of a sin-
gle, isolated electron (from the (v, + C — ¢ + X| reaction} in the energy range
60200 MeV. The lower limit was chosen to be well above the end point of the
Michel electron spectrum [from muon decay] (52.8 MeV) to avoid backgrounds
induced by cosmic-rav muons and beam related v, and v events, The upper
limit of 200 MeV is the energy above which beam-off background rates increase,
and the expected signal becomes much attenuated. The analysis relies solely on
electron PIDY [ particle identification]| tn an energy region for which no control sam-

ple is avarlable. {Athanassopoulos et al. 1998a, p. 1775, emphasis added)

The electron identification scheme was crucial. The experimenters
relied primarily on differences in the timing characteristics of the com-
ponents of the lhight produced n the events: scintillation light, direct

Cerenkov light, and rescattered Cerenkov light:

Each of the three light components has its own characteristic emission time dis-
tribution. The scintillation light has a small prompt peak plus a large tail which
extends to hundreds of nanoseconds. The direct Cerenkov light is prompt and is
measured with a resolution of approximately 1.5 ns, The scattered Cerenkov
component has a time distribution between the direct Cerenkov light and the
scintillation light, with a prompt peak and a tail that falls oft more quickly than
scintillation light. { Athanassopoulos et al., 1998b, p. 2495)

The experimenters used two different reconstruction algorithms to anal-
vze the light and determine whether it fit the characteristics of that pro-
duced by a relativistic electron.

Background due to cosmic-ray muons was reduced by requiring
fewer than four active hits in the veto shield (no charged particle pres-
ent), a reconstructed distance of the event =35 ¢m from the boundary of
the detector, and by cuts on the “space-time and multiplicity correlations
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Table 9.2.
Comparison of results for the two analyses (A and B), their logical AND and OR?

Oscillation

Beam Efficiency  Probability
Drataset  OnfOff BUIED BRA* Excess (%0 [ 107
A 23114 8.0 =7 45 =09 1.5 = 4.9 8.4 29 *+14
B 2592 &4 * 07 g2 = 17 Ll % 5.3 13.8 1.7 £ 0.9
AND 831 222203 31 =06 27+ 29 2.2 LI+ 1.2
IR 175 123+ 04 e Rl 15,1 * 6.6 16,2 246 1.0

Senrce: Athanassopoulos et al. [ 1998a).
Al errors are statistical,

PRUE is beam-unrelated background.
“BEE 15 beam-related background.

between the current event and its past/future neighboring events.”!?

(Athanassopoulos et al., 1998a, p. 1775)

The candidate events were analyzed by two different analysis proce-
dures, which had different reconstruction software and ditferent selection
criteria. The final samples generated by these two procedures did not have
to be the same. The experimenters chose to use the logical “OR” events as
their final sample. “This miminuizes the sensitivity of the measurement to
uncertainties in the efficiency calculation, 1s less sensitive to stanistical fluc-
tuations, and vields a larger efhiciency” (Athanassopoulos et al., 1998a, p.
1776). Their inal sample of events for each of the analysis procedures, along
with the "AND" and "OR” samples is given in Table 9.2. They concluded:

We have described a search for |ut FC— e + X interactions for electron ener-
gies 60 < E_ << 200 MeV. Two different analyses observe a number of beam-on
events significantly above the expected number from the sum of conventional
beam-related processes and cosmic-ray (beam-off} events. The probability that
the 21.9 = 2.1 estimated background events fluctuate into 40 observed events is
1.1 % 1077, The excess events are consistent with v, <= v, oscillations with an
oscillation probability of (2.6 = 1.0 = 0.5) X 103,14 ( Athanassopoulos et al.,
1998a, p. 1777)

They further noted that “This v, < v, DIF oscillation search has
completely different backgrounds and systematic error from the v, e,
DAR oscillation search and provides additional evidence that both ettects
are due to neutrino oscillations” (p. 1777).
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Although each of the LSND results on neutrino oscillations appears
persuasive and the two different results are consistent and mutually sup-
portive, the fact remains that no other similar experiment has obtained a
positive result.

The most precise results are from the Karmen experiment. The
Karmen detector was a hquid-scintillator detector quite similar to LSNDD.
The group searched for both v, =P, and Vi Y, oscillations. In the
former case, they looked for the same signature as had the LSND group:
a spatially correlated, delaved coincidence between a positron produced
in the reaction ¥_ + p — ¢" + n, and the +y rays produced when the neu-
tron was absorbed in the detector. They found 124 candidate events, with
a background of 96.7, giving an excess of 27.3 * 11.4 events. With more
stringent selection criteria, the excess signal was 7.8 * 6.3 events, which
they regarded as insignificant beam excess.

The signature chosen for v <= v, oscillations was the electron pro-
duced in the reaction v, + 12C — 2N + ¢~ (the same reaction used by the
LSND group in their DIF experiment), but with the additional require-
ment of a detected positron from the decay 1*N — 120 + ¢t + v.. This
was a more stringent set of criteria than that used by LSND, During an
experimental run from July 1992 to December 1997, they found only two
candidate events, with a calculated background of 2.26 £ 0.3. They con-
cluded, for both searches, that "No evidence tor oscillations could be
found with Karmen” (Zeitnitz et al., 1998, p. 169).

According to a recent survey (Peltoniemi Web site):

All experiments, except LSND), are consistent with no oscillation. The results of
LSND can be interpreted as a signal of oscillation of muon neutrinos to electron
neutrinos. Most of the parameter range [sin®28, Am*| explaining the LSND
results are in disagreement with other experiments, particularly Karmen. How-

ever, there still seems to be a small area allowed by all experiments,

Until recently, there was convincing evidence only for v, <> v os-
cillations. This came primarily from experiments on atmospheric neu-
trinos.!” In the summer of 2001, striking evidence was provided for
electron-neutrino oscillations. The Sudbury Neutrino Observatory
(SNO) reported that the flux of solar neutrinos from the decay of B, as
measured by the charged current reaction v, +d — p + p + ¢~ (a reaction
sensitive only to electron neutrinos) was Lp‘":";:{u{j = 1.75 = 0.07 (statist-

cal) *0-12 (systematic) = 0.05 (theoretical) X 10° cm?® 571, The value of
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the B neutrino flux measured by the Super-Kamiokonde Collaboration
for the elastic scattering reaction v, + ¢ — v_+ ¢ (which 1s sensitive to
all three types of neutrinos) was c.pF"‘"'-[vE]- = 2.23 = (.03 (statistical) ﬂi‘ii”i
(systematic} * 10° ¢m? 571, The difference between the two measured
fluxes indicates the presence of other types of neutrinos in the solar flux
observed at the earth, and is strong evidence for electron-neutrino oscil-
lations. “Comparison of ¢' '{'{”u} to the Super-Kamiokonde Collabora-
tiom’s precision value of eE3( v.) vields a 3.3 o [standard deviation] dif-
ference, providing evidence that there is a non-electron tlavor active neu-
trino component in the solar flux”'® (SNO Web site).

In addition, the SNO Collaboration determined that the total flux of
active °B neutrinos was 5.44 + 0.99 X 10° cm? 571, in “excellent agree-
ment” with the predictions of the Standard Solar Model of 5.05 X 10°
cm? s~ Thus, the solar-neutrino problem seems to have been solved: The
deficit was due to electron-neutrino oscillations.

Untortunately, the SNO result does not cast any light on whether the
positive LSND result on electron-neutrino oscillations is correct. As noted
above, the theoretical analysis of the experimental results still allows a
consistent interpretation of all the results, although the allowed region
(in sin20 and Am) for the LSND result is shrinking. The question of the
correctness of the LSND result must await the results of the BoolNe
experiment at Fermilab. "BooNE is motivated predominantly by the evi-
dence for neutrino oscillations as claimed by the LSND experiment. The
goals of BooNE are: 1) confirm (or refute) the LSND observation with
much better statistical precision (thousands ol events compared to tens

of events in LSND}” (BooNE Web site).

Discussion

[n this chapter, we have discussed an episode in which there were two dif-
ferent sets of discordant results. The first was within the LSND group.
The second was the disagreement between the LSND result and the re-
sults of other accelerator experiments, most notably Karmen. Although
the 1ssues are still unresolved, I believe that this episode 1s interesting in
itselt and also merits discussion because the methods already used to try
lo resolve the issues are of interest,

The disagreement between the majority of the LSND group and Hill
concerned data analvsis and selection procedures. The LSND group re-
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sponded to Hill's criticism by using his fiducial volume in one of their
analyses of their later data. They argued that their result was robust
against such changes in their selection criteria (see Table 9.1). They also
performed a second experiment in which neutrinos from muon decays in
flight rather than from muon decays at rest were used. The consistency of
their results, despite the difference in sources of background and system-
atic errors, also argued for the robustness and correctness of their result.

Nevertheless, the faillure of other experiments to reproduce the LSND
result leaves the issue unresolved.!” LSND claims only that the probabil-
ity that their result is due to a fluctuation of background varies between
1% and 1%, depending on the result and the analysis procedure used.
This 1s unlikely, but not impossible. The greatly improved statistical accu-
racy of the BooNE experiment should resolve the 1ssue.



10
Atomic Parity Violation,
SLAC E122, and the
Weinberg-Salam Theory

The final episode | discuss involves discordant results from experiments
that tested the Weinberg-Salam (W-§) unified theory of electroweak
interactions. This is the most complex of the episodes considered because
it involves two different (but intertwined) mstances of discordant exper-
imental results. First, there was a disagreement between different experi-
ments that measured atomic parity violation. Some of these experiments
seemed to refute the W-5 theorv, whereas others supported it. In addi-
tion, the gquestion of whether these experimental results confirmed the
W-S theory was dependent on atomic physics calculations, which were
themselves uncertain. The second discord was between the early negative
results from atomic parity-violation experiments and the supportive
result for the W-5 theory produced by the SLAC E122 experiment, which
measured an asymmetry in the scattering of polarized electrons trom
deuterium. Thus we have discordant results produced in experiments
that measured the same, or similar, quantities, by sirmlar technigques. We
also have discordant results between experiments that measured very dif-
ferent quantities by very different experimental methods, in which the
discord centered on whether the experiments supported or refuted the
same theory.

The early history of the episode may be summarized as follows. In
1957, it had been experimentally demonstrated that parity (i.e., left-right
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symmetry) was violated in the weak interactions.! This feature of weak
interactions had been incorporated into the Weinberg-Salam unified
theory of electroweak interactions. The theory predicted that one would
see weak neutral-current effects in the interactions of electrons with
hadrons (strongly interacting particles). The effect would be quite small
when compared with the dominant electromagnetic interaction, but
could be distinguished from it by the violation of parity conservation. A
demonstration of a parity-violating effect and measurement of its mag-
nitude would test the W-5 theory. One such predicted etfect was the rota-
tion of the plane of polarization of polarized light when it passed through
bismuth vapor.

[n 1976 and 1977, experimental groups at Oxford University and the
University of Washington reported results from atomic parity—violation
experiments that disagreed with the predictions of the W-§ theory. At the
time the theory had other experimental support, but was not universally
accepted. In 1978 and 1979, a group at the Stanford Linear Accelerator
Center (the SLAC E122 experiment) reported results on the scattering of
polarized electrons from deuterium, which confirmed the W-5 theory. By
1979, the W-5 theory was regarded by the high-energv physics commu-
nity as established, although as Andrew Pickering (1984a) stated, “there
had been no intrinsic change in the status of the Washington-Oxford
experiments” (p. 301).

In Pickering’s (1984a) view:

particle physicists chose to accept the results of the SLAC experiment, chose to
interpret them in terms of the standard model (rather than some alternative
which might reconcile thern with the atomic physics results) and therefore chose
to regard the Washington-Oxford experiments as somehow defective in per-

formance or interpretation. (p. 301)

The implication seems to be that these choices were made so that the
experimental evidence would be consistent with accepted theory, and
that there were no good, independent reasons for the decision. In other
words, the disagreement was not resolved on epistemological or
methodological grounds, but rather by loyalty to existing community
commitments,

My view is quite different. I regard the two experimental results as
having different evidential weights. The 1mitial Washington-Oxford re-
sults used new and untested experimental apparatus and had large sys-
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tematic uncertainties {as large as the predicted effects). In addition, their
initial results, reported in 1976 and 1977, were internally inconsistent and
by 1979 there were other atomic parity—violation results that confirmed
the W-S theory. Thus by the end of 1979, the overall situation with
respect to the atomic parity results was quite uncertain. In contrast, the
SLAC experiment, although also using new techniques, had been very
carefully checked and had far more evidential weight.

Faced with this situation, the phvsics community chose to accept the
SLAC results, which supported the W-5 theory, and to await further devel-
opments on the uncertain atomic parity—violation results. The experiment-
theory disagreement and the discord between the two sets of experimental
results on atomic parity violation were later resolved, as was the disagree-
ment between the early atomic parity—violation results and those of SLAC
E122. Both disagreements were resolved by reasoned argument based on
experimental evidence and epistemological and methodological criteria. |
argue for this by a detailed examination of the history of this episode.

Early Atomic Parity-Violation Experiments

The first experimental tests of the W-5 theory were performed by groups
at Oxftord and Washington. They looked for a parity-violating rotation ot
the plane ot polarization of light when it passed through bismuth vapor.
They both used bismuth vapor but used wavelengths corresponding to
different transitions in bismuth: A = 648 nm (Oxford) and A = 876 nm
(Washington). They published a joint preliminary report noting that “we
feel that there 1s sufficient interest to justify an interim report” {Baird et
al., 1976, p. 528}. They reported values for R, the parity-violating param-
eter, of R = (=8 = 3) x 107® (Washington) and R = (+10 = 8} X 10-8
(Oxford). “We conclude from the two experiments that the optical rota-
tion, if it exists, is smaller than the values =3 X 1077 and —4 X 1077 pre-
dicted by the W-5 model plus the atomic central field approximation”
(p. 529).°

The experimental results were quite uncertain; they included system-
atic uncertainties of the order of =10 X 107% that were not fully under-
stood. The systematic experimental uncertainties were of the same order
of magnitude as the expected effect. These were also novel experiments,
using new and previously untried techmques, which also tended to make
the experimental results uncertain.
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In September 1977, both the Washington and Oxford groups pub-
lished more detailed accounts of their experiments with somewhat re-
vised results {Baird et al., 1977; Lewis et al., 1977}. Both groups again
reported results in substantial disagreement with the predictions of the
W-5 theory, although the Washington group stated that “more complete
calculations that include many-particle effects are clearly desirable™ { Lewis
etal., 1977, p. 795). The Washington group reported a value of R = (-0.7
+ 3,2) X 1078, which was in disagreement with the theoretical prediction
of approximately —2.5 X 1077 This value was also inconsistent with their
carlier result of (-8 = 3) % 1078.* This inconsistency was not discussed
by the experimenters in the published paper, but it was discussed by
others within the atomic-physics commumty. It lessened the credibality
of the result,” The Oxford result was R = (+2.7 = 4.7) X 107%, again in
disagreement with the W-§ prediction of approximately =2.5 X 1077,
They noted, however, that there was a systematic effect in their apparatus.
They found a change in the rotation angle ¢ (due to slight misalignment
of the polarizers, optical rotation in the windows, etc.) of order 2 % 1077
radians:

Unfortunately, it varies with time over a period of minutes, and depends sensi-
tively on the setting of the laser and the optical path through the polarizer. While
we believe we understand this effect in terms of imperfections in the polarizers
combined with changes in laser beam intensity distribution, we have been
unable to reduce it significantly, (Baird et al., 1977, p. 800)

A systematic effect of the same size as that of the theoretically predicted
eftect cast doubt on the result and on the comparison between experi-
ment and theory.

The theoretical calculations of the expected effect were also uncer-
tain. The problem 1s that for an atom with few electrons, where the elec-
tron wavefunctions could be calculated quite reliably, the predicted effect
is small. For a multi-electron atom such as bismuth, in which the pre-
dicted effect is much larger, the wavetfunctions can be calculated only
approximately and with a fair amount of uncertainty. There were, at the
time, four different calculations of the expected effect that agreed with
one another to within £25% (Table 1011}, so that the largest and small-
est calculated values of R differ by almost a factor of two. The experi-
menters thought this rough agreement encouraging, although they did
not know whether inclusion of the many-body ettects {which had been
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Table 10.1.

Calculated parity—violation effect in bismuth

Method R0 Reference

Hartree-Foclk -2.3 Brimicombe et al. {1976}
Hartree-Fock =3.5 Henlev and Wilets { 1976)
Semiempirical 1.7 Novikov et al. (1976)
Multiconfiguration —2.4 Girant {1976, pers, comim. |

Soreree: Lewas et al, (19770,

neglected in the calculation) would resolve the discrepancy between the-
ory and experiment.

How were these results viewed at the time by the physics community?
In the same issue of Nature in which the original joint Oxford-
Washington paper was published, Frank Close, a particle theorist, sum-
marized the situation:

[s parity violated in atomic physics? According to experiments being performed
independently at Oxford and the University of Washington the answer may well
be no. ... This is a very interesting result in light of last month's report . . . claim-
ing that parity is violated in high energy "neutral current” interactions between

neutrinos and matter. {Close 1976, p. 503)
The experiment that Close referred to had concluded:

Measuremnents of R¥ and RY, the ratios of neutral current to charged current
rates for v and v [neutrino and antineutrino| cross sections, yield neutral cur-
rent rates for v and v that are consistent with a pure V-A interaction but 3 stan-
dard deviations from pure V or pure A, indicating the presence of parity non-

conservation in the weak neutral current. (Benvenuti et al., 1976, p. 103()

Close (1976) noted that the atomic-physics results appeared to be
inconsistent with the predictions of the W-5 model supplemented by
atomic-physics calculations, He also remarked that “At present the dis-
crepancy can conceivably be the combined effect of systematic effects in
atomic physics calculations and systematic uncertainties i the experi-
ments” (pp. 505-6). Close discussed the possibility that neutral-current
etfects might violate parity in neutrino interactions and conserve parity
in electron interactions. He also discussed an alternative that had an
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unexpected (on the basis of accepted theory) energy dependence, so that
the high-energy neutrino experiments showed parity nonconservation
whereas the low energy atomic physics experiments would not. "Whether
such a possibility could be incorporated into the unification ideas is not
clear. It also isn't clear, vet, if we have to worry. However, the clear blue
sky of summer now has a cloud in it. We wait to see 1if 1t heralds a storm”
(p. 506).

The uncertainty caused by these atomic parity—violation results is
shown in a summary of the Symposium on Lepton and Photon Inter-
actions at High Energies, held in Hamburg August 25-31, 1977, given by
David Miller. Miller (1977) noted that Sandars had reported that neither
his group at Oxford nor the Washington group had seen any parity-
violating effects and that “they have spent a great deal of time checking
both their experimental sensitivity and the theory in order to be sure™
(p. 288). Miller continued:

S. Weinberg and others discussed the meaning of these results. It seems that the
SU{2) > U{1} is to the weak interaction what the naive quark-parton model has
been to QCD, a first approximation which has fitted a surprisingly large amount
of data. Now it will be necessary to enlarge the model to accommodate the new
quarks and leptons, the absence of atomic neutral currents, and perhaps also

whatever it is that is causing trimuon events. (p. 288)

[ believe, however, that the uncertainty in these experimental results
only made the disagreement with the W-5 theory a matter of concern—
not a full-blown ¢risis. In anv event, the monopoly of Washington and
Oxford was soon broken.

The evidential situation changed in 1978, when Barkov and Zolo-
torev (1978a,b, 1979a), two Soviet scientists from Novosibirsk, reported
measurements on the same transition in bismuth as the Oxford group
had studied. Their results agreed with the predictions of the W-5 model.
They gave a value for 1|’¢_-::ph[“n-'-:~i = (+1.4 £ 0.3) k, where s 1s the angle of
rotation of the plane of polarization caused by the bismuth vapor. “The
factor k was introduced because of inexact knowledge of the bismuth
vapor, and also because of some uncertainty in the estimate, the factor
lies in the interval trom 0.5 to 1.5” (Barkov and Zolotorev, 1978a, p.360).
They concluded that their result did not contradict the predictions of the
W-5 model. Note that agreement with theoretical prediction depended
(and still does depend) on which method of calculation 1s chosen. A
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somewhat later paper changed the result to Yoyp/yg = 1.1 £ 0.3 (Bar-
kov and Zolotorev, 1978b).

Subsequent papers reported more extensive data and found a value
for RﬂwfRﬂmm = 1.07 = .14 (Barkov and Zolotorev, 1979a.b, 1980).
They also reported that the latest unpublished results from the Wash-
mgton and Oxford groups, which had been commumicated to them pri-
vately, showed parity violation, although “the results of their new exper-
iments have not reached good reproducibility”™ {Barkov and Zolotorev,
1979a, p. 312).

[n September 1979, an international workshop devoted to neutral-
current interactions in atoms was held in Cargese, France. This workshop
was altended by representatives of virtually all of the groups actively
working in the field, including Oxford, Washington, and Novosibirsk, At
that workshop, the Novosibirsk group presented a very detailed account
of their experiment (Barkov and Zolotorev 1979b). Bouchiat (1980)
remarked in his workshop summary paper, “Protessor Barkov, in his talk,
gave a very detailed account of the Novosibirsk experiment and answered
many queshions concerning possible svstematic errors” (p. 364). There
was also communication between the Soviet and Oxford groups. The
Soviets reported that they had been able to uniquely identify the hyper-
fine structure of the 6477-A [648 nm] line of atomic bismuth and that
“the results of these measurements agree also with the results in Oxtord
(P. Sandars, pers. comm.)” { Barkov and Zolotorev 1978a, p. 359).

In early 1979, a Berkeley group reported an atomic-physics result for
thallium that agreed with the predictions of the W-5 model (Conti et al,,
1979). They investigated the polarization of light passing through thalli-
um vapor and found a circular dichroism & = (+5.2 = 2.4) % 10~ and
compared this with the theoretical prediction of (+2.3 = 0.9) X 1072
Although these were not definitive results—they were only two standard
deviations from zero—they did agree with the model in both sign and
magnitude.

In mid-1979, the attempts to confirm W-5 theory through atomic
physics experiment were inconclusive. The Oxtord and Washington
groups had originally reported a discrepancy between their experimental
results and the theory, but their more recent results, although prelimi-
nary, showed the presence of the predicted parity nonconserving effects.
[n addition, the Soviet and Berkeley results agreed with the model. Dvdak
(1979) summarized the situation in a talk at a 1979 conference:
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It is difficult to choose between the conflicting results in order to determine the
eq [electron-quark] coupling constants. Tentatively, we go along with the posi-
tive results from Novosibirsk and Berkeley groups and hope that future develop-
ment will justify this step (1t cannot be justified at present, on clear-cut expen-

mental grounds).” (p. 35

Bouchiat’s (1980} summary paper at the Cargese Workshop was
more positive. After reviewing the Novosibirsk experiment as well as the
conflict between the earlier and later Washington and Oxford results he
remarked, “As a conclusion on this Bismuth session, one can say that parity
violation has been observed roughly with the magnitude predicted by the
Weinberg-Salam theory” (p. 365, emphasis in original). But even this
statement does not assert that the results agree with the predictions of the
theory.”

The SLAC E122 Experiment

The evidential situation was made even more complex when a group at
SLAC reported a result from the SLAC E122 experiment on the scatter-
g of polarized electrons from deuterium that agreed with the W-5
model {Prescott et al., 1978, 1979). They not only found the predicted
scattering asymmetry but also obtained a value for sin®f,, = 0.20 * 0.03
(1978) and 0.224 = 0.020 (1979) in agreement with other measurements
made at the time I:Hin;{-l“,. 15 an important parameter in the W-5 theory).
“We conclude that within experimental error our results are consistent
with the W-5 model, and furthermore our best value ﬁf-SiI‘JEU.,I,,r.- 15 in good
agreement with the weighted average for the parameter obtained from
neutrino experiments” { Prescott et al., 1979, p. 528).

Let us examine the arguments presented by the SLAC group in tavor
of the validity and reliability of their measurement. 1 agree with Pickering
(1984a) that “in 1its own way E122 was just as innovatory as the
Washington-Oxford experiments and its findings were, in principle, just
as open to challenge” (p. 301). For this reason, the SLAC group present-
ed a very detailed analysis of their experimental apparatus and result and
performed many checks on their experiment.

The experiment depended, m large part, on a new high ntensity
source of longitudinally polarized electrons. The polanzation of the elec-
tron beam could be varied by changing the voltage on a Pockels cell. "This
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reversal was done randomly on a pulse to pulse basis. The rapid reversals
minimized the etfects of drifts in the experiment, and the randomization
avolded changing the helicity synchronously with periodic changes in
experimental parameters” (Prescott et al. 1978, p. 348). It had been dem-
onstrated in an earlier experiment that polarized electrons could be
accelerated with negligible depolarization. In addition, both the sign and
magnitude of the beam polarization were measured pernodically by ob-
serving the known asymmetry in elastic electron-electron scattering from
a magnetized iron foil.

The experimenters also checked whether the apparatus produced
spurious asymmetries. They measured the scattering using the unpolar-
1zed beam from the ordinary SLAC electron gun, for which the asymme-
try should be zero. They assigned polarizations to the beam using the
same random-number generator that determined the sign of the voltage
t exp/ Pe = (=2.5 £ 2.2) X
1077, where A, is the experimental asymmetry and P_ is the beam
polarization for the polarized source (P, = 0.37). This value is consistent
with zero and demonstrated that the apparatus could measure asymme-

on the Pockels cell. They obtained a value for A

tries of the order of 1077,

They also varied the polarization of the beam by changing the angle
of a calcite prism within the device, thereby changing the polarization of
the light striking the Pockels cell. They predicted A, = [P, | A cos(2¢,),
where @ was the prism angle. The results are shown in Figure 10.1. Not
only do the data fit the predicted curve, but the fact that the results at 45¢
are consistent with zero indicates that other sources of error in 'ﬁ"uxp are
small. The graph shows the results for two different detectors, a nitrogen-
filled Cerenkov counter and a lead glass shower counter. The consistency
of the results confers credibility on the measurements: “"Although these
two separate counters are not statistically independent, they were ana-
lvzed with independent electronics and respond quite differently to
potential backgrounds. The consistency between these counters serves
as a check that such backgrounds are small” (Prescott et al. 1978, p.
350]).

Because of the g-2 precession of the spin as the electrons passes
through the beam transport magnets, the electron-beam helicity also
depended on the beam energy E;. The expected distribution and the
experimental data for Agxp! | P, | Q% are shown in Figure 10.2 (Q° is the
square of the momentum transfer). It was noted that the data follow the
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Figure 10.1. Experimental asymmetry as a function of prism angle for both the
Cerenkov counter and the shower counter, The dashed line is the predicted behav-
1or, From Prescott et al, {1978,

g-2 modulation of the helicity; the nearly zero value at 17.8 GeV demon-
strated that any transverse spin effects were small.

A potentially serious source of error came from the possibility of
small, systematic differences in the beam parameters for the two helici-
ties. Small changes in beam position, angle, current, or energy could
imfluence the measured yield, and if correlated with reversals of beam
helicity could cause spurious asymmetries resembling paritv-violating
effects. These quantities were carefully monitored and a feedback system
used to stabilize them:

Using the measured pulse to pulse beam information together with the meas-
ured sensitivities of the yield to each of the beam parameters, we made correc-
tions to the asymmetries for helicity dependent differences in beam parameters.
For these corrections, we have assigned a systematic error equal to the correction
itself. The most significant imbalance was less than one part per million in E
[the beam energy| which contributed —0.26 X 10-° to A/O2" (Prescott et al.,

1978, p. 351) Compare this value with their final result of A/Q= = (9.5 = L.6)
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Figure 10.2. Experimental asymmetry as a function of beam energv. The expected
behavior is the dashed line. From Prescott et al. (1978).

A0 GeVics, This was regarded by the physics community as a reliable and
convincing result,”

Hybrid models, which might have reconciled the discordant atomic
parity results and the results of SLAC E122, were both considered and
tested by the E122 group. In their first paper {Prescott et al., 1978}, they
pointed out that the hybrid model was consistent with their data only for
values of sin®f,,, < 0.1, which was inconsistent with the measured value
of approximately 0.23. In their second paper (Prescott et al., 1979) they
plotted their data as a function ot y = (E, — E")/E,,, where E’ is the energy
of the scattered electron. Both the W-5 theory and the hybrid model
made definite predictions for this graph. The results are shown in Figure
10.3: The superiority of the W-5 model is obvious. For the W-5 theory,
they obtained a value of sinliiw = (0.224 = 0.020 with a x* probability of
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Figure 10.3. Asymmetries measured at three ditferent energies plotted as a function
of y = (E, = E')VE,. The predictions of the hybrid model, the W-5 theory, and a
madel-independent calculation are shown. “The Weinberg-5alam model is an
acceptable fit to the data: the hybrid model appears to be ruled out.” From Prescott
et al. (1978).

40%. The hybrid model gave a value of 0.015 and a x? probability of 6
10~*, which, the experimenters noted, “appears to rule out this model.”

The physics community chose to accept the results from the caretul-
ly conducted and checked SLAC experiment that confirmed the W-§ the-
ory, and to await further developments in the atomic parity—violating
experiments, which, as we have seen, were inconclusive. This view is sup-
ported by Bouchiat {1980). After hearing a detailed account of the SLAC
experiment, he stated:

| In| our opinion, this experiment gave the hrst truly convincing evidence for
parity violation in neutral current processes. . . . [ would like to say that [ have
been very much impressed by the care with which systematic errors have been
treated in the experiment, It is certainly an example to be followed by all people
working in this very difbcult field. (pp. 358, 35960}



232 =« THE RESOLUTION OF DISCORDANT RESULTS

The decision to accept the SLAC E122 result was based on evidential
weight, determined by epistemological criteria.

Later Atomic Parity—Violation Experiments and
the Resolution of the Discord

[ discussed earhier the uncertainty in the 1977 Washington and Oxford
results caused by systematic effects. This uncertainty is emphasized by
examining the reports of Bogdanov and collaborators (1980a,b) of meas-
urements on the same transition in bismuth that the Oxford group had
used.” Their measurement was also in disagreement with the predictions
of the W-5§ theory. They reported an optical rotation due to the parity-
nonconservation interaction of Qpye = (0,22 = 1.0) X 10~ rad, in dis-
agreement with the theoretical prediction of 107 rad. They discussed
two sources of systematic errors that could give rise to eftects of the same
size as those expected from parity nonconservation: variation in laser
intensity due to scanning the laser frequency and interference between
the mam laser beam and scattered hght. Bogdanov and collaborators also
discussed the measures taken to reduce the errors due to these effects,
They remarked that the spread in the individual series of measurements
substantially exceeded the error in their quoted result and attributed it to
time-dependent instrumental errors. Once again there were systematic
errors in this type of experiment that were approximately the same size
as the effects predicted by the W-5 theorv.

The Washington group (Hollister et al., 1981) subsequently empha-
sized the discord between the various experimental results: "Our experi-
ment and the bismuth optical-rotation experiments by three other groups
| Oxtord, Moscow, and Novosibirsk| have yielded results with significant
mutual discrepancies far larger than the quoted errors” (p. 643, emphasis
added). They also pomnted out that their earlier measurements were not
mutually consistent, empasizing the uncertainty in the results. The moral
of the story 1s clear: These were extremely difficult experiments, beset with
systematic errors of approximately the same size as the predicted effects.

Let us brietly examine the subsequent history of the bismuth experi-
ments, along with a brief treatment of the other atomic physics parity—
violation experiments that have relevance for the W-S theory.

Bourchiat’s (1980) summary of the situation is shown n Table 10.2.
Bouchiat remarked that whereas the Novosibirsk result had been pub-
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Table 10.2.

Bismuth optical activity (A = 648 nm)

Experiment R 10°) Theory

MNovosihirsk —2he = 3.2 MNovosibirsk —19

Onctord |1 ~10L3 = 1.8 Onctord =14

Oxctord 11 11.2 = 4]

Old Oxtord 27+ 47

(A =876 nm}

Washington —10.0 = 2 Novosibirsk —14
Onxeford —12

Uld Washington -7 x 32

Sonrce: Bouchiat 1980,

lished, both the Washington and Oxford results were in the nature of
progress reports on recent trends in their experiments, not definite re-
sults. He also noted that there was no explanation of the large difference
between the old and new Washington and Oxford results, and that there
was a factor of two discrepancy between the Novosibirsk and Oxford
results at A = 648 nm. The ditterence in both theoretical approach and
the numerical value of the calculation between the two groups was also
mentioned,

In 1981, the Washington group published another measurement of
the optical rotation in bismuth at A = 876 nm (Hollister et al., 1981). The
theoretical calculations they used to compare with their data ranged from
R=-8 X 107% to =17 X 107%, Their value of R = (=104 = 1.7) x 1078
agreed in “sign and approximate magnitude with recent calculations of
the effect in bismuth based on the Weinberg-Salam theory.” They point-
ed out that since making their earliest measurements, they had “added a
new laser, improved the optics, and included far more extensive experi-
mental checks™ (p. 643). They excluded the first three measurements
from their average because they were made without the new systematic
checks and controls, which were to be discussed in detail in a forthcom-
mg paper.

That discussion appeared in an extensive review of atomic parity—
violation experiments by Fortson and Lewis (1984), two members of the
Washington group. They reported experimental controls on both the
polarizer angle and the laser frequency. They also used alternate cycles, in
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which their bismuth oven was turned off, to avoid a spurious effect that
could mimic the predicted parity-nonconserving effect. They also exam-
ined their data for any correlations between the measured values of the
parity-nonconserving parameter and any other experimental variables.
This procedure set limits on known sources of systematic error and ini-
lally helped to uncover some errors and eliminate them. These errors
included those due to wavelength-dependent effects and to beam move-
ment, errors common to all atomic parity experiments.

The Novosibirsk group's results did not change very much from the
value cited above. Their last published measurement {Barkov and Zolo-
torev, 1980) gave R = (-20.2 £ 2.7) X 1078, which was approximately
twice the value obtained by the Oxford group for the A = 648 nm transi-
tion. The Moscow group (Bogdanov et al., 1980a) had originally report-
ed a value for R in disagreement with the theoretical predictions and the
experimental results of both the Oxtord and Novosibirsk groups. Their
value was R, /Ry, = -0.02 £ 0.1. A second publication (Bogdanov et al.,
1980b) reported a value of R = (=2.4 = 1.3) % 107%, still in disagreement
with both theory and the other experimental measurements, They noted,
however, that the errors within an individual series of measurements
exceeded the standard deviation in some cases, indicating that there were
additional systematic errors present that varied comparatively slowly
with time. The Moscow group continued their investigation of the
sources and magnitudes of systematic errors (Birich et al., 1984). They
look steps to minimize these effects and to measure any residual effects,
and noted that their earlier results had not included all of these controls
and corrections. Their final value was R = {(=7.8 = 1.8) % 107% and they
concluded that "It is clear that our latest results and the results of the
Oxtford group |Oxtord was reporting a value of approximately (-9 = 2)
% 1078 at this time] are in sufficient agreement with one another and
with the results of the most detailed calculations™ (p. 448).

The Oxford group continued their measurements on the A = 648 nm
line in bismuth through 1987. They had presented intermediate reports
at conterences in 1982 and 1984 consistent with the W-5 theory. Their
1987 result of R = (=9.3 = 1.4) x 1078 (Taylor et al., 1987) is consistent
with the standard model (the uncertainty 1s now primarily in the theo-
retical calculations) and with the measurements of Birich and collabora-
tors (1984 ), but inconsistent with those of Barkov and Zolotorev (1979b).
During the 1980s, the group devoted considerable effort to searching for
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svstematic effects and trying to ehiminate or correct for them. The diffi-
culties of this type of experiment are severe: They noted that their
method depends on changing the wavelength of the laser and that wave-
length-dependent angles (WDA), comparable to the expected parity-
nonconserving optical-rotation angle, are seen in their apparatus, even in
the absence of bismuth.!® This WDA varied with time in an apparently
random way and affected the group’s ability to make measurements and
carry out diagnostic tests. Because of its random nature, they did not
expect the WDA to give rise to systematic error in the bismuth measure-
ments, but its presence does indicate the possibility of angle eftects of
similar size to the expected effect and hence the need for caution. Taylor
and collaborators (1987) list experimental checks for angle sensitivity,
angle lock, polarizer reversal, Faraday contamination, pickup, cross-
modulation between laser and magnetic field, transverse magnetic field
ettects, and oven reversal. As one can see, making a valid measurement
demands considerable care. They noted that their present result disagreed
with their earlier published value of R = (+2.75 * 4.7} X 10~%, Because
their new result involved an improved apparatus, considerably more
data, and numerous checks against possible systematic error, they pre-
ferred their latest result. They concluded that their earlier result was in
error, but conceded that they did not have any explanation tor the source
of the error. The rebuilding of the apparatus precluded testing many of
the likely explanations.

The situation today is virtually the same as when Bouchiat and
Pottier (1984) presented their summary ( Table 10.3). The bismuth results
are in approximate agreement with the W-5 theory, although the dis-
crepancy with the Novosibirsk measurement remains problematic. There
are recent reports of a new Novosibirsk experiment whose results agree
with those of Oxtord (5. Blundell, pers. comm.).

Atomic parity violation has also been observed in elements other
than bismuth. I mentioned earlier an experiment on thallium (Cont et
al., 1979), which had given a result in approximate agreement with the
W-S theory. The early bismuth experiments had been in part evaluated in
the context of this experiment. The experiment had measured the circu-
lar dichroism, 8, and had found & = (+5.2 * 2.4) % 107 to be in agree-
ment with the theoretical value &, = (+2.3 * 0.9) X 1073, Bucksbaum
and collaborators continued this series of experiments through the
1980s, using the same basic method, although they made improvements
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Table 10.3.
Bismuth optical activity (A = 648 nm)
Experiment R 10%) Theory Reference
Movosibirsk (1979 M2 =27 —13 Sandars (1980)
Onctord (1984 0315 =17 MNovikowv et al. {1976)
Muoscow {1984 ) i e I 18.8 Barkov { 1980a)
—10.5 [ Martensson et al. 1981)
Bi 876 nm
Seattle (1981) -10.4 £ 1.7 —8 Martensson et al. {1981)
—11 Sandars [ 1980})
=13 Movikowv et al, (1976)

Sourcer Bouchiat and Pottier (1984 ).

in the experimental apparatus and carried out more thorough investiga-
tions of possible sources of systematic error. In 1981, Bucksbaum and
collaborators (1981a,b) reported a value & = (+2.8 '_,:';_g} * 1074 in com-
parison with the theoretical value (+2.1 = 0.7) X 107, The change in the
theoretical value of © was caused by a change in the experimentally meas-
ured value of sin®f,, from 0.25 to 0.23.

Parity-nonconserving optical rotation has also been observed in lead
by the Washington group (Emmons et al., 1983}, Their experimental
value of R = (=9.9 &= 2,5) X 107 agrees, to within the uncertainties of the
measurement and the atomic-theory calculation, with the theoretical
prediction of R = =13 X 1075, A series of measurements has also been
done on cesium. As early as 1974, even before the existence of the weak
neutral currents predicted by W-5 theory had been established, Bouchiat
and Bouchiat (1974} had calculated the expected etfect of such neutral
currents in atomic parity-violation experiments. They had found that
the effect would be enhanced in heavy atoms: “going from hydrogen to
cesium, one gets an enhancement of the order of 10°” (p. 112). The first
experimental result on cesium was reported by Bouchiat and collabora-
tors (1982). They found that the parity-nonconserving parameter
Im(EFNC/Blexp = (-1.34 = 0.22 * 0.11) mV/cm, where the theoretical
value was (=1.73 £ 0.07) mV/cm. They concluded, “In view of the exper-
immental and theoretical uncertainties, this 1s quite consistent with the
measured value”™ (p. 369). This measurement was on a AF = 0 hyperfine
transition. A second paper (Bouchiat et al., 1984} reported a measure-
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ment on a AF = 1 transition in cesium and found Inr1{|irr“"{ fB) = (-1.78
+ 0.26 = 0.12) mV/cm. "Within the quoted uncertainties, the two results
clearly agree, so the two measurements successtully cross-check one
another. It is then fair to combine them, which yields Im EFH:IB = —1.56
+ 0.17 £ 0.12 mV/cm” (p. 467). The theoretical value had changed
slightly to —=1.61 £ 0.07 & 0.20 mV/cm, so theory and experiment were
n agreement,

A recent experiment on cesium has been performed by Carl Wieman
and his collaborators (Gilbert et al., 1985; Gilbert and Wieman, 1986;
Wieman et al., 1987). They found Im E-r”“f’B = —1.65 * (.13 mV/cm, in
good agreement with the previous measurement by Bouchiat and collab-
orators and with theoretical prediction, discussed above. This was the
first atomic paritv—violation experiment to obtain an uncertainty << 10%.
The experimental checks were extensive: They included four independent
spatial reversals of experimental conditions to identify the parity-non-
conserving signal when, in principle, only two are required to resolve the
ettect. This reduced the potential systematic error because nearly all the
factors that can alffect the transition rate are correlated with, at most, one
of these reversals, Other possible sources of systematic error were 1denti-
fied and their possible effects measured in auxihary experiments. The
experimenters also introduced known nonreversing fields, misalign-
ments, and other confounding factors. The measured etffect of these
interventions agreed with their calculations of these effects and also indi-
cated that these effects were small compared with the paritv-violating
signal. Their analysis of their data over time scales from minutes to days
also indicated that the distribution of their measured values of Im
E}]m:f B was completely statistical, and that time-dependent systematic
ettects were small.

[t is fair to say that the current situation with respect to atomic
paritv—violation experiments and the W-5 theory is that the prepon-
derance of evidence favors the theorv. The later experiments, which elim-
mated various sources of background and systematic uncertaintly, are
more credible than the earliest attempts to measure atomic parity vio-
lation. No one knows with certainty why those early results were wrong.
Nevertheless, since those early experiments were pertormed, physicists
have found new sources of systematic error that were not dealt with in the
early experiments. The redesign of the apparatus has, in many cases,
precluded testing whether these effects were significant in the older
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apparatus. Although it cannot be claimed with certainty that these eftects
account for the earlier, presumably incorrect, results, there are reasonable
grounds tor believing that the later results are more accurate. The consis-
tency of the later measurements, especially those made independently by
different groups, enhances that belief.

The choice between the early atomic parity—violation results and the
SLAC E122 result was determined by evidential weight based on epis-
temological criteria. The discord between the various atomic parity—
violation results was resolved by both the greater credibility of the later
results, again based on epistemological criteria, and by a preponderance
of evidence.,



Conclusion

[ began this book by describing two problems for my view that experi-
mental evidence can provide the legitimate basis for scientific knowledge:
(1) the question of selectivity, in either data or the analysis of that data;
and (2} the resolution of discordant results. Selectivity, and the associat-
ed problem of possible experimenter bias, casts doubt on the validity or
correctness of an experimental result. It is, as we have seen, often associ-
ated with the second problem, the resolution of discordant results. If, as
15 often the case, experimental results disagree, how can scientific knowl-
edge be based on such results? Although a consensus is usually achieved
within a reasonable time, | believe that one must demonstrate that the
methods by which such resolution is achieved provide grounds for scien-
tific knowledge—in other words, that they are based on epistemological
and methodological criteria.

Selectivity

In Part I, | discussed several types of selection criteria that have been
applied to data and to analysis procedures. The cuts have ranged from
straightforward and legitimate (as in Millikans exclusion of data
obtained when he was not sure that his experimental apparatus was
working properly!} to problematic cuts that stemmed from very complex
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analysis tuning (as in the case of the proposed low-mass electron-
positron states, in which the results were an artifact of the cuts). It seems
clear that there is no single solution to the problem of determining
whether an experimental result is an artifact created by the cuts: What
may work in one case may not work in another. There are, however, some
general strategies to answer that question.

Consider, for example, robustness. This is an important method of
demonstrating the correctness of an experimental result, and for dealing
with the problem of cuts. It was, in fact, used in each of the episodes dis-
cussed in this book. In the experiment to measure the K, branching
ratio, for example, the experimenters varied both the range cut and the
track-matching criterion over reasonable intervals and showed that the
branching ratio found was robust under those variations. In the cases of
gravity waves and the 17-keV neutrino, robustness again played an
important role. In the gravity wave episode, Weber's critics used their
own preferred analysis algorithm as well as Weber's nonlinear algorithm
and showed that they still found no gravity-wave signal. This was one of
the arguments that favored the critics’ results over Weber's result.
Simularly, in the case of the 17-keV neutrino, several experimenters used
both a wide and a narrow energy range in their analysis and demonstrat-
ed that their conclusions did not change. In the decisive experiments that
showed that the 17-keV neutrino did not exist, the experimenters dem-
onstrated that the choice of analysis procedure was not a problem in their
experiments. We also saw how the apparent failure to use robustness as a
criterion led to misinterpretation ol an artifact ol data analysis as a real
effect in an independent reanalysis of another researcher’s data.

Robustness did not, however, provide an unambiguous solution to
the problem in the episode of the low-mass electron-positron states. This
was because the results obtained from various experiments, although
similar, seemed to be extremely sensitive to a variety of experimental con-
ditions, mcluding time of hight, bombarding energy, scattering angle,
and the relative values of the electron and positron energies. Varying
these conditions could make the etfects vary or disappear: The results
lacked robustness. Were the variations a real sensitivity to the conditions
or were they artitacts? There are, after all, many phenomena in science
which exhibit such sensitivity. Experimenters thought that this sensitivi-
ly mught pertain in the heavy-ion collisions that produced the low-mass
electron-positron states. In this episode, more careful analysis subse-
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quently showed that tuning the cuts could produce the results imtally
obtained. The results were merelv magnifications of statistical fluctua-
tions produced by tuning the selection criteria.

Nevertheless, because similar results were obtained in several experi-
ments using different detectors, different projectile and target nuclei, and
at similar {although not 1dentical) energies, the results carried sufficient
credibility to encourage further investigation of these heavy-ion colli-
sions. This raises the interesting question of how similar two experiments
must be to count as replications and how close experimental results must
be to count as confirmations. A large number of possible low-mass elec-
tron-positron states were found in the different experiments (see Figure
5.7). The experimenters interpreted the results as evidence for three such
states and used the fact that the results were obtained in “different” exper-
iments to support the existence of the states.” In retrospect, they were
wrong. There is no easy solution to the problem of what constitutes con-
firmation or replication of an experimental result. How similar the
conditions or effects must be can be decided only on a case-by-case basis.

Replication, another form of robustness, also plays an important role
in guarding against artifacts created by cuts, In the case of Millikan,
unlike the other episodes discussed, both his data exclusion and his vary-
ing analvsis procedures were private and thus unavailable to the scientific
community. Here the robustness of the value of the charge on the elec-
correctness of Millikan’s result and acted as a safeguard against his selec-
livity. This replication is usually the case in experiments with important
theoretical implications. For example, in the discovery of the existence of
the intermediate vector boson there were two experiments, UALl and
UA2, each of which demonstrated the existence of the particle. In the case
of the SLAC E122 experiment that demonstrated the existence of parity
violation n electroweak mteractions, the fact that only a single experi-
ment was performed made the epistemological arguments in support of
the correctness of the result crucial. The experiment has not been rephi-
cated, but the care with which it was done and analyzed has persuaded
the physics community that the result is correct (see Chapter 10 for
details). The failure, however, to reproduce the low-mass electron-
positron effects in Bhabha scattering, a different physical system, but one
in which the same effects were expected, cast doubt on the results.” There
are, however, episodes in which incorrect results have been replicated.
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Replication 1s not a guarantee of the correctness of an experimental result
(see Galison, 1987, Chapter 2;* and Chapter 5 of this book),

Demonstrating that cuts could create the observed etfect also played
a major role in several episodes discussed in this book. Thus, Katka, ana-
lyzing his own data and varying his threshold criterion, showed that he
could create an apparent gravity-wave signal. The same effect was dem-
onstrated by Levine and Garwin using a computer simulation, In the
episode of the 17-keV neutrino, Bonvicim showed, also by means of a
Monte Carlo calculation, that analysis cuts combined with limited statis-
tics could produce effects that might mask or mimic the presence of the
proposed particle. It should be emphasized, however, that demonstrating
that an effect can be produced by applying selection criteria can only cast
doubt on an experimental result. [t cannot demonstrate that the result is
incorrect. In the cases of gravity waves and the low-mass electron-posi-
tron states, other arguments were both needed and provided. Conversely,
arguing that the applied cuts could not create the observed effect (as was
the case tor the K, branching-ratio experiment} increased confidence in
the result.

Sometimes one can argue that an experimental result 15 not an arti-
fact by the use of a surrogate signal. Detection of the surrogate signal
argues that the experimental apparatus and the analysis procedure are
working properly. This was the case in the episodes of both gravity waves
and the 17-keV neutrino. Weber’s critics were able to detect a pulse of
acoustic energy injected nto the antenna that mimicked the effect ex-
pected for gravity waves. The Argonne group was able to detect the kink
created by the composite spectrum of *°$ and 4C, which served as a sur-
rogate for the ettect expected for the 17-keV neutrino. Such a procedure
tests the proper operation ot both the experimental apparatus and the
analysis procedure, including the cuts.

Because there 1s no single algorithm or procedure to guard against
results that are artifacts of the selection criteria, should we doubt both
experimental results and the science based on those results? [ think not.
Although, as we have seen, the correctness of results may be difficult to
establish, it 1s not impossible to do so. In each of these episodes discussed,
the question of whether the result was an artifact was answered. It would
be an error to conclude that because three of the five cases discussed in
Part T had results that were artifacts of the selection criteria, that this 1s
typical of experimental results in physics. The episodes were chosen pre-
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cisely because there were discordant results and the selection criteria were
important. The K7, branching ratio experiment is the norm, not the
exception. Cuts may be ubiquitous, but they are not fatal.

[ have also discussed a method that is currently being used by physi-
cists to avoid the problem of selectivity. This is the technique of blind
analysis, in which the result of an experiment 15 kept unknown until the
analysis of the data s essentially complete. It 15 clear from the amount of
effort devoted to blind analysis that the problem of selectivity is one that
troubles the physics community. | suspect that blind analysis will increas-
ingly be applied to experiments. The technique is not, however, easily
applied to all experiments and in those cases in which it cannot be
apphed, the strategies we discussed above will, no doubt, be used. As we
have seen, the problem of selectivity can be, and has been, solved,

The Resolution of Discordant Results

In Part 1l and in Chapters 2 and 4, [ have argued that in six separate
episodes in modern physics, the discord between experimental results
was resolved by reasoned discussion based on epistemological and
methodological criteria. Alan Nelson (1994) has suggested that historical
accounts, such as those I have given, are insufficient to establish the supe-
riority of a rational or reasonable account over a constructivist one. He
states, in discussing the atomic parity—violation episode discussed in
Chapter 10:

Franklin does a lovely job of showing, once all the actual evidence was in, the
Standard Model could have been regarded as more strongly supported than the
hybrids. But, the constructivist should reply that this is yet another exercise in
retrospective rationalism. After scientists make a choice in a case like this, they
naturally go on to construct the kind of evidence that supports their choice. In a
possible world where scientists preferred hybrid models, experiments would
have been tuned ditferently, etc. so that the constructed evidence would have
rationally supported a hybrid model. A Franklin counterpart in that possible
world would be arguing that hybrid theories were chosen on rationalist grounds!
{Nelson, 1994, p. 546)

Nelson has placed the cart before the horse. Scientists decide what the
valid experimental evidence is and then make their theory choice, not
vice versa. Scientists have an interest in producing scientific knowledge,
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as well as a career interest in being correct, and such a procedure 1s far
more likely to produce a correct choice. Without evidence as a guide, how
are scientists supposed to make such a choice? They might just as well tlip
a coln.

| believe that Nelson also overestimates the plasticity of nature and
experimental practice. He 1s, of course, correct that expernimenters often
modify their practice as they perform the experiment and analyze their
data to produce a result. Not all such possible procedures can, however,
be justified. For example, a scientist who excluded all those experimental
runs whose results did not agree with his preterred theory would not be
credible. If that fraud became known, the scientist would be ostracized
not evervthing goes. In addition, [ believe that Nelson overstates just how
much one can change results using legitimate procedures. It would, for
example, require dramatic and unjustifiable modifications of apparatus
and analysis procedures to demonstrate that objects whose density is
greater than that of air fall up when released.

Collins and Pickering have offered constructivist accounts of two of
the episodes [ have discussed, atomic parity violation and gravity waves,

| believe their accounts are incorrect.” In his most recent comments on
the atomic parity—violation episode, Pickering (1991} argues that my
view that the decision ot the physics community to accept the W-5 theo-
ry on the basis of reasonable evidence fails because there were too many
reasons for that decision. He presents four alternative scenarios, which he
regards as equally reasonable resolutions of the problem. None of these
alternatives was actually chosen to resolve the discord, leading Pickering
to argue that because reason was unable to decide the issue, the scientists
allowed the prospect of future research opportunities to intluence their
resolution. Three of the alternatives proposed by Pickering involve ques-
tions about the evaluation of experimental evidence:

l. The physics community might have decided that the atomic parity—
violation results of Washington-Oxford were wrong and were there-
fore excluded.®

2. The physics community might have lumped the atomic parity—viola-
tion results together with those of SLAC E122 and concluded that
they neutralized each other.”

3. The community nmght have waited until E122 had been rephcated
before making a decision.®
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Pickering regards these alternatives as being as reasonable as accept-
ing the SLAC E122 results and awaiting further work on atomic parity
violation. He is somewhat alone: None of these alternatives were pursued.
He has presented no reasons why they should have been. He has merely
asserted that they were equally reasonable. | have argued elsewhere that
given the evidential context, they are in tact not equally reasonable alter-
natives (Franklin, 1993b).

Pickering might also deny that the physics community engaged in an
evaluation of the experimental evidence. {See, however, the statements by
Dydak and Bouchiat, in Chapter 10, in which they do evaluate the evi-
dence.) However, the atomic parity-violation experiments—including
repetitions of the onginal Washimgton-Oxford experiments on las-
muth—continued through the 1980s and into the 1990s, reaching agree-
ment with the predictions of the W-S theory.? If the original Oxford-
Washington results were simply regarded as wrong, there seems little
reason for experimentation to continue. If, however, judgment was
suspended concerning which of the discordant results was correct, then
the subsequent experimental work certainly makes sense, and even seems
1o be required.

Pickering also asks why a theorist might not have attempted to find a
variant of electroweak gauge theory that might have reconciled the
Washington-Oxtord atomic parity results with the positive E122 result.
(What such a theorist was supposed to do with the supportive atomic
parity results of Berkeley and of Novosibirsk 1s never mentioned.) “But
though 1t 1s true that E122 analyzed their data in a way that displaved the
improbability [6 X 107] of a particular class of variant gauge theories,
the so-called "hybrid models, 1 do not believe that it would have been
impossible to devise yet more variants” (Pickering 1991, p. 462). Picker-
ing notes that open-ended recipes for constructing such variants had
been written down as early as 1972, | agree that it would certainly have
been possible to do so, but one may ask whether scientists would consid-
er this a productive use of their time. If the scientists agree with my view
that one had reliable evidence {E122 and others) that supported the W-5
theory and a set of contlicting and uncertain results from atomic parity-
violation experiments that gave an equivocal answer in support of the
W-5 theory, what reason would they have to invent an alternative?

Constructivists like to claim that they are only describing scientific
practice and not making judgments. Both Pickering and Collins seem to
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ignore this dictum—in fact, they substitute their judgment for that of the
sclentific community. In the case of gravity waves, Collins (1985) has stated:

Under these circumstances it is not obvious how the credibility of the high flux
case [Weber's results] fell so low. In fact, it was not the single uncriticized exper-
iment that was decisive. . . . Obviously the sheer weight of negative opinion was
a factor, but given the tractability, as it were, of all the negative evidence, it did
not have to add up so decisively. There was a wav of assembling the evidence,
noting the flaws in each grain, such that outright rejection of the high flux claim

was not the necessary inference. {p. 91)

Collins also presents alternatives that were plausible to him, but not to
scientists working in the field. As | have shown, there were good reasons
for rejecting Weber’s results.

| have previously argued that it is insutficient for constructivists to
merely claim that things could have been different in a particular episode
involving discordant results, but that they must argue either that things
should have been different or that other criteria were used. Nick Ras-
mussen (pers. comm.} has suggested that I am holding constructivists to
an impossibly high standard. He says that examination of the published
record will never show scientists making a decision that goes against
experimental evidence.!” This is because scientists always give reasons for
their decision that will appeal to and persuade the scientific community,
Why such reasons are persuasive to members of the scientific communi-
ty is not discussed by constructivists. Rasmussen states that construc-
tivists will never be able to show that the situation was different or that it

[ disagree. Rasmussen’s view requires that we believe that scientists
do not give their “real” arguments—that they are presenting only those
arguments that will persuade their fellow scientists. There 15, however, no
evidence that the public and private arguments are different. In one case
in which I have been able to examine, both the private e-mail correspon-
dence between the proposers ot the Fifth Force and their published
response to criticisms of the proposal, there was no such difference
(Franklin 1993a, pp. 35-48). There are also other sources available to the
historian of science: Notebooks, letters, e-mail, and the like could all
show that the public and private reasons differ. In fact, Collins (1985) has
claimed, in his study of gravity waves, that the public and private reasons
are ditferent. Based on interviews with scientists, he concluded that the
community need not have rejected Weber's results. Collins's claim dis-
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agrees with the pubhshed discussion (at GR7) mentioned in Chapter 2.
Although individual scientists may find fault with particular bits of evi-
dence, that does not mean that the overall decision, based on all of the
evidence, is unreasonable.

[f, as | strongly believe, scientific knowledge 1s grounded in expermmental
evidence, then we must have good reasons for belief in experimental
results. In the Introduction, [ outlined an epistemology of experiment, a
set of strategies that can be—and is—legitimately used to argue for the
correctness of an experimental result. In an ideal world, these strategies
would always be applied properly and all experimental results would be
correct. As we have seen, however, in the real world experiments often
give discordant results. 1 have argued that the discord between experi-
mental results is resolved by reasoned discussion based on epistemologi-
cal and methodological criteria.

[ have also discussed selectivity, another possible problem in deter-
mining the correctness of experimental results. Because selection criteria
are always applied to either experimental data or to the procedures used
lo analyze that data, answering the question of whether a result 1s correct
or i1s an artifact produced by the application of those criteria 1s of crucial
importance. We must answer that question before we can depend on
experimental results as the basis of scientific knowledge. In Part [, I argued
that the problem of selectivity can be solved.

One point that should be clear from the episodes discussed 15 that
there is no instant rationality in science. Problems of selectivity and dis-
cord may take some time to resolve. The episode of the existence of the
1 7-keV neutrino lasted eight vears; that of the Fifth Force, four years; and
that of gravity waves, seven years (at least for resolution of the initial con-
troversy between Weber and his critics). The latter is still a subject of cur-
rent research. The question of the correctness of the LSND neutrino
result 1s still unanswered five vears after the mmitial publication of the
result. Although such questions might take some time to answer, they are
eventually answered, and those answers are based on experimental evi-
dence and on reasoned and critical discussion.

[ have argued that we have good reasons to believe in experimental
results and that the problems of selectivity and discord can both be
solved. It follows, then, that we may reasonably use experumental evi-
dence as the basis of scientific knowledge.






Notes

Introduction

. Toy be fair, Collins claims that this statement is a methodological prescription. The
sociologist of science should behave as if “the natural world has a small or non-existent
role in the construction of scientific knowledge,” There is no such qualification in the
passage in which this quotation appears. The qualification appears elsewhere in the
CESY.

2. Barnes view is a rather strong statement of what is known as “the underdetermi-
nation of theory by evidence,” discussed in note 25.

3. In later work, Pickering does seem to allow a role tor the natural world in the pro-
duction of experimental results and in investigating theories, but it is not a very impor-
tant role. This is discussed in detail below.

4, By valid, 1 mean that the experimental result has been argued for in the correct
way, by use of epistemological strategies such as those discussed below.

5. Une must be caretul here to distinguish between an argument for the existence of
an entity and that for the validity of an experimental result. The problem arises here
becanse the result is the existence of the dense bodies,

6. See Franklin (1986, Chapter 6; 1990, C
1988} for details of these strategies, along with a discussion of how they fit into a

wpter 6} and Franklin and Howson (1984,

Bavesian philosophy of science.

7. Harry Colling (1985} argues that calibration cannot be used to validate experi
mental results. “The use of calibration depends on the assumption of near identity of
effect between the surrogate signal and the unknown signal that is to be measured
{detected) with the instrument™ (p. 105}, Collins further argues that the adequacy of the
surrogate signal i1s not usually questioned by scientists and that calibration can only be
performed provided that this assumption is not questioned too deeply. | have argued
elsewhere in detail that Collins is wrong {Franklin, 1997a; 1999, pp. 237-72]. The ques-
tion of the adequacy of the surrogate signal is one that experimental physicists consider
carefully, and they otfer arguments tor that adequacy. In many cases the adequacy of the
calibration is ¢clear and obvious, There are also, as we shall see, instances that involve
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discordant results or other controversies, in which the question ot calibration may be
bath dithcult to answer and of paramount importance, This is particularly true when a
new type of experimental apparatus is used to search for a hitherto unobserved phe-
nomenon. The episode that Collins uses to support his view of calibration, that of the
early attempts to detect gravity waves, 1s just such an instance. As discussed in detail in
Chapter 2, in this case other arguments were both needed and provided.

8. As Holmes remarked to Watson, "How often have | said to vou that when vou
have eliminated the impossible, whatever remains, fiowever tmprobable, must be the
truth” (Conan Daovle, 1967, p. 638).

9, kepler's Third Law was not available when Galileo made his observations, but it is
an argument that could have been used later.

10. This change is usnally attributed to Arthur Rosenfeld of the University of
California at Berkeley. The attribution may be apocryphal, but the high-energy physics
community did change its criterion for the existence of a new particle.

1 1. It might be useful here to distinguish between the theory of the apparatus and
the theory of the phenomenon. Ackermann is talking primarily about the latter. Tt may
not always be possible to separate these two theories. The analysis of the data obtained
from an instrument may very well involve the theory of the phenomenon, but that does
not necessarily cast doubt on the validity of the experimental result.

12, For another episode in which the ehmination of background was crucial, see
the discussion of the measurement of the K, branching ratio in Franklin {1990,
pp. 1153-31) and Chapter 1.

13, Galison'’s previous position was that experimenters within the two traditions had
a preference for certain types of argument. | agree. His more recent view makes this dis-
tinction more rigid. The tact that different groups of experimenters use ditferent strate-
ales or arguments in support of the credibility of their experimental results does not
ralse anv problems tor my epistemology of experiment. As | noted earlier, none of the
strategies Is necessary and 1t 1 not surprising that experiments using a certain type of
apparatus use only certain strategies. What is more problematic is if experimenters
using ditterent types of apparatus belong to ditferent language groups and therefore
cannot understand each others” epistemological arguments. As discussed in this
Introduction, neither Stalev nor I think that this s the case.

14, Galison constructs an elaborate structure based on the rigid dichotomy between
the two traditions and their ditferent languages and forms of argument. He notes that
they have now merged into a hybrid tradition, in which the detectors combine many of
the best features of the two tradinons, The detectors thus provide very detailed infor-
mation about large numbers of events. The data are recorded electronically and are
used to construct computer images of the events that are, in Kent Staley’s {1999) term,
“visually isomorphic” to the event. The large number of events allows the use of
statistical techniques. Because the two traditions also have different languages, their
merger necessitates, in Galison's view, “trading zones,” in which communication by
“pidgin® and “creole,” rather than in a common language takes place, T discuss some
of my disagreement with this scheme below,

15. This will also be discussed in the case studies presented in this book,
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16, One might regard this episode as a golden “golden”™ event. Staley has some reser
vations concerning this. He points out that Anderson {1933} not only includes photo-
araphs of four events but also states thar:

out of a group of 1300 photographs of cosmic-ray tracks 15 of these show positive particles
penetrating the lead, none of which can be ascribed to particles with a mass as large as that
of a proton, thus establishing the existence of positive particles of unit charge and of mass
small compared with that of the proton. (. 493}

17. Anderson named the particle the positron.

18, It is, in fact, possible for a particle to increase its energy in passing through mat-
ter. It 1s, however, extremely unlikely. Note, for example the occasional increase in ener-
av of particle undergoing Brownian motion, which does not violate the conservation of
energy. Anderson does not, in fact, invoke the conservation of energy. He seems to
regard the presumed eftect as verv unlikely. “We also discarded as completely untenable
the assumption of an electron of 20 million volts entering the lead on one side and
coming out with an energy of ol million volts on the other side” { Anderson 1933,

p. 491 L

19, For some of the technical details ot this analysis, see Stalev (1999, pp. 203-8).

200 T myselt searched for the elusive "bump” on several occasions during that period.

21. Although, for the reasons discussed here, this was not a golden event, T believe
that it does provide a counterexample to Galison’s view that such events cannot occur
within the logic tradition.

22, There 1s also the possibility that the initial candidate was caused by someone giv-
ing the apparatus a good whack, Why this should have been done, or why it should have
resulted in a signal of exactly the right size for a monopole, are further mysteries,

23, Galison’s discussion contains no explicit quantitative statistics, but is clearly
probabilistic, See also Stalev (1999, pp. 208-13).

24, I believe thart the evidence presented by Staleyv (and, interestingly, by Galison
himselt) argues strongly that the two communities are not linguistically and epistemi-
callv distinct, They share an underlyving statistical method, This is not to sav, of course,
that no other strategies are used, but only that there is suthcient shared method to allow
tor easy communication, My view is further supported by the fact that a significant
number of high-energy physicists have worked easily in both traditions. At least three
Nobel Prize winners, Martin Perl, Melvin Schwartz, and Jack Steinberger, are included
in that group, More personally, my colleague Uriel Nauenberg and 1 have both done

bath bubble-chamber and spack-chamber experiments. Uriel's initial training was in

bubble-chamber techniques, whereas | initially used spark chambers. I later worked on
bubble-chamber experiments. Although 1 had to learn new material, it certainly was not
the equivalent of learning a new language. Nor did the forms of argument change. The
“bump hunting” experiments | worked on used statistical methods. During the 1970s,
Uriel and 1 both worked on a wire-chamber experiment to measure the 2" energy spec-
trum in K” meson decay. We had no ditficulty in communicating. I doubt that we are
unigue.

25. The Duhem-Chiine problem is related to what is called the underdetermination
of theory by evidence: Omne can alwavs construct an alternative theory that explains a
given set of data, This is 1;1'ivi;1|I1f.r correct, Cluantum mechanics predicts the Balmer series



252 = NOTES TO PAGES 18-22

in hydrogen, but so does quantum mechanics conjoined with the statement “The moon
is made of green cheese” {For a discussion of this so-called “tacking paradox.” see
Howson and Franklin [ 1986].) The question that arises, however, is whether such an
alternative theory is in any way significantly different from the theory currently on offer,
and whether it is physically interesting. For further discussion of this issue, see Franklin
(1988}, and for a particular example of a pragmatic solution to the Duhem-Cuine
problem {in which not all the logically possible alternatives were considered, but only
those that were thought to be phvsically interesting and plausible}, see Franklin { 1986,
Chapter 3).

26. Collins offers two arguments concerning the ditficulty, if not the virtual impossi-
bility of replication. The first is philosophical. What does it mean to replicate an experi-
ment? In what way is the replication similar to the original experiment? A rough and
ready answer is that the replication measures the same physical quantity. Whether it in
tact does so can, | believe, be argued for on reasonable grounds, as discussed earlier,

Collins's second argument is pragmatic: In practice it is often ditficult to get an
experimental apparatus, even one known to be similar to another, to work properly.
Collins illustrates this with his account of Harrison's attempts to construct two versions
of a transverse excited atmospheric { TEA) laser {Collins, 1985, pp. 51=-78). Despite the
fact that Harrison had previous experience with such lasers, and had excellent contacts
with experts in the held, he had great difhculty in building the lasers. Hence the difhcul-
ty of replication.

Ultimately Harrison found errors in his apparatus, and once these were corrected,
the lasers operated properly. As Collins { 1985) admits:

in the case of the TEA laser the circle was readily broken. The ability of the laser to vapor-
1ze concrete, or whatever, comprised a universally agreed criterion of experimental quality.
There was never anv doubt thar the laser ought to be able to work and never any doubt
about when one was working and when it was not. (p. 84}

Although Collins seems to regard Harrison's problems with replication as casting
light on the episode of gravity waves, as support tor the experimenters’ regress, and as
casting doubt on experimental evidence in general, it really does no such thing, As
Caollins concedes, the replication was clearlv demonstrable.

27. In more detailed discussions of this gpisode, Franklin (1994, 1997al, T argued
that the gravity wave experiment is not at all typical of physics experiments. In most
experiments, as illustrated i those essays, the adequacy of the surrogate signal used in
the calibration of the experimental apparatus is clear and unproblematical. In cases
where it is questionable considerable effort is devoted to establishing the adequacy of
that surrogate signal. Although Colling has chosen an atvpical example [ believe that the
questions he raises about calibration in general and about this particular episode of
gravily wave experiments should be, and can be, answered.

28. Morpurgo did observe integral charges in his very small initial data sample.
When he ok further data, the continuous values appeared.

24, Mote that Morpurgo does not agree with Pickering’s interpretation of this
episode:

[ want to make it clear, however, that Professor Morpurgo otters no endorsement of what
follows, He wrote of my earliest account of his work that *[wle certainly appreciate the
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intention of the study of Dr, Pickering; however we disagree with many of his statements
and this continues to be the case for the present chapter. . . . More generally, Professor
Maorpurgo has asked me to state that he "does not share many aspects of my general view
of the interrelationship between theory and experiment.” { Pickering 1995, p. 69)

30, One could conceivably construct a scenario in which fractional charges exist on
the niobium spheres used by Fairbank but not on the graphite and iron used by
Maorpurgo. Although this seems highly improbable, it could happen. When parity-vio-
lating {violations of left-right symmetry) were seen in high-energy neutrino interac-
tions, but not in low-energy atomic interactions, theorists did construct models that
accommaodated both results {see Chapter 10).

31. For a philosophical discussion of the structure of scientific papers, see Lipton
(1998, Suppe {19984,b), and Franklin and Howson {1998).

32, Thas is a rather different categorization than the old rationalist-empiricist dis-
tinction of standard philosophy. In that classification those who, like Descartes, believed
that one could acquire knowledge of the world by pure thought would be the rational-
ists, whereas those who thought that experience was the sole source of such knowledge
would be the empiricists (see Ackermann [ 1985, Chapter 1]). I, myself, would prefer to
be described as a rational empiricist. [ would acroally preter the term logical empiricist
to acknowledge my intellectual debt, but that term is in current disrepute. As John
Passmore (1972} wrote in the Encpclopedia of Philosophy, "Logical positivism |or logical
empiricism| 1s dead, or as dead as a philosophical movement ever becomes™ (p. 56). |
disagree with Passmore’s assessment, but that is a subject for discussion elsewhere (see,
however, Creath [1995]).

33. Hacking seems to believe that an alternative physics would necessarily have dit
terent standards of success. T do not think this is correct. One can imagine an alternative
physics that would be just as successtul by the same standards,

34, Although it is logically possible that someone might come up with a view of the
world that does not involve light or its speed, 1 think this extremely improbable. If hght
were a part of anyone’s furniture of the world, 1 believe its velocity would be the same as
it is now, at least within experimental uncertainty.

35. For details of this episode, see Franklin {1986, Chapter 3).

36. Note that the physics community was accepting a result that seemed to refute a
strongly supported and well-established symmetry law, and we can see that it led to
large amounts of both theoretical and experimental work,

37. Van Fraassen defines observable as “detectable with unaided human senses.” I dis-
agree, See Franklin (2000, pp. 313-18).

38. Interestingly, the title of the second edition is Laboratory f.::,fi': The Construction of
Scientific Facts. The “social” has disappeared.

39, For an extended discussion of this issue, see Franklin (2000a). For an Opposing
view, see Dancoft (1952),

4(). For differing accounts of various episodes see; weak neutral currents {Pickering,
1984y Galison, 1987 ); solar neutrinos {Shapere, 1982; Pinch, 1986; Franklin, 2000k );
atomic parity=violation experiments (Pickering, 1984a; Franklin, 1990, Chapter &;
Ackermann, 1991; Franklin, 1991; Lynch, 1991; Pickering, 1991; Franklin, 1993b); and
early searches for gravity waves (Collins, 1985; Collins, 1994; Franklin, 1994, 1998). For

a further discussion of these 1ssues, see also Koertge (1998).



254 =« NOTES TO PAGES 32-54

41. On this scale, Hacking gives Thomas Kuhn a score of 5, 5, and 5. T suspect that
Kuhn, as well as several of his commentators, would strongly disagree.

42, 1 know that this view results in some philosophical problems and that other
philosophers of science call knowledge “justified, true beliel.” 1 distinguish between
knowledge and truth. Thus, | believe that Newton's laws of motion and his law of uni-
versal gravitation were knowledge, certainly for the 18th and 19th centuries, although
we currently regard them as false.

Part |. Selectivity and the Production of Experimental Results

| T will not deal here with the selectivity that is built into an experimental
apparatus.

2. One should distinguish between experimental data and an experimental result;
They are usually different. {See Chapter 1, note 3). What | mean by "analvsis proce-
dures” are those processes that transtorm data into an experimental result. These
processes may involve computer analysis and simulation, making cats on the data, and
other procedures. This distinction will be llustrated in the episodes discussed in
Chapters 1-5.

3. By valid, I mean that the experimental resalt has been argued for in the correct
way, using epistemological strategies discussed in the Introduction.

4, This is the issue of calibration, Some critics have questioned the vse of calibration
to validate a result. For a fuller discussion see Franklin { 1997a).

1. Measurement of the K}, Branching Ratio

1. Strangeness 15 a property of elementary particles. [t is conserved in strong and
electromagnetic interactions, but not in weak interactions. For details see Franklin
(1986, Chapter 3).

2. How far a charged particle will travel in matter before stopping depends on its
velocity, For a momentum-selected beam, kaons—which are lighter than protons but
heavier than pions—will have a higher velocity than that for the protons in the beam
and a lower velocity than that tor the pions. Thus the kaons will travel through more
material than protons but have a shorter range than do pions. [n the experiment,
enough copper was placed in the beam in front of the kaon-stopping region to remove
all of the protons, whereas the pions that passed through the stopping region were
counted in Cu and vetoed. (1f a beam particle was counted in Cu, the spark chambers
were not trigeered. ) The difference in velocity also resulted 1n a difference in the time of
thght of the particles from the production target to the stopping region.

3. These events are not raw data. The data for the experiment consisted of spark-
chamber and oscilloscope photographs along with scaler readings. The sparks were fit-
ted to a trajectory, which—combined with the known magnetic field—allows a determi-
nation of the decay particle’s momentum. These momenta are plotted in Figure 1.2.

2. Early Attempts to Detect Gravity Waves

|. The ratio of the gravitational force between the electron and the proton in the

g small number

hydrogen atom to the electrical force between them is 4.38 X 10
indeed.

2. This device s often referred (o as a “Weber bar”
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3. Given any such threshold, there is a hnite probability that a noise pulse will be

number expected statistically.

4. It was also pointed out that if there were a real sidereal eftect, it should have had a
12-hour period. Passage through the earth should have had very little effect on the
probability of detecting the gravity waves.

5. Mote here the repetition of experiments measuring an important physical quanti-
ty. This will also be signifcant in the next chapter.

&. In this discussion, | have relied primarily on a panel discussion on gravity waves
that took place at the Seventh [nternational Conference on General Relativity and
Crravitation (GRY ), Tel- Aviv University, June 23-28, 1974, The panel included Weber
and three of his critics, Tvson, Katka, and Drever, and included papers presented by the
tour scientists and discussion, criticisn, and questions. It includes almost all of the
important and relevant arguments concerning the discordant results. The proceedings
were published as Shaviv and Rosen (1975). Unless otherwise indicated, all quotations
in this chapter are from Shaviv and Rosen {1975). | give the author and the page num
bers in the text.

7. Drever summarized the situation in June 1974 as follows:

Perhaps I might just express a personal opinion on the situation because you have heard
about Joseph Weber's experiments getting positive results, you have heard about three other
experiments getting negative results and there are others too getting negative results, and
what does this all mean? Mow, at its face value there is obviously a strong discrepancy but |
think it is worth trving hard 1o see if there is any way to fit all of these apparently discor-
dant results together. | have thought about this very hard, and my conclusion is that in any
one of these experiments relating to Joe’s one, there is ahwavs a loophole. It is a different
lpophole from one experiment to the next. In the case of our own experiments, for exam-
ple, they are not very sensitive for long pulses. In the case of the experiments described by
Peter Katka and Tony Tyson, they used a slightly ditterent algorithm which you wounld
expect to be the most sensitive, but it is only the most sensitive for a certain kind of wave-
form. In fact, the most probable wavetorms. But you can, if you try very hard, invent arti-
ficial waveforms for which this algorithm is not quite so sensitive. 5o it is not beyond the
bounds of possibility that the gravitational waves have that particular kind of waveform.
However, our own experiment would detect that type of waveform; in fact, as efficiently as
it would the more usually expected ones, so I think we close that loophole. 1 think that
when vou put all these different experiments together, because they are different, most
loopholes are closed. It becomes rather ditficult now, 1 think, o try and find a consistent
answer. But still not impossible, in my opinion, One cannot reach a really definite conclu-
sion, but it is rather difficult, T think to understand how all the experimental data can fil
together. { pp. 287-88)

8. | have been unable to find the published proceedings of this conference. Richard
CGarwin (private communication) has informed me thart these proceedings were never
published.

9. As Weber answered, the Marvland group had presented data showing no positive
coincidence excess at GRY. Garwin was not, however, at that meeting, and the proceed-
ings were not published until after Garwin's 1974 letter appeared.
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10, T discuss the legitimate use of such simulations in Chapter 6.

3. Millikan's Measurement of the Charge of the Electron

1. For a discussion of some of these early experiments, see Millikan (1917, Chapter
[1).

2. The subscripts indicate rerminal velocities without {L*t,] and with [1'_,-‘.1 the field,
respectively. Now m can be replaced by a using m = 4/37a' (o = p), o and p being the
densities of 0il and air, respectively; a can be done away with in favor of . using Stokes’
law; and the ratios of distance d, to times of all and rise, t and tpcan be substituted for
the velocities, Millikan did not make all of these substitutions, He left a factor of Y in
his final formula, presumably tor ease of calculation,

3. Millikan was too optimistic, Such instrumental effects as electric field inhomo-
ceneities and space-charge effects limited the accuracy of his measurements to drops
with charges less than about 30¢. See Fairbank Jr. and Franklin (1982) and the discus-
sion in note 12,

4. This is a very small uncertainty. Millikan estimated it using the statistical uncer-
tainty in his final value for e He did not include any uncertainty caused by svstematic
effects.

5. Millikan’s value tor e differs trom the modern value ¢ = (480320420 =
000000191 2 107" esu. This ditference is due, in large part, to a difterence between
the modern value for the viscosity ot air and the one that Millikan used.

6. My work here is based on Millikan's notebooks at the California Institute of
Technology. For details of my recalculation of Millikan's data, see Franklin { 19451).

7. Daniel Siegel raises the same question. “Millikan was in this sense choosing data
according to his presuppositions, and then vsing those data to support his presupposi-
tions” (Siegel, 1979, p. 476 ). As discussed in Franklin {1981), and in this chapter, 1 dis-
agree with Siezel’s statement.

8. Recall that Millikan modified Stokes’s law, substituting £/(1 + B/pa) for K to take
into account the particulate nature of air in the experunent. The parameter b was
empirically determined from the entire data set and has an uncertainty. In addition, thas
was a first-order approximation to Stokes’s law. Other termis in the approximation may
have been important. This was the case for the 12 drops, discussed below, that Millikan
did not publish because they seemed to require a second-order correction to Stokes’s
law.

9, The quotations are from Millikan's notebooks,

10, Interestingly, the valoe tor e that one finds from these 68 excluded events was ¢
(475 + 0.01) % 10719 esy. This was, in fact, more precise than any other measurement
available at the time. The data were, however, untrustworthy.,

1 1. T attempted, without success, to calculate a second-order correction to Stokes's
law for these 12 drops. | found no consistent way to do so.

1 2. The second drop of 16 Apnl 1912 is quite anomalous. ( The data sheet tor this
drop is shown in Figure 3.2}, It is also guite worrisome becanse it is among Millikan's
maost consistent measurements. Not only are the two methods of calculating ¢ internally
consistent, but they agree with each other very well. Millikan liked it: "Publish. Fine for
showing two methods of getting v." My own calculation of ¢ tor this event gives a value ¢
= 2.810 % 107" esu, or approximately 0.6¢, Millikan knew this. Note the comment,
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“Won't work” in the lower right-hand corner. There were no obvious experimental diffi
culties that could explain the anomaly. Millikan remarked, “Something wrong with
therm[ometer],” but there 15 no temperature etiect that could by any stretch of the
imagination explain a discrepancy of this magnitude. Millikan may have excluded this
event to avodd giving Ehrenhaft ammunition in the controversy over the quantization of
charge. In retrospect Millikan was correct in excluding this drop. In later work William
Fairbank Jr. and | found that Millikan’s apparatus gave unreliable charge measurements
when the charge on the drop exceeded a value of about 30e. This drop had a charge of
areater than 50e, and the data were quite unreliable (Fairbank Jr. and Franklin, 1982},

13, This group of 19 drops included some of those used in Millikan's final calcula-
tion ot ¢ as well as some of those omitted trom the calculation.

14. The effect of Millikan's selectivity was to reduce the statistical uncertainty of his
final result very slightly, Tt had no significant eftect on the final value of ¢ (See Table
3.1.) Almost all of the uncertainty in Millikan's final value was due to systematic
effects—uncertainty in the distance between the plates, uncertainty in the voltage, and
the like. One may wonder why he was so worried about the statistical uncertainty.

15. Although the fact that Weber used a threshold cut was publicly known, the value
of that cut, and whether he used a single threshold value was not known. This lessened
the credibility of his result.

16, 1t 1s rare that an important physical quantity is measured only once. Recall the
numercus attempts to replhicate Weber's experiment on gravity waves, discussed in
Chapter 2. Other examples abound. See, for example, Franklin (1986, Chapters 1-3} and
Chapter 5 in this volume on electron-positron states. The only instance | can think of in
which an important physical quantity was measured only once is the SLAC E122 experi-
ment, This experiment measured the asvmmetry in the scattering of polarized electrons
from deuterons, an important prediction of the Weinberg-5lam unified theory of elec-
troweak interactions. Because of its expense and complexity, the experiment was done
only once, For that reason the arguments for the validity of its results were extensive,
See Franklin (199, Chapter 8} and Chapter 10 in this volume,

4. The Disappearing Particle

1. For a discussion of the ordinary neutrino, see Franklin (2000a,b).

2. There was also suggestive, although not conclusive, evidence from a third type of
experiment, that detecting internal bremsstrahlung in electron capture {1BEC), a form
of beta decay. Not all of the [BEC experiments gave positive results, [n addition, as dis-
cussed below, one of the experiments that convinced the physics community that the
| 7-keV neutrine did not exist, that of Maortara et al, {1993}, nsed the same type of solid-
state detector that Simpson had used,

3, See Franklin (1990, Chapter 1} tor details of some early experiments,

4. In a normal beta-decay spectrum the quantity K = (N{E)/[f{Z.E) (E2 — 1112 )12
is a linear function of E, the energy of the electron. A plot of that quantity as a function

of E, the energy of the decay electron, is called a Kurie plot.

5. Later work, including some by Simpson, reduced the size of the positive effect to
approximately 1%.

6. These corrections were extremely important in analvzing the data. See below.
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7. Kalbfleisch and Milton (1985] also argued that Simpson’s analysis required an
incorrect value for the endpoint energy of the tritium spectrum.

8. That these positive results were reported by someone other than Simpson may
have given credence to the result in the eves of the physics community.

9, Bonvicini's work was very important. By showing that a smooth shape-correction
factor might either mask or enhance a kink due to a 17-keV neutrino, he cast consider-
able doubt on the early negative results obtained with magnetic spectrometers. This
work was influential in persuading scientists to perform the later, more stringent,
experimental tests.

100, In addition, Morrison (1992} showed that Simpson’s most persuasive reanalysis
of (Ohi and collaborators early negative result was dependent on a statistical Huctuation,
Hetherington et al. {1987} had also sugzested that this might be a problem.

11. These results were essentially the same as those reported by Kawakami et al.
(19923, In his published paper, Bonvicin (1993 ) agreed with this evaluation,

1 2. Hime, one of Simpson's collaborators, agreed, " The ditficulty remains, however,
that an analvsis using such a narrow region conld mistake statistical fluctuations as a
physical effect. The claim of positive effects in these cases |by Simpson| should be taken
lightly without a more rigorous treatment of the data™ (Hime, 1992, p. 1303,

13. There was yvet another problen with the analysis of Ohi and collaborators. As
Borge et al. { 1986) noted:

We feel, in complete agreement with the opinions expressed by L] Simpsort . that the limits
o o, derived in (e experiments of Ohi et al, (T985) and of {Daiar, Bala et al, 1983)) are
miisleading as the parameters wereg not fitted again under the asswnption of a heavy neuirino:
instead the contribution fronn this was simply added. (pp. 5393-94, emphasis added)

14, Perhaps if Simpson had varied the endpoints of the energy range he used in his
reanalysis, he would have avoided his ditficulty, As Morrison clearly showed, Simpson's
reanalysis of Ohi’s data lacked robustness,

15, Magnetic spectrometer experiments required a shape-corcection factor, usnally of
the form (1 + aE}, to fit their spectra, This was an important issue in the resolution of
the discord, For details, see Franklin {1995a),

16. Bonvicini had reanalvzed many of the early experiments. He showed, using
Maonte Carlo techmiques, that the shape-correction factor needed in the magnetic spec-
trometer experiments, combined with the limited statistics of those experiments, could
mask or mimic the presence of a heavy neutrine, His analysis showed that the negative
evidence provided by the early replications of Simpson’s experiment was not as strong
as had been originally claimed. He did, however, conclude that the experiment of
Hetherington et al. (1987 was sutficient to rule out a 3% eftect (Bonvicin 1993).
Bonvicini’s work also influenced the design of later experiments.

17. The upper limit found by the Argonne group was sinf = —0.0004 * 0.0008 (sta-
tistical) = (LOUOS (systematic). This was also far lower than 1%.

18, This 15 an example, albeit a complex one, of the calibration of an experimental
apparatus. For details see Franklin {1997a).

149, Several other negative results were also published at this time. For details see
Wietteldr and Norman (1996},
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5. Are There Really Low-Mass Electron-Positron States?

|. As we shall see, these peaks appeared only when certain cuts were applied. In par
ticular, the electrons and positrons were required to have approximately equal energies
and to be emitted back to back, exactly what one would expect if they were the decay
products of a single state or particle.

2. The EPOS 1 group was one of those that reported the original eftect. The T and 11
refer to different versions of the experimental apparatus. The membership of the group
also changed.

3. Ganz divided his data set into two subsets by using a random-number generator
on an event-by-event basis. This guarded against any systematic effects that varied with
time.

4. The question of how one should properly estimate such statistical confidence lev-
els when cuts are applied subsequently became an issue. The probability of a six-stan-
dard-deviation statistical effect is 2.0 ¢ 1077,

5. The signal could also be enhanced relative to the background by making cuts on
the heavv-ion scattering angles, See Figure 3 and Figure 32 in Cowan et al. (1987) and
their discussion on pp. 185=86.

6, The Moriond Workshops provide a forum ftor speculative work in physics, Thus
trom 1987 to 1990 the Fifth Force, a proposed modibication of Newton's law of gravity,
was extensively discussed at the workshops, For details, see Franklin { 1993a),

7. These results were published later as Koenig and collaborators { 1989,

8. [ am assumng that the center of mass of the produced particle is moving in the
same direction as the overall center of mass of the heavy-ion system.

9, The UNILAC at G5 was shut down m 1989 for improvements.

10, Greiner and Reinhardt (194935, p. 218) noted that " The situation may resemble
another long-standing experimental puzzle at the beginning of the century when unac-
countable narrow lines were observed in the radiation spectrum from the sun.
Hvpothetical new elements {nebulium and coroniom} were invented to explain these
lines. It took about three decades until it could be shown that they originate from tran-
sitions involving metastable states in highly ionized atoms in the sun's corona.”

11. The availability of powertul, high-speed computers makes it possible to analyze
data with different cuts in a very short time. This can be crucial in detecting a small sig-
nal, but it also has dangers, as we have seen. The ability to vary cuts easily and quickly is
shown in Figure 5,14, The graphs show the mass distribution for kaons and pions in the
mass region of the DY meson. The top row shows the effect of a cut on Lia, the distance
trom the primary interaction to the decay vertex divided by the uncertainty in that dis

W peak is enhanced as Lio gets larger. The bottom row

tance. The prominence of the |
shows those events m which a debimite kaon identification has been made, Applving the
L/ cut enbances the peak even more.

12, Not evervone in the community of those who worked on the experiments
agreed. Cowan and Greenberg (1996) criticized the APEX result on the grounds that
their energy range was too large and that APEX had overestimated the effect that should
have been seen in the APEX experiment on the basis of the EPOS | result, APEX dis-
agreed (Ahmad et al., 1996). Greenberg, although a member of the APEX collaboration,
withdrew his name from the publication, and has presented a reanalysis of the APEX
data that he claims shows peaks similar to those observed earlier. The problem is that
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the observation of this effect also requires cuts and one might question whether this
result is also an artifact produced by the cuts, Grithn (1995, 1997a,b) has also ques-
tioned the conclusions reached by the APEX collaboration and has sugzested that there
is, in fact, a small peak in their sum-energy spectrum, Mo criticisi of the EPOS 11 result
has been published. Greenberg has requested that APEX continue the search, but the
group 15 not willing to do so. Since the publication of these latest results by EPOS 11,
APEX, and ORANGE, further evidence against the existence of the sum-energy peaks
and the positron lines has been reported by Faestermann and others {1996, Dhtzel and
others (19497, and Ahmad and collaborators {1997a,b). In particalar, the experimenters
have investigated the question of whether the peaks observed are due to the internal
conversion of the v ravs from nuclear transitions. Mo effects have been seen.

13. For further discussion of the question of pursuit, see Franklin { 1993b).

14, Reference 17 cited by EPOS 11 in the extract on page 123 is a textbook {Roe,
1992}, As the author states, " This book is meant to be a practical introduction into the
use of probability and statistics for advanced undergraduate students and for graduate
students™ {p. v} It includes standard uses of probability in experimental physics and
devotes several pages to a discussion of the question of when 1s a signal sipnificant. The
author putlines the method of dividing the data set into two subsets to answer that

quesLion:

In another case, in an international collaboration, we had a group of enthusiasts who had
made various cuts and produced a very unexpected pw resonance in neutrino interactions.
We had lots of arguments about whether it was publishable. Fortunately, we were about to
analvee the second halt of our data, We troze the cuts from the first half and asked whether
they praduced the same peak in the second halt. This is a fair procedure and is useful if vou
have encugh data.

Play with one-half of the data and then if an effect exists, check it in the second half, It
15 still necessarv to derate the probability by the number of times the second half got
checked, but it 15 a considerable help. In our particular case, the signal vanished, but with
similar but not quite the same cuts a new signal could be tound m pe. (p. 112)

The similarity to the case of the sum-energy peaks is obvious,

This technique of dividing a data set into subsets has also been used to estimate sys-
tematic errors in an experiment {Wiss and Gardner, 1994}, The point is that it is a stan-
dard technigque and not unigue to EPOS 11,

15, It should be emphasized that this data selection cut by Millikan is not unigue,
Few experiments work properly the first time they are turned on, and no experimenter
accepts data unless they are convinced that the apparatus is working properly. In the

case of the K7, branching ratio experiment, 1 know—Dbecause | was a participant in the
experiment—that data were excluded when the apparatus was not working properly, [
believe that this was also true for the other episodes discussed so far. Consider a prob-
lem that developed in the experiment that first demonstrated the violation of combined
particle-antiparticle and space-reflection svmmetry {CF violation) {Christenson et al.,
1964}, An interaction with other nearby experiments not only stopped the taking of
data, but also led to excluding the dara raken while the problem existed. " These runs
were interrupted by discovery that bending magnet of Frisch at 6 BeV' gives ~20/1 ratio
of [counter] 3 to [counter] 2. This is intolerable, Now they have reduced beam and we
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resume running pending solution™ {quote trom the laboratory notebook of the Fitch
Cronin experiment ). The setting of a magnet in the adjacent experiment run by an MIT
aroup dramatically changed, and not for the better, the operation of the Princeton
experiment. It made the data taken under those conditions unreliable: It wasn't “zood”
data. For details, see Franklin (1986, pp. 8387},

16. Consider the discovery of the |/ particle, a particle with an extremely narcow
energy width. One of the experiments that originally found the particle used colliding
electron and positron beams. Only when each beam had half the energy of the mass of
the |/ was the dramatic cross-section increase that signaled the presence of the particle
seen, Changing the beam energies slightlv caused the phenomenon to disappear. Experi-
menters thought that this tvpe of eftect might be occurring in the heavy-ion collisions
that produced the low-mass electron-positron states.

17. The general question of how discordant results are resolved will be discussed in
the next section.

6. "Blind” Analysis

1. As we have also seen, the results of Millikan's cosmetic surgery were quite small.

2. A similar argunment was used by Robert Millikan to support his observation of the
quantization of electric charge and his measurement of the charge of the electron,
Millikan remarked, “The total number of changes which we have observed would be
between one and two thousand, and in noet one single instance has there been any change
witich did not refresent the advent upont the drop {g.f'[:lm' rl'{’_,l'nirj.'-h’ invariatle quantity nf,f'
electricity or a very small multiple ;:gJ'n!mr rf.:rrm!f!;.*"' (Millikan, 1911, p. 360). See the dis-
cussion i the Introduction,

3. This is not to say that there was deliberate bias. The selection of data that pro-
duced the desired result may have been unconscious.

4. The BABAR group consists of more than 500 physicists. The "Guidelines” were
written by the Blind Analvsis Task Force and the BABAR Publication Board.

5. For turther discussion of this 1ssue, see Franklin { 1984; 1986, Chapter 8).

6. This bias 1s not always fatal: Later in this chapter | discuss a case in which experi-
mental data were analyzed and a result presented. The analysis was modifed to include
blind analysis and the same experimental data were further analyzed. Cne could com-
pare the initial results obtained without blind analvsis to the later results obtained with
such analysis. They differed only slightly.

7. The energy was fixed to produce another particle, the upsilon {4s), which then
decaved into the B meson.

8. The B¥ is the antiparticle of the B,

9. The difference is that for the experiments [ am discussing, a single oftset valoe was
used, whereas in the Fairbank experiment, a different offset value was used tor each
measurement of the residual charge. In the Fairbank experiment, the offsets used were
set by a random number algorithm that was started at a particular number. Only
Alvarez knew that number; the ottsets were subtracted after the final data were selected.

111, The BABAR task force cited this experiment.

11. The phenomenon of regeneration is a feature of neatral K mesons. The initial
bewm consists of an equal mixture of K¢ and K; mesons. If the beam line is sufficiently
long, as is the case in the KTeV experiment, only the longer-lived K| mesons will
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remain., It the beam then passes through matter, K, mesons are regenerated. For details,
see Franklin (1986, Chapter 3). .

12. “To keep the trigeer rate at a manageable level, triggers are inhibited by fast veto
signals from the regenerator, the MA [mask anticounters|, a subset of the photon
vetoes, and a downstream hodoscope located behind 4 m of steel to detect muons”
{Alavi-Harati et al., 1999, p. 24).

13, Some critics of science, as discussed below, have questioned the use of Monte
Carlo simulations in the prodoction of experimental results. This check avoided that
objection.

14. The KTeV group did not, in fact, use data collected simultaneously in the analysis
of the two decay modes. The w¥n" sample used was from data collected in 1996, where-
as the '@ samples were trom the first 18 days of data collected in 1997, A software
problem in the earlier data had resulted in a large (22%) inetficiency for the w'hn
events. The problem was fixed and the later data used. “Finally, using "7~ data from
1996 {collected simultaneously with the w'%" data) instead of from 1997 vields a value
of Re(e'/e} which is consistent with the standard analysis, allowing a systematic error of
4 3 107" due to the 1996 level 3 inefficiency™ (Alavi-Harati et al,, 1999, p. 27). This was
in comparison to the svstematic uncertainty of 2.8 » 1057 in their published result.

15. The branching ratio for K — o' wonl is 12.55 + 0.20%, whereas that for 1-5.':__.'
decays is 38.78 = 0.28%.

16. E 15 the energy of the particle as measured in the calorimeter and P is the
momentum measured in the spectrometer. The w* and 7~ mesons interact quite differ-
ently with the matter in the detector and this gives rise to an asymmetry.

17, There is some question about whether the later analvsis could be completely
blind. Results, at least for the two decay modes, were already known. The analysis had,
however, changed considerably during the intervening three vears, and could be consid-
ered a new and independent analysis.

18 The D7 and the D" are two elementary particles with different masses.

19. Note that the window was chosen independent of the actual data, using a Monte
Carlo simulation,

20, In fact, the 1998 “Review of Particle Physics” (Caso et al., 1998) cited only the
E791 results for these decays,

21, This was also an important question in the episode of the claimed existence of
the 17-keV neutrino, discussed in Chapter 4.

22, "Masked” means excluded from the data set.

23,
loss would have been immediately noticed and a cause for that loss would have been
sought.

24, For details of parity nonconservation in the weak interactions, see Franklin
(1986, Chapter 1).

25, The information about the blind analysis was presented by Gerry Bunce in a
seminar at the University of Colorado and also in private conversation. It does not

The lost event was a background event. Had it been a signal event | suspect its

appear in the published paper.

26, The values {14} and (/) are the statistical and systematic uncertainties in Ay
respectively.

27. Iwas in charge of the data ;uml}-'.qi:'. for the experiment.
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28. A dithculty here is that the endpoint energy of the decay spectra is well known,
s that the random oftset could also be determined from an examination of the spectra.

29, For another discussion of Monte Carlo calculations, see Galison (1997,
Chapter 8).

30, In addition, the input parameters to the Monte Carlo calculations are the best
and most reliable values that the experimenters can find.

Part ll. The Resolution of Discordant Results

|. The time period needed in the cases [ discuss here is of the order of vears. Because
the resolution of discord often involves the replication of experiments, the construction
of new experimental apparatus, and the taking and analyzing of data, this seems to be a
reasonable time period.

2. "For all its fallibility, science 1 the best institution for generating knowledge aboul
the natural world that we have”™ {Collins 19835, p. 165).

3. In Pickering's later view, in which the stabilization of experimental results 1s
achieved by the mutual adjustments of the theory of the experimental apparatus, the
theory of the phenomenon, and the experimental apparatus itself, he omits any discus-
sion of how the discord between experimental results occurs. See my discussion in the
Introduction,

7. The Fifth Force

1. This type of calculation, known as upward or downward continuation, was well-
known. The results were quite sensitive to the surface-gravity measurements and the
model of the earth used. This made knowledge of the local mass distribution and hence
the local terrain very important, a point we shall return to later.

2, Typical values for G from mineshaft measorements were (v = (6,720 & (L024) >
107" m? kg' s~% (Hilton mine) and 6.704 1582 5 107" (Mount Isa mine) { Stacey
et al., 1987), This should be compared 1o the best laboratory value at the time ot (5
f.6726(5) = 107t

3, The Moriond workshops were extremely important in the history of the Fifth
Force. At these workshops, many of those working in the field met, presented formal
papers, and held informal discussions. It you wanted to be up to date on whar was going
on in the field, vou had to attend these workshops.

4. Other experimental evidence was presented as early as January 1987, The earlier
evidence 1s discussed in the next section.

5. Gravity measurements are generally taken on roads rather than in ditches or sur-
rounding fields. Roads are usually higher than their surroundings, giving rise to an ele-
vation bias.

6. Contrast this with the 16 points in the Greenland survey.

7. Their final result was 60 = 9 pGal.

8. Parker and Zumberge could not do this tor the Australian mine experiments
becaunse the data were proprietary.

9, T will not discuss the positive results obtained by Bovnton, which were subse-
quently superseded. This does not change anvthing essential in the storv. For details, see
Franklin {1993a).
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1{), There were, at the time, theoretical explanations that allowed both results to be
correct. These were eliminated by turther experimental work,

| 1. Thieberger's experiment was conducted on the Palisades cliff in New Jersey over-
looking the Hudson River. His results showed that the float moved away from the clhitf.
Some wag remarked thar all that Thieberger's experiment showed was that any sensible
float wanted to leave New Jersey.

8. William Wilson and the Absorption of 3 Rays

|. The history of this episode 1s more complex than outlined here, For a time, it
appeared that the energy spectrum of electrons from B decay was a line spectrum {ie.,
penerated by groups of electrons each having the same discrete energy), It was ultimate
Iy established that the energy spectrum was continuous, leading to Wolfgang Pauli'’s sug-
cestion of the neutrino. For details, see Franklin (2000a) and Jensen (2000,

2. The decay products of various elements were sometimes named with a letter or
with a numerical suffix, and were later shown to be isotopes of other elements. Thus,
radium B was an isotope of lead, 2" Pl radium  was bismuth, 2Bi; and radium F
was 1B,

3. For details of their work, see Hahn and Meitner {1908a,b, 190%a,b, 1910), von
Baeyer and Hahn {1910), and von Baever et al. {1%11a.b}.

4, Wilson's curve was obtained with a radinm source, whereas Schmidr had used
uraninm, Wilson also showed simular results for uranium.

5. For details, see Franklin { 2(HH)a, Chapter 1).

6. There was an important experimental problem:

The field in each electromagnet is a function of the current in both. Thus, it the current

through the electromagnet C was kept constant and that in I made to vary, changes took

place in both the fields C and D). Now, in the present case, it is required that the field in elec-
tronnagnet C should be kept constant, while that in T3 15 made to vary, so that changes in
the currents in both electromagnets are necessary. The system was therefore calibrated as
follows: The current in the electromagnet Cowas kept constant and that in [ varied and the
strengths of the fields in each were determined by means of a Grassot fluxmeter, or each
value of the corrent in L A similar set of readings was taken for about ten different values
of the current in C. From the results this obrained, curves could be drawn from which the
values of the currents in O and I¥ could be adjusted so that the field in C was kept constant

while that in [ was made to vary. { Wilson 1910a, pp. 14344

7. There is a specific reference to the work of Alois F. Kovarik, Not mentioned are the
companion papers on the same subject by Kovarik and Wilson (19107 and Gray and
Wilson (1910}, The Jatter paper is discussed in detail below.

8. The line spectra observed were an artifact of the photographic method used to
detect the [ rays. For details, see Franklin (2000a, pp. 459-30),

9. The Liguid-Scintillator Neutrino Detector

1. For details of this episode, see Franklin {20004, Chapter 8).

2. Bahcall was the first theorist to calculate the solar neutrino flux and played a lead-
ing role in subsequent developments. [¥avis was the leader of the group that performed
the first of the chlorine detector searches for solar nentrinos,
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3. The reference is to Davis and collaborators (1968) and Bahcall and collaborators
(1968). Davis et al. (1968) 1s the Arst experimental report trom the Homestake mine
chloring detector. Bahcall et al. { 1968) is a theoretical calculation that disagreed with the
observation.

4. For this idea to be useful, the neutrino lifetime would have to be less than approx-
imately eight minutes, the time of travel between the sun and the earth—otherwise a
significant number would not decay before reaching the earth.

5. A sterile neutrino is one that does not interact with matter.

6. There are actually three types of neutrinos: the electron neutrino, the muon neu-
trino, and the tau neutrino. For details, see Franklin (2000a, Chapter 7).

7. For details, see Franklin (2000, Chapter 7); the " Ultimate Neutrino Page,” a source
tor the latest information and results on neutrinoes l_'h'r'rp'..-'.-'t:upp_mll1:|.ﬁ.-'r1EuTri|m."}. com-
piled by Juha Peltoniemi; and [|'|l.'T1'.I:J".""r'-.-"|.*r"l.'-.’,:-'1|'|1'|,P-h}-'.q'l]{!{!I'|'-i-l.1--;,'.:c1.":-'1l'|1h"ﬁt'.'-i'[_t'{!:éllh.':-i.."]-

8. The bar denotes an antipa rticle. Or best theories, as well as considerable expen-
mental evidence, indicate that every particle has an antiparticle. Particles and antiparti-
cles have the same masses and lifetimes. In the case of charged particles, the antiparticle
has the opposite charge of the particle. Thus, the positively charged positron 1s the
antiparticle of the negatively charged electron. Electrically neutral particles such as the
neutron and antineatron have different magnetic properties. Other neutral particles,
such as the photon (the particle of hight) and the neutral pion are their own antiparti-
cles. The question is still open as to whether the neutrinos and antineutrinos are the
same or different particles.

9, This was larger, by a factor of four, than the calculated electron-antineutrino com-
ponent of the beam.

110, For a detailed discussion of selectivity in the production of experimental results,
see Part L

11, The ariginal L3N} group used data taken during experimental runs in 1593 and
1994, Hill restricted his analvsis to the 1994 data.,

1 2. Notice, once again, the use of “ditferent™ experiments to independently contirm a

result,

| 3. Because of the long muan litetime, a muon that had arrived earlier could decay
into an electron and simulate the desired events, Similarly, a muon decay electron could
appear later,

|4, This is consistent with the oscillation probability obtained in their most recent
decay-at-rest experiment, which was 031 & 0,12 * (L05%,

15, For details, see Franklin (20004, Chapter 9),

16, The SNO group remarked that “The probability that the SNO measurement is
notl a downward fluctuation from the Super-Kamiokonde measurement is 99.96%
(SNO Web site, po4). As of December 2001 the SNO results have not been published.

17, Although the SKO result is independent of the LSND result, the fact that it
shows electron-neutrino oscillations gives at least moral support to LSNL.

10. Atomic Parity Violation, SLAC E122, and
the Weinberg-Salam Theory

|, For a discussion of the discovery of parity nonconservation, see Franklin { 1986,
Chapter 1).
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2. Pickering (1984a} has also discussed this episode from a social constructivist view,
COther discossions can be found in Pickering {1991, Ackermann (19491}, Lynch (1991},
and Franklin {1990, Chapter 8; 1993b).

3. I discuss the uncertainty in the theoretical calculation later.

4. The difference between the two values is (7.3 = 2.5) % 1078, a 2.9 standard-devia-
ton (s.d.} effect, which has a probability 0.37% of being equal 1o 0 {i.e., an unlikely
occurrence). The original experimental result of (=8 * 3} * 107 cited a two s.d. uncer-
tainty, whereas the later result (0.7 = 3.2) % 1075 used a 1.5 s.d. uncertainty.

5. Carl Wieman, whose work on atomic parity violation will be discussed below,
informed me of this.

6. As we shall see, Dvdak’s choice was justihed by subsequent experimental and theo-
retical work,

7. Recall that the theoretical predictions of the effect diftered by a tactor of rwo,

8. The experimenters used several strategies to establish the validity of their result
that T have discussed in this book as parts of an epistemology of experiment. The exper-
imenters intervened and observed the predicted effects when they changed the angle ot
the calate prism and when they varied the beam energy. They checked and cahbrated
their apparatus by using the unpolarized SLAC beam; they observed no instrumental
asymmetries and found that their apparatus could measure asymmetries of the expected
size, They also used different counters, the lead glass shower counter and the gas
Cerenkov counter, and obtained independent confirmation of the validity of their
measurement.

9, This result was also presented as an addendum to the Proceedings of the Cargese
Workshop.

10, Recall that the Moscow group also saw such effects.

Conclusion

1. It should be emphasized that this data selection cut by Millikan is not unique. Few
experiments work properly on their first run, and no experimenter accepts data unless
convinced that the apparatus is working properly. In the case of the K, branching ratio
experiment, | know—Dbecause [ was a participant in the experiment—that data were
excluded when the apparatus was not working properly. | believe that this was also true
tor the other episodes discussed in this book. Consider a problem that developed in the
experiment that first demonstrated the violation of combined particle-antiparticle and
space-reflection symmetry (CF violation) {Christenson et al., 1964). An interaction with
other nearby experiments not only stopped the taking of data, but also led to excloding
the data taken while the problem existed. “These runs were interrupted by discovery
that bending magnet of Frisch at 6 BeV gives ~20/1 ratio of [counter| 3 to [counter] 2.
This is intolerable. Now they have reduced beam and we resume running pending solu
tion” {from the laboratory notebook of the Fitch-Cronin experiment). The setting of a
magnet in the adjacent experiment run by an MIT group dramatically changed, and not
tor the better, the operation of the Princeton experiment. [t made the data taken under
those condibbons unreliable: It was not “good” data. For details, see Frankhn ( 1986, pp.
B3I-ETL

2. For a discussion of why different experiments provide more support for a hypoth-
esis than does the repetition of the same experiment, see Franklin and Howson {1984).
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3. This is what one might call indirect replication,

4. In this episode, turther replications with improved apparatus and critical discus-
sion showed that the original results were incorrect.

5. For more details, see Pickering (1984a, 1991}, Collins {1985, 1994}, and Franklin
(1990, Chapter 8; 1991; 1993h; 1994).

o, Although | suspect that a majority of the physics community was skeptical of the
Washington-Undord results, there were no obvious reasons for believing the results were
wrong. The systematic uncertainties that were cited by the Washington and Oxford
aroups did make the results uncertain.

7. Although both the atomic parity—violation experiments and SLAC E122 used new
techniques, they were, in fact, quite ditferent apparatuses, subject to difterent back-
grounds and sources of error and uncertainty, There were no good reasons to lump
them together,

8. As noted by Bouchiat {1980} and discussed in detail in Chapter 10, the SLAC E122
experiment was very carefully checked. There were good reasons to helieve the result
was correct without waiting for an expensive and time-consuming replication. Contrary
to Jacqueline Susann, once may be enough.

9. The calculatons of the effect predicted by the W-5 theory have also changed.
Recent calculations have reduced the size of the expected elfect.

11 1 have never claimed that one must restrict oneself to published sources,
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“That experimentalists select only their ‘good data’ and
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physics and other sciences are socially constructed. In
this impressive book, Allan Franklin tackles these two
problems head on, demonstrating persuasively that
physics is at root a rationally constructed science.”
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“No one has done more than Allan Franklin to show how

the intricacies of experimental reasoning in physics
provide safeguards against being misled by individual
experimental results.”
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for the History of Science and Technology

“Franklin is one of a very small number of people
who have both the knowledge needed to understand
complicated experiments in physics and the skill needed
to explain to a nonprofessional audience how the
experiments work. ... A welcome counterweight to post-
modernist interpretations of science.”
—JOHN EARMAN, University of Pittsburgh
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