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ABSTRACT 

How Experiments End: 

Three Case Studies on the Interaction of Experiment and 

Theory in Modern Physics 

This thesis addresses the question: How does evidence from a 

physical experiment become persuasive to those performing the experiment? 

Two "methods are used to examine case studies in 20th century physics. 

First, experiments are chosen that at some point involved an error; 

some of the physicists involved believed a result to be true that 

we now consider false. This throws into relief their criteria for 

accepting the original (incorrect) result. Second, in each study 

two competing groups are analysed. This also helps make clear the - --

standards and nature of what each group considered to be compelling evidence. 

The three case studies are chosen to represent three very different 

epochs in 20th century physics experimentation. The first, "Einstein 

and the Gyromagnetic Experiments: 1915-1925," involves a classical 

19th century type of apparatus; the second, "The Discovery of the 

Muon and the Failed Revolution Against Quantum Electrodynamics," 

depicts the era of cosmic ray experimentation (especially the 1930's); 

the third, "How the First Neutral Current Experiments Ended," focusses 

on several classical high energy physics experiments of the 1970's. 

A final chapter discusses the changing nature of experimental demonstration 

in 20th century physics, drawing from the case studies. Revised, 

published versions of the three case studies may be found respectively 

in 1) Historical Studies in the Physical Sciences, 12 (1982), pp. 

285-323, 2) Centaurus, April (1983), pp. 22-76, and 3) Reviews of 

Modern Physics, 55 (1983), pp. 477-509. 

Peter Louis Galisonj Harvard University, August 1981. Degree: PhD 

in Physics and History of Science. Note: This is part one of a two 

part thesis. The second part is entitled, "Large Weak Isospin and 

the W Mass," accepted April 1983. 
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CHAPTER I 

INTRODUCTION 



1 

Einstein once facetiously characterized the difference between 

theory and experiment this way: no one believes in a theory except 

its author, whereas everyone relies on an experiment but the physi

cist who conducted it."'" Like many of Einstein's quips, this one hides 

an important distinction, no doubt in large part grounded on his own 

theoretical and experimental accomplishments. 

In this remark Einstein probably was referring to the more 

freely speculative theories that abound at the frontier of physics 

where strikingly contradictory ideas are continually put forward. 

Since these ideas often extend beyond the experimental data, many 

of them are soon refuted by new experimental results. At the moment 

they are introduced, however, each theorist has a complex of reasons 

for advocating his own approach. Some reasons are technical, others 

more general guiding principles of what he feels physics should 

"look like." No one can be familiar with every theorist's "hidden" 

motivations. As Einstein points out, the innovative theorist often 

remains the lone advocate of his creation. 

Here the style of the speculative theorist stands in marked 

contrast to that of the experimentalist. To some degree this differ

ence stems from practical considerations. Anyone can repeat for him

self the steps taken by a theorist. But since experiments are often 

large, expensive, and difficult (and getting more so) the repeat

ability of an experiment may be more of an abstract ideal than a 

reality. If the experimentalist is to retain the confidence of the 

community, he cannot afford—as the theorist can—to cast many seeds 

to the wind hoping one will somewhere take root. 
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Somehow, in the course of an experiment the experimentalist must 

convince himself that the effect he is looking at is real, and is not 

an artifact of the apparatus or environment. This is made all the 

more difficult as his detailed knowledge of the equipment reveals 

its frailties to him all too clearly. Most of these difficulties will 

be overcome during the long period of challenges and modifications the 

experimentalist makes as the work progresses. When he becomes confi

dent that the result will not "go away" he publishes a highly abbrevi

ated account of his reasons for believing the result is real. Nec

essarily many of the potential sources of error and their relative im

portance cannot be discussed in detail. Only the experimentalist can 

know at first hand how much confidence he can place in the many instru

ments and interactions between instruments that compose a modern phys

ics experiment. Furthermore only the experimentalist knows at close 

quarters what effects might mimic the one he is seeking. And so every

one believes the experiment but the experimentalist. 

This is of course too harsh. Eventually experimentalists do 

come to have confidence in their results. It is the objective of this 

analysis to explore, with the help of three case studies, the way in 

which experimental physicists persuade themselves that they are look

ing at a real effect and how this process has changed in recent his

tory. Case studies have the disadvantage of passing over 3ome long-

term historical trends, but the advantage of bringing out the details 

of individual experiments. Only in such details can we see the gradual 

transformation of experimental evidence from a suggestive hint to a 
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rationally ordered argument and thus exhibit the nature of evidence 

experimentalists find persuasive. By choosing three clusters of 

experiments with the approximate dates of 1915, 1935, and 1973, I 

hope to illustrate how the nature of convincing evidence has evolved 

over the course of the century. 

3y a "rationally ordered argument" I have in mind the presenta

tion of experiments in textbooks or review articles where the con

ditions of the experiment are explained, the results presented, and 

their interpretation given. In general such presentations will be 

formulated as support for a theory. The task of the historian is 

often quite different. Instead of trying to reorder the conclusions 

in the most logically consistent fashion, the historian is more like

ly to seek the original conceptual framework under which the experi

ment was designed and the results understood. Even so, many histori

cal accounts of twentieth-century experiments gloss over the ground 

between the design of the experiment and the interpretation of the 

result. In part, this may be because the primary attention of his

torians of twentieth-century physics has been on the development of 

theory: quantum theory and special relativity. When the focus is on 

the theorists, it seems that examination of the experimental work re

cedes into the background where it can be described merely in terms 

2 
of design and results. 

By contrast, a specific goal of these essays is precisely to 

explore the stage of experimentation between the experimentalist's 

original intent and his final conclusions. In this often hidden realm, 
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the experimentalist may have more than a working hypothesis but not 

yet a rational argument in final form. The apparatus is functioning, 

the data have begun to accumulate, but the results are not yet secure. 

Little by little an argument emerges from the data and becomes con

vincing. At some point certain convictions crystallize. We can ask: 

What kind of evidence persuades the physicist that he is on the right 

track, that he has a "real" effect under observation? What role do 

the theoretical presuppositions each experimentalist must bring with 

him play in the outcome of the experiment? What role is played by 

past experimental experience? To answer these questions we must 

look at the period where evidence is validated, that is at the time 

between design and outcome. 

To explore this validation period I will employ a technique 

that has long been known to historians of theoretical physics, in

deed to historians outside history of science, such as historians of 

art and literature. It is to pick out certain salient features of 

a work that seems odd and co bring these elements to the fore. One 

historian of literature described his approach as one of "underlining 

expressions which struck me as aberrant from the general usage, [which 

often} ... taken together seemed to offer a certain consistency." 

In the history of physics, the aberrant sometimes may correspond to 

a characteristic style of doing physics such as Einstein's use of 

symmetry arguments in his 1905 papers. More commonly, the aberrant 

may seem so only in retrospect as we find the need for revision in 

the physics of the past. 
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Historians of theoretical physics long ago recognized that any 

historical reconstruction that ignores what seems to us (in retrospect) 

as erroneous will be an inadequate account. As Alexander Koyre wrote 

in 1939, 

What good is it then to spend time on error? Isn't 

the important thing the final success, the discovery, 

and not the tortuous paths that one followed and on 

which one could have gotten lost?... What is important 

for posterity is in fact the discovery or invention. 

Nonetheless (at least for the historian-philosopher) 

it is the dead end, the error...which are sometimes as 

important as the successes. They can, maybe, be even 

more important. They are in fact very instructive by 

permitting us, sometimes, to grasp and to comprehend 

the secret paths of [the scientist's] thought.^ 

Though Koyre was writing a preface to his work on Galileo, the search 

for an account of error has remained a primary methodological precept 

for historians of more recent physics. Thomas Kuhn put it this way: 

In the process of reconstruction the historian 

should pay particular attention to his subject's ap

parent errors, not for their own sake, but because 

they reach far more of the mind at work than do the 

passages in which a scientist seems to record a re

sult or an argument that modern science still 

retains."' 
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If I draw particular attention to some significant false roads 

taken in experimental physics, it will be partly for the same reasons 

it is of interest to study them in the history of theoretical physics: 

they reveal the orientation and "secret paths" of the conceptual de

velopment of experimental physics. The point of calling certain 

beliefs "mistaken," is not to judge past theories anachronistically. 

On the contrary, one identifies problems and solutions no longer 

considered significant or correct precisely to understand these for

gotten frames of mind in their own terms. 

But there is an additional reason for studying mistakes in ex

periments. Every experiment must, explicitly or implicitly, end with 

a ceteris paribus clause—the validity of the results is assured only 

if all other things are taken to be equal. But even in principle no 

one could check the infinite set of possible interfering effects. 

Therefore the decision to end an experiment must be taken in some 

other way. It is of considerable interest to discover how experi

mentalists decide to end a particular project, and how the criteria 

by which they do so have changed over time. 

When looking at experiments that proceeded as expected, or were 

subsequently confirmed elsewhere, it is easy in hindsight to remain 

unaware of the importance of the decision to end the experiment. 

Later that decision may appear as the inevitable recognition by the 

experimentalist of something present in nature. However, when an 

important error is made—one involving physical theories considered 

to be fundamental—it becomes much more apparent that the decision 
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was not inevitable. Instead, it was actually made as the result of 

some perhaps very complex set of beliefs, commitments or social pres

sures. This is the second reason for studying mistakes in experi

mental physics: they can be used as a tool to uncover the criteria 

by which the decision is made that a given result is real and that 

the experiment is over. 

The decision, rightly or wrongly, to end an experiment takes 

place in every experiment but carries particular interest when the 

issues touch on problems of fundamental importance for the concep

tual development of physics. In the first case study, the discovery 

of the Einstein-de Haas Effect, the nature of magnetism and the 

structure of the atom were at stake. Einstein and his collaborator, 

W. J. de Haas, sought to test Ampere's hypothesis that permanent mag

netism was due to the mutual orientation of small current loops in

side the magnet. With the help of electron theory, Einstein and de 

Haas put Ampere's conjecture in a sharper form: ferromagnetism was 

due to the mutual orientation of many electron orbits around their 

respective nuclei. More significantly, using the electron hypothesis, 

they showed that the ratio of angular momentum to magnetic moment was 

independent not only of the number of orbiting electrons, but also of 

their orbital radii and speeds. A definite value for the gyromagnetic 

ratio (angular momentum / magnetic moment) could therefore be predicted. 

To test this model they suspended an unmagnetized iron cylinder 

by a fiber into a solenoid. If the current in the solenoid was turned 

on, the magnetic moments associated with the current loops would be 
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oriented as would their angular moments. Since angular momentum is 

conserved, they reasoned that the bar would begin to rotate to counter

act the increase in angular moment associated with the orientation 

of the electron orbits. 

When Einstein and de Haas performed the experiment (which they 

did with several different types of apparatus) they found the torque 

on the rod that they expected. According to quantum mechanics we 

now attribute ferromagnetism to the orientation of electron spins 

which is associated with half the gyromagnetic ratio Einstein and de 

Haas expected from electron orbits. How did Einstein and de Haas 

found their predicted but erroneous ratio? Independently, at approxi

mately the same time as Einstein and de Haas, an American physicist, 

S. J. Barnett, performed a series of experiments examining the con

verse effect: magnetization by rotation instead of rotation by mag

netization. When he reduced his data in 1914 his results were equiva

lent to a gyromagnetic ratio near the prediction made later by quantum 

mechanics. However, after Einstein published his paper with de Haas, 

Barnett too obtained data confirming the electron-orbit hypothesis. 

In the 1920's, it became clear that the gyromagnetic ratio did 

not have the value Einstein, de Haas, and Barnett claimed to have found. 

Only with the advent of quantum mechanics in the late 1920's were the 

new results explained in a satisfactory way. The first essay addresses 

the question of why Einstein believed so strongly in his prediction, 

and how this theoretical belief influenced his, de Haas', and Barnett's 

interpretation of data and treatment of errors. In short, we can ask 
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how theoretical predispositions influenced Einstein's and others' 

evaluation of evidence. 

The second case study is about the series of cosmic ray experi

ments leading up to the discovery of the positron and muon in the late 

1920's and 1930's. During this time quantum mechanics had been devel

oped but not universally accepted. On one level these experiments 

illustrate the transition from a classical to a quantum mechanical 

treatment of fundamental processes as the tv-vi rimentalists sought to 

analyze the constituents of cosmic radiation. R. A. Millikan, and 

many of his colleagues, associates, and students did not approve of 

the quantum mechanical approach for several years. By contrast 

other physicists working in the field of cosmic ray physics made 

frequent use of the new ideas at least in the planning of their ex

periments. We can compare two groups (broadly speaking, Millikan, 

S. Neddermeyer, H. V. Neher, I. S. Bowen, H. Cameron on one hand, 

and H. Bethe, B. Rossi, J. C. Street, E, C. Stevenson, and T. John

son on the other). 

Millikan and his associates denied the existence of several 

phenomena we now regard as well established. For example, Millikan's 

group argued that no latitude effect existed, and that no very pene

trating charged particles were among the cosmic rays. On the other 

hand, they found effects that today we reject as nonexistent. Milli

kan and his colleagues claimed, for example, that the energy of cos

mic ray particles came only at discrete values. Only by understand

ing how these diverse errors offer "a certain consistency" can we 
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identify the theoretical predispositions under which the experiments 

were conducted. As in the Einstein-de Haas case we can try to recon

struct how strong theoretical predispositions affected the kind of 

data the experimentalists found persuasive. 

The theoretical orientation of Millikan's group can be con

trasted with the work of Street, Rossi, Johnson et al. in another 

way as well. Not only did theory influence the conduct of experi

ments, the conduct of the experiments shaped the kind of arguments 

that each group considered convincing. For instance, Anderson and 

Neddermeyer, from early 1932, began to use individual photographs 

of energy loss to document their claims about the nature of cosmic 

rays. Such studies characterized their work for the next five years. 

Finally, in 1937 photographs of the energy loss of individual parti

cles persuaded them of the existence of a new particle of mass inter

mediate between the electron and the proton. 

Virtually at the same time Street and Stevenson came to the 

same conclusion: a previously unknown type of particle was present 

in the cosmic radiation. Unlike Anderson, in his early work Street 

had not made use of the cloud chamber. Instead, following Rossi's 

lead, Street had used and improved coincidence and anti-coincidence 

counters to study the passage of charged particles through matter. 

Consequently, from an early point in his work Street studied the 

statistical rather than the individual passage of cosmic rays through 

matter. 

Over the course of several years Anderson's and Street's groups 
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perfected their techniques. Like artisans they became comfortable 

and adept with certain tools and somewhat mistrustful of others. 

Anderson and Neddermeyer once remarked of their own preliminary data 

that they were merely statistical and not as persuasive as clear 

individual photographs. In fact with Millikan they published an 

article condemning the use of statistical electronic counters. 

Street reversed their argument. He later remarked that individual 

photographs never seemed to him very persuasive. Even his own 

well-known cloud chamber photographs that led to the first determina

tion of the muon mass seemed to Street less than completely reliable. 

As he later commented, "anything can happen once." 

The contrast between statistical and what we might call "ex

emplary" forms of experimental demonstration became increasingly 

evident as particle physics has developed. Detectors like cloud and 

bubble chambers presented detailed examples of interactions whereas 

electronic detectors like spark and drift chambers offered higher 

statistics. The contrasting experimental styles implicit in the 

two approaches stand out clearly in chapter IV where the focus is 

on a series of high energy particle physics experiments in the 1970's. 

Once again we examine two groups that made near simultaneous experi

mental discoveries. One group was an international bubble chamber 

collaboration at CERN (Centre Europeen de Recherche Nucleaire at 

Geneva) and the other an inter-university spark chamber group at NAL 

(National Accelerator Laboratory in Batavia, Illinois). 

We can follow the evolution of the two projects from a search 

for the intermediate vector boson in the early 1960's to a test of 
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the parton model in the late 1960's. Finally after 1971 the experi

ments became a test of the existence of neutral currents predicted 

by Weinberg's and Salam's unification of the weak and electromagnetic 

forces. 

At the same time the neutral current case provides an oppor

tunity to investigate changes in the conduct of experiments that are 

associated with their increased size and complexity. We may explore 

how two (for the time) relatively large collaborative groups of 

laboratories were persuaded that the effect they were studying was 

real. As in the two earlier cases, the goal of the study is to 

depict the process by which experimental evidence becomes convincing. 

Here too, the method is to examine in detail how an important mistake 

occurred in one of the collaborations. For a period of several weeks 

the EIA group was persuaded that their experiment provided no evi

dence for neutral currents at the level predicted by Weinberg and 

Salam. This period of persistance of the error can be studied to 

shed light on the theoretical predispositions and experimental prac

tices that were characteristic of various participants in the experi

ments. Lastly, we can see in both collaborations how the partial 

evidence that persuaded members of the collaboration was slowly 

transformed into a publishable form that was endorsed by the group 

as a whole. 

In sum, each of these three cases deals with an experimental 

issue decisive for some aspect of physical theory: each includes a 

pair of research groups whose approaches to the problem may be com



13 

pared and contrasted, and each involved an important mistake that can 

be used to exhibit the theoretical and experimental orientation of 

the participants. The sequence of these cases illustrates at least 

schematically some of the enormous changes experimental physics has 

undergone since 1915. In the last chapter, "The End of Experiments," 

I draw some general observations on the character of experimentation 

as it has evolved over the decades from the 1910's to the 1970's. 

For as the level of complexity of the experiment has increased, the 

standards of convincing evidence have also shifted. My hope is that 

by bringing these three studies together, they will point the way 

towards the nature of some of these changes. 
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NOTES 

"'"As reported by Dr. Herman F. Mark in an interview with 

Abraham Rabinovich in "Questions of Relativity," Jerusalem Post. 

22 March 1979, p. 7. The remark was said to have been made in a 

laboratory of Berlin University in 1922. 

2 
Notable exceptions to this, for instance, are the accounts 

by Gerald Holton of Millikan's Oil Drop Experiments, "Subelectrons, 

Presuppositions, and the Millikan-Ehrenhaft- Dispute," in The Scien

tific Imagination (Cambridge: Cambridge University Press, 1978), 

pp. 25-83, and the one by Roger Steuwer of the Compton Effect, 

The Compton Effect (New York: Science History Publications, 1975). 

3 
Leo Spitzer, Linguistics and Literary History (Princeton 

University Press: Princeton, 1948), p. 11. 

^A. Koyre, Etudies Galileenes (Paris: Hermann, 1939), p. 77. 

^Thomas S. Kuhn, "The History of Science," reprinted in 

The Essential Tension (Chicago: University of Chicago Press, 1977). 
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CHAPTER II 

STUDY OF THEORETICAL PREDISPOSITIONS IN EXPERIMENTAL PHYSICS 

EINSTEIN AND THE GYROMAGNETIC EXPERIMENTS: 1915-1925 
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In the midst of his work on the General Theory of Relativity, 

Einstein became deeply involved in a problem of experimental physics. 

Collaborating with W. J. de Haas, Einstein helped design and execute a 

series of experiments to investigate Ampfere's celebrated hypothesis that 

magnetism arises from a current circulating about atoms of magnetic 

substances. In several careful experiments Einstein and de Haas arrived 

at just the answer they expected, a result now considered to be almost 

half of what they "should" have found. Two questions come to mind: 

why was Einstein so intrigued with this particular experiment? How did 

it come to pass that the two experimentalists found what they were 

looking for? 

In retrospect it is striking that soon after Einstein and de Haas 

published their "mistaken" result it was confirmed by an American 

physicist, S. J. Barnett. Soon the experimental problem was taken up by 

other experimentalists including G. Arvidsson, J. Q. Stewart, and E. 

Beck. Still, it took several years before these physicists were able to 

persuade themselves that the original results of Einstein and de Haas 

were not correct despite the striking coincidence of the theoretical 

prediction with the experimental evidence. 
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1. Early Tests of Ampere's Hypothesis 

Ampere's hypothesis, at least in its early form, dates from the 

very first weeks of the history of electromagnetism. Until Ampfere and 

Oersted demonstrated the magnetic effects of electrical currents, the 

science of magnetism was principally the mathematical study of the 

effects of magnetic poles in isolation and coupled together. Even after 

the initial work by Oersted, a theory as sophisticated as that of Biot and 

Savart left electrical currents and magnetism as distinct phenomena with 

different causes—even if currents and magnets were capable of inter

acting. In 1820, Ampfere argued for the unification of the causes of 

electromagnetism and bulk magnetism:. When a magnet and an electric 

current interact, they tend to orient themselves so as to be 

perpendicular. Ampfere continued, 

Consider now the interaction of an electric current and 

a magnet and that of two magnets. It will be seen that 

both come under the same law governing the interaction 

of two currents, if it is assumed that the current is 

established at each point of a line drawn on the surface 

of the magnet from one pole to the other in planes per

pendicular to the axis of the magnet. It hardly seems 

possible to me, from a simple consideration of the 

facts, to doubt that there really are such currents 

about the axis of magnets, or rather that 

magnetization is nothing other than the operation by 

which particles of steel are endowed with the property 
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to produce...the same electromotive actions as in the 

voltaic battery....^" 

Thus Ampere broke cleanly with the widespread belief that a magnet 

owes its properties to separate north and south pole molecules that are 

connected in some unknown way. The poles had no special significance 

other than their position relative to the currents that composed the 

2 
magnet. Ampere's hypothesis was followed by six years of 

experimental and mathematical progress culminating in his "Ilemoire sur 

la theorie mathematique des phenomenes electrodynamiqueIn the 

intervening years Ampere had reworked his hypothesis about the currents 

that circulated within the magnet; by 1825 he took them to be molecular 

in origin. But even more importantly, Ampere had worked out a detailed 

quantitative treatment of magnetism. Although he conceded that all his 

experimental predictions could be reproduced by a law (Biot-Savart) 

based on the two-pole idea, Ampere insisted that only his theory took 

care of the three interactions: current-current, current-magnet, and 

magnet-magnet, and related them to one cause. "Those periods of 

history," Ampere wrote, "when phenomena previously thought to be due 

to totally diverse causes have been reduced to a single principle, were 

almost always accompanied by the discovery of many new facts, because a 

new approach in the conception of causes suggests a multitude of new 

3 
experiments to try and explanations to verify." 

4 James Clerk Maxwell took Ampere's hypothesis seriously. But to 

design an experimental test, he needed to know what a current was, and 

here very little had been established to his satisfaction. Despite the 

many similarities between the electric current and a flow of a material 
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fluid, Maxwell cautioned that "...we must carefully avoid making any 

assumption not warranted by experimental evidence, and there is, as yet, 

no experimental evidence to show whether the electric current is really 

a current of a material substance, or a double current [positive and 

negative] or whether its velocity is great or small in feet per 

second.""' Still, the possibility that current did involve a material 

transfer led Maxwell to develop three experiments to exhibit the inertial 

effects of currents, if such effects existed. 

The first experiment Maxwell described in the Treatise dates from 

at least 1870, when he queried John William Strutt (Lord Rayleigh), 

"Have you tried whether the sudden starting or stopping of a current in 

a coil has any least effect in turning the coil in its own plane as it 

would be turned if the current were water in a tub?"'' In Figure 1, 

adapted from Maxwell's illustration, a coil is suspended as freely as 

possible. If an electrical current involves the transportation of 

inertial mass, then starting a current through the circuit should cause 

a change in the angular momentum of the wire. The wire thus should 

rotate oppositely to the motion of the electricity to conserve angular 

momentum. It does not appear that Maxwell attempted to perform this 

test. 

Maxwell built the apparatus for the second experiment in 1861 to 

measure the inertial effects of a constant current.^ A current is 

applied across a coil, A. (See Figure 2.) The coil can rotate freely 

on two pins, B and B'. In addition, the entire armature, D, can be 

rotated in the horizontal plane as it is attached only at two vertical 

pins, E and F. The cord visible on the pulley just above the bottom 



20 

Figure 1. Maxwell's first experiment. Illustration from Maxwell, 
A Treatise on Electricity and Magnetism (Oxford: Clarendon Press, 
1881), p. 201. 
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Figure 2. Maxwell's second experiment: adapted from Maxwell, 

Treatise, p. 203. 
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vertical pin, F, is used to spin the armature at a fixed speed. A 

constant current is applied through the coil by way of two brushes located 

at the top vertical pin E. 

If the current carries momentum, the coil will act like a 

gyroscope precessing about the vertical axis. Depending on the 

relative directions of the angular momentum of the gyroscope and the 

rotating armature, the gyroscope either would tip up or down. The 

effect is familiar to anyone who has held a gyroscope with its angular 

momentum vector in a horizontal circle, first in one direction and 

then in the other. Had Maxwell's experiment yielded a positive result, 

it would have shown the direction as well as the existence of a 

material current. 

By inserting an iron bar, S, into the coil, A, Maxwell could 

use his 1861 apparatus to test Ampere's hypothesis: the current through 

the wire "should" have magnetized the iron bar, orienting the 

microscopic currents surrounding each "magnetic molecule." This would 

amplify the tilting effect Maxwell sought to measure. 

Maxwell found nothing and explained his failure to do so as 

follows: 

The chief difficulty in the experiments arose from 

the disturbing action of the earth's magnetic force 

which caused the electromagnet to act like a dip 

needle [a vertical compass]. The results obtained were 

on this account very rough, but no evidence of any 

change in 0 [the angle the coil made with the 

horizontal] could be obtained even when an iron core 
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was inserted in the coil, so as to make it a powerful 

electromagnet.® 

In retrospect we can see that Maxwell had little chance of observing the 

tilt he was looking for. For only once the currents in the wire and in 

the magnet were known to be due to electrons was it possible to 

calculate the magnitude of the effect. Without such an estimate, 

Maxwell could have no real way to say when he had established a negative 

result. In 1915 de Haas and his wife, G. L. de Haas-Lorentz, showed 

that the angle of inclination which would be expected in a device like 

• 
Maxwell's had a tangent of about 0.00013. 

Maxwell's third experiment, like the other two, was designed to 

test whether the carriers of current also transported inertial mass. A 

short-circuited coil was given an angular acceleration in its own plane. 

If the unknown carrier of current had inertial mass, it should lag behind 

the accelerated coil. The resulting current relative to the coil should 

produce a magnetic field which presumably could be measured. No 

indication is given of any actual experiments. Maxwell's idea for this 

experiment may stem from an apparatus he built and used in 1863^ to 

measure the resistance of a wire without -reference to the resistance of 

another sample. In that work, Maxwell rotated a short-circuited wire in 

the Earth's magnetic field and detected the magnetic field resulting from 

the convection current. Using a sensitive galvanometer, Maxwell felt he 

could achieve an accuracy to one part in ten thousand.^ This may have 

encouraged him to comment in the Treatise that the null results he had 

obtained in his experiments on the inertia of current were probably 
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significant: 

...few scientific observations can be made with 

greater precision than that which determines the 

existence or non-existence of a current by means of a 

Ojlvanometer....If, therefore, any currents could be 

produced in this way [by accelerating a coil] they 

12 would be detected, even if they were very feeble." 

...Since, however, no evidence has yet been obtained 

of such terms, I shall now proceed as if they do not 

exist, or at least that they produce no sensible 

effect, an assumption which will considerably 

13 simplify our dynamical theory. 

After Maxwell, Oliver Heaviside, J. J. Thompson, Joseph Larmor, 

and J. H. Poynting (among others) continued to pursue Maxwell's interest 

in the connection between current and momentum. At least before 1897, 

however, they did not consider the momentum associated with currents 

to be the result of a transfer of ponderable charged matter. Instead, 

they ascribed energy and momentum to the electric and magnetic fields 

associated with the currents. Under this widespread assumption, 

experiments like Maxwell's on the inertia of currents would not have 

seemed to the point. 

H. A. Lorentz's electron theory broke with tradition by 

postulating charged, ponderable matter on one hand and the ether on the 

other.^ By dividing the two, Lorentz made his charged electrons 

subject to the same forces as uncharged matter as well as to the forces 

associated with electric and magnetic fields. One consequence of 



26 

Lorentz's separation of charge and ether was that electrons in motion 

would constitute a material current of the type Maxwell had thought 

might exist. 

In 1907 0. W. Richardson of Princeton University decided to 

reexamine experimentally Ampere's hypothesis in light of Lorentz's new 

16 
views on the nature of electric currents. If Ampere's current whirls 

were simply electrons in orbit around atoms, Richardson could derive 

some simple relations between their angular momentum and magnetic 

moment. 

Richardson argued as follows: An electron in a circular orbit 

has angular moment L = r x p = r (muir) = 2ma where m is the mass of 

the electron, w is the angular velocity, r is the radius of the orbit, 

and a is the area swept out per unit time. The accompanying magnetic 

moment would be, as was known from elementary electrodynamics, simply 

the electron charge e times the area swept out per unit time: M = ea. 

Therefore, the gyromagnetic ratio—the ratio of angular momentum to 

magnetic moment—is independent of the angular velocity and the radius 

of the orbit: 

£ = — = 2m/e = A.  
M ea 

Richardson's formula is easily extended to a general closed orbit. 

This quantity, L/M, is called the gyromagnetic ratio and in the 

literature to be discussed is often written as A. More generally, 

Richardson calculated this same ratio supposing that both electrons 

and positive particles were in orbit with different areal velocities. 
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Richardson, however, did not pursue the more general expression because, 

"The usual form of the electron theory of matter assumes that the 

negative electrons alone are in motion and most of the experimental 

facts seem to be in favor of this conclusion. 

The existence of this constant ratio for all orbiting electrons 

suggested a simple experiment on which Richardson had begun work. If 

one could suddenly magnetize a suspended bar of iron, a corresponding 

change in angular momentum equal to (2m/e)M should set the bar in 

18 
motion. Like Maxwell, Richardson ascribed his failure to 

"disturbing effects," without providing details. Nonetheless, as late 

as 1914 Richardson continued to believe the experiment would yield 

19 positive results in spite of the null outcome of his first attempts. 

There is a natural mechanical analogy to this effect that may 

make it clearer. (See Figure 3.) Suppose two identical gyroscopes are 

spun in opposite directions with the same angular speed and placed, 

facing away from one another at the ends of a bar. The total angular 

momentum of the system is therefore zero. Now suppose the bar is 

placed on a fulcrum around which it can pivot. If the gyroscopes were 

turned so they stood on end (part 2 of Figure 3), by an agency internal 

to the rotating arm, the total angular momentum would now be not zero 

but 2L. To compensate for the change in angular momentum, the whole 

system would begin to rotate. Analogously, Richardson hoped to orient 

the microscopic gyroscopes constituted by the orbiting electrons and by 

so doing cause the macroscopic rotation of the magnetized sample. He 

20 
found no such effect, however. 
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Figure 3. Xechanical analogy to "Richardson" or "Einstein-de Haas 

effect." 
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2. The Einstein and de Haas Experiments 

Einstein's interest in testing Ampere's hypothesis goes back at 

21 least to the period between 1905 and 1909. During those years he 

regularly met with several other young men (Dr. Hans Fliikiger and 

Dr. Hans Rothenbiihler) also interested in problems of experimental 

physics. Occasionally they met to perform some experiments in the 

physics room at the Stadtische Gymnasium in Bern. Among other projects, 

they tried to test Ampere's hypothesis experimentally in what seems to 

2 2  
have been a rough forerunner of Einstein's later experiment. 

23 
Thus when Einstein came to Berlin in April 1914 as a full-time 

member of the Akademie der Wissenschaft, he took the opportunity to 

pursue his old interest with the much more sophisticated facilities of 

24 the Physikalisch-Technische Reichsanstalt in Berlin-Charlottenberg. 

Einstein's personal friendship with Lorentz and his strong bonds to the 

25 Leiden physics community may have contributed to Einstein's choice of 

Wander Johannes de Haas (Lorentz's son-in-law) as a collaborator in the 

experimental project. For de Haas, who had arrived at the Reichsanstalt 

on 1 January 1914 as a scientific assistant (wissenschaftlicher 

26 
Hilfsarbeiter), the collaboration with Einstein began a long 

experimental career involving many projects related to this early 

endeavor. 

Einstein took an active role in the experimental discussions of the 

Reichsanstalt during the year. The first report on his own experiment 

was made in a lecture given by Einstein on 19 Feburary 1915 to the 

German Physical Society, where for the first time they presented both 
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qualitative and quantitative evidence that Ampere's almost century-old 

hypothesis was correct.^ 

To obtain a qualitative confirmation of Ampere's hypothesis 

Einstein and de Haas needed only show that by magnetizing a suspended 

iron rod they could set it in rotation. Unknown to them, the apparatus 

they were using was based on the same principle as Richardson's. Their 

chief improvement was to oscillate the magnetic field at the resonant 

frequency of the bar to amplify the effect. However, since Einstein 

(like Richardson) also wanted to test whether electrons were responsible 

for the Amperean currents, a quantitative measure was needed as well. It 

was here that Einstein's theoretical analysis of the experiment gave them 

the tools to go beyond the simpler experiments of Richardson and 

Maxwell. 

In the first Einstein-de Haas experiment, a fiber G is attached on 

one end to a crossbar, H, and on the other end to a thin iron cylinder, 

S. (See Figure 4A.) Two small mirrors, M, are mounted parallel to one 

another on opposite sides of the center of this iron bar. (See the 

detail Figure 4B.) Coils A and B surround the suspended iron cylinder, 

above and below the mirrors, leaving the mirrors exposed to reflect a 

beam of light from an outside source. The adjustable clamp P is used to 

vary the effective length of the fiber in order to adjust the natural 

frequency of the iron bar when in free torsional oscillation. 

When an oscillating magnetic field is applied by solenoids A and 

B, the iron cylinder will oscillate and reflect a beam of light to a 

screen. The maximum deflection a of this reflected light beam can be 

measured even if the movement of the cylinder is very slight. 
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Figure 4A and 4B. Illustration of Einstein-de Haas experiment with 

detail of iron sample. (.Figure 4A from Einstein and de Haas, 

"Experimenteller Nachweis" (ref. 27), p. 160. 
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Theoretically, ot should be proportional to the torque caused by a change 

in tne bar's magnetization, and inversely proportional to the damping 

constant. Thus we can write, 

where a is the deflection of the light beam, A is the ratio (angular 

momentum/magnetization), M is the saturation magnetization of the iron 

cylinder, and P is the damping coefficient. 

Since a can be measured, and M can be either calculated or 

measured, only P remains to be determined in order to find the 

gyromagnetic ratio. In principle P could be directly measured by 

observing the deflections of successive free swings. Because very small 

deflections occur this is quite difficult. Instead, Einstein and de Haas 

chose to measure a when the magnetic field is oscillated at off-resonance 

frequencies, that is, they measured the "Q" of the system. (See Figure 

Solving the damped harmonic oscillator equation leads in a standard 

way to an expression for P in terms of the moment of inertia of the iron 

cylinder, I; the fraction of maximum excursion, b; and v, the width of 

the resonance curve for a given value of b. 

A 
(constant)AM 

P 

5.) 

2 7 

P = (cte.)I v b 

1 - b 
2 

This may be understood in the following way. For a given resonance 

curve, the greater the moment of inertia, the greater the damping 



36 

Figure 5. Determination of damping constant by measurement of 

resonance curve. For a given cylinder, a narrow spike indicates a 

small damping constant, v is the width of the resonance curve at a 

given frequency and b is the fraction of the maximum excursion of the 

light beam. 
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constant must be to achieve the same excursion length on the swings. 

Therefore P is proportional to I. Qualitatively, for a more sharply 

peaked resonance curve, v will be smaller at any given height and 

therefore P will be smaller. This can be understood as follows. If no 

damping occurred, there would be no way for the off-resonance magnetic 

field oscillations to couple to the mechanical oscillations of the iron 

cylinder. However at resonance energy would constantly be pumped into 

the system and no equilibrium excursion length would be reached. The 

resonance curve would approach an infinite spike at the resonant 

frequency and be zero everywhere else. Conversely, as P gets very 

large, the curve will spread out. 

The key measured quantity in the experiment is therefore a good 

determination of the deflection of the light beam at different 

frequencies. If it is correct to assume that the damping term is 

independent of the excursion length, the calculated damping coefficient 

P should remain constant. Frequency measurement, however, was not 

nearly so routine a matter in 1914 as it is now. Using a resonance 

frequency meter of Hartmann and Braun, Einstein and de Haas could only 

measure frequencies at steps of a half cycle per second, as the device 

only was equipped with standard coils at certain fixed frequencies. To 

interpolate to the intermediate frequencies, they used an ammeter to 

measure the current provided in the generator. The ammeter therefore 

became their only measure of frequency between the frequencies given 

directly by the frequency meter. 

As the frequency was changed, the double excursion lengths were 

measured by eye as the light beam oscillated back and forth across a 
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scale some 145 cm. from the mirror. By plotting their results, 

Einstein and de Haas found the resonance curve shown in Figure 6. From 

this graph, the following data was taken and reduced to a value for P 

from which the gyromagnetic ratio could be calculated. (See Figure 7.) 

After eliminating measurements in which they felt the excursions were 

28 
too small to measure accurately, the authors found that their 

experimental result (2m/e = 1.11 within a 10% error) was in excellent 

agreement with their theoretically predicted value (2m/e = 1.13). 

This is perhaps a good moment to establish a convention I will 

use below. Since L/M = 2m/e was the original prediction for the 

gyromagnetic ratio for an orbiting electron, it has become standard 

to define the so-called g-factor by means of the following relation: 

L/M = (2m/3)(1/g). 

For an orbiting negative electron, g is therefore simply 1. One might 

expect g to be 1 for any orbiting system. However, this is not always 

true. For instance, a spinning classical sphere with mass distributed 

evenly throughout the sphere and charge distributed only on the surface 

would have a g-factor of 5/3. Indeed, by a suitable disposition of 

charge and mass, one could create a spinning classical sphere with any 

g-factor desired. 

Einstein's theoretical prediction therefore corresponded to a 

g-factor of 1; his empirical result was equivalent to a g-factor of 

1.02 with an error of .10. Such an extraordinary agreement with theory 

left the two physicists persuaded that they had verified Ampere's 

hypothesis. They concluded, 
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Figure 6. Data points from Einstein and de Haas' original paper. 

From Einstein and de Haas. "Experimental Proof" (ref. 27), p. 708. 

Vertical axis shows projection of light beam on scale in millimeters; 

horizontal axis shows frequency of oscillating magnetic field in 

cycles per second. 
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Figure 7. Numerical data used by Einstein and de Haas to find 

gyromagnetic ratio. From Einstein and de Haas, "Experimental Proof" 

(ref. 27), p. 710. The column marked "ordinates" shows the light bean 

deflection in millimeters; v is the width of the resonance curve at 

height the beam deflection is measured; b is the fraction of maximum 

2. 2 1/2 
light beam excursion; (b /(I - b )) is proportional to the 

damping constant of the fiber. For reference, the quantity in the 

right-hand column is inversely proportional to the g-factor. 
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Ordi-

nates 
V b l/ 62 

" 1—b2 

1/ b2 

'  U-* 

15 0,0911 0,812 1,32 0,120 

12 0,152 0,649 0,853 0,130 

9 0,221 0,488 0,560 0,124 

7 0,293 0,380 0,413 0,121 

5 0,403 0,271 0,280 0,114 

4 0,489 0,217 0,222 0,108 

3 0,618 0,163 0,165 0,0957 
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The precision of the agreement may be accidental as 

our determination must be taken to have an uncertainty 

of about 10 percent; however, it has been demonstrated 

that the results of the theory of the orbiting 

electron sketched at the beginning have been 

quantitatively established (at least approximately) by 

• . 30 
the experiment. 

It is interesting to note that if, contrary to what Einstein and 

de Haas did, one includes the other three data points (below 7mm) and 

calculates the g-factor, one obtains a number about five percent higher 

than their published result. 

However, other sources of error enter at this stage as well, since 

as shown above it is necessary to determine I, a, and M. The maximum 

excursion was obtained by observing the light deflection at resonance; 

the moment of inertia was found by adding a cross bar of known moment 

of inertia and measuring the free-motion frequency with and without 

the bar. Unfortunately, the saturation magnetization was calculated in 

a way that may have introduced two important systematic errors. First, 

the hysterisis curves of the material were used to determine 

magnetization as a function of the solenoid's B-field. The iron rod 

may or may not have been similar in composition to the standard sample. 

Second, the solenoid's magnetic field itself was not measured, it was 

calculated from the constants of the coil. It is interesting to note 

in this regard that in their original article, Einstein and de Haas 

reported the volume integral of the cylinder as M = 1260 and the 

saturation intensity of magnetization as 458; in the English and Dutch 
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papers that appeared shortly afterward, they more modestly eliminated 

the third significant figure and presented these two quantities 

respectively as M = 1300 and I = 470, writing their final result with 

31 one less significant figure (A = 1.1 instead of 1.11). 

In addition to these sources of errors there are several other 

types of systematic errors present that Einstein and de Haas 

recognized: 1. if the axis of rotation does not correspond to the 

axis of the magnetic field, the suspended bar will acquire an alternating 

horizontal magnetization moment. This alternating horizontal magneti

zation can then couple with the Earth's magnetic field to produce a 

large disturbing effect at just the frequency of the Einstein-de Haas 

effect. 2. conversely, the horizontal component of the Earth's 

magnetic field can magnetize the iron bar directly. Then if there is 

an alternating horizontal magnetic field in the solenoid, another very 

strong disturbing effect will be introduced, also at the frequency of 

the Einstein-de Haas effect. Both of these disturbing effects could 

be several orders of magnitude stronger than the Einstein-de Haas 

effect. They therefore might easily mask the sought-for signal if the 

Earth's field is not adequately neutralized. Maxwell, much to his 

32 
disappointment, had discovered this some fifty years before. 

Neutralization of the Earth's magnetic field became the most 

crucial and delicate aspect of the early failure and eventual success 

of this experiment. In their original experiment, Einstein and de Haas 

used hoops with a radius of one meter with coils wound around them to 

eliminate the Earth's magnetic field. The field strengths of the hoops 

were monitored by an ammeter measuring the current flowing through them. 
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To examine the field in the immediate vicinity of the rod, Einstein and 

de Haas used a galvanometer and a device which measured the induction 

of the Earth's magnetic field. As a final check on the compensation 

of the Earth field, they rotated the glass fiber and then turned on the 

current oscillators. When no further variation between the amplitude 

of oscillation from angular position to angular position was detected, 

the Earth field was considered eliminated. 

In later experiments the above method proved too crude, and after 

33 
de Haas returned to Holland on 1 April 1915, both he and Einstein 

separately began to work on the problem of further eliminating the 

residual horizontal Earth field. De Haas set out to eliminate the 

first disturbing effect by directly wrapping the wire of the solenoid 

on the suspended rod. This assured the coincidence of the rotational 

and magnetic axes. Coupling still, however, could occur between the 

magnetized rod and the transverse Earth field. The Earth field thus 

still needed to be eliminated. To this end, de Haas arranged an array 

of permanent magnets. First, a large magnet was employed to eliminate 

the Earth field near the center of the bar, and then two smaller ones 

were used to compensate for the field near the poles. Any remaining 

field was compensated by a second coil placed at right angles to the 

rod-coil assembly. The two coils were attached in series and a 

variable resistor was placed in parallel to the horizontal coil. De 

Haas could then adjust the distance of the coil from the rod-coil 

34 
assembly and regulate the resistor to neutralize the Earth field. 

A final innovation of de Haas was to use a current pulse instead 

of a sinusoidal current by adapting a pendulum to complete a circuit 
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each half cycle. (See Figure 8.) When the pendulum hits at ji, 

a current pulse goes one way through the coil; when it hits _b, the 

current pulse flows in the opposite direction. After a variety of 

control experiments, de Haas was able to determine that the deviations 

due only to the Einstein-de Haas effect corresponded to g = 1.2, from 

which he concluded: "This time again I have not had in view an 

accurate quantitative determination; yet it may be mentioned that 

the quantitative agreement between experiment and theory is quite 

satisfactory. At the same time a way is opened for a later 

35 
accurate determination of e/m." 

3y explicitly writing that he considered the method a valid 

way of deriving e/m, de Haas in effect had assumed the orbiting electron 

version of Ampere's hypothesis to be correct. Whereas in modern 

physics the coefficient of 2m/e is taken to be representative of 

nuclear spin, electron spin, or the orbital g-factor, for de Haas 

and many other workers at the time it was a foregone conclusion that 

ferromagnetism and paramagnetism were due to orbiting electrons. For 

the moment, however, de Haas put stress on the method and presented 

his quantitative results modestly. 

In private de Haas had already begun to suspect that the 

difference between g = .86 and g = 1.0 was significant. Though de 

Haas's original letter does not survive, a recently discovered set 

of Einstein letters to de Haas reveals that de Haas was quite concerned 

about the discrepancy. Einstein replied, 

I am very happy to hear about your work on the 

effect. [Einstein is referring to the work of 
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Figure 8. Alternating current pulse circuit. De Haas designed this 

circuit to minimize the time the solenoid field had to be on, as it 

tended to disturb the magnetized cylinder after the reversal of 

magnetization had taken place. When the pendulum hits a_ the current 

flows along cade. When the pendulum hits _b the current flows along 

ebdc. A pulse therefore is produced of the form shown above. 
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de Haas just described.J I also have conducted 

experiments, in which I eliminated the remanent 

magnetization through the discharge of a capacitor. 

The experiment won't work yet because despite the 

-3 
short duration of the field (10 seconds), strong 

vibrations of the little cylinder set in, hiding the 

effect. This is naturally avoided with your method. 

I can believe that your 10% discrepancy with the 

theory is real. If this is so, however, then it would 

be very significant."^ 

The experiments of his own that Einstein mentioned here were 

written up a short time later and received for publication in 

37 
February 1916 as a "Lecture Experiment." Einstein's idea, as 

mentioned in the letter cited above, was to demagnetize rather than 

reverse the magnetization of the iron rod. For this, a much smaller 

B-field was required. Like de Haas, Einstein used an alternating 

pulse rather than a sinusoidally varying current. 

After adjusting the glass fiber such that the rod naturally 

oscillated a a second or two per cycle, the experimenter noted 

the deviation of the light marker. Each time the beam reached a 

maximum, he pressed a key pulsing the circuit. This would either 

markedly amplify or brake the swing, thereby demonstrating at least 

qualitatively the effect looked for. Again, Einstein made reference 

to the problem of compensating for the Earth's field and aligning the 

rod properly, but no specific details were given nor any quantitative 

results published. 
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Thus, after constructing at least four different versions of 

the experiment, Einstein and de Haas were convinced that they had 

verified Ampere's hypothesis with orbiting electrons serving as the 

"current whirls." Qualitatively, all four experiments pointed to a 

gyromagnetic effect; after some confusion (corrected by Lorentz), the 

phase relations between current and oscillation clearly indicated the 

charge on the electrons to be negative. Finally, after two separate 

quantitative determinations, results were found that can be e::pressed 

as: 

g = 1.02 ± .10 (Einstein-de Haas 1915) 

g = 1.16 (de Haas 1916). 

It is crucial to remember, however, that de Haas, even in his later 

work, took his measurements in principle to be a measure of 2m/e, ana 

not a multiplicative constant by which this quantity was to be 

multiplied. 

Einstein's and de Haas's work was soon being discussed in a great 

many places; from Princeton and Ohio to Zurich and Uppsala, a variety 

of physicists began to focus their attention on the confirmation or 

refutation of Einstein's experimental claims. 
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3. Einstein's Theoretical Preoccupations 

Einstein must have had strong reasons for taking up an experimental 

problem in 1915. He also seems to have been persuaded that he would 

find that g was equal to unity. What was Einstein's theoretical 

motivation? 

Very early in their joint paper, Einstein and de Haas inserted a 

very compressed paragraph addressing this question. They wrote that if 

electrons orbit around atoms, then by Maxwell's equations they should 

radiate their energy away. This, they asserted, "is surely not the 

case," and continued, 

Furthermore it follows from the Curie-Langevin Law 

that the magnetic moment of the molecule is 

temperature-independent. Therefore, since the 

magnetic moment still exists at T = 0, there 

should remain an energy associated with the motion 

of the orbiting electrons at T = 0. Many 

physicists understandably resist the acceptance of 

38 this so-called "zero-point energy." 

Einstein's abbreviated remark goes to the heart of his motivation to 

perform the experiment. Pierre Curie had discovered experimentally 

in 1895 that in paramagnetic substances (substances whose 

magnetization are proportional to the applied field), the magnetic 

39 susceptibility varies with the reciprocal of the temperature. In 

1905, using the statistical techniques of Boltzmann, Curie's colleague 

Paul Langevin derived the Curie Law by assuming that each atom carried 
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a magnetic moment, m, owing to the circulation of electrons. From 

these assumptions Langevin found the suspectibility to be 

X = m2N/(3kT), 

where N is the molar density, k Boltzmann's constant, and T the 

temperature. For Einstein, Langevin's success in predicting the Curie 

law gave credence to the assumption that there existed a 

temperature-independent atomic magnetic moment. Einstein hypothesized 

that tnis atomic magnetic moment might be due to Amperean current loops 

composed of circulating electrons. Since such electronic motion would 

persist at a temperature when all molecular motion ceased, it fell in 

the class of so-called "zero-point energies." But electronic motion 

was just one of several possible mechanisms by which enersv could remain 

in a collection of atoms at absolute zero. For instance a "zero-point 

energy" might be due to molecular vibrations. 

Einstein's concern with the zero-point energy began before his 

interest in this aspect of Langevin's work, dating back to his work in 

1907 on the quantized harmonic oscillators of specific heat theory. 

Later, in 1911, the zero-point energy was taken up again in yet another 

41 
context when Planck used it in his "second theory." In the new theory, 

oscillators were allowed continuous absorption of energy but 

discontinuous emission. Only when an oscillator had acquired an energy 

equal to a multiple of hv can it emit a light quantum. Using these 

assumptions, Planck claimed the average energy of an oscillator included 

an additional term equal to hv/2, present even at absolute zero. 

Planck, however, paid no further attention to this energy as he thought 
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the frequency should be independent of temperature, and therefore the 

42 term would not contribute to the specific heat. Since the 

zero-point energy seemed in 1911 to be a necessary consequence of the 

latest version of Planck's quantum theory, it was natural for Einstein 

to enquire into the possibilities of deriving experimental consequences 

of this additional energy. 

In 1913, in collaboration with Otto Stern, Einstein began such 

43 
an enquiry. In the first part they pointed out that the rotational 

motion of a molecule should, by statistical mechanics, depend on 

temperature. They therefore created a model for diatonic hydrogen 

for which they could compare predictions for specific heat with and 

without the assumption of the zero-point energy. Their collaborative 

work was, in a sense, an indirect continuation of Einstein's 1907 

analysis of the specific heat associated with a system of quantized 

harmonic oscillators. After this paper appeared, Nernst had proposed 

that Einstein's quantization be extended to rotational as well as 

vibrational motion. Thus Einstein was continuing an old interest when 

he and Stern quantized the rotational energy of a molecule by setting 

the average rotational energy of a molecule, 

E = J/2(2nv)2, 

equal to the Planck expression for the average energy of an oscillator 

of frequency v. Their expression, 

E = J/2(2ttv)2 = hv/(exp (-hv/kT) - 1), 
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referred to a collection of molecules all rotating at the same frequency 

in equilibrium with the radiation. 

In order to determine whether or not the zero-point energy should 

be included, the authors calculated the specific heat from the above 

equation by eliminating v and forming c = dE/dT. They then compared 

the resulting equation with and without an additional term h\J/2 on the 

right hand side. The two equations yielded different expressions for 

specific heat as a function of temperature that could be compared to 

the experimental data of A. Eucken. Having graphed the two theoretical 

predictions against the experimental data, Einstein and Stern concluded, 

"Eucken's results on the specific heat of hydrogen make probable the 

44 
existence of a zero-point energy of hv/2." Thus far Einstein and 

Stern's argument was based on the Planck radiation lav; and therefore 

on the quantum hypothesis. In the second part of their article they 

reversed their approach. By assuming a zero-point energy Einstein and 

Stern contended that no further demands of discontinuity were needed 

to derive the Planck radiation law. Einstein doubted, however, that 

"other difficulties" (that he did not specify) could be conquered 

45 
without the assumption of quanta. The Einstein and Stern paper thus 

provided a double argument for the existence of one kind of zero-point 

energy. However, the inadequacy of this first part of Einstein and 

46 
Stern's work was soon revealed in a critique by Ehrenfest, who made 

the more realistic hypothesis that the molecules had a statistical 

distribution of rotational frequencies. By doing so, he showed 

rotational energy did not lead tc a specific heat formula in good accord 

with experiment and concluded that the Einstein-Stern attempt to 
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justify a zero-point energy was not valid. 

When Einstein and de Haas began their experiments, they therefore 

knew that at least part of Einstein's earlier argument for the 

existence of a zero-point energy had collapsed and that a new one 

was needed. In a letter to his friend Michele Besso, Einstein reported 

on his soon to be completed experiments in glowing terms: 

...the experiment will soon be finished. It will also 

have proved the existence of a zero-point energy. A 

wonderful experiment, too bad you can't see it. And how 

devious [heimtiickisch] Nature is, if one wants to approach 

it experimentally! I've gotten a longing for experiment 

,, 47 in ray old age. 

Another consideration relating to the quantum may also have 

played a role in motivating Einstein to conduct the experiment. In 

1913 Niels Bohr published his first paper on quantum theory in which 

48 
he accounted for the Pickering lines in terms of orbiting electrons. 

Soon after the paper appeared, Einstein hailed Bohr's work as "one of 

49 
the greatest discoveries." Since orbiting electrons were precisely 

the object of the gyromagnetic experiment, Einstein may have hoped to 

provide an indirect confirmation of Bohr's theory. 

Einstein's interest in the various phenomena and theoretical 

developments associated with the quantum problems and the zero-point 

energies may, in part, have motivated his interest in the 

Einstein-de Haas experiments. But in keeping with a scientific style 

that had characterized much of his writing and thinking for over a 

decade, Einstein did not start the Einstein-de Haas paper by listing 
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specific experimental anomalies or theoretical inadequacies. Instead, 

as he often did, he began the Einstein-de Haas paper by underlining 

a theoretical asymmetry, in particular a lack of unity among certain 

physical explanations. Einstein's interest in testing Ampere's 

hypothesis began shortly after his work on special relativity and 

before much of his and others' work on zero-point energies. It may be 

that considerations of unity played an important role in his choice of 

an experimental problem as it had in his selection of theoretical ones. 

Gerald Holton^ has stressed the importance such considerations 

played in Einstein's thought both in his formulation of the Special 

and General Theories of Relativity. Einstein's 1905 special relativity 

paper begins not with a problematic experimental result but with the 

sentence, "It is known that Maxwell's electrodynamics—as usually 

understood at the present time—when applied to moving bodies leads 

to asymmetries which do not appear to be inherent in the phenomena." 

The asymmetry in Maxwell's equations (as they were understood before 

Einstein) was evident, for example, in the explanation of what occurred 

as a conducting coil and magnet approached each other with a velocity 

v. In the rest frame of the conducting coil, the magnet is moving at 

a velocity v, and so the magnetic field is changing. According to 

Maxwell's equations, a changing magnetic field is associated with the 

production of an electric field. In this case, the electric field would 

produce a current in the conducting coil. In the rest frame of the 

magnet, however, the conducting coil is moving with velocity v. Again, 

according to Maxwell's electrodynamics, a static magnetic field produces 

a current in a moving conductor. Hence from the two frames there are 
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different explanations that predict the same current to be found in the 

conducting coil. Thus two explanations were offered for what seemed to 

Einstein to be a single phenomenon since the magnitude and direction of 

the current produced is predicted to be the same from either frame. 

Einstein's relativity theory is essentially the introduction of a unified 

theoretical representation of this single phenomenon. 

Einstein's theory of General Relativity was another of his attempts 

to unify disparate explanations. In Newtonian physics inertial mass and 

gravitation both entered the theory as fundamental concepts. By 

contrast one of the founding principles of General Relativity was 

that there be only one type of mass in physics. Einstein's search 

for symmetry and unity affected his thought about radiation and 

statistical mechanics as well. Martin J. Klein has pointed out that 

one of Einstein's objections to the wave theory of radiation, as it 

had stood since the time of Maxwell, was an asymmetry in the process 

of the emission and absorption of light quanta.^ In 1909, Einstein 

52 
argued that on one hand, a single electron suitably displaced could 

generate an expanding spherical electromagnetic wave, thus producing 

the emission of radiation. On the other hand, a great many emitters 

would be needed to create a collapsing spherical wave to produce the 

absorption of radiation by a single electron. It was partially in an 

effort to restore the symmetry of absorption and emission that 

Einstein, in 1905, had introduced the light quantum into physics. 

Again, one explanation replaced the two different accounts of 

absorption and emission. 

Einstein's search for a unifying principle was another motivation 
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for hire to verify Ampere's hypothesis, as is evident from the 

first section of Einstein and de Haas's 1915 paper: 

Since Oersted discovered that magnetic effects are 

produced not only by permanent magnets but also by 

electrical currents, there have been two seemingly 

independent mechanisms for the generation of a magnetic 

field. This state of affairs itself brought the need 

to fuse together two essentially different field 

producing causes into a single one—to search for a 

single cause for the production of the magnetic 

field. In this way, shortly after Oersted's discovery, 

Ampere was led to his famous hypothesis of molecular 

currents which established magnetic phenomena as arising 

53 
from charged molecular currents. 

For Einstein, the state of affairs of having two essentially different 

causes for what seemed to be one phenomenon was already a powerful 

argument for the search for a single cause. 

There is, however, more to Einstein's interest in and commitment 

to the experimental verification of the gyromagnetic ratio as 2m/e. 

For in the second paragraph, the authors claim: 

Also the electron theory (especially as it has been 

developed by H. A. Lorentz), is tied essentially to 

Ampere's hypothesis in the demand for a unified 

conception of the production of electromagnetic 
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fields. According to the electron theory, however, 

the molecular currents, as in general all electrical 

currents, are made from moving elementary charges. 

Again Einstein referred to a unification, this time to the 

Lorentz electromagnetic theory. Einstein later amplified on Lorentz's 

contribution, contending that before Lorentz's electromagnetic theory 

was developed, physicists treated the electric and magnetic fields 

as conditions governing matter.Thus the electric field and the 

dielectric displacement were treated as independent entities. By 

contrast in Lorentz's scheme these fundamental vectors of the 

electric and magnetic fields act on the electrons which by their 

rearrangement affect the total field by the contribution of their 

56 
own fields. For Einstein at least, his experiment was a test of two 

fundamental unifying principles: the Amperiean hypothesis and the 

Lorentz electron, as well as being an examination of various quantum 

hypotheses. 
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4. Barnett: From Terrestrial Magnetism to Einstein's Error 

There was another path to the gyromagnetic experiments, almost 

entirely separate from the one that began with Ampere's hypothesis. 

This other path commenced with terrestrial magnetism, one of the 

oldest mysteries of physics. Though the attempt to link the Zarth's 

magnetic field to gyromagnetic effects would be all but completely 

abandoned a few years later, it served as the motivating factor for 

many theoretical and experimental investigations. 

In an 1S90 lecture on spinning tops given to the British 

Association, John Perry speculated on the connection between rotation 

and magnetization."^ Perry likened the spinning molecules he took to 

compose matter to a "honeycombed mass with a gyrostat in each cell." 

This, he asserted, was no chance analogy. Magnetized matter might be 

nothing else but the state of iron (for instance) in which all the 

microscopic gyrostats were oriented. This suggested an experiment. 

If one gave an unmagnetized piece of iron an angular acceleration the 

little spinning molecules that composed it should experience a torque 

tending to orient them. Rotation should therefore produce magnetism. 

Though unsuccessful in his attempts to induce magnetism in this way, 

Perry attributed his "failure to the comparatively slow speed of 

rotation which [he] ...employed, and to the want of delicacy of... 

58 
[his] magnetometer." 

In 1909 Samuel J. Barnett at Ohio State University proposed a 

similar connection between rotation and magnetization while thinking about 

59 
the relation of the Earth's magnetic field and its rotation. Barnett 
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hypothesized that magnets were composed of many oriented atomic or 

molecular systems with individual magnetic moments. If the atomic 

systems had negative electrons orbiting around positive centers, 

one could predict the direction of a magnetic field that would 

result if the iron were given an angular acceleration. The following 

mechanical analogy may help explain why the electronic current loops 

would be expected to orient themselves. Suppose a bar is placed on 

a fulcrum, with a gyroscope placed on either end (see Figure 9). The 

two gyroscopes have angular momenta equal in strength but opposite in 

direction. As in the Einstein-de Haas effect, this system of zero 

total angular momentum is analogous to the randomly oriented current 

loops inside a bar of unmagnetized iron. If the bar is given an 

angular acceleration about the fulcrum, the gyroscopes will orient 

themselves to conserve total angular momentum. 

Barnett performed his first measurements on a steel rod that was 

accelerated quickly from zero to ninety rotations per second. Using a 

ballistic galvanometer, he could measure the magnetic field produced 

by the spinning rod. For these first attempts, he reported a field of 

1/1500 gauss, with a sign associated with the presence of orbiting 

negative electrons. 

However, unlike Richardson (and later Einstein and de Haas), 

Barnett was not especially interested in the consequences of his 

experiments for Ampere's hypothesis, Lorentz's electron theory, or 

zero-point energies. Instead, Barnett's conclusion addressed his 

main concern, terrestrial magnetism. "This effect, if substantiated by 

later work, will account for a minute part of the earth's magnetism, but 
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Figure 9. Mechanical analogy to Barnett effect. 
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apparently, for only a minute part." Barnett did not make 

quantitative theoretical calculation of the expected magnetic field from 

a collection of orbiting electrons, since his primary interest was in 

the Earth's rotationally generated field. Not until after reading 

Richardson's 1908 paper did Barnett associate his effect in theory with 

orbiting electrons. It is therefore anachronistic to assign a g-factor 

to his result; for later discussion, however, the magnetic field he 

recorded in 1909 is equivalent to g = 11. 

During the years following 1908 in which Barnett continued to 

examine rotational magnetization, he was not alone in his curiosity 

about the connection between the Earth's rotation and its magnetic 

properties. The most important other work was the Presidential Address 

of Arthur Schuster to the Physical Society of London on 9 February 

1912, entitled "A Critical Examination of the Possible Causes of 

6 X 
Terrestrial Magnetism." "We know," Schuster declared, "that the 

earth behaves like a magnet with its axis inclined at an angle of 

about 12 degrees to the geographical axis of the earth. Is this near 

coincidence between the two axes merely accidental?" Not surprisingly. 

the new president concluded that there was a physical connection 

between the two vectors. 

In support of his own suggestion that rotation causes 

magnetization, Schuster examined various candidates for the source of 

terrestrial magnetism. First, he rejected the idea of a magnetized core 

of the Earth since iron should lose its magnetization "even with the most 

6 2 
modest estimate of the internal temperature of the earth." Still 

unknown effects of high pressure on the critical temperature of iron 



66 

might save his hypothesis, and for this reason the possibility of a 

magnetized iron core was left open. Second, Schuster turned to and 

rejected the view that terrestrial magnetism might be caused by a massive 

rotating current. Such a current would rapidly be dissipated and there 

was no evidence either of a cause of the current nor of earlier magnetic 

fields much more powerful than those found today. Finally, Schuster 

dismissed the idea that an external magnetic field might induce a 

magnetic moment on the Earth since there is no evidence of such 

extraterrestrial magnetic fields. As final evidence for his hypothesis 

that rotation causes the magnetic moment, Schuster cited the secular 

variation of the magnetic north about the geographical pole. This, he 

added, could be explained if the electrons responsible for the Earth's 

magnetic field were free to precess about the geographical pole. 

By 1914, Barnett had read Schuster's speech, and more 

importantly had realized the connection between his work and the 

attempts of Maxwell and Richardson to measure the gyromagnetic effects 

that would follow from Ampere's hypothesis. Adapting Maxwell's equation 

for the torque on a circular wire with a current through it, Barnett 

showed that he could expect theoretically a magnetic field to be 

produced at the pole of the iron cylinder equal to 

—7 6 3 H/n = -7.1 x 10 gauss/change in rps [corresponds to g = 1.0]. 

In Barnett's 1915 experiments, he replaced the ballistic galva

nometer with a fluxmeter. In addition, he improved the sensitivity of 

the measurement by adding a "compensating bar" identical to the 

rotating bar. A coil is wound around the compensating bar in the 
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opposite direction from the coil surrounding the test bar. By keeping 

the compensating bar at rest, the circuit automatically compensates for 

any flux changes due to extraneous fields such as the motor's. (See 

Figure 10.) 

After calibrating the fluxmeter and compensating for the Earth's 

magnetic field with several large coils, the experiments were undertaken. 

Barnett's result, as printed in the conclusion, was that H/n was less 

than half of the expected result for orbiting electrons. If we again 

anachronistically convert this into a g-factor: 

g = 2.3. 

From the Earth's angular velocity and magnetization, it follows that the 

effect would amount to less than 10 ^th of the Earth's magnetic field. 

On the face of it such a discrepancy would seem to dash all hopes of 

using rotation to explain the terrestrial magnetism. But, implicitly 

64 
drawing on Schuster's speech, Barnett ended the body of the paper with 

the remark that conditions inside the Earth might explain the increased 

65 magnetization needed to account for terrestrial magnetism. 

Barnett mentioned two other effects (centrifugal displacement and 

thermionic displacement of electrons) that might also come into play in 

the creation of the Earth field. Yet these last vague hopes were 

never elaborated. By the time Barnett published again two years later, 

he had abandoned his interest in terrestrial magnetism and the subject 

was never again given prominence in Barnett's papers, even as the source 

of his original idea. 

Barnett's move away from terrestrial magnetism undoubtedly came 
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Figure 10. Schematic illustration of 3arnett's 1915 experiment. 
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when he read the Einstein and de Haas work of 1915. This was but shortly 

after his own paper of that year appeared in print. There can be no 

doubt that the paper had a great influence on the American 

experimentalist. For contrary to the conclusion of his (1915b) paper 

that was specifically designed to explain terrestrial magnetism, Barnett 

opened the 1917 paper with the following words: 

Before these [Barnett's 1914-1915] experiments were made 

only one method of magnetizing a body was known, viz., 

placing it in a magnetic field. These experiments not only 

revealed another and entirely new method, but they also 

confirmed the fundamental assumptions on which the results 

had been predicted: They proved... (1) that Ainpereian 

currents, or molecular currents of electricity in orbital 

revolution, exist in iron; (2) that all or most of the 

electricity in orbital revolution is negative; and (3) that 

it has mass, or inertia, so that each orbit behaves like 

66 
a minute gyrostat... 

Instead of terrestrial magnetism, for the first time"Barnett introduced 

"Ampereian currents," following the lead of Einstein and de Haas. 

The 1917 experiments were based on a new experimental apparatus 

where the fluxmeter has been replaced by a magnetometer. In the old 

method the motor was turned on and off; the fluxmeter measured the 

resulting change of flux. With a magnetometer (essentially a suspended 

coil with a current running through it) the magnetic field can be 

measured directly since the deflection of the coil or magnet will be 

proportional to the strength of the field. The magnetometer was more 
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sensitive than the old ballistic galvanometer but it was also much more 

susceptible to outside disturbances.^ Barnett therefore took special 

care to compensate for the Earth's magnetic field (p. 12), shifts in the 

rotor's altitude (p. 18), longitudinal motion of the rotor (p. 19), 

temperature variation (p. 20), and mechanical vibrations (p. 20). 

Despite these careful precautions, Barnett's results were not, as one 

might think, much closer to the now accepted value near g = 2. In 1917, 

Barnett took the proximity of his new result to g = 1 as a confirmation 

of his measurements' validity. 

The first clue to Barnett's new outlook comes at the beginning of 

his 1917 paper, when Barnett recounts his early experiments. After 

introducing an equation describing the expected result if the current 

is due entirely to the orbit of a negative electron (g = 1), Barnett 

wrote: "If positive electricity also participates [g should be larger]. 

The mean value of...[g] obtained in my 1914 experiments was...[2.0]; 

and [g] was found to be independent of speed within the limits of the 

6 8 
experimental error." Now this is a rather extraordinary remark. 

Barnett's articles written in 1914 and published in 1915 (1915a,b) only 

reported a result equivalent to g = 2.3. No data equivalent to g = 2.0 

were ever presented in reduced form. The only data Barnett could have 

been referring to are the raw data from his 1914 experiments displayed 

in (1915b) as "Table 1. Earlier Observations and Results," where he 

reported that the "weighted mean differential deflection per unit 

69 
speed...equals 0. 057mm per revolution per second." If we reduce 

this mean, it is equivalent to g = 2.0. The reason Barnett himself had 

not reduced these raw data is clear from the sentence following Table 1: 
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"After the completion of the work thus described it was decided to 

repeat the rotations in a region in which the Earth's [magnetic] 

intensity was still more completely annulled." To this remark he 

added the following footnote: "The desirability of this course was 

realized from the first and was also mentioned by Dr. Rosa at the 

Philadelphia meeting of the Physical Society, Dec., 1914."^ Thus 

from Barnett's perspective in 1915 the g = 2.0 data were not reliable 

and the g = 2.3 data were trustworthy. Naturally, at the end of the 

body of the paper, in the .conclusion, and in his 1915a paper 

Barnett only reported the g = 2.3 result. Why, then, did Barnett 

reduce apparently unreliable data for publication in the introduction 

to his 1917 paper? 

There seem to be two reasons for this. First, Barnett was 

concerned about receiving credit for his discovery, as is evident in 

almost all of his publications over the following thirty years. By 

pointing to data gathered in 1914, Barnett made it clear that his 

results predated the Einstein-de Haas publication of 1915. But this 

would not explain why he left out the 1915, g = 2.3 result from the 

introduction of his 1917 paper. The mystery, however, becomes much 

clearer in the conclusion to the 1917 paper in which Barnett reported that 

his new magnetometer results ranged from g = 1,4 to g = 1.1. He 

concluded: "The differences are in the same direction as in the 

earlier experiments on iron, which gave...[g = 2.3 and 2.0 instead of 

g = 1]." Here for the first time it is evident that Barnett now 

expected the result g = 1, as he continued, 
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...but the experimental errors on account of the great 

difficulties involved, are such that importance cannot 

in my opinion be attached to the discrepancies. The 

investigation must be taken as confirming equation 

(1) [g = 1.0J both qualitatively and quantitatively on 

the assumption that only electrons are in orbital 

revolution in the molecules of all the substances 

_ •  j  71 investigated. 

This position represents a change of Barnett's point of view. 

Whereas before Einstein and de Haas he had concluded that a g-factor 

above 1.0 indicated the presence of orbiting positive charge, how "no 

importance can be attached to the discrepancies." The sudden change 

during these two years is clearly due to the impression the Einstein-

de Haas papers have made on him. This explains: 1. why he dropped 

all reference to terrestrial magnetism; 2. why he began his paper with 

a discussion of Ampereian currents; 3. why he in 1917 expected to get 

g = 1.0; 4. why he dropped the g = 2.3 and stressed the g = 2.0 result 

(since it is closer to g = 1.0); and most importantly, 5. why in 1917 

he concluded that he had "qualitatively and quantitatively" confirmed 

the equation g = 1.0. The question that jumps to mind, however, is 

how was his data, g = 1.4 to g = 1.1, influenced by his new theoretical 

predispositions? Let us defer this question for a moment. 
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5. The Revenge of Experiment: Stewart, Beck and Arvidsson 

After Richardson's unsuccessful attempt to measure the gyromagnetic 

ratio in 1908, there were several attempts at the Princeton laboratory 

to refine the experiment. Finally, in 1915, John Quincy Stewart and 

72 
Maurice Pate began a series of investigations, that may have been 

encouraged by Barnett's completion of the converse experiment. One 

problem that had plagued the Princeton group was one that had led 

Einstein and de Haas separately to restructure their original technique: 

as soon as the suspended rod became magnetized, it interacted directly 

with the solenoid in such a way as to mask completely the searched-for 

effect. 

De Haas had dealt with the problem by wrapping the solenoid 

directly around the suspended iron and using short pulses to reverse 

the magnetization. Einstein had attacked the difficulty by using weak, 

extremely short pulses delivered at the resonant frequency to 

demagnetize the bar. 

Stewart pursued Einstein's idea. In addition to the remanent 

magnetism method, Stewart introduced three fundamental improvements. 

First, he designed a system of six square coils arranged on the faces 

of a cube centered on the suspended sample. Each pair of facing coils 

was wired in series. In this way, the Earth's magnetic field would be 

effectively eliminated: first in a rough way by the ratio of coil turns 

between the vertical and the horizontal coils, and then in a fine way 

by adjusting the currents through the coils. 

Second, Stewart made use of narrower and longer wire samples than 
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had Einstein and de Haas. This minimized the amount of demagnetization 

that took place due to the action of the poles on the rest of the 

sample. Finally, Stewart cleverly employed two exploring coils to 

eliminate the transverse magnetization of the rod (this was due to a 

small permanent magnetization and a longer transverse magnetization 

induced by the Earth's and the solenoid's fields). 

By a suitable arrangement of the exploring coils, Stewart could 

find the magnetic moment of the sample and eliminate it by demagnetizing 

the sample in small increments until the moment began to be reversed. 

Then he could measure the free-swinging period of the sample, assured 

that no magnetic control was being exerted on it by the Earth's field. 

When the bar was re-magnetized, a different period was observed; the 

compensating coils then were adjusted so the free period was achieved 

again. When the free period was restored, Stewart considered the Earth's 

transverse field neutralized. Similarly, the solenoid's transverse 

field was eliminated by magnetizing the sample and adjusting the 

solenoid's inclination until the free-swinging period was restored. 

Once the disturbing effects were eliminated, Stewart experimentally 

determined the smallest demagnetizing current which was still effective, 

and performed the measurement. (See Figure 11.) His result, averaged 

over sets of experiments on nine different wires (but excluding sets 

where the wires were above a certain thickness), was: 

g = 2.0 ± 0.2. 

One test of the accuracy of Stewart's experiment was that when 

demagnetization took place from a downwards magnetization, an opposite 



76 

Figure 11. Stewart's 1918 Apparatus. (From Physical Review, 

(1913), p. 102. 
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but equal displacement of the light beam was observed from that 

observed when the original magnetization was upwards. 

Stewart accepted the result that g is approximately 2, 

and concluded that one of two possibilities must hold. Either 1. only 

negative electrons are rotating, but they do not fully react on the 

bulk matter (slippage hypothesis), or 2. positive and negative 

charges are in rotation in opposite directions. Stewart's readiness 

to turn to a theory that included orbiting positive as well as negative 

charges may stem from his work with Richardson, as he reproduced 

Richardson's general formula (mentioned in Section 1) for the ratio of 

angular momentum to magnetic momentum for both positive and negative 

charges. 

Ultimately, Stewart dismissed the first possibility (slippage) 

as being unlikely in light of the coincidence between his results and 

those of Barnett. Consequently, he concluded positive charge must be 

rotating as well. Ke added: 

According to Sir Ernest Rutherford's theory of atomic 

structure, all the positive charges are concentrated in 

a very small "nucleus" at the center of the atom, while 

about half the negative electrons are rotating around 

the nucleus at distances very large compared with its 

73 diameter. 

Taking a proton to electron mass ratio of 1850, and using the measured 

gyromagnetic ratio, Stewart concluded that "the angular velocity of 

the rotating positive nucleus is about equal (but opposite in sign) 

74 
to that of the inner ring of electrons." 
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Meanwhile in Zurich, another experimentalist, Emil Beck, set out 

to repeat Einstein's experiment with more precision.^ Unlike Stewart, 

Beck continued to use Einstein and de Haas' resonance method, reversing 

the magnetization of the iron cylinder with an oscillating magnetic 

field. Beck was sufficiently confident both in Einstein's orbiting 

electron theory and in his own measurements to have written, "In the 

opinion of the writer this method lends itself very well to an exact 

determination of the important quantity, e/m." Only a strong belief 

that L/M = 2m/e allowed him to say he was measuring e/m and not simply 

the gyromagnetic ratio, L/M.^ 

Three improvements over Einstein and de Haas's experimental 

method gave Beck this confidence. The first and most important was the 

elimination of the awkward frequency measuring system employed by 

Einstein and de Haas. Instead of making a few measurements with a 

resonance meter and interpolating between the points by varying the 

current to the motor, Beck developed his own frequency measuring device 

that gave very accurate measurements of small frequency differences. To 

do this, he exploited one of the disturbing effects in Einstein's 

experiment: direct coupling takes place between the magnetized rod and 

the horizontal component, of the alternating magnetic field, causing 

torsional oscillations. In Beck's device, a coil is wound parallel to 

a suspended permanent magnet in series with the main solenoid. This 

causes a strong oscillating horizontal field which forces the suspended 

magnet to oscillate on its fiber. For any given frequency, by adjusting 

the length of the wire attaching the magnet to the support structure, 

Beck could find the length corresponding to resonance (maximum excursion 
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length). In this way, very small frequency differences could be 

measured with great accuracy. In turn, an accurate measure of frequency 

differences led to a more accurate determination of the damping 

constant, and therefore of the gyromagnetic ratio. 

Beck's second innovation was to use a photographic plate to record 

the deflections of the light reflected from the little mirror mounted 

on the rod. This gave him an additional, and direct measurement of the 

damping constant P, which was determined by setting the rod in free 

oscillation and reading from the developed film the decaying amplitude 

of the excursions. 

Thirdly, Beck had a much better determination of the constants B 

(magnetic field), Q (the moment of inertia of the rod), and I (the 

magnetization intensity of the rod), which enter in the calculation of 

g. To obtain the magnetic field inside the solenoid, he used a tiny 

mirror-galvanometer suspended by a wire. (By contrast, Einstein and de 

Haas had only calculated this quantity.) He also obtained a much better 

correspondence between his calculated and measured moment of inertia 

for the rod. Finally, Beck measured the saturation magnetization of the 

rod by wrapping a coil around the rod and attaching it to a calibrated 

galvanometer. When the magnetic field was suddenly turned on, the rod 

became magnetized causing a change in the magnetic field. Since the 

ambient magnetic field from the coils had already been determined, the 

meter deflection could be used to determine the magnetization of the 

rod.^ When both resonance and photographic measures for the 

gyromagnetic ratio were calculated and averaged, Beck obtained a 

result corresponding to 
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g = 1-8, 

a number outside the limits of Einstein and de Haas's error bar. The 

discrepancy led him to check "all causes of error" and to review with 

special care the alterations he had made from Einstein and de Haas' 

original procedure. 

Before Beck published his work, Einstein came to visit him in 

Switzerland where they discussed the experiment. Impressed by Beck's 

work, Einstein reported to de Haas, "In Zurich a really good 

experimentalist (Herr Beck) has repeated our measurements on the torque 

exerted on a ferromagnet and only found a half of the theoretically 

79 
expected effect...." Beck hesitated to announce that he had made a 

new determination of m/e. Instead, he concluded that either 1. there 

was a new type of a electron, 2. the nucleus or positive particles 

were circulating in the opposite direction from the electrons, or 

3. the situation was somehow more complicated than previously suspected. 

Beck's and Stewart's results were soon confirmed by G. Arvidsson. 

80 
working independently at Uppsala. Like Beck, Arvidsson referred to 

his measurements as a determination of m/e, and he too used the method 

of resonance by reversing magnetization of the iron cylinder • But as 

Arvidsson had not yet seen the results of Beck or Stewart, to him the 

discrepancy between his result and Einstein's was somewhat worrisome. 

After presenting his data, which averaged to 

g = 2.12, 

Arvidsson concluded, "In my opinion, one must acquire a more exact 
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knowledge of phenomena involving statistical magnetization in an 

81 oscillating field before we can say anything precise about the results." 

With the measurements of Stewart, Beck and Arvidsson all pointing 

towards g = 2, the simple model of orbiting electrons was cast into 

doubt. By the time of the April 1921 Solvay conference, the issue was 

of considerable concern to many of those interested in the physics of 

the electron. De Haas reported on his experiments at the meeting, and 

there followed a discussion that included Lorentz, Richardson, and 

82 
Larmor. 

Like Barnett, de Haas succumbed to the temptation of resurrecting 

earlier, unreliable data and presenting them later along with his 

final results. Speaking of his experiments with Einstein, de Haas wrote, 

"The numbers we found for 2m/e in our experiments were...[g = 1.4] and 

...[g = 1.0]. The second value was almost the classical value... 

[g = 1.00] which led us to believe that experimental errors had made 

83 the first too...[large]." This first result of g = 1.4 which de Haas 

reported came from a set of experiments explicitly rejected by Einstein 

and de Haas in their 1915 paper. After presenting the calculated and 

observed double deflections of the light marker, they had not 

calculated the experimental 2m/e, and for good reason. For immediately 

after the deflections were presented, they added the caveat that 

to satisfy the conditions specified in the theoretical calculation, it 

was necessary to have an almost instantaneous reversal of magnetization. 

For their first experiment this was not the case. Indeed it was 

principally this factor which led Einstein and de Haas to repeat the 

experiment. It was therefore not an altogether accurate representation 
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of the earlier experiments for de Haas to present the two pieces of 

data g = 1.0 and g = 1.4 on equal footing, though this probably 

reflects his growing conviction that Stewart, Beck and Arvidsson might 

be right. 

After the conference, de Haas published two new sets of data, 

whose averages were: 

March 1921: g = 1.55 

July 1921: g = 1.11. 

Then, after discussing various disturbing effects, de Haas concluded: 

The other authors cited in this report found double the 

classical value of e/m. As for me, I am tempted to 

consider the exact value of the effect per se as still 

an open question. Be that as it may all the observers 

found a value of e/m which was too large. A part of this 

torque is therefore disappearing and escaping our 

observations. The idea was presented that a positive 

nucleus turning at a high speed could absorb a part of the 

torque. But this hypothesis seems to me far-fetched and 

unlikely; I think instead that if the bases of the theory 

are unimpeachable, other hidden movements must be 

,85 
consiaered. 

Shortly later, in a discussion of the problem at the Reichsanstalt 

in Berlin, Einstein repeated de Haas's dissatisfaction with the 

increasingly well-accepted value of g as 2. He asked, "Can't we 

investigate exactly the magnetic rotation effect here in the Reichsanstalt? 
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86 There still remains no certainty over the numerical factor [g] ." 

In October of 1920, after the results of Stewart, Beck and 

Arvidsson had been published, Barnett submitted another article. 

This time he presented a brief report indicating that his 1917 work 

might be defective. Eddy currents, Barnett remarked, had been detected 

in copper samples when used in place of iron in the magnetometer 

experiments. "This probably accounts for at least a part of the 

discrepancy between the results obtained by the two methods [1915 

87 galvanometer and 1917 magnetometer experiments-P.G.]." He could now 

assert: 

All the rods gave values about [twice] [g = 1] instead of 

[g = 1], or even less, as in the experiments on iron... 

indicating an effect of positive electricity or else indi

cating that negative electricity alone is involved, but 

has for the motions responsible for magnetism, a smaller 

88 
value of m/e than that determined in known experiments. 

89 Barnett repeated these beliefs later that year. 

By 1922, Barnett had prepared an article on his new research for 

90 
tne Bulletin of the National Research Council. There, he stressed 

his 1915 results (g = 2.3 and 2.0). And in another bit of revisionist 

history, his results of 1917 disappeared with the words, "In 1917 we 

completed an investigation of steel, cobalt, and nickel by a 

magnetometer method, and obtained values of [g] which were, as before, 

all negative, and whose means were intermediate between the values 

previously obtained for steel and twice those values." (This translates 

to: g was between 1 and 2.) No numbers were given. 
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To explain the new (or rather old) result that g = 2, Barnett 

left the Einstein orbiting electron theory to invoke the theories of 

W. Voigt and M. Abraham. As Abraham had shown, if one takes the 

charge of an electron to be spread evenly over the surface of a sphere 

and calculates the mass purely electrodynamically, the ratio 

L/M = m/e for rotational motions corresponds to g = 2. For a 

rotating electron with the charge distributed through its volume, a 

91 result is obtained equivalent to g = 5/14. From these suggestive 

numbers, Barnett concluded that either 1. positive electrons or 

"magnetons" are in rotation, or 2. that one of the two rotating 

electrons suggested by Abraham is responsible for the effect, or 

3. that a new kind of "magneton," different from the orbiting electron 

is responsible for these gyromagnetic effects. Although Barnett 

had no results of his own to report, he was thoroughly convinced that 

his original 1915 results were correct (in agreement with Stewart, 

Arvidsson, and Beck) and that the 1917 results were spurious. 

In 1922, Barnett felt under siege. Louis Bauer, the head of 

the Carnegie Institution Department of Terrestrial Magnetism, became 

involved in a protracted feud with Barnett. Among other issues, 

Barnett's single-minded commitment to small improvements in his old 

92 
experiment infuriated Bauer. At the same time, Barnett's laboratory 

assistant was complaining that Barnett would not let him undertake any 

but the most mechanical and routine tasks or "have any part in 

93 
observations or reductions concerned with the experiments under way." 

Even the instrument makers began to despair over the possibility of 

improving the apparatus in the way Barnett sought. By 1922, over 



85 

one-seventh of the instrument makers' time was devoted to Barnett's 

experiment alone. Finally, J. A. Fleming (the Assistant Director of 

the laboratory) wrote to Bauer recommending that no further work should 

be committed to Barnett's experiment by the instrument makers. Fleming 

concluded his letter by reporting: 

In ray judgment the mechanical difficulties which Dr. 

Barnett is trying to overcome in the existing apparatus 

arise from fundamental mechanical defects ... if... they 

could be temporarily improved... the adjustment probably 

would not be permanent and might not hold long enough even 

94 
for any extended, reliable series of observations. 

Partly as a result of these pressures, Barnett finally left the 

laboratory and continued his work at Cal Tech with his old equipment. 

It was thus in California in 1925 that Barnett and his wife, L. J. H. 

Barnett, finished a massive 89-page study of the Barnett effect with a 

detailed study of gyromagnetic effects with an exhaustive discussion of 

errors. As a example, a few of the sections' headings are: 

39. Eddy current effects of the lower magnetometer magnet 

40. Effect of air currents on bedplate 

43. Elimination of thermal effects on magnetometer 

47. Error due to thermal effects of journal friction on 

magnetization 

51. Errors from axial displacement of the rotor 

53. Error from the Thomson repulsion effect 

54. Errors from mechanical disturbances 

55. Errors due to inequality of right-handed and 
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left-handed speeds 

It is clear that the Barnetts did not want to be fooled again. After 

159 sets of observations, they presented their result: g = 1.89, and 

concluded with the assertion, "We do not see how the error can be 

95 
greater than 2 % . "  

With this much more precise data in hand, Barnett abandoned his 

ideas on the Abraham electron and turned to a quite different field of 

physics then under intense debate. 

Our phenomenon is undoubtedly connected closely with the 

Zeeman effect, as our magnetons may be considered to be 

executing regular precession upon them brought about by 

the rotation....As Lande has suggested, the anomaly in the 

Zeeman effect, which Sommerfeld and Debye had partially 

explained by the ideas of spatial quantization (now sup

ported in the field of magnetism by the work of Pauli, 

Sommerfeld, Epstein, Gerlach, and Gerlach and Stern), is 

probably related to the anomaly in our phenomenon. This 

anomaly Lande and Sommerfeld have attempted to explain 

by a process which appears to be equivalent to identifying 

our magnetons with the atoms in the s-state and attributing 

to this a value of [g] equal to m/e [g = 2] which is 

96 
approximately the value of [g] given by our experiments. 

Thus, once again Barnett changed the theoretical analysis of his 

experiment. This time he identified his experiment with the 

spectroscopic phenomena which would shortly be explained by Goudsmit and 

Uhlenbeck as deriving from electron spin. However, the actual 
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disovery of spin was made quite independently of the gyromagnetic 

97 experiments, according to Uhlenbeck. 

If theoretical interpretations still remained vague in 1925, 

at least the quantitative determination of g was becoraing increasingly 

accurate. Shortly before Bamett's 1925 work, two English physicists, 

A. P. Chattock and L. F. Bates, used a modification of Stewart's 

experiment to obtain a value of g as: 

g = 1.97.98 

Their apparatus was then further refined by C. N. Sucksmit'n and 

L. F. Bates to obtain 

99 g = 1.99 ± .024. 

Bamett too investigated the Einstein-de Haas effect, and in 1931 

obtained a value of: 

g = 1.929 ± .006.100 

Many other variations on the gyromagnetic experiments have since been 

performed, especially on paramagnetic substances, but perhaps the most 

exact have been those of G. G. Scott, working at the Research 

Laboratories of the General Motors Corporation. One of the more recent 

publications on the subject appeared in 1962 when Scott reported his 

best determination of g to be: 

g = 1.919 ± .002.101 
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By this time the spin-orbit and orbit terras were known to be very 

dependent on the properties of specific substances and therefore the 

g-factor in itself revealed little of fundamental importance to 

physics. The gyromagnetic experiments had long since passed from the 

forefront of physics. 
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6. Summary and Conclusions: On Theoretical Predispositions 

As can be seen in Figures 12 and 13, this episode in the history 

of experimental physics is a rather extraordinary tale. First, "axwell 

and Richardson both failed to get any result at all ir. attempting the 

gyromagnetic experiments. Then, unaware of their research, Barnett 

began work on the converse effect: when rotating an iron rod, he 

detected a magnetic field which was more than five times the strength 

current physics predicts he "should" have found. After reading 

Richardson's paper and revising his own experiment, Barnett in 1925 

arrived at a value approaching g = 2.3 and was quite satisfied with the 

explanation that positive ions were orbiting in the atom opposite to the 

negative electrons. His main conclusion, however, was that this effect, 

combined with unknown conditions at the center of the Earth, might ma'.ce 

it possible that the Earth's rotation was the cause of terrestrial 

magnetism. 

Almost simultaneously, Einstein who (unlike Barnett) had very 

strong reasons to believe that g = 1, performed the experiments in 1915 

with de Haas. For here was a chance for Einstein to confirm Lorentz's 

electrodynamic theory, Langevin's explanation of the Curie law, Planck's 

zero-point energy hypothesis, and Ampere's molecular current hypothesis. 

After at least four different experimental apparatus had been 

constructed, Einstein and de Haas seemed to have conclusively verified 

the theory that orbiting electrons were responsible for permanent 

magnetism. They determined that g = 1.02 ± .10, and in a second 

quantitative series of experiments the following year, de Haas found 



Figure 12. Summary of Gyromagnetic Results. 
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Figure 12, continued. 

Experimenter 

Barnett 

Barnett 

Scott 

Place 

Cal Tech 

Univ. of Calif, at L.A. 

General Motors Laboratories 
(Michigan) 

Publication 
Date Results (g-factor) 

1925 1.89 ± .04 

1931 1.929 ± .006 

1962 1.919 ± .002 
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Figure 13. Publication year vs. g-factor. The solid line traces 

Barnett's results as a function fo time. 
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g = 1.16. 

Then Barnett, obviously influenced by Einstein's theory and 

experiment, repeated his own work and concluded that he too had 

vindicated the orbiting electron theory: g was somewhere between 1.4 

and 1.1. However, the story was far from over, as three 

experimentalists, working independently, soon determined that g was not 

equal to one. Stewart, Beck, and Arvidsson each published a 

quantitative result nearer to twice the Einstein value. Kit'.iin months 

Barnett published again, asserting that he too believed that g was 

approximately 2. In the two years that followed, he improved his result, 

abandoned Einstein's theory, and adopted one of Abraham's electron 

theories to explain his result of g = 1.89. 

Meanwhile, de Haas (1921) repeated his work in two additional 

series of experiments, now aware that at least four other researchers 

were finding a g-value near to twice his original one. At the Solvay 

meeting, de Haas reported a g-value of 1.54 where he asserted that he 

still considered the value of g to be an open question. After the 

meeting he repeated his experiments for the last time: his cumulative 

result of g = 1.08 was only a few percent different from his original 

result with Einstein six years before. The next year, in Berlin, Einstein 

too maintained that the value of g was still open to question. During 

this time Barnett refined his method further, and in 1925 published a 

massive paper with an average result of g = 1.929 ± .006. By 1933 the 

Dirac theory was well known; Barnett was then able to attribute his 

result to a complex interaction of spin and orbit effects. 

Among the explanations for the way theoretical predispositions 
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influence experimental results is the one given by Thomas Kuhn in the 

102 article "The Function of Measurement in Modern Physical Science." 

His argument is essentially as follows: the measurements necessary to 

test new theories often bear on phenomena at the limit of our experi

mental capabilities. As a result, relative to the size of the effects 

searched for, random error is very great. This leaves open the possi

bility for experimentalists and theorists to interpret the necessarily 

ambiguous results as confirming their theory. Had more precise tech

niques of measurement been possible, these same results could just as 

easily have confirmed an opposing theory. For example, Kuhn cites the 

case of Laplace's prediction of the speed of sound in air. In this 

episode, Laplace arrived at a theoretical prediction in excellent 

agreement (a discrepancy of only 2.5%) with the experimental results 

103 of Delaroche and Berard. Their result, though, now seems to differ 

by over 40% from modern measurements and theory. Kuhn concludes that 

any measurement like that of Delaroche and Berard must also fit other 

theories, "and it is only within the experimental spread covered by 

the phrase 'very nearly' that nature proved able to respond to the 

104 
theoretical predisposition of the measurer." 

In other words, the collection of relevant data has a sufficient 

spread or "scatter" (as Kuhn calls it elsewhere^"') that competing 

theoretical explanations may both be compatible with the experimental 

results.However, Kuhn's explanation only applies if in retrospect 

we can see that all and only "relevant" data have been used. Sometimes 

irrelevant data can be excluded at the time of the experiment. Thus, 
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for instance, in Stewart's experiments, he excluded the thick wires from 

his average value for g because of demagnetizing effects he felt were 

systematically distorting the results. Similarly, Barnett excluded his 

1914 experiments because he realized upon their completion that the 

Earth's field had not been adequately neutralized. Unfortunately, at 

the time of the experiment it is not always possible to identify which 

data are "relevant" and which must be discarded. 

In light of this I would like to suggest a somewhat different 

interpretation of the way theory influences the outcone of experiment, 

one that depends neither on Gestalt-like mis-seeing nor on the large 

spread of random errors. First, it is crucial that Einstein and de Haas 

had a theoretical belief—that the current whirls were orbiting 

electrons—which translated into a definite quantitative prediction. 

In addition, the measurements under investigation were extremely 

delicate: the movement of oscillating reflected light bean from the 

Einstein-de Haas cylinder is on the order of millimeters and the 

Barnett effect depends on the production of a magnetic field of the order 

of 10 ^ gauss. But most crucially, as a result of systematic errors 

from a variety of sources, the mean result was shifted in different 

directions often without leaving tell-tale traces of large dispersion 

in the results as would random errors. De Haas, in a publication of 

1923, reported: 

As to the largely dis-crepant values found by us and by 

myself I must remark that these experiments were made in a 

very short time, and that we were glad already to detect 

the effect in an unobjectionable way. The numbers serving 
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for the calculation of the effect were, but roughly known. 

So we did not measure the field of the magnetizing coil, we 

calculated it; moreover the coils were wound rather 

irregularly and not made for the purpose of the experiment. 

Also we did not measure the magnetization of the rod, we 

estimated it. We mentioned all this in our original paper. 

These preliminary results seemed to us rather satisfactory, 

and it will be easily understood that we were inclined to 

consider the value g = 1.Q2 as the better. (1921 

Solvay Conference) 

None of these errors would cause a spread in the results (in fact, 

Einstein and de Haas gave their probable error as 10%, far from 

including g = 2). Furthermore, such an explanation nowhere requires us 

to take recourse to the world of Gestalt images. 

Barnett, too, later tried to explain his 1917 g = 1 results. In 

1922 he wrote: 

A long suspected systematic error has been found in the 

1917 magnetometer observations, causing the results to 

differ considerably from those obtained by the method of 

electromagnetic induction in 1914 and 1915 is now fully 

r- j 10 7 confirmed. 

As in the case of the original Einstein and de Haas measurements, the 

result now considered correct lies outside the range of Barnett's 1917 

data (g = 1.1 to 1.4). Some of the other systematic errors later 

pointed out by Barnett included such seemingly harmless elements as 

trolleys passing outside, incomplete compensation for the Earth's 



98 

magnetic field, and expansion of the rod during rotation. 

The quantitative expectation which Barnett had in 1917 was 

undoubtedly reinforced (as it was for de Haas, Beck, and Arvidsson) by 

the frequent interchanging in his writing of the two sides of the 

equation L/M and 2m/e. The measured quantity L/M thus became 

inseparable from the prediction that this should be 2m/e. In the minds 

of these experimentalists, they were measuring the gyromagnetic ratio 

associated with an Amperian current whirl, rather than testing Ampere's 

hypothesis. 

It is not enough, however, to say that theoretical predispositions 

are a purely pernicious factor. In the case of Maxwell, for instance, 

it is precisely his lack of a quantitative prediction (because he had 

no orbiting electron model) that left him with no idea how big an effect 

he was looking for in his "second experiment." Had he known, as de Haas 

and de Haas-Lorentz showed much later, that he could expect a tilt of 

the apparatus of only .00013 radians, he would never have used this 

experiment as evidence for the non-inertial nature of current. 

Similarly, it may well have made it more difficult for Barnett in 1903 

to have found the effect he was looking for because he had no 

quantitative prediction of the order of magnitude of the strength of 

the field he could expect. 

The experimentalist would therefore seem to be in a continual 

dilemma. On the one hand, without a theory, one has no guiding 

quantitative prediction; the experimentalist is thus unlikely to find 

the effect at all, or to be able to dissociate it from disturbing 

effects. On the other hand, given a quantitative prediction, the 
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experimentalist is eventually forced to declare (at least implicitly) 

that here are no more systematic errors. This "stopping place" is, 

naturally enough, often the predicted result. An experimental nuclear 

physicist, Martin Deutsch, once put the conundrum as follows: 

It is of course the ambition of every experimenter 

performing this kind of experiment to make a discovery, 

to sail safely between the Scylla of intellectual prejudice 

which makes us reject evidence not readily integrated 

without preconceived notions, and the Charybdis of 

irrelevance which has swallowed many working days spent 

108 in pursuit of instrumental artifice. 

In the series of experiments discussed here, the Scylla was the orbiting 

electron theory, and the Charybdis included the transverse 

magnetization of the rod by the Earth's field, the eddy currents of 

Barnett, and the improperly centered magnetic rod. 

In light of what has been said here, one might expect that in 

experiments where both strong theoretical predispositions and a 

definite quantitative prediction are present, it will often be the case 

that the experimenter will find the result looked for whether or not 

this corresponds with what is later found to be the case. One might 

look, for instance, at some of the other famous experimental factors of 

two that have arisen in modern physics: parity violation, and the 

bending of starlight by the sun, or any number of cases where a new 

theory disagreed only slightly from the old in its quantitative 

prediction. In at least some of these I would expect compensating 

systematic errors to place the prediction and measurement in harmony 
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and to place now current experimental results outside of earlier 

experimental error. 
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APPENDIX ON MANUSCRIPT SOURCES 

Reference 
Number Date From Einstein to: 

Postcards 

P-l (1909) Lorentz 

P-2 17.3.15 de Haas 

P-3 28.4.15 Lorentz 

P-4 6.7.15 de Haas 

P-5 9.7.15 de Haas and G.L. dHL 

P-6 2.13.15 de Haas and G.L. dHL 

P-7 7.8.15 de Haas and G.L. dHL 

P-8 10.8.15 de Haas 

P-9 14.8.15 de Haas and G.L. dHL 

P-10 8.10.15 de Haas and G.L. dHL 

P-ll 12.5.24 de Haas and G.L. dHL 

Letters 

L-l 3.2.15(?) Lorentz 

L-2 undated de Haas 

L-3 (April-May 1915-dHL) G. L. de Haas-Lorentz 

L-4 24.7.15 H. u. F. de Haas and G.L. dHL 

L-5 (Summer 1915-dHL) H. u. F. de Haas and G.L. dHL 

L-6 (August 1915-AJK) H. u. F. de Haas and G.L. dHL 

L-7 (Fall 1915-dHL) H. u. F. de Haas and G.L. dHL 

L-8 (undated) de Haas 

L-9 9.5.19 de Haas 
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Reference 
Number 

L-10 

L-ll 

L-12 

L-13 

L-14 

L-15 

L-16 

L-17 

L-18 

L-19 

L-20 

Date 

19.1.20 

12.12.23 

17.10.24 

12.6.27 

31.3.27 

11.4.29 

19.9.32 

2.5.33 

8.2.34 

21.12.53 

7.1.54 

From Einstein to 

Lorentz 

de Haas and G.L. dHL 

de Haas and G.L. dHL 

Lorentz 

H. u. F. de Haas (with printed 
50th anniversary reply) 

de Haas 

de Haas 

de Haas and G.L. dHL 

de Haas 

de Haas 

de Haas 

NOTE: AJK = date provided by A. J. Kox; dHL = date provided by 

G. L. de Haas-Lorentz. G.L. dHL = G. L. de Haas-Lorentz. 

In addition, we have found two letters from Ehrenfest to 

H. A. Lorentz, four letters from Ehrenfest to de Haas, eight letters 

from H. Haga to H. A. Lorentz, and 150 letters from H. A. Lorentz 

and/or his wife, mostly dealing with non-scientific matters. 

A copy of the Einstein letters has been sent to the Einstein 

Archives in Princeton. The originals will remain in Holland where 

they will also be placed in an archival collection. 

The Barnett letters all come from the personnel files under his 

name at the Carnegie Institution, Washington, D.C. 
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NOTES 

"'"Andre Marie Ampere, "Memoire Presente a I'Academie royale des 

Sciences, le 2 Octobre 1820, ou se trouve compris le resume de ce qui 

avait ete lu a la meme Academie les 18 et 25 septembre 1820, sur les 

effets des courans electriques," Annales.de Chimie et de Physique, 

15 (1820), pp. 59-76 and pp. 170-218, on pp. 74-75. All translations 

are the author's. A partial translation is given in R. A. II. Tricker, 

Early Electrodynamics: The First Law of Circulation (Oxford: Pergamon 

Press, 1965). 

^Ampere, 1820 (ref. 1), p. 76. 

3 Ampere, "Memoire sur la theorie mathematique des phenoraenes 

electrodynamique uniquement deduite de 1'experience, dans lequel se 

trouvent reunis les Memoires que M. Ampere a communiques a I'Academie 

royale des Sciences, dans les seances des 4 et 26 decembre 1820, 10 

juin 1822, 22 decembre 1823, 12 septembre et 21 novembre 1825," Memoires 

de I'Academie Royale des Sciences de I'Institut de France, VI (1823), 

issued 1827, pp. 175-388, on p. 303. 

4 J. C. Maxwell, Treatise on Electricity and Magnetism (Oxford: 

Oxford University Press, 1831). 

~*Ibid., pp. 202-203. 

^Robert John Strutt, Life of John William Strutt (Madison: Univ. 

of Wise. Press, 1968), p. 46. Letter from Maxwell to Strutt dated 

18 May 1870. 

^Maxwell, Treatise (ref. 4), p. 203. 
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^Ibid., p. 205. 

9 VJ. J. de Haas and G. L. de Haas-Lorentz, "Een Proef van Maxwell 

en de Moleculaire Stroomen van Ampere," Amsterdam Koninklijke Akademie 

Verslag Wissen Naturkuunde, 24, _1 (1915), pp. 398-404, on p. 404. 

10 
Maxwell's work on absolute units was part of a project he 

undertook with Sir William Thomson, J. P. Joule and F. Jenkin to produce 

a series of reports on electrical standards. See Appendix D to report 

of 26 August 1363 in Reports of the Committee on Electrical Standards 

appointed by the British Association for the Advanceir.ent of Science, 

edited by F. Jenkins (London: E. & F. N. Spon, 1373). 

nibid. , p. 111. 

12 
Maxwell, Treatise (ref. 4), p. 206. 

For more on the relation of current to momentum and energy 

after Maxwell, see Jed Z. Buchwald, "Matter, The Medium and 

Electrical Current: A History of Electricity and Magnetism from 1S42 

to 1895," Unpublished PhD dissertation, Harvard University 1974. Also 

1 would like to thank J. Buchwald for helpful comments. 

^The history of the Lorentz electron and the experiments 

associated with it have been discussed in many places. For instance 

see: R. McCormmach, "H. A. Lorentz and the Electromagnetic View of 

Nature," Isis, 61 (1970), pp. 459-497; A. I. Miller, "On Lorentz's 

Methodology," British Journal for the Philosophy of Science, 25 (1974), 

pp. 33ff.; K. Schaffner, "The Lorentz Theory of Relativity," American 
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Journal of Fhysics, 37 (1969), pp. 498-513. 

"^0. W. Richardson, "A Mechanical Effect Accompanying 

Magnetization," Physical Review, 26 (1908), p. 248. 

^Ibid., p. 252. 

18t.. , Ibia. 

19 
0. W. Richardson, The Electron Theory of Matter (Cambridge: 

Cambridge University Press, 1914), p. 397. 

20 
Ibid., p. 252. 

21 Max Fliickiger, Albert Einstein in Bern (Bern: Verlag Paul Haupt, 

1974), p. 172. 

22  
Ibid. 

23 Prof. Dr. H.-J. Treder, "A. Einstein: 'Einfache Methode zum 

Nachweis der Ampersc'nen Molekularstrome," Wissenschaft und Fortschritt, 

2 (1979), p. 53. 

24 Dieter Hoffmann, "Albert Einstein und die Physikalisch-Technische 

Reic'nsanstalt," Wirkung von Albert Einstein und Max von Laue. Akademie 

der Wissenschaften der DDR, Institut fiir Theorie, Geschichte und 

Organisation der Wissenschaftlichen Kolloquien. Heft 21. CBerlin, 

1980), pp. 90-102 on p. 90. 

^A. Einstein, "H. A. Lorentz, His Creative Genius and His 

Personality," in H. A. Lorentz Impressions of His Life and Work, ed., 

G. L. de Haas-Lorentz (Amsterdam: North-Holland, 1957), pp. 5-9, on 

p. 8. Originally appeared as "H. A. Lorentz als Schopfer und als 
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Personlichkeit," Report No. 91 from Rijksmuseum voor de Geschiednis de 

Natuurwetenschappen, Leiden, June 1953. See also Martin J. Klein, 

Paul Ehrenfest, v. 1 The Making of a Theoretical Physicist (Amsterdam: 

North-Holland, 1970), p. 300. 

^Hoffman, "Einstein" (ref. 24), p. 91. 

27 
Einstein and de Haas, "Experimenteller Nachweis der 

Ampereschen Molekularstrome," Verhandlungen der Deutschen 

Physikalisc'nen Gesellschaft, Berichte 13, 17 (1915), pp. 152-170 

on p. 152. This was the original publication of their joint work. 

All translations are the author's. The paper was then changed and 

republished in English and Dutch: (a) "Experimental Proof of the 

Existence of Ampere's Molecular Currents," Royal Academy of Amsterdam, 

Proceedings, 13 (1916), pp. 696-711; (b) "Proefondervindelijk bewijs 

voor het bestaan der moleculaire stroomen van Amperes," Koninklijke 

Akademie van Wetenschappen Te Amsterdam Urslagen der Afdeeling Natuurk, 

23 (1914-1915), pp. 1449-1464. I have found the article by V. Ia. 

Frenkel, "Kistorii effekta Einshteina-De Gaaza," Uspekhi fizicheskikh 

nauk, 128 (July 1979), pp. 545-557 to be very helpful. In it Dr. 

Frenkel stresses (as I do here) that Einstein was involved in the 

experiments and was not a passive onlooker. See also: Sir Edmund 

Whittaker, A History of the Theories of Aether and Electricity (New 

York: Humanities Press, 1973), pp. 243-5. 

28 
Einstein and de Haas, "Experimental Proof," (ref. 27), p. 710. 

29 Because a confusing variety of units and conventions are used 

in the gyromagnetic experiments to be discussed here, I have 
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systematically translated or converted the results to the experimental 

value for the g-factor they implied so they may be compared. Where the 

form of the original result has been important," this will be made clear 

in the text. Furthermore, all results that are converted to g-factors 

will be presented with the same number of significant figures and their 

corresponding error bars, if they are in the original. 

30 
Einstein and de Haas, "Experimenteller Nachweis" (ref. 27), 

p. 170. 

31 
Ibid., p. 169; Einstein and de Haas, "Experimental Proof" 

(ref. 27), p. 711. 

32 The following numbers illustrate how overwhelming the sources 

of systematic error can be. The torque due to the Einstein-de Haas 

effect, T , , can be estimated from the saturation magnetic moment 
ban 

of the iron cylinder, M = 470 ergs/gauss and the frequency of 

oscillation of the magnetic field, w = 50 sec The change in 

angular momentum during one reversal of magnetization is AL: 

2 7 A 2 
AL - (2)(5*10 ergs/gauss)(1*10 gm-cm/esu-sec) = (10 gm-cm /sec) 

_3 so T„,„ = loAL - 5-10 ergs. 
EdH 

The disturbing effects, by contrast, exert torques that are much 

larger. 

1. If the oscillating iron cylinder is 1% off alignment with the 

solenoid, there will be a magnetization in the horizontal direction of 

approximately 10 ergs/gauss coupling to a transverse Earth field 
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which, if uncompensated, could be on the order of 1 gauss. This would 

represent a torque due to misalignment, T^: 

= (10 ergs/gauss)(1 gauss) = 10 ergs 

2. Conversely, if the Earth transverse field is on the order of 

1 gauss, it could magnetize the iron bar, which has a magnetic 

3 3 susceptibility of approximately 2 x 10 1/cm . A horizontal 

magnetization of the iron cylinder will result on the order of 

3 2 x 10 ergs/gauss, which will couple to the horizontal component of the 

solenoid's alternating field. Supposing the horizontal component of the 

solenoid's alternating field to have been 1% of its total, or 0.5 gauss, 

we obtain a torque due to interaction with the Earth's field, T^.: 

3 3 T_ = (2 x 10 ergs/gauss)(.5 gauss) = 10 ergs 
«b 

Both disturbing effects are therefore several orders of magnitude stronger 

than the Einstein-de Haas effect. 

In their original paper two other sources of error are discussed 

and defined by Einstein and de Haas. These are; 

1. Eddy currents which were known not to exist by repeating the 

experiment using a conducting, but non-magnetizable material of the same 

dimensions as the iron cylinder. 

2. Permanently magnetized crystals within the bar which by their 

components in the horizontal direction might not be reversed by the 

ambient field. They could then couple to the horizontal Earth field or 

the oscillating horizontal solenoid field. 



109 

33Treder, "Einstein," (ref. 23). 

34 
Yet a third disturbing effect was discussed by de Haas: If 

there is some hysteresis it is possible for the horizontal magnetization 

to be non-parallel to the horizontal field during part of the current 

cycle. If the cycle itself is non-symmetric it nay come to pass that 

the lag and lead domains do not compensate and therefore provide a net 

torsional disturbance. De Haas, "Further Experiments on the Moment of 

Momentum Existing in a Magnet," Royal Academy of Amsterdam, Proceedings, 

18 (1916), pp. 1281-1299. 

35Ibid., p. 1282. 

36 
Unpublished letter from Einstein to de Haas labeled "Autumn 

1915" by G. L. de Haas-Lorentz (de Haas' wife) at a later time. This 

letter is part of a collection of letters I located in Holland with the 

assistance of A. J. Kox. They had been among the papers left by G. L. 

de Haas-Lorentz. I would like to thank Hendrik Antoon Lorentz for 

making the letters available. A copy of the collection has been 

deposited with the Einstein archives in Princeton. 

37 A. Einstein, "Ein einfaches Experiment zum Nachweis der 

Ampereschen Molekiilarstrome; von A. Einstein," Deutsche P'nysikalische 

Gesellsca'nft, Verhandlungen, 18 (1916), pp. 173-177. Note that the 

reception date should read "25 February 1916" instead of the 1915 date 

which is printed; 1915 would be before the collaboration with de Haas 

which is referred to in the opening paragraph. Prof. Dr. Treder, 

"Einstein," (ref. 23) has reprinted a hitherto unpublished precis of 

this work. 
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38 
Einstein and de Haas, "Experimenteller Nachweis" (ref. 27), 

p. 153. 

39 
Adrienne R. Weill-Bruschwicg, "Paul Langevin," DSB, VIII, 

pp. 8-14, on p. 11. 

^Ibid ., p. 12. 

41 For more discussion of these problems, especially Ehrenfest's 

role in the quantum controversy, see Klein, Paul Ehrenfest (ref. 25), 

esp. pp. 264ff. See also T. Kuhn, Black-Body Theory and the Quantum 

Discontinuity, 1394-1912 (Oxford: Oxford University Press, 1973), esp. 

pp. 210-220 (on specific heats) and chapter 10, "Planck's New Radiation 

Theory," esp. pp. 264ff. (on Planck's 1911 theory); A. Pais, "Einstein 

and the Quantum Theory," Rev. Mod. Phys., 51 (1979), esp. pp. 87S-3S3. 

42 , 
Planck s zero-point energy outlived the theory from which it 

was derived. In quantum mechanics the zero-point energy of a harmonic 

oscillator may be thought of as a consequence of the uncertainty 

relation: let 

1 2 2 
= 2m ~2 X 

give the energy of a particle oscillating in a harmonic potential 

where m = mass, p = momentum, oo = frequency, and x = position. 

This energy E will not take its minimum at p = 0 since the uncertainty 

relation would then require the mean value of x to be infinitely large. 

If we let the mean value of x = h/p and minimize E by setting 

dE/dp = 0, we get: 
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p^/2m = hu/2. 

Therefore the mean kinetic energy which minimizes the total energy 

of a quantum mechanical harmonic oscillator is -^j-. A more rigorous 

derivation requires the introduction of raising and lowering operators. 

A 3  A. Einstein and 0. Stern, "Einige Argumente fur die Annahame 

einer molekularen Agitation beim absoluten Nullpunkt," Annalen der 

Physik, 40 (1913), pp. 551-560. I would like to thank A. Pais for 

drawing my attention to this article and for a very helpful discussion. 

44Ibid., p. 560. 

The approach taken by Einstein and Stern seems unfamiliar to us 

now as we are used to computing the average rotational energy using 

quantum mechanical ideas: 

E = Z E exp [-E /kT] = Z J(J * 1) exp [ ~ J ( J  +  l)/kT], 
n n . za 

n J 

where J(J + 1) are the eigenvalues of the total angular momentum 

operator and A is the moment of inertia of the molecule. For lo'.: 

temperatures, only the first terms contribute and one obtains an 

expansion which goes to zero as the temperature goes to zero. This is 

also true of the specific heat. Physically, this is simply sayir.g 

that the lowest energy state of rotational motion is no rotation at 

all—there is no zero-point energy associated with rotational angular 

momentum. This anachronistic aside, however, has little to do with the 

intentions of Einstein and Stern in 1913. 
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CHAPTER III 

THE DISCOVERY OF THE MUON AND THE RESURRECTION 

OF QUANTUM ELECTRODYNAMICS 
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When was the rauon discovered? According to G. Bernardini, "the 

mu meson as a peculiar ionizing fraction of the bulk of cosmic rays 

was revealed by an experiment by Bothe and Kolhorster in 1929."* John 

Wheeler, however, considered that the theoretical work of Niels Bohr 

and E. J. Williams, together with the experimental work of C. D. 

Anderson and S. Neddermeyer, "established the existence of the rauon" 

2 in 1936. By contrast, Bruno Rossi spoke of "the discovery of the 

y-meson in 1937" by Anderson and Neddermeyer and J. C. Street and E. C. 

3 Stevenson." Street himself credited J. F. Carlson and Robert Oppen-

heimer in 1937 as first arguing for the necessity of the existence of 

a new particle of mass intermediate between that of the proton and the 

4 electron. Finally, A. Pais began an article on the development of 

particle physics by stating that the mu meson was discovered by C. F. 

Powell in 1947."' 

The discrepancy of over eighteen years in these dates indicates 

some of the problems implicit in looking back at past experiments. It 

is often impossible to determine in retrospect which experiment "demon

strated" the existence of a new particle or effect. A more interesting 

question is what kind of evidence a_t the time convinced the experiment

alists that they were looking at a real effect and not at an artifact 

of the machines or the environment. In other words, we want to know 

on what grounds the experimentalists decided to end their experiments. 

In the case of the muon we need to consider two very different, 

and often competing lines of thought on the nature of cosmic ray 

research in the early 1930s. One line was pursued by R. A. Millikan, 
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Anderson, and some of their colleagues and students, principally at 

Cal Tech. The other line was developed on the theoretical side by 

H. Bethe and others, and on the experimental side, inter alia, by 

Rossi, Street, and A. H. Compton. Only by understanding the experi

mental and theoretical framework within which the two groups were work

ing can we understand how Anderson and Street eventually came to believe 

that a new particle needed to be admitted to physics, and, at the same 

time, rescued quantum electrodynamics from one of its first serious 

crises. 

I. Millikan, Cosmic Rays, and the Birth Cry Theory 

One of the first indications that a penetrating radiation continu

ally bombarded the earth came as early as 1903. In that year it was 

discovered that an electroscope discharged in an air-tight chamber at 

a slower rate if the thickness of the walls was increased.^ This 

implied that an exterior source of the discharge must exist, though 

the nature of this cause was entirely unknown. 

Then, in the 1910s, in one of the more adventurous espisodes in 

physics, A. Gockel, V. Hess, and W. Kolhorster took electros(gfS]pes with 

them on extremely high-altitude balloon flights to measure the rate of 

discharge at different heights.^ They found that the rate increased 

with height and drew the conclusion that the "rays" causing the ionic 

discharge of the electroscope were entering the earth's atmosphere from 

above. Millikan, intrigued both by these experiments and by his own 
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high-altitude meteorological work during the First World War, tried 

during 1921-23 to find the balloons necessary to explore the problem 

g 
using self-recording electroscopes. 

The results of Millikan's work first appeared in print in a 

series of three articles in the Physical Review. The first, received 

24 December 1925, reported that the radiation was considerably less 

9 absorbable than the Hess experiments had indicated. By absorbability, 

Millikan and the other workers at that time meant the probability of 

a ray being absorbed per meter of water. This, in itself, was impor

tant, for in this and all other early cosmic ray experiments, it 

always tacitly was assumed that only the mass of the absorber needed 

to be taken into account. Still, Millikan and I. S. Bowen concurred 

completely with the earlier conclusion that the radiation had an origin 

outside of the earth's atmosphere. 

In the second installment of the series,^ Millikan, this time 

collaborating with R. M. Otis, conducted a detailed set of airplane 

and mountain peak electroscope measurements, hoping to eliminate spur

ious variations in the electroscope's discharge rates by carefully 

compensating for the systematic variation of temperature and pressure. 

Their procedure in recording the data was to place varying numbers of 

lead sheets about 5 cm thick each on top of the electroscope and to 

measure the rate of discharge. For their various high-altitude measure

ments, they again found a lower leak rate than Hess and Kolhorster had 

recorded. This led Millikan to conclude, "cosmic rays must be consid

erably more penetrating than Hess and Kolhorster had proposed (thus 

not producing many ions in the electroscope) or else the rays were of 
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merely local origin with energies of ThD for instance."** 

The theoretical presuppositions in both of these articles were 

always: (1) that the rays behaved like y-rays and (2) that their 

absorption was a function only of the amount of mass (of air, lead, 

or water) they had to traverse. Finally, in the third and final part 

of the series, Millikan and G. H. Cameron made these more or less 

implicit assumptions explicit, setting out a theoretical account of 

1 2  
the origin of cosmic rays. This was a task that would preoccupy 

Millikan for the rest of his life. 

Before the authors could be sure of the origin of cosmic rays, 

however, they needed to extend the results obtained on the mountain 

peaks. In the previous set of measurements, they had deduced that 

cosmic rays must be either too soft to penetrate the thin lead sheets 

or else so exceedingly penetrating that they failed to ionize the 

electroscope gas. On the latter supposition, they now sought an 

absorber thick enough to manifest the absorbability of the rays. The 

absorber most suited for this purpose was the water of a deep snow-

fed lake (to avoid radioactive contamination) into which they could 

submerge an electroscope. 

Moreover, by conducting their experiments in two different lakes 

at quite different altitudes, they could evaluate the effect of the 

intervening air mass. From these measurements they found that the two 

ionization rate vs. depth curves were precisely the same, except that 

measurements in the lower lake corresponded to deeper measurements of 

the upper lake. They took this to be good evidence that the rays did 

not originate in the intervening atmosphere, which acted only as an 
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absorber. 

The two physicists then calculated an absorption constant, y, 

by which the rate of ionization should fall off as the cosmic rays 

penetrated the air and water. Assuming an isotropic intensity Iq 

entering the atmosphere from above, they wrote an expression for the 

infinitesimal difference in flux as a function of solid angle and 

depth in the water: 

dl = 2ttIq sine d0 exp(-pH sec9) 

surface of water 

H sec5 

From this differential equation, and the measured quantities I and 

Iq, they could determine p. They found that . . no one coefficient 

[of absorption] would fit the whole curve. ... In other words, the 

radiation is not homogeneous but consists of a spectrum of wave 

lengths."^ 

In passing from the coefficient of absorption to the wavelength 

of the cosmic ray photons, Millikan had to use the only theory of 

absorption then available. This could be represented schematically as: 

(absorption) = (compton scattering) + (photoelectric emission), 

where both the compton scattering and photoelectric emission were func

tions of the incoming photon momentum. 
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From the broad limits on the absorption coefficients, Millikan 

obtained limits on the incoming frequencies of the photons, and with 

this data began to speculate on the origin of the cosmic rays. Edding-

14 ton and Jeans had earlier proposed that protons and electrons might 

annihilate each other in the stars, producing very hard y - r a y s  which 

would radiate outwards.^ Millikan and Cameron objected to this 

because the rays would be too hard, instead proposing that nuclear 

changes were "going on not in the stars but in the nebulous natter 

16 in space, i.e., throughout the depths of the universe." The changes 

they had in mind would be either "(1) the capture of an electron by 

the nucleus of a light atom, (2) the formation of helium out of hydro

gen, or (3) some new type of nuclear change, such as the condensation 

of radiation into atoms.All of these hypotheses had in common the 

formation of more organized states of matter out of more chaotic forms. 

Though in this paper the idea is still relatively undeveloped, it is 

the first printed statement of what Millikan soon called his atom-

building hypothesis, or the "Birth Cry of atoms." 

The Millikan and Cameron paper was the first realization of a 

theme Millikan would pursue vigorously for many years. Why was this 

theory, which almost no one accepted outside his immediate circle of 

students and colleagues, so attractive to Millikan? Several factors 

were undoubtedly at work. Robert Kargon has shown how Millikan's 

earlier interest in the structure of the nucleus and the transformation 

18 
of elements played a role in the development of the Birth Cry theory. 

Robert Seidel argued that during the 1920s and early 1930s, Millikan's 

dramatic claims served as an enticement to the foundations in their 
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support of cosmic ray research.^ 

Yet another factor that must be taken into account regards the 

connection between Millikan's religious views and his theory of the 

origin of the elements. Like many American physicists of the time, 

such as Arthur Compton, Henry Rowland, and Edwin Kemble, Millikan was 

the son of a Protestant minister. Indeed, Millikan considered his 

religious upbringing crucial for his later life and for the remainder 

of his days the attempt to reconcile God and science was a recurring 

theme in his writing. In his words, "The first fact which seems to me 

altogether obvious and undisputed by thoughtful men is that there is 

actually no conflict whatever between science and religion when each 

20 is correctly understood." 

In general terms, Millikan was a staunch defender of what he 

called "essential" religious belief: a Universalist who espoused a 

religious outlook unfettered by the dogmas of fundamentalism, but at 

2 1  the same time preserved from materialistic atheism. In more specific 

ways, though, Millikan tried to go further than simply to restrict the 

two belief systems of religion and science to non-overlapping domains. 

Instead, he hoped to exhibit the mutual dependence of the two systems. 

Typical of Millikan's pronouncements on these matters is an 

excerpt from his book, Science and Life, where he asserted: "There 

have been two great influences in the history of the world which have 

made goodness the outstanding characteristic in the conception of God. 

The first influence was Jesus of Nazareth; the second influence has 

been growth of modern science, and particularly the growth of the theory 

2 2  of evolution." "Evolution" consequently occupied a singular place in 



127 

Millikan's thought. By this term, Millikan understood not just the 

variation and selection of Darwinian evolution, but the more general 

concept of progress in the world, as applicable to the inorganic as 

to the organic wor^Ld. Thus, while Darwin was elevated to an exalted 

role as the discoverer of change in species, Rontgen, Curie, and 

Becquerel were credited with the discovery of the evolution of the 

elements.^ 

For Millikan, the importance of the discovery of radioactive decay 

was that it strongly suggested that the inverse process was occurring 

somewhere in the universe. In 1921, Millikan wrote: "[W]ith radium 

and with uranium we do not see anything but decay. And yet somewhere, 

somehow, it is almost certain that these elements must be continually 

forming. They are probably being put together now somewhere in the 

24 laboratories of the stars. For, as he repeatedly argued, just as 

God intervenes in the process of the evolution of animals, so he does 

too in the evolution of the elements. Together, inorganic and organic 

evolution help usher in the highest stage in religious thought, for they 

contribute to the "conception of progress [which] has entered the 

25 world." Progress, according to Millikan, was the chief "contribution 

of science to religion, and a powerful extension or modification of 

the idea that Jesus had seen so clearly and preached so persistently. 

He had felt that benevolence and then preached it as a duty among men. 

26 
Modern science has brought forward evidence for its belief." 

This theme of the reconciliation of religion and science permeated 

many of the books and articles Millikan wrote on non-scientific subjects. 

In 1923, Millikan circulated a petition among scientists, politicians, 
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and Protestant religious leaders, in which the signatories testified 

to a belief in a "sublime conception of God which is furnished by 

science, ... as wholly consistent with the highest ideals of 

religion . . . . 

All of these influences, intellectual, practical and religious, 

played a role in the shaping and later in the defense of the Birth Cry 

theory. The theory fit in with his earlier research interests in the 

structure of the nucleus, it served as a dramatic rallying cry in his 

search for expanded physics research facilities, and it confirmed his 

earlier suspicion that somewhere higher forms of matter were continually 

coalescing to keep the universe from running down. Millikan's theory 

was his contribution to what he considered one of the most important 

issues facing science: it was the capstone on the theory of evolution, 

the greatest "contribution of science to religion." 
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2. New Support for the Birth Cry Theory 

Once Millikan and Cameron "established" the broad limits of the 

energy spectrum of the cosmic rays, they turned in 1927 and 1928 to a 

modification of their quantitative methods. Millikan likened this 

stage of the research to his earlier refinements of his determination 

28 of the charge of the electron in his oil-drop experiments. But in 

which aspect of the oil-drop experiments was Millikan seeking the 

analogy? In part, Millikan certainly was referring to the greater 

accuracy of each successive experiment. But the analogy to the oil-

drop experiment probably goes deeper; for this reason, it is worth 

reviewing a few key aspects of Millikan's earlier work. 

Gerald Holton has shown in his "Subelectrons, Presuppositions, 

29 
and the Millikan-Ehrenhaft Dispute," that Millikan's oil-drop experi

ment for years involved him in a dispute not only over the discreteness 

of the electric charge, but over methodological and philosophical prob

lems. Millikan supported atomic theory and in general a granular rep

resentation of nature. By contrast, Felix Ehrenhaft, then an Associate 

Professor at the University of Vienna, became increasingly antagonistic 

30 
to atomic theory. Along with this division lay another: Millikan 

spoke of "seeing" the electrons, his approach was pragmatic and his 

philosophy one of realism. Ehrenhaft, following Mach and Lampa, left 

the "reality" of electrons aside, preferring hypotheses to be judged by 

their predictive value alone. 

Millikan felt his realistic, pragmatic approach to physics to be 

superior to the European, Machist attitude towards "mere hypotheses." 
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dence from a suggestive hint to a rationally ordered argument, the de

tail is essential. 5ut in an effort at least partially to recover 

some of the longer larger historical changes, I have chosen three 

clusters of experiments with the approximate dates of 1915, 1937, 

and 1973. 

By a "rationally ordered argument" I have in mind the presen

tation of experiments in textbooks or review articles where the con

ditions of the experiment are explained, the results presented, and 

their interpretation given. In general such presentations will be 

formulated as support for a theory. The task of the historian is 

often quite different. Instead of trying to reorder the conclusions 

in the most logically consistent fashion, the historian is more likely 

to seek the original conceptual framework under which the experiment 

was designed and the results understood. Even so, many historical 

accounts of twentieth-century experiments gloss over the ground 

between the design of the experiment and the interpretation of the 

result. In part, this may be because the primary attention of histori

ans of twentieth-century physics has been focused on the development 

of theory: quantum theory and special relativity. When the focus is 

on the theorists, it seems that examination of the experimental work 

recedes into the background where it can be described in terms of 

designs and results.^ 

By contrast, a specific goal of these essays is precisely to 

explore the stage of experimentation between the experimentalist's 

original intent and his final conclusions. In this often hidden realm, 
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"Whatever else the controversy [with Ehrenhaft] was about," Holton con

cluded, "it was also about two ancient sets of thematically antithetical 

positions: the concept of atomism and of the continuum as basic 

explanatory tools in electrical phenomena, and the use of methodological 

31 pragmatism versus an ideological phenomenology." 

Millikan's methodological presuppositions had direct consequences 

for his experimental physics. By the strength of his conviction, he 

set aside many measurements not in accord with his atomistic hypothesis. 

Others, working under different presuppositions, might have regarded 

these measurements as providing reliable data. The point to be made 

about this is not that Millikan was a bad scientist^ quite the con

trary, to have done otherwise would have meant that like Ehrenhaft he 

would have been confronted with an undifferentiated mass of mostly 

invalid data with every conceivable value of e. 

Given this background, it is hardly surprising that Millikan was 

very intrigued with the search for the discrete bands of energy in the 

cosmic rays. His remark that he was now approaching a stage of cosmic-

ray work comparable with the later oil-drop experiments may well refer 

to a stage of experimentation where he expected the discreteness of 

the bands to emerge from the background just as the atomistic charge 

had become clear seventeen years earlier. Moreover, in Millikan's 

early methodological precepts we may find the clue for his support of 

an easily visualizable, intuitive model of the nucleus, as well as 

his antipathy towards the highly abstract and seemingly idealistic 

theory of quantum mechanics with its wave functions and non-commuting 

algebra. Such considerations must have seemed a long way from the 
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careful and pragmatic program Millikan had set out for himself and his 

colleagues. 

With their new electroscopes, Millikan and Cameron measured the 

ionization rate as a function of depth in various lakes. This time, 

though, they were confident enough in the accuracy of their absorption 

curve to use it to determine a spectrum of absorption constants using 

the same theoretical model of absorption they had expounded in 1926. 

Millikan*s new confidence in fitting the parameters to fit the absorp

tion curve was, he claimed, justified by the smoothness of the 

32 ionization-depth readings. From various pieces of the ionization 

curve, the authors then obtained absorption constants by fitting expo-

33 nential curves to each segment of the curve at one meter intervals. 

On the basis of the chart reproduced below, they chose three 

coefficients to be representative of the three simple exponential 

absorption curves they claimed composed the observed curve. According 

to the authors, the fact that the "mean drops suddenly to 0.11," at 

11 meters, "obviously means that the cosmic rays are not at all con-

3 A tinuously distributed between p = 0.2 and p = 0.7." This procedure 

was (to say the least) quite dubious, because there is no unique set 

of coefficients that will fit the curve. By judiciously choosing seg

ments of this continuous absorption curve, one could find any average 

slope and therefore conclude that it was composed of any number of 

elementary exponential curves with any values of y. 
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TABLE III. Absorption coefficients at various depths, in meters of water, below top of atmosphere. 

Depth in meters of 
water beneath top of 

atmosphere 
Absorption coefficient 

Depth in meters of 
water beneath top of Absorption coefficient 

atmosphere n 

8.45- 9.5 0.22 15-20 0.065 
9.5 -10.5 0.20 20-30 0.057 
10.5 -11.5 0.11 30-40) 
11.5 -12.5 0.09 40-50[ O.OS 
12.5 -15 0.07 50-60, 

Figure 1. Depth below surface of atmosphere in "equivalent" meters 

of water versus best fitting absorption coefficient, assuming cosmic 

rays are photons. 

Source: Millikan and Cameron, Physical Review 31 (1928), p. 927 . 

According to Millikan and Cameron, their results were analyzed 

and presented on 16 February 1928, "entirely without the guidance of 

any theory."3"5 Only then, according to the authors, 

[A]fter we had made the foregoing empirical analysis, 

prepared the foregoing paper . . . and presented the 

results in detail to the physics seminar at the 

Norman Bridge Laboratory, our minds being up to 

this time completely unbiased by any knowledge as 

to whether bands might be expected, or if so where 

they might occur, we set at the task of seeing whether 

we could find any theoretical justification for their 

36 
existence, or for their energy values. 
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Within a few weeks, on 23 April 1928, Millikan and Cameron were 

37 
prepared to offer this 'theoretical justification." Their theory was 

entirely in keeping with the speculation advanced in 1926—indeed, in 

harmony with sentiments Millikan had expressed in his non-scientific 

writing as early as 1921. Now, he wrote that the study of cosmic rays 

indicated "that the more stable and more abundant elements like helium 

(abundant in the heavens), oxygen, silicon and iron, are being formed 

at the present time out of the primordial positive and negative elec-

n38 trons .... 

The theoretical justification was elaborated shortly afterwards 

39 in a major article in the Physical Review. Taking Aston's measure

ments of the mass defect of various atoms (i.e., the difference between 

the mass of an atom and the mass of the number of hydrogen atoms sup

posed to constitute the atom), one could calculate the energy released 

9 
by the formation of nuclei by using Einstein s equation, E = mc~. 

Then, using E = hv, Millikan could calculate the energy of the photon 

released in such "atom-building" (here m is the mass defect, h is 

Planck's constant, and v is the frequency of the light emitted). 

These photons constituted the primary cosmic rays; any other particles 

were due only to secondary production in the earth's atmosphere. 

The "proof" of the process consisted, in 1928, of showing that 

(1) the photons of these specific energies would have just the absorp

tion coefficients found in the ionization/depth experiments, (2) that 

the cosmic rays were not associated with the sun or other stars, and 

(3) that atomic disintegrations provided photons of too little pene

trating power to explain experiments. 
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On the first point, Millikan and Cameron found an extraordinary 

40 agreement between theory and experiment. For the production of 

oxygen, nitrogen, helium and silicon (these being the most abundant 

elements on earth added to the most abundant elements in space), the 

authors found the following correspondence of theory to experiment: 

Atom-Building Process 

(oxygen and nitrogen produced 

by hydrogen) 

(helium produced by hydrogen) 

(silicon produced by hydrogen) 

(iron produced by hydrogen) 

Absorption Coefficients 
(Theory) (Experiment) 

.080 

.30 

.041 

.019 

.08  

.30 

.04 

("not inconsistent 

with our data") 

Figure 2. Atom-Building Processes. Theoretical versus experimental 

values for the absorption coefficient of gamma rays. 

Using the experimentally-determined coefficients of absorption in con

junction with the then-current spectroscopic data for the relative 

presence of the elements outside the earth and its atmosphere, the 

authors plotted the absorption curve they would predict for the resul

tant cosmic ray photons, and compared it with experiment. Again, the 

agreement was extraordinary: 
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Comparison of experimental data with a built-up curve compounded from four 
absorption coefficients. Abscissas: depth in equivalent meters of water beneath surface of 
atmosphere; Ordinates: ionization in ions per cc per second. Dots are readings in Lake Arrow
head; circles, Gem Lake. 

Figure 3. Comparison of experimental data with a built-up curve 

compounded from four absorption coefficients. Abscissas: depth in 

equivalent meters of water beneath surface of atmosphere; Ordinates: 

ionization in ions per cc per second. Dots are readings in Lake 

Arrowhead; circles, Gem Lake. 

Source: Millikan and Cameron, Physical Review 32 (1928), p. 548. 

With hindsight, we may note that by using the wrong particle (the 

photon) produced in a process which does not occur (atom-building of 

nitrogen, oxygen, etc.), and then using an absorption law which is 

also incorrect (ignores pair production, electron binding effects, 

etc.), Millikan and Cameron were able three times to produce a match 

between their theory and their experimental data (reduced in a quite 
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arbitrary fashion) to one part in a hundred. 

Millikan had a strong theoretical motivation for finding such an 

agreement. At stake were deeply-held religious views, his attempt to 

link his life's work to the religion of his. upbringing. In an unusual 

conclusion to a scientific paper, Millikan and Cameron ended the 

Physical Review article with a remark about the role of God, reminiscent 

of beliefs Millikan had voiced at least several years before confronting 

the problem of the origin of cosmic rays. The target of Millikan's 

attack once again was the belief that God is in some way absent from 

the immediate world. Without atom-building, Millikan asserted, we are 

condemned to believe in the inexorable heat death of the universe. 

This heat death 

conflicts with no observed facts, and before the 

advent of Einstein it was a necessary consequence 

of the Second Law provided the universe were treated 

as a closed system. Scientists, however, have always 

objected that such treatment represents an extravagant 

and illegitimate extrapolation from our very limited 

mundane experience, and modern philosophers and 

theologians have also objected on the ground that 

it overthrows the doctrine of Immanence and requires 

a return to the middle-age assumption of a Deus ex 

Machina.^ 

Soon after the Millikan and Cameron paper appeared in print, 

Millikan received what must have been a rather distressing letter from 
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J. Robert Oppenheimer, then in Zurich. Oppenheimer, who undoubtedly 

viewed Millikan's fast and loose atomic physics with some scepticism, 

pointed out that the highly touted numerical confirmation of the band 

measurements was spurious. He wrote: 

Last year, when you were working on the interpretation 

of the absorption curves of the cosmic radiation, you 

asked me with what certainty the formulae of Dirac 

could be accepted. I answered, I think, that they 

could be taken as reliable, and that they could not 

be appreciably altered except by a fundamental change 

in the equations of physics. As you surely know, I 

was wrong to insist upon this reliability; the funda

mental equations of the theory have in fact been 

altered; and there is a corresponding change for the 

absorption coefficient of hard radiation. The new 

formulae have been worked out by Klein and Nishina, 

and shewn, in the region in which you are interested, 

to give an absorption differing by as much as fifty 

42 percent from that calculated on the older basis. 

Oppenheimer went on to warn Millikan that even the new formula 

referred only to the scattering of light from free electrons and might 

very well require modification when one included nuclear effects. Once 

these nuclear effects were considered, he added, an extra-nuclear 

electron attached to a lead nucleus might behave very differently from 

an extra-nuclear electron associated with the nuclei found in air. 
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Oppenheiiner's bad news hardly dissuaded Millikan from his theory. "I 

am," he replied to Oppenheimer, 

of course a little disappointed that the Dirac 

formula, which actually fits so well, has not 

the credentials which we thought it had a year ago. 

The quantitative fit, however, is only a part of 

the agreement, so that I do not think that the 

interpretations which I have given are as yet 

ready for the discard. There is no other interpre

tation that I can see for the sequence of frequencies 

which we observe quite independently of whether 

there is an exact quantitative fit as to the numeri

cal values or not."^ 

Nonetheless, Millikan continued in 1930 to try to match the data to the 

44 Klein-Nishina formula. 

In print, Millikan reiterated the connection between God and 

cosmic rays in his retiring address as president of the American Asso-

45 ciation for the Advancement of Science on 29 December 1930. Here 

Millikan outlined ten steps as "sign-posts on the road towards an 

answer" to the question of the "origin and destiny of all physical ele

ments." First came the principle of conservation of energy; second, 

the second law of thermodynamics. This latter led some people to 

Millikan's nemesis, a "Deus ex Machina" who started a universe which 

would thereafter run down to its inevitable "heat-death." 
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Against this Deus ex Machina, science afforded the third sign

post, the theories of geological and biological evolution, which 

"identif[ied] the Creator with His universe, to strengthen the theo

logical doctrine of immanence.Fourth, physicists discovered the 

radioactive decay of certain elements; fifth, the great lifetime of 

the sun and stars; sixth, the interconvertibility of mass and energy. 

For Millikan, these last developments suggested the possibility of 

slow "age-long change" in the nature of the universe. 

The seventh sign-post was the discovery that elements had the 

weights of integral multiples of hydrogen; eighth, that positive and 

negative electrons could annihilate in the nucleus creating "a terrific 

death-yell" of radiation which would heat the interiors of suns; 

ninth, that Aston calculated the mass defects of the various elements. 

These advances also contributed, in Millikan's opinion, to the cause 

of refuting the doctrine of the Deux ex Machina. 

But capping this whole line of thought were the various cosmic 

ray measurements of Millikan, which were discussed above: cosmic 

radiation comes in bands, is isotropic, and is more penetrating than 

the hardest gamma ray. Thus, Millikan's tenth and crowning discovery 

provided the conclusion of an essentially theological path laid out 

by physics. There is "a bare suggestion" that 

If atom formation out of hydrogen is taking place 

all through space, as it seems to be doing, it may 

be that hydrogen is somehow replenished there, too, 

from the only form of energy that we know to be all 

the time leaking out from the stars to interstellar 
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space, namely radiant energy. This has been specu

latively suggested many times before, in order to 

allow the Creator to be continually on the job. 

Here is, perhaps, a little bit of experimental 

47 finger pointing in that direction. 

Millikan hoped to bolster his theory by the studies of one of 

his young post-doctoral students, Carl D. Anderson. Anderson had been 

both an undergraduate and graduate student at Cal Tech, completing his 

doctoral dissertation in 1927 on the space-distribution of photo-

electrons using a cloud chamber. In 1930, Millikan suggested that 

Anderson undertake a study of the "energy of corpuscular radiation 

emitted by the incident photons," using the cloud-chamber techniques 

48 with which Anderson was already familiar. 

These experiments, Millikan hoped, would provide better data on 

the primary energy of the photons than could be gathered from the absorp

tion experiments; for, as Millikan by then knew from Oppenheimer1s 

letter, the relation between incident photon energy and absorption was 

not at all clear. It seems safe to assume that Millikan expected that 

the secondary electrons which Anderson would observe in the cloud-

chamber experiments would exhibit the supposed band structure of the 

primary cosmic-ray photons. 

The first paper published on these cloud-chamber experiments was 

49 
a joint effort by Millikan and Anderson in 1932, in which they found 

positive particles on cloud-chamber photographs. The authors inter

preted these results as being evidence of nuclear disintegrations, 

identifying the positive particles immediately with the proton. In 
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this way, they introduced a new process by which radiation could be 

absorbed by matter in addition to compton scattering and photoelectric 

emission. In part, Millikan's readiness to accept the role of nuclei 

in photo-absorption processes might be due to the comments by Oppen-

heimer in his letter. Still, Millikan and Anderson's ideas on the 

structure of the nucleus remained far behind the times and entirely 

without quantum mechanical ideas. Instead, as in his electron work 

two decades earlier, Millikan maintained a visualizable concept of the 

nucleus: electrons, positrons, and protons bound together and occa

sionally released by a sufficiently energetic photon. If Millikan was 

antipathetic to the"new quantum mechanical studies of the nucleus, he 

remained quite convinced of his own atom-building theory. Concluding 

the joint paper, the authors reiterated Millikan's 1926 claim, adding 

to it the nuclear disintegration they had observed: "In a word, then, 

on the assumption that the tracks are due in all cases either to pro

tons or to electrons, nine-tenths of all observed encounters yield 

energies which lie within the ranges computed from the Einstein equa

tion and the atom-building hypothesis. 

Indeed, so convinced was Millikan that his theory was correct 

that he speculated that even the "one-tenth" of the "secondary" protons 

and electrons above 216 meV might well turn out to be only apparently 

so energetic, having been straightened out by turbulence in the cloud 

chamber. 

Anderson's photographs soon brought unexpected results. Among 

the cosmic ray cloud-chamber photographs he began to find positive 

52 
particles. On 3 November 1931, he reported the findings to Millikan, 
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commenting that they show the "presence of positive particles as well 

as electrons indicating nuclear disintegrations by cosmic rays." The 

positive particles were thought to be either a particles or protons, 

and often to be simultaneously ejected from the nucleus with an elec

tron. Finally, Anderson reported the "simultaneous ejection of three 

particles in at least one instance." Anderson concluded the letter by 

asserting that "A hundred questions concerning the details of these 

effects immediately come to mind .... It promises to be a fruitful 

field and no doubt much information of a very fundamental character 

will come out of it." 

Anderson soon succeeded in obtaining clearer photographs by mini-

53 razing turbulence and improving the illumination in the chamber; 

better measurements of curvature and ionization density therefore could 

be obtained. In this way, he calculated the mass of the positive par

ticle to be the same as that of the electron. Anderson's results were 

54 first tentatively published in a short letter to Science, but the 

first full report was made in 1933 in Physical Review. In the longer 

article, Anderson followed Millikan in the pre-quantum mechanical belief 

that positive electrons are located in the nucleus. These nuclear 

positive electrons, Anderson and Millikan assumed, were being ejected 

by incoming cosmic ray photons. 

As could be expected, Millikan immediately made use of Anderson's 

cloud-chamber work to bolster his Birth Cry theory. If the incoming 

rays were very energetic charged particles, Millikan reasoned, they 

would produce photons when they collided with nuclei. These photons 

should be found "shooting out equally in all directions from the bom
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barded nucleus in case it be assumed that [the charged particles] . . . 

can produce such high energy photons at all." It is unclear why the 

photon production should be isotropic; nonetheless, Millikan took the 

predominance of downward travelling positrons to indicate that pri

maries were cosmic ray photons. 

Anderson, following Millikan's original assignment, continued to 

measure the energy distribution of the charged particles. These too 

were mustered in favor of Millikan's theory. In 1933 Millikan wrote: 

[T]he third and perhaps the most complete demon

stration of this conclusion [that primary cosmic 

radiation is composed of y-rays] is furnished by 

Carl Anderson's measurements of the energies of 

the actually observed cosmic ray particles; for 

these measurements show that the majority of these 

energies lie below 600 million volts, Dr. Anderson 

and I having published the estimate that not more 

than a tenth of these tracks reach appreciably 

above the billion (10^) volt range. 

Little by little, Millikan was forced to concede the existence of 

electrons with energies too high to be secondaries from iron "atom-

building," the highest energy "band" he had earlier discovered. 

Within a few months, Anderson's new positron discovery was ele

vated to the position of one of the strongest arguments for the Birth 

Cry theory. Anderson had noted that the positive electrons constituted 

about one-half of the ionizing rays, and that almost fifteen percent 
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of them started from the same center as the negatives. In Millikan 

words, Anderson's work 

constitutes the strongest sort of evidence that 

both tracks arise immediately from the disinte

gration of an atom which has been hit by a primary 

ray of some sort, in other words that the immediate 

ionizing agents in the cosmic rays are themselves 

secondaries released from the atoms of the atmos

phere by non-ionizing primaries. 

Anderson continued to work within the framework of Millikan's 

research program. After the discovery of the positron, he turned t 

an investigation of the effects produced in a cloud chamber by the 

gamma rays of ThC". This, it was hoped, would establish that the 

cosmic rays behaved like gamma rays, adding evidence to Millikan's 

assertion that the primary cosmic radiation consisted of photons. 

Anderson concluded that, 

Certain general conclusions can perhaps safely be 

drawn from the experimental data at hand. We shall 

consider the primary beam at sea level to consist 

in greater part of photons, a point of view held 

by Professor Millikan for several years, and now 

given additional support by the fact that hard 

gamma-rays of ThC" have been found to produce posi-

58 
trons as do the cosmic rays. 
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A second conclusion followed: photons could interact not just 

with free electrons, but also with nuclei by the production of positive 

and negative nuclear electrons. Here, in the interaction of radiation 

and matter, Anderson began to stray from Millikan's theory for the 

first time, pointing out that Dirac's theory of the electron "perhaps" 

could account for the "general symmetry in occurrence between the posi-

59 tives and negatives." Still, the Dirac process of pair production 

remained for Anderson a means for the production of the charged secon

daries from primary photons. 

On many fronts, then, Millikan's theory seemed to be triumphantly 

embracing the new discoveries, as well as the series of successes 

secured earlier. Yet another victory was claimed by Millikan when, 

in 1931, he concluded a series of balloon tests with self-recording 

electroscopes; the highest flights had climbed to 16km. "This measure

ment," Millikan asserted in a speech to a Paris audience in November 

1931, 

shows . . . definitely and unambiguously that the 

ionization in a closed electroscope does not con

tinue to rise exponentially in the upper atmosphere 

as it would if the incident rays were currents of 

high energy a) negative electrons, b) positive 

electrons, or c) y~rays in equilibrium with their 

secondaries. On the contrary, the absorption 

coefficient passes through a maximum between 9 

and 16 kilometers, and then falls to lower values. 
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This is precisely what we would expect if the 

rays penetrating in the atmosphere were y-rays 

which necessarily penetrated to a certain depth 

in the atmosphere before coming to equilibrium 

with their secondaries.^ 

As Millikan would later concede, this maximum in the upper atmos

phere simply does not exist. Simultaneously, Millikan failed to find 

an effect that does exist, a phenomenon which has come to be known as 

the "latitude effect." Around the earth is a magnetic field which 

extends far beyond the atmosphere into space. As a result, if the 

primary cosmic ray particles are charged, near the poles there should 

be a higher flux of particles than at lower latitudes. This variation 

became widely known as the "latitude effect," and Millikan and his col

leagues made frequent attempts to test it—for instance, by comparing 

flux rates in Churchill, Manitoba and Pasadena, California. By 1931, 

they had found "not a shred of evidence" for the latitude effect, and 

Millikan once again celebrated the success of the atom-building hypothe-

.  6 1  sis. 

Like the ionization maximum that Millikan found in the upper 

atmosphere, the absence of a latitude effect provided yet another piece 

of supporting evidence for his atom-building hypothesis. Moreover, 

unlike his earlier speculations on bands, this time Millikan was making 

a claim which bore directly on experimental evidence. The gauntlet was 

thrown down. Arthur Holly Compton picked it up. 
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3. The Collapse of the Birth Cry Theory 

Starting from an amicable relationship, Millikan and Compton 

entered into one of the most acrimonious and publicized scientific 

disputes of the century. It is evident from the Millikan archives 

that both men became very personally involved, even casting aspersions 

on each other's scientific integrity. Obviously amused at the spec

tacle of two Nobel laureates engaged in such a "dogfight" (as Millikan 

sometimes referred to it), the press raised the issue to front-page 

6 2  
news. Paralleling Millikan and his colleagues' studies of the lati

tude effect, Compton collaborated with a group also conducting a large-

scale geographical survey of cosmic ray intensity. They concluded, 

63 in a preliminary report to the Physical Review, that the latitude 

effect indeed existed, and sufficiently strongly to exclude Millikan's 

argument that all the charged particles seen at sea-level were secon

daries produced within the earth's atmosphere. 

Meanwhile, Millikan, probably feeling somewhat under siege by the 

Compton results, began to emphasize that his theory too could admit some 

latitude effects, since the primary photons could knock off some elec

trons from interstellar matter. As he wrote to Compton in late November 

of 1932, "Without modifying in any way anything I have ever written I 

can admit the possibility of some equatorial latitude effects so that 

we can appear before the public as not having got contradictory experi

mental findings.Nonetheless, as late as 1936, Millikan commented 

that Neher's results "make it look as though there were no latitude 

effect at all, or if any a very small one . . . . (Neher had been 
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a PhD student of Millikan's at Cal Tech, and in 1936 was an instructor 

in physics.) Millikan continued to believe for some time that no lati

tude effect existed. 

The challenge to Millikan's theory presented by Corapton was not 

the only difficulty Millikan faced. In 1929, W. Bothe and W. Kolhorster 

conducted an experiment with results that were potentially devastating 

to the Birth Cry theory.^ Instead of focusing attention on the rate 

of discharge of an electroscope at different locations, the authors 

hoped to discover the nature of the rays themselves. To do this, they 

made use of the newly-developed Geiger-Miiller tube, which is essentially 

a large cylindrical capacitor composed of a conducting hollow cylinder 

with a wire along its axis. The tube and the wire are then held at a 

constant and high potential difference. When a charged particle passes 

through the gas, it ionizes a few of the atoms. The ions, responding 

to the potential gradient between the center wire and walls, then 

rapidly begin to migrate, ionizing some of the atoms they hit. As the 

ions cascade in this manner, a current flows, and the capacitor is dis

charged. The surge of current could then be exhibited, for example, 

by means of an electroscope. 

Bothe and Kolhorster's plan was to use two such Geiger-Miiller 

tubes, each attached to a separate electroscope, the two tubes separ

ated by a block of lead. If the tubes discharged simultaneously more 

often than would be expected by random discharges, this would be evi

dence for the passage of a single charged particle through the inter

vening lead. The principal difficulty in drawing such a conclusion was 

the rather poor time resolution provided by the simple observation of 
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the two electroscopes. Nonetheless, Bothe and Kolhorster were convinced 

by their data that they had found cosmic rays to be primarily charged 

particles. 

Bruno Rossi, then working in Florence, became interested in this 

aspect of Bothe and Kolhorster's work, and began to search for a way to 

improve their experiment.^ Rossi's ingenious contribution to technique 

was a vacuum tube circuit which would emit a pulse only when two or 

68 more other pulses were delivered to the circuit at the same time. 

Such a device was precisely what was needed for the cosmic ray work; 

in modified form, the "coincidence circuit" has become one of the most 

widely used tools in experimental physics. 

Rossi wired three Geiger-Muller tubes to a coincidence circuit 

in such a way that a charged particle following a vertical path would 

discharge all three tubes and therefore cause a recording device to 

register the event. By inserting varying quantities of lead, Rossi 

was able to reaffirm the Germans' results with considerably more cer

tainty. Indeed, Rossi found particles penetrating over a meter of 

lead.69 

Anderson and Millikan struck back quickly. In his papers, Rossi 

had noted that secondary particles occurred in conjunction with the 

passing of a primary particle; unlike the primaries, the secondaries 

had a mean penetration of about one centimeter. (In retrospect, this 

fact could have provided the clue to the identification of the primary 

particles with a new type of particle and the secondaries with the 

electron; but for a variety of reasons, this would take almost five 

more years.) Anderson and Millikan too had noted the occurrence of 
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these showers of secondary particles, and with S. Neddermeyer (then a 

post-doctoral student) and W. Pickering (a graduate student) they used 

this fact in conjunction with an important experimental observation: 

the number of shower particles increases up to about one and one-half 

cm of lead. This is, in fact, the case; however, they went on to infer 

that the number of shower particles would increase indefinitely with 

the thickness of lead. Rossi's coincidences, the four authors con

cluded , 

cannot in general be due to the passage of one 

charged particle through both counters and the 

intervening lead, but must be due to some mechanism 

by which a photon can release successively along, 

or in the general neighborhood of, its path a 

number of different particles whose separate but 

practically simultaneous action on the two or more 

counters is responsible for the observed coinci-

^ 70 dences. 

To argue for this position, the authors reiterated the kind of 

pre-quantum mechanical view of the constitution of the nucleus Millikan 

and Anderson had invoked many times before: 

[T]he simplest interpretation of the nature of 

the interaction of cosmic rays with the nuclei 

of atoms, lies in the assumption that when a 

cosmic ray photon impinges upon a heavy nucleus, 

electrons of both signs are ejected from that 
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nucleus and appear in the form of the positrons 

and negatrons .... The larger, and the, in 

general, uneven numbers of positrons and nega

trons . . . seem difficult to reconcile with 

the Dirac theory, as interpreted by Blackett 

and Occhialini, of the creation of electron-

pairs out of the incident photons, and point 

strongly to the existence of nuclear reactions 

of a type in which the nucleus plays a more 

active role than merely that of a catalyst.^ 

By espousing the Dirac theory, P. M. S. Blackett and G. P. S. 

Occhialini had challenged Millikan and Anderson's interpretation of 

photon-nuclear encounters. Not only did Blackett and Occhialini 

interpret their photographs of positrons as due to Dirac pair pro

duction, their experimental apparatus made fundamental use of counters 

72 and coincidence circuits. Millikan, by contrast, had on principle 

73 avoided any use of counter coincidence circuits which he mistrusted. 

(Anderson only used random triggers of his cloud chamber for this 

reason.) 

The Anderson, Millikan, Neddermeyer, and Pickering challenge to 

the work of Rossi, Dirac, Blackett, and Occhialini in many ways repre

sented the last stand of the Millikan theory, although Millikan himself 

would continue to hold to it with various modifications until his death. 

For within the next few months, the latitude effect, the very high 

energy electrons, the penetrating particles, and the non-existence of 

an ionization maximum in the upper atmosphere were all widely accepted. 
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In this paper, the authors reiterated one last time all the old themes 

Millikan had stressed for almost a decade—a non-quantum nucleus, 

nuclear electrons, and photons as the primary cosmic radiation. But 

the fortress was collapsing on many sides, and soon even Anderson 

would definitively break away from Millikan's theory of the Birth Cry 

of atoms. . 
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4• Bethe, Quantum Electrodynamics, and Cosmic Rays 

Millikan, his associates and students were not the only group 

interested in cosmic rays and related problems. In Europe some physi

cists were deeply engaged in a very different style and type of 

research, both in theory and experiment. In particular, relativistic 

quantum mechanics sought (inter alia) to treat the high energy beha-

vior*of charged particles. Among the participants were P. A. M. Dirac, 

W. Pauli, W. Heisenberg, Niels Bohr, M. Born, Hans Bethe, and many 

others especially at Gottingen and Copenhagen. Because the problems 

of relativistic quantum mechanics often found their experimental tests 

in the behavior of high speed electrons and light, cosmic ray experi

ments became one of the proving grounds for the new physics, the other, 

of course, being in spectroscopic data. 

It is not possible to do justice to all the complex developments 

of quantum electrodynamics in the 1930s here; topics such as the theory 

of holes, the interpretation of the Klein-Gordon paradox, self-energy 

problems, vacuum polarization, and so on. Instead this section will 

follow only that part of the early development of quantum electrodynam

ics, especially in the work of Hans Bethe, that brought theory into 

contact with experimental cosmic ray physics.^ 

The problem of the passage of electrons through matter dominated 

Bethe's theoretical work from his very first contact with physics. In 

1926 when Bethe approached A. Sommerfeld for a problem to work on, he 

was assigned the task of accounting for some anomalies in the electron 

diffraction in crystals.^ To solve the problem, Sommerfeld suggested 
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that Bethe look for analogies with the diffraction of x-rays by crystal 

Sommerfeld's advice could not have been more helpful; the pursuit of 

analogies between electron and light scattering became a hallmark of 

Bethe's work for the next decade. 

After the wave-mechanical exercise, Bethe turned to the more com

plete quantum mechanical analysis of the problem for his doctoral 

dissertation. For this project, Bethe again looked to the diffraction 

of x-rays by crystals for analogical guidance, especially to the work 

of Paul Ewald's treatment of x-ray scattering. When he had taken his 

degree, Bethe went to Frankfurt and then on to Stuttgart where Ewald 

was a professor of theoretical physics. There he began work on what 

he later considered his best work,^ "Towards a Theory of the Passage 

of Fast Corpuscular Radiation through Matter."'''' 

In this paper Bethe applied Born's approximation scheme to the 

Schrodinger Equation to study the effect of atomic electromagnetic 

potentials on the passing electrons. As in his pre-thesis and thesis 

research, once again Bethe followed through the close analogy between 

electron and light scattering from matter. The parallel is as follows: 

electron scattering light scattering 

Elastic Scattering: Coherent Scattering: 

a) change in electron's direction a) no significant change in 

without significant change in speed wave-length 

b) no change in excitation of atom b) interference is important 

c) interference is important 
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Inelastic Scattering: 

a) usually small change in 

direction 

b) change in excitation of 

atom 

c) interference not important 

Incoherent Scattering: 

a) change in wavelength 

b) change in target (Raman 

or Compton Scattering) 

c) interference not important 

Bremstrahlung: 

slowing of electron in atomic 

field with emission of radiation 

Photoelectric Effect: 

absorption of photon with 

excitation of electron from atom 

Bethe applied time dependent perturbation theory and the Born 

approximation to get a general expression for a rate of excitation of 

atomic states to the nth level. 

I A , U )  *  (  M.?)1 =»© Unf Ji_ 
0 y v. J i<' 

where M = mass atom 

m = mass projectile 

z = charge on projectile 

K, K' = initial, final wave number of projectile 

q = momentum transfer from electron to atom 

0 = scattering angle of final electron momentum relative to 

initial electron momentum. 
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From the differential cross section in this general form, the specific 

formula for the hydrogen molecule could be found, and integrated, to 

give the total cross section and eventually the stopping formula for 

the projectile. 

The quantum mechanical result Bethe derived was somewhat different 

from an earlier, classical formula of Bohr. 

Bethe: -A& s ̂  s H -jf e? *1bL i Z JU [ 
Tf.  ̂vr2- "> 

where 

f ^ = sum of all oscillator coefficients from electron level 

labeled n,l to any other level 

A ^ = average excitation energy in level n,l 

Bohr: - ML = JU [ 

That is, the Bethe and Bohr results differed by a logarithmic factor: 

1.12 hv/(27Te"z) 

which Bethe ascribed to the lack of detailed energy conservation implied 

by the quantum energy levels of the atom combined with the classical 

79a treatment of the electron in the Bohr theory. 

Soon after Bethe's work was submitted, in the fall of 1930, he 

went to Cambridge, England, where he began discussing the problem with 

Blackett. Blackett, by then very interested in cosmic rays, encouraged 

Bethe to calculate a range-energy relation for electrons for comparison 

. 79b with experiment. 
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In 1931, Bethe spent several months with Fermi in Rome where he 

extended his work (on the passage of fast electrons through matter) 

80 
to a relativistic treatment. He then returned to Munich where he 

wrote on other subjects, including his famous review article on the 

electron theory of metals. By 1932, Bethe had found a job in Tubingen 

where the Nazis were beginning to make their presence felt through 

marches and protests; after the racial laws of April 1933 excluded Jews 

81 from State jobs, Bethe decided to emigrate, leaving for a job at the 

University of Manchester, England. 

From Manchester, Bethe frequently went to Cambridge, where he par

ticipated in the physics seminars with P. M. S. Blackett, J. D. Cock-

82 
croft, R. Peierls, W. Heitler, and others. It was here that Heitler 

presented his work on the stopping of fast particles in matter, making 

use for the first time of the cross section of the Dirac pair creation 

83 process. Surprisingly, Heitler found the cross section to increase 

(logarithmically) with energy. After Heitler used this formula to cal

culate the energy loss per centimeter, he commented: 

The theory seems to be here in disagreement with 

experiment. On the other hand, perhaps one should 

not expect the theory to give correct results for 

2 energies greater than 137mc , since the wave-length 

for them becomes smaller than the classical electron 

2 2 radius e /mc and Dirac*s wave equation probably no 

. , . 84 
longer applies. 
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Heitler felt that something else was wrong; the increasing cross 

section with energy seemed to indicate a deep problem. In a letter to 

Bohr, he wrote: "Naturally, this shows that for very large energies 

85 
the theory becomes false." After listening to the oral presentation 

of Heitler's work at the seminar, Bethe began to wonder if both the 

energy loss discrepancy with experiment and the increasing cross section 

might be accounted for by taking into consideration the screening effect 

inner electrons would have on the nuclear electromagnetic field. 

In late February, Bethe and Heitler submitted what has become a 

standard reference paper in which they calculated the energy loss of 

a charged particle as it passed through matter including the effects 

87 of pair creation. Bethe and Heitler's first order calculation avoided 

discussion of higher order infinities, and produced a model for the 

first order, relativistically correct approximations that characterized 

quantum electrodynamics before its reformulation in the 1940s by Richard 

Feynman, Julian Schwinger, and Freeman Dyson. The authors reasoned as 

follows: 

A particle of momentum Pq/ c  and energy Eq makes a transition to 

a momentum p/c and energy E. A light quantum is emitted of frequency v 

such that hv = Eg - E. The perturbing potential consists of an electro

static part V = Ze^/r and a magnetic part, H = -e(aA), where a is the 

D irac matrix vector. There are, in all cases, two events involving 

the electron: a photon is emitted, and the electron interacts with 

the nuclear field. Between these two events the electron is in what 

Bethe called an intermediate state. There are two possible such states: 

Either 1) no light quantum is yet present in which case the electron's 
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momentum is p' = p + k, or 2) a light quantum of momentum k is present 

and the electron's momentum is p" = Pq - k. Then Fermi's golden rule 

88 
gives the rate of the combined process as: 

w  =  r A A  I  £  -  1  V - E *  H g A -  |  \ ' J t t'- E0 " E" - E 1 

where J*s are t'ie density of final states. 

A is the initial state of electron, momentum p^; no light 

quantum present 

E is the final state of electron, momentum p; light quantum 

present 

I is intermediate state with no light quantum present 

II is intermediate state with light quantum present. 

When the matrix elements are inserted for a coulomb field, cross sections 

can be derived. The total cross section then is, for energies Eq, E, 

2 and K all large compared to mc : 

* o 

(A similar expression is obtained for pair creation in a nuclear field 

by a photon.) 

With the cross sections, Bethe and Heitler could calculate the 

probable energy loss per cm. 

A E = \ W ^ 

where N is the density of atoms per cubic centimeter. Before they did, 

they modified the cross section by taking into account the screened 
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field: with screening the matrix elements and no longer contain 

simple coulomb fields. Indeed, when they had rewritten the modified 

field in terms of the atomic form factor, 

F ( ^ )  =  J ' j t ( r )  

they obtained the expression, 

- - V£Jt - ijrV^L [a - F(fri 

_/P^r) in the above formula is the density of atomic electrons, q is 

the momentum transfer to the atom. From this result it followed that 

screening only became important for energies such that E, Eq, and hv 

2 
all were much greater than mc . 

2 -1/3 
Screening became ineffective for Eq « 137mc Z and became 

2 -1/3 
nearly total for Eg >} 137mc Z . In the former case, Bethe and 

Heitler reproduced the earlier result of Heitler and Sauter; in the 

latter case, the cross section no longer depended on Eq for a fixed 

ratio of hv/Eg: 

= ll i t + J e.e ) ('3? 2 ) +Jk 

111- El t 

Thus, one of the disturbing features of the old Heitler-Sauter formula 

was eliminated. Integrating the expression for the cross section in 

the complete screening, the energy loss expression was: 

-Jt/JU = N ̂  E"c I S3 + \) V Eo S> 13? 1 

I 3 ̂  1 U 

Comparing the result with Bethe's earlier work, the authors could show 

the radiative and collision energy losses for lead became equal for 

electron energies of about 10 mev. In general, they found: 
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Hwf , " E.Z/CHOOmc2). dE/dx (collisions) 0 

Unfortunately, this made agreement with experiment worse. 

Indeed, the first sentence of the section on comparison of the theory 

with experiments was underlined, and read: "The theoretical energy 

loss by radiation for high initial energy is far too large to be in 

89 any way reconcilable with the experiments of Anderson." By way of 

explanation, the authors offered the following: 

The de Broglie wave-length of an electron having 

2 
an energy greater than 137mc is smaller than the 

2 2 classical radius of the electron, Tq = e /mc . One 

should not expect that ordinary quantum mechanics 

which treats the electron as a point-charge could 

hold under these conditions. It is very interesting 

that the energy loss of fast electrons really proves 

this view and thus provides the first instance in 

which quantum mechanics apparently breaks down for 

a phenomenon outside the nucleus. We believe that 

the radiation of fast electrons will be one of the 

most direct tests for any quantum electrodynamics 

90 
to be constructed. 

In October of 1934, an International Conference on Cosmic Rays 

was held in London. Present were the advocates of the atom-building 

hypothesis, Millikan, Bowen, and Neher, as well as Anderson and 

Neddermeyer who, although drifting from the conclusions of Millikan, 
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continued to pursue the program of measuring cosmic ray absorption 

coefficients and energies. Also present was the author of the most 

complete quantum treatment of the physics of cosmic ray absorption, 

Hans Bethe, as well as the experimentalist who had most advanced the 

program that treated the cosmic radiation as particles, Bruno Rossi. 

By the time of the London Conference, Anderson and Neddermever 

were comparing their experimental results not with Millikan's atom-

building theory, but with the new quantum calculations. Shortly before 

the Conference, they submitted an abstract to the Physical Review, in 

which they asserted: "Measurements of the energies of secondary elec

trons produced in plates of lead and carbon by cosmic ray electrons 

. . . have shown that the distribution in energy of secondary negatrons 

is, within experimental certainty, in agreement with the distribution 

calculated from the theoretical cross section given by Carlson and 

91 
Oppenheimer." 

Even this much agreement, however, did not last long. Within 

a few months, at the London Conference, Anderson and Kedderneyer hard

ened their conclusions, and by so doing helped precipitate one of the 

first of the many theoretical crises quantum electrodynamics would face 

in the years to come. They argued that, "While the [absorption] data 

presented above give evidence for the existence of rather large radia

tive losses, they constitute as well strong evidence for the breakdown 

92 
of the theoretical formula in the energy range above 100 MeV." 

At the time this remark was written, only the Heitler-Sauter 

formula was available, which as mentioned earlier, was an approximation 

that left out the screening of the nucleus due to inner electrons. In 
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a footnote added after the Conference, the authors noted that even the 

Bethe-Heitler theory (which did include screening) predicted radiative 

losses "too high to be reconciled with our experimental data, although 

the latter contain as yet too few cases where accurate measurements are 

93 possible, for a satisfactory comparison to be made." The only explana

tion for the discrepancy seemed to the authors to be that the particles 

were protons and not electrons. 

Such a hypothesis seemed to clash directly with two other results. 

First, if the secondary electron energy distribution was calculated on 

the assumption that the primary cosmic rays were composed of protons, 

it was found to be incompatible with the measured distribution. 

Second, if the primaries were protons, some of them should arrive at 

sea-level with low energy. And while at high energies, it was difficult 

to distinguish positive electrons from protons, at low energies it was 

easy. The absence of any low energy protons thus presented a further 

argument against the primary proton hypothesis. 

"The above considerations," Anderson and Neddermeyer concluded, 

which are of a statistical nature, and necessarily 

subject to the gathering of further data, tend to 

favor the view that most of the high energy cosmic 

ray particles at sea-level have electronic mass. If 

further data prove this view to be correct then it is 

obvious that the present theory of radiative losses 

by electrons must be inapplicable in the range of 

94 very high energies. 
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Despite their qualifications, the effect of Anderson and Nedder-

meyer's announcement added to the discouragement of many of the theor

ists. In retrospect, of course, we can say that they were getting their 

first (statistical) glimpse of the muon which we now know constitutes 

some 90% of sea-level cosmic ray charged particles. At the time, however, 

the existence of a new particle was not discussed. Instead, it was the 

theory, quantum electrodynamics, that was being put to the test (and 

95 
failing) at high energies. 

Bethe, who attended the talk by Anderson and Neddermeyer, imme

diately conceded that the experiments boded ill for the Bethe-Heitler 

theory. In the discussion period after the talks, Bethe commented: 

The experiments of Anderson and Neddermeyer on 

the passage of cosmic-ray electrons through lead 

are extremely valuable for theoretical physics. 

They show that a large fraction of the energy loss 

Q 
by electrons in the energy range round 10 volts 

is due to emission of y-radiation rather than to 

collisions, but still the radiative energy loss 

seems far smaller than that predicted by theory. 

Thus the quantum theory apparently goes wrong for 

8 96 
energies of about 10 volts. 

Future experiments, Bethe concluded, would be necessary mainly to deter

mine precisely at what energy the alleged breakdown became significant. 

Word of Bethe's change of heart over the quantum theory was soon 

received in Germany, where Carl Friedrich von Weiszacker, Werner 
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Heisenberg, and other physicists continued to do cosmic-ray related 

research. Von Weiszacker wrote to Bethe in December of 1934, asking: 

Do you now actually believe in your radiation formula 

2 
for E > 137mc or not? Anderson's London report was 

not too clear to rae on this point, but you have in fact 

spoken with Anderson himself. In the meantime, you 

published a note according to which it seems you now 

believe in the calculations [of the Bethe-Heitler 

theory], but I could not determine with any certainty 

whether the reversal was partial or total. Heisenberg 

mentioned to me that he wrote you that Weisskopf has 

found a hole-theoretical argument against the Fourier 

i • 97 analysis. 

For Bethe the concession that quantum electrodynamics would break 

down was not easy. The Bethe Keitler theory was in his eyes a great 

success precisely by sidestepping the more "philosophical" objections 

that stemmed from less practical issues than energy loss measurements. 

Oppenheimer, in particular, even before the specific energy loss 

measurements, was worried about the theory. Since the discovery of 

the positron in 1932. many theorists had re-examined the Dirac 

theory, taking its solutions more seriously than previously. During the 

spring of 1933, Bohr lectured at Cal Tech, where Oppenheimer spent time 

98 
with him discussing problems related to the problem of pair-creation. 

After Bohr's lecture, Oppenheimer wrote that he was working on the theory 

99 
of pair creation, and again to his brother, Frank Oppenheimer, in 
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October, that he was still at it.*^ 

By the fall of 1933, Oppenheimer was convinced that something 

was deeply wrong with the theory. "I think . . he wrote to George 

Uhlenbeck, "that the methods of the radiation theory give completely 

wrong results when applied to wave lengths of the order of the electron 

radius.In fact, by June of 1934, Oppenheimer was on the verge of 

despair about the state of physics when he wrote his brother Frank: 

"As you undoubtedly know, theoretical physics—what with the haunting 

ghosts of neutrinos, the Copenhagen conviction, against all evidence, 

that cosmic rays are protons, Born's absolutely unquantizable field 

theory, the divergence difficulties with the positron, and the utter 

impossibility of making a rigorous calculation at all—is in a hell 

f  . .102 of a way. 

Oppenheimer was thus already deeply pessimistic about the state 

of quantum electrodynamics before all of Anderson's results were finished 

and presented at the London Conference. In November, when these last 

figures were available, Oppenheimer submitted an article to the Physical 

Review, entitled "Are the Formulae for the Absorption of High Energy 

103 Radiations Valid?" His answer to the title question was a resounding 

"no." The problem, Oppenheimer stressed, was two-fold: first, Bethe-

Heitler theory predicted an increase of cloud chamber ionization with 

energy that was not observed by Anderson and Neddermeyer, or by Kunze. 

Second, the specific energy losses measured by Anderson and Neddermeyer 

also seemed too low to be compatible with Bethe-Heitler theory. Conse

quently, Oppenheimer argued that, "It is . . . possible to do justice 

to the great penetration of the cosmic rays only by admitting that the 
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formulae are wrong, or by postulating some other and less absorbable 

component of the rays to account for their penetration."^^ 

Oppenheimer concluded that the formulae do indeed break down at 

high energies; he then sought to explain why this should occur. The 

argument he offered was based on a consideration of classical (Lorent-

zian) electron theory. Suppose that an electron is given as a spheri

cally symmetric distribution of charge in a sphere of radius 

2 2 = e /mc . Then the theory only will give the correct motion of the 

particle if the radiative reaction of the electron can be treated as a 

perturbation on the motion given by the electron's direct response to 

the external field. That is, the force on the electron must be express

ible as: 

p = w x 2 c 2 X + 0 (e.'LJ3 \ / c * ) 

This series converges only if the terms decrease sufficiently 

rapidly, i.e., if their successive ratios are small: 

Xy>/fxc) /• xj> /( x!c) « / ; • < • <  t,ic. 

In the rest frame such a condition can be given as a simple restriction 

— 3 2 on the frequency of the external field: letting f = c/J> = mc /e , the 

condition x^O/xc « 1 imples x itx. Oppenheimer's argument was that 

if high energy frequency components of the external field were present 

and significantly larger than would be expected from classical theory, 

then the expression for the force would not converge. The theory would 

break down. Using a normal Fourier decomposition of the field, such 

high frequency components would not appear to be a problem. However, 

according to some recently completed work of Born,^^ it seemed that a 
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more accurate electrodynamics would require non-linear expressions, and 

so the high frequency component of the external field might turn out 

to be much larger than that given by the usual Fourier decomposition. 

In this case the theory would fail. Similar considerations may have 

been behind Weisskopf's "hole-theoretical argument against the Fourier 

analysis," referred to in the von Weiszacker to Bethe letter cited 

above. 

Oppenheimer's students, among them Wendell Furry, also adopted a 

highly skeptical stance towards the validity of quantum electrodynamics 

at high energies. After recalculating the number of pairs produced by 

photons of different energies, Furry and J. F. Carlson asserted that at 

low energies their results agreed well with experiments on beryllium 

(which produces y-rays of about 5 MeV). However, "For energies above 

twenty million volts the predicted pair production is even greater than 

that computed by Oppenheimer and Plessett, and hence even more irrecon

cilable with experiment. It seems possible to connect this discrepancy 

with the fundamental inadequacies of quantum electrodynamics."^^ 

In sum, the high frequency components of an external field put 

into question the validity of the new quantum electrodynamics if the 

field could not be Fourier decomposed in the usual way. And this was 

just the claim of Oppenheimer on the grounds of Born's non-linear 

electrodynamics, and of Weisskopf on the basis of some (now unknown) 

consideration of Dirac's hole theory. Other physicists, like Nordheim, 

Furry, Carlson, Bohr, and Bethe, were also for some time convinced that 

the quantum theory must break down at high energies because of the new 

experimental results. The choice was clear: quantum electrodynamics 
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or a new less absorbable ionizing radiation. For the moment at least, 

the entire circle of physicists interested in these problems opted for 

the collapse of quantum electrodynamics. In a letter to E. J. Williams, 

Bohr wrote: "I am ever more and more inclined in the experimental 

results to see an indication of a new fundamental aspect of electron 

theory, for which the limitation of classical theory may well leave 

room, but for which it offers no guide whatsoever.A radically 

new theory seemed to be needed. 
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5. The Resurrection of Quantum Electrodynamics and the 

Discovery of the Muon 

Oppenheimer's choice (Bethe-Heitler theory or a new particle) 

was complicated by the uncertainty as to which tracks the Bethe-Heitler 

theory ought to apply. Such was the confusion during this time that 

Anderson and Neddermeyer began to speak, among themselves, of "red and 

green electrons," where the red ones were especially absorbable and the 

108 green ones passed easily through matter. In addition, by far the 

most dramatic phenomena observed in the cloud chamber and counter 

devices were the showers. Almost immediately the question arose 

whether the constituent particles of the showers were electrons, some 

other type of electron, or a new particle altogether. Both Rossi and 

Street later recalled that during this time in 1935, it was commonly 

assumed that the shower particles were the "new" type of particle and 

that the penetrating particles were ordinary high energy electrons that 

simply did not obey Bethe-Heitler theory. Such a conclusion was natural 

given the seemingly strange behavior of showers in which it often seemed 

109 that many particles were ejected from a single site. 

During Street's last year at the Bartol Institute (1932-33), he 

had constructed logic circuits, based on Rossi's publications, in order 

t o  c o n d u c t  e x p e r i m e n t s  o n  t h e s e  s h o w e r s  a n d  r e l a t e d  p h e n o m e n a . A l l  

of these experiments were based on varying the geometric arrangement of 

counters that were wired to coincidence and anti-coincidence circuits. 

Since the counters could be separated by large distances, they were 

easily adapted to measuring the particle flux coming from a certain 

direction. It was therefore relatively easy for Street to compare the 
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charged particle flux arriving from different directions. If the 

incoming cosmic ray particles were charged, and predominantly of one 

type, the earth's magnetic field would create an asymmetry between the 

flux from the east and that from the west. Like the latitude effect, 

the so-called "East-West Effect" became a test of whether the primary 

particles were photons or charged corpuscles. Unlike the latitude 

effect, the sign of the incoming particles is revealed in the direction 

of the asymmetry. 

For this reason, and because the East-West Effect was free of the 

problems associated with transporting equipment to climatically and 

geographically diverse points, from 1931 on Rossi's work focussed more 

on this effect rather than on the latitude effect. In 1933, Rossi 

and Benedetti, Thomas Johnson, and Luis Alvarez and A. H. ComptonYinde-

pendently found the effect, indicating to their surprise that the 

incoming particles were positive. When Street confirmed their results 

in late 1933, it left him with the firm conviction that primary particles 

112 were charged and not, as Mi.llikan had claimed, photons. 

After his experience with the East-West Effect and related measure

ments, by the time Street came to Harvard in the fall of 1933, he was 

convinced that the coincidence circuits with Geiger tubes were an effec

tive way to study cosmic rays. Ionization chambers, by contrast, did 

113 not seem to him to be of great interest. In addition, from other 

preliminary measurements of showers, again using counters, he knew 

that non-ionizing radiation could produce secondary ionizing radiation. 
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At Harvard, Street repeated these experiments with his students, 
(with a student; 

E. C. Stevenson, and later^from MIT, L. Fussell. They were able to 

improve the apparatus and to make an absolute calibration of the 

counters. With this equipment, the Harvard group repeated Rossi's 

counter experiments showing that coincidences occurred between counters 

separated even by large thicknesses of lead (tens of centimeters). Thus 

when the Anderson, Millikan, Neddermeyer, and Pickering paper appeared 

in 1934 attacking Rossi's assertion that these coincidences were due 

to the passage of single particles, Street's work was implicated as 

well. Indeed, much later, Street recalled Millikan's absolute convic

tion that "nothing was going through all this thick material," since 

this would have conflicted with his Birth Cry theory. "So," Street 

remembers, "we thought we better learn how to do cloud chambers. 

Building the chamber was not easy, but when the project was com

pleted, several important technical innovations made their 

use considerably easier. All cloud chambers work on the same princi

ple: when a particle passes through a gas it ionizes atoms in its 

path. If the gas is subsequently suddenly expanded, the temperature 

drops and the gas will condense around the ionized particles, leaving a 

visible track. Ordinarily the expansion was triggered at a random time; 

this was, for instance, the technique of Anderson et al. But C. T. R. 

Wilson had explored the use of counter-controlled expansions, thus 

vastly increasing the number of useful photographs. Moreover, by 1934, 

since Street and his group were familiar with the use of logic circuits 

and Geiger tubes, they immediately wanted to combine the chamber with 

their logic circuits. In so doing, they created a device they called a 
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hodoscope: a chamber sandwiched between two counters connected through 

a coincidence circuit. With this device they were able to vindicate 

both their own and Rossi's work by showing conclusively that individual 

charged particles were passing through at least 45 cm of lead. In 

their words, "at least 90% of the coincident counts for such an arrange

ment are directly due to the passage of single electrons through the 

..115 apparatus. 

Almost simultaneously with the above publication, Street and R. H. 

Woodward (another of Street's graduate students) submitted an abstract 

that appeared in the same issue of Physical Review.Before this 

abstract was printed, it was well known that showers increased to a 

maximum in about 1.5 cm of lead. From this fact, some authors had incor

rectly concluded that the shower particles themselves had a peak in 

their penetration length of about 1.5 cm. Street and Woodward showed 

that this was not the case; individual shower particles were simply 

absorbed exponent-iallv. By so doing, for the first time the authors 

focussed attention on the properties of shower particles as distinct 

from the showers themselves. Again, the key to their success was in 

the use both of counters and of a cloud chamber. 

Yet another of Street's articles, in collaboration with Woodward 

a n d  S t e v e n s o n ,  a p p e a r e d  i n  t h e  s a m e  v o l u m e  o f  P h y s i c a l  R e v i e w . T h i s  

time the authors were able to use their apparatus definitively to rule 

out the conclusion of the Anderson, Millikan, Neddermeyer, and Pickering 

paper, that coincidences of Geiger tubes surrounding large thicknesses 

of lead were due cnly to shower effects. Furthermore, Street, Woodward, 

and Stevenson combined their new and better absorption curves based on 
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studies of individual particles with the energy distribution of 

Anderson, Millikan, Neddermeyer, and Pickering. Taken together, the 

two results determined a specific energy loss curve given as a function 

of energy. Still, as before, they invariably referred to the penetrat

ing particle as the electron. 

Since the penetrating particles were thought to be electrons, 

Street continued to search systematically for differences in character 

between the shower and penetrating particles. By January 1936, Street 

and Stevenson had gathered enough photographs of showers to draw some 

118 conclusions about the nature of the shower particles. In particular, 

the authors contrasted the probability of an "electron," taken at random 

from the cosmic rays producing a shower, to the probability of a 

"shower electron" producing a shower. While the former was but two 

119 in a thousand, the- latter was almost twenty-five percent. 

TheSe "electrons taken at random" were measured by Anderson and 

Neddermeyer. By June 1936, Anderson, Neddermeyer, Rossi, Stevenson, 

and Street all knew that the electrons of Bethe-Heitler theory could 

not be reconciled with experiment. Anderson and Neddermeyer by this 

time had withdrawn all qualification from this judgment, and wrote: 

"It is obvious that either the theory of absorption breaks down for 

energies greater than about 1000 MeV, or else that these high energy 

120 particles are not electrons." On the one hand, the authors recog

nized the success of the Bethe-Heitler theory in explaining the exis

tence of large showers with altitude, the "transition effect," and the 

strong dependence of shower particles on thickness and type of material 

traversed.' On the other hand, there remained a "large fraction of the 
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sea-level particles" that were more penetrating than the theory possibly 

could permit. 

To discover what these particles were, Anderson and Neddermeyer 

continued to search for penetrating particles of low enough energy to 

determine if they were in fact protons. By now asking the question, 

"what are the penetrating particles?" (and assuming the shower parti

cles were electrons), they had reversed the earlier orientation of ask

ing, "what are the shower particles?" (assuming the penetrating particles 

were electrons). Because the theory now seemed to be reasonably success

ful at describing what at first had seemed a qualitatively new phenome

non (showers), the new physics increasingly seemed to be associated with 

what had previously seemed to be the "ordinary" phenomena, namely the 

penetrating particles. Unfortunately, the much sought-after photographs 

of penetrating particles of sufficiently low energy remained difficult 

to obtain. In sum, by mid-1936, both the East and West Coast groups 

had made a conceptual separation of shower and penetrating particles, 

and there was a growing suspicion that it was the penetrating particles 

that were problematic by not conforming to the Bethe-Heitler theory of 

electrons' passage through matter. 

However, unlike the penetrating particles, the shower particles 

were not very easily compared with the Bethe-Heitler theory, since by 

their very nature they were tied up in the often immensely complicated 

features of the showers. It was to bridge this gap between experiment 

and theory that J. F. Carlson and Oppenheimer set out to present a model 

of showers using the calculated cross sections provided by Bethe and 

Heitler. 
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For some time discussion of showers had been phrased in terms of 

the sequence of elementary processes: 

annihilation of electron- creation of 
v photons v 

positron pair, Bremstrahlung electron-

positron 

pairs 

Nonetheless, no one had undertaken a quantitative analysis. Thus, 

the authors decided that from this qualitative scheme, they 

should like to derive on the one hand a further 

argument for the qualitative validity of the 

theoretical formulae and on the other for the 

often repeated suggestion that many showers are 

built up by a long succession of simple elementary 

processes, and not by the simultaneous ejection of 

121  a huge number of particles in one elementary act. 

Earlier attempts to analyze showers in any quantitative fashion 

were simply iterated calculations of the probability of a photon creat

ing an electron-positron pair or freeing an electron by photoionization 

multiplied by the probability of the electron radiating a photon, etc. 

Such a procedure rapidly became unwieldly for complicated showers; for 

this reason, Carlson and Oppenheimer hoped to reduce the problem to a 

calculation of general diffusion equations. As a first approximation, 

they presented the following argument. In both pair production and 

1 2 2  
radiation, two rays are produced for each incident one. 
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Both processes occur in approximately the same length of matter, which 

they call t = 1. Then after t such lengths, approximately 2C particles 

will be present. Since ̂  of these will be electrons, their collective 

loss per length dt will be the number of particles times the individual 

rate of loss per length, dE/3t: 

dE = (!5)2t:(aE/at)dt. 

The shower will come to an end after losing all its initial energy Eg, 

i.e., when it has traversed a distance T such that: 

T 

jdE - E0. 
© 

If 7iE/3t = B is approximately constant, then 

dE = EQ = MsJ^dt = (h) B2T/ln2, or 

2EQln2 = B2T. 

Therefore (i) the shower's length T increases only logarithmically 

T with Eq, (ii) the number of particles 2 will increase approximately 

linearly with Eq,and (iii) for showers of approximately 30 particles, 

T = ln230~5. For lead, one interaction length is about (4) cm, so 
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the maximum would be around 5/2 cm of lead, which is in good accord 

with the observed maximum. 

These (and the more precise predictions of the diffusion equa

tions that followed) showed that the quantum electrodynamic view of 

showers as a compound of elementary processes could accurately represent 

many of the qualitative features of showers. Thus the showers seemed 

well accounted for. However, if the penetrating particles were elec

trons, according to these calculations they should be almost totally 

absorbed by 20 cm of lead; this was manifestly not the case. "From 

this," Carlson and Oppenheimer wrote, 

one can conclude, either that the theoretical 

estimates of the probability of these processes 

are inapplicable in the domain of cosmic-ray 

energies, or that the actual penetration of these 

rays has to be ascribed to the presence of a com

ponent other than electrons and photons. The 

second alternative is necessarily radical; for the 

cloud chamber and counter experiments show that 

particles with the same charge as the negative elec

tron belong to the penetrating component of the 

radiation; and if these are not electrons, they 

123 are particles not previously known to physics. 

Indeed, since the success of the multiplicative shower theory, 

these particles "not previously known to physics" now were the main 

problem. As Oppenheimer understood^ all his work on showers was valid 

"only if [one] admits the presence of another component [of cosmic 
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19/ 
radiation] to which the analysis is not at all applicable." 

The contrast between the two kinds of particles that had been 

pointed to by Street and Stevenson was then taken up again by Anderson 

and Neddermeyer in early 1937. Instead of looking at the specific 

energy loss of cosmic ray particles ij} general, they made separate 

125 measurements of shower and penetrating particles. (See Figure A 

below.) To explain this separation between the two clusters of data 

points, the authors offered the following choice: 

Interpretations of the penetrating particles 

encounter very great difficulties, but at present 

appear to be limited to the following hypotheses: 

(a) that an electron (+ or -) can possess some 

property other than its charge and mass which is 

capable of accounting for the absence of numerous 

large radiative losses in a heavy element; or (b) 

that there exist particles of unit charge, but 

with a mass (which may not have a unique value) 

larger than that of a normal free electron and 

much smaller than that of a proton. This assump

tion would also account for the absence of numerous 

large radiative losses, as well as for the observed 

ionization. Inasmuch as charge and mass are the 

only parameters which characterize the electron 

in the quantum theory, assumption (b) seems to be 

126 
the better working hypothesis. 
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Figure 4. Source: Physical Review, 51 (1937), p, 884. 
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Independently of Anderson and Neddermeyer's intermediate mass 

hypothesis, J. C. Street and his graduate students and colleagues, 

R. T. Young, Fussell, and Stevenson, arrived at the same conclusion. 

First, Fussell conducted studies of showers using a series of very 

128 
thin (down to .07 cm) plates. By so doing, the complex showers 

could be shown experimentally to follow the multiplicative pair produc

tion schema set out by Carlson and Oppenheimer. He concluded that his 

"observations give strong support to the radiation, pair formation 

theory of showers . . . ." It was then possible for Street to set up 

an apparatus to study the range, energy and shower production of the 

other, penetrating component of cosmic rays, assured that the Bethe-

129 
Heitler-Carlson-Oppenheimer theory accounted for the shower particles. 

The new apparatus was built as indicated below (see Figure 5). 

The first cloud chamber indicated whether the particle was single 

or part of a shower; the counter showed whether the particle continued 

through the apparatus; the second cloud chamber exhibited whether or 

not the particle produced showers. When the results were measured, it 

was clear that a much greater fraction (on the order of 10^ more) par

ticles were penetrating over 6 cm of lead than would be permitted either 

for electrons of similar momentum under the earlier measurements of 

130 
Anderson and Neddermeyer or from the theory of Bethe and Heitler. 

They too concluded there must be a new particle of intermediate mass. 

Although it was the range-energy experiment that convinced Street 

131 and Stevenson that a new particle existed, it is not for this work 

that they are usually remembered. In fact, most theorists were con

vinced by a remarkable photograph of a dense track, with an ionization 
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density and curvature that indicated a mass equivalent to about 200 

electron masses. The photograph subsequently has been reproduced in 

133 many texts. (See Figure 6 below.) 

This striking photograph was shown at many meetings. Furry 

recalls bringing a copy of it to England where in conferences it cre

ated quite an impression on the audiences; for many people it was the 

most impressive piece of evidence for the new particle. However, for 

Street and Stevenson the energy-range relation remained the conclusive 

evidence. In Street's words, this "was the approach I always considered 

the soundest and the most convincing but it wasn't the most convincing 

to the uninitiated listener. You had to have studied the subject and 

thought about it and figured out a way to have measured the mass. But 

13 A it will convince you if you take the time to study it." As for the 

photograph, 

The picture we did of a dense track near the end 

of its range was really just a thing you did for 

a demonstration lecture—it had to be there. It 

was just a question of getting it done .... 

[Still] my reason for not depending on it too much 

was that we never had but one or two of those 

[photographs] and anything can happen once, so we 

135 weren't too happy with our experiments on that. 

Convincing evidence for Street and Stevenson could only come by 

the large statistics garnered from the carefully calibrated counters 

set in coincidence circuits with the cloud chambers. 
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Figure 6. Reproduction of photograph by Street and Stevenson of stopping 
muon. Source: Rossi, Cosmic Rays, p. 105 from Street and Stevenson, 
Physical Review, 52 (1937), p. 1003. 
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6. Summary and Conclusion 

The question posed at the outset of this essay, "When was the 

muon discovered?" has no unique chronological answer. Since almost 

all sea-level ionizing cosmic radiation is composed of muons, there 

is a sense in which the first eighteenth-century observer of a spon

taneously discharging electroscope "discovered" the muon, since he 

was the first to directly observe their effect. With similar cogency, 

one could argue that Bothe and Kolhorster counter coincidence experi

ment indicated the passage of particles that in retrospect we know to 

be muons. And, of course, there is a sense in which Carlson and Oppen-

heimer discovered the muon, since they first suggested the existence 

of a particle of intermediate mass in 1936. Anderson and Neddermeyer 

first presented good data showing that energy loss measurements of 

shower particles fit the Bethe-Heitler theory. This implied (though 

we can see this only in retrospect) that the penetrating particles 

must be other than electrons. Or Street and Stevenson could be credited 

with the discovery for having shown that there was a characteristic 

difference between the shower producing power of shower particles and 

of penetrating particles. 

Most authors now give the credit to Anderson and Neddermeyer's 

March 1937 energy loss argument or else to Street and Stevenson's 

April 1937 range-momentum argument. Both of these experiments defini

tively seemed to show the penetrating particles to fall into two 

distinct groups in the same momentum range. Of course, one equally 

well could attribute the discovery to Street and Stevenson's 1937 
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photograph of a stopping track, for this provided the first quantita

tive analysis of the actual particle mass. 

There are many other points that could be chosen as the "moment 

of discovery." However, I hope to have shown that such a term—perhaps 

valuable for prize committees and physics textbooks—corresponds to 

little or nothing in the historical development of cosmic ray physics. 

The systematic investigation of the character of the rays began with 

the studies of Hess, and Millikan's interest in the origin and fate of 

the elements. As Pais remarked, when the muon was finally separated 

from the cosmic rays as a new kind of matter, the study of elementary 

particle physics had begun. 

Instead of looking for a "moment of discovery," we should envision 

the evolution of cosmic ray physics as a progressively refined articula

tion of the properties of the rays. At each stage of the process, new 

characteristics could be attributed to them: they discharged electro

scopes; the discharge rate varied in a certain fashion with depth in 

matter; the shower particles were more easily absorbed than the single 

particles; and so on. 

Experiment and theory both contributed to this refinement of dis

tinction. For example, without the cloud chamber photographs of Ander

son, Street, Rossi, and others, Carlson and Oppenheimer would have had 

no basis on which to proceed with a theory of showers. Without the 

work of Carlson and Oppenheimer, the wedge between shower and penetrat

ing particles could not have been as clear. And it was precisely the 

clarity of this distinction that made it manifest to Anderson, Street, 

and their co-workers that it was the penetrating particles that demanded 
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an explanation, not the "electrons" of the showers accounted for by 

Bethe-Heitler theory. (See Figure 7.) 

In the above I have stressed the closeness of experiment and 

theory for both the East and West Coast groups. Yet there were, 

despite their often parallel development, marked differences in their 

motivations, equipment, and styles of experimentation. On the West 

Coast, the systematic study of cosmic rays was originally fueled by 

Millikan's conviction that elements were being formed throughout space. 

This led, via E = mc^ and E , to his belief that photons at specific 

energy bands constituted the primary cosmic radiation. In turn, 

Millikan's theory of photons as primary cosmic rays determined his 

whole emphasis on the study of the absorption curves of the radiation. 

Indeed, only by understanding Millikan's original project can 

one see the real origin of his experimental program of measuring dis

charge rates in lakes, on mountains, and under different thicknesses 

of lead. So too, can one only understand Millikan's mistakes such as 

his commitment to the "band theory," his persistent attacks on the 

reality of the latitude effect, and his assertion that there was an 

ionization maximum high in the atmosphere. 

Along with Millikan and his co-workers' study of absorption 

curves came perhaps his greatest cosmic ray successes: his assignment 

to Carl Anderson of the problem of measuring the energy of the "secondary 

electrons." This too can only be understood as an offshoot of Millikan's 

original goals, for he fully expected Anderson to find corroborative 

evidence of bands. Finally, as Anderson progressed, discovering 

nuclear disintegrations and pair production, Millikan once again 
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WEST COAST EAST COAST ANDERSON ET AL. STREET ET AL. 

November 1937. Stopping track gives 
"muon" mass as approximately 130m 

March 1936. Street and Stevenson 
note shower particles produce many 
more showers than single particles 

June 1936 Anderson and Neddermeyer 
show specific energy loss approxi
mates Bethe-Heitler for shower ptcles 

April 1937. Fussell conducts cloud-
chamber tests with very thin plates 
checking Bethe-Heitler for showers. 

CONCLUSION: NEW PARTICLE OF INTERMEDIATE MASS EXISTS. QED VINDICATED 

April 1937. Energy-range relation 
shows penetrating particles of low 
energy that cannot be protons. 
(Street and Stevenson) 

March 1937. E/E energy loss measure
ments separate particles into two 
groups even at same momentum. Pene
trating particles thus not electrons 
(Anderson and Neddermeyer) 

December 1936. Carlson and Oppenheimer show showers could be electrons obeying 
Bethe-Heitler theory. Penetrating particles would be "new to physics." 

Bethe, Rossi (corpuscles) 

a) latitude effect 
b) no ionization maximum 
c) highly penetrating particles 
d) East-West Effect 
e) Dirac pair-creation 

Millikan Birth Cry Theory (photons) 

a) no latitude effect 
b) ionization max. in atmosphere 
c) no high-energy electrons 
d) bands in electron energy spectrum 
e) no penetrating particles 
f) nuclear electrons, positrons 

London, 1934: Rossi, Anderson, Neddermeyer, Bethe,.... 

Low energy shower particles as unexplained phenomena. High energy particles 
(electrons?) that do not obey Bethe-Heitler theory. QED CONDEMNED. 

Further developments include the resolution of the following questions: 
Are there many "muon" masses?, two mesons?, Yukawa particles? etc. 

Figure 7. Summary of the discovery of the muon. 
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appropriated the results as yet further evidence for the Birth Cry 

of atoms. 

By 1934, though, Anderson had begun to break away from Millikan's 

view and to entertain the emerging quantum theory of electrodynamics. 

Anderson's experimental techniques, however, remained altogether con

tinuous with his earlier work. Millikan's assignment to Anderson in 

1931 had been to measure electron energies. In demonstrating the exis

tence of the positron, Anderson had made use of the energy difference 

of a particle above and below a lead plate. Finally, as he approached 

the problem of testing the predictions of quantum electrodynamics, he 

did so by improving his cloud chamber techniques for measuring energy 

losses of particles passing through lead. Clear photographs of tracks 

through lead plates indicating energy loss constituted persuasive evi

dence for Anderson. Both Anderson and Millikan remained suspicious 

of the statistical evidence afforded by counter experiments. 

Quantum electrodynamics had come to cosmic ray physics in several 

ways. First, it had come through Bethe's work involving the calculation 

of cross sections for the interaction of photons and electrons for the 

passage of fast electrons through matter. Bethe had close contact with 

some experimentalists, especially with Rossi ever since Bethe's time 

in Italy. This was natural since Rossi's experiments were well suited 

to, indeed designed for, the investigation of corpuscular cosmic radia

tion. Similarly, in the United States, Furry (who was also working on 

quantum electrodynamics) consulted frequently with Street at Harvard. 

Furry's help, along with Street's longstanding interest in Rossi's-work, 

contributed to the Harvard group's focus on the use of logic circuits 
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and counter equipment to garner statistical evidence. Street found 

these statistical arguments much more compelling than the few individual 

photographs he and Stevenson later obtained. Years of experience with 

counter coincidence apparatus made the range-energy experiments persua

sive to Street. Thus, while both the East and West Coast groups found 

their way to the muon, they did so with very different experimental 

styles. Consequently, they found different kinds of evidence convincing. 

The two traditions finally converged in their 1937 conclusion 

that there existed a new particle, previously unknown, of mass inter

mediate between that of the electron and of the proton. More importantly, 

this convergence was at once a statement of theoretical and experimental 

physics. The discovery of the muon was inseparably bound up with the 

resurrection of quantum electrodynamics. 
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7. Epilogue 

The acceptance of Anderson and Neddermeyer, and Street and 

Stevenson's new particle was greatly facilitated by an incorrect 

theoretical development. Yukawa had conjectured in 1935 that the 

nuclear forces might be due to the exchange of a heavy particle, by 

analogy to the exchange of the massless photon in quantum electro

dynamics. Since the mu-meson had approximately the same mass as 

the Yukawa particle, Oppenheimer and others suggested they were in 

fact the same particle. A confirmation of this identification seemed 

to come in 1938-39 when observations of mu-meson flux at different 

altitudes indicated the mesons were decaying in flight approximately 

as they were predicted to do in Yukawa's theory. During the war, 

the decay of the mu-meson was confirmed in laboratory experiments. 

Only after the war was over, when new methods of particle 

detection had been developed, were the mu-meson and the pion (the 

"true" Yukawa particle) distinguished by C. F. Powell. With this last 

development and the almost simultaneous transformation of quantum field 

theory by Feynman, Schwinger, and Tomanaga, elementary particle physics 

had begun. 

After the discovery of the muon, Rossi, Street, and Anderson con

tinued to work on cosmic ray problems. Millikan, however, never fully 

abandoned his Birth Cry theory. By 1939, he was forced to acknowledge 

the existence of cosmic ray particles too energetic to be accounted 

for by energy conversion from atom-building. At the same time, though, 

he inaugurated a new transformation in the cosmos to account for the 
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cosmic ray particles, in which whole atoms were continually annihilated 

throughout the universe, producing high energy pairs of photons and 

electrons. Millikan's subsequent modifications of this last theory 

continued until his death, but all of them remained far outside the 

mainstream of modern physics. 
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CHAPTER IV 

THE DISCOVERY OF WEAK NEUTRAL CURRENTS 

AND THE TRANSFORMATION OF EVIDENCE 
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1. Introduction 

Over the course of a year and a half, from the fall of 1972 to 

the spring of 1974, photographs like those reproduced in Figures 1 

and 2 were transformed from curiosities to the principal evidence for 

the existence of weak neutral currents. As such they came to be seen 

as the first concrete experimental support for the gauge theories of 

Weinberg and Salam. Since that time, gauge theories in a more general 

form have lent hope to the possibility of extending the unification 

to the strong interaction as well. It is the goal of this paper to 

approach the experimental discovery of weak neutral currents from a 

historical perspective. 

By historical, I do not mean a review of the kind that usually 

appears in the Reviews of Modern Physics and other journals which have 

as their principal aim the logical and coherent reconstruction of a 

sequence of developments in physics. This has been done for neutral 

currents by, among others, A. K. Mann, A. Rousset, C. H. Llewellyn 

Smith, C. Baltay, G. Myatt, J. E. Kim et al., and D. Cline and W. F. 

Fry.^ Rather, I have in mind the kind of studies historians have 

applied to events that occurred further in the past. 

The history of the discovery of neutral currents must be traced 

in parallel, on both sides of the Atlantic. Work in the United States 

was centered at the National Accelerator Laboratory (often referred to 

as NAL or Fermilab) in Batavia, Illinois, by a collaboration of groups 
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Figure 1. Neutral current event from CERN-Gargamelle. All tracks 

from the vertex stop or decay in liquid indicating they are hadrons 

and not rauons. 
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Figure 2. Neutral current event from NAL experiment 1A. Two 

vertices are stereo view of one event. Again, hadrons are present 

with no muons. 
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representing Harvard, Wisconsin, Pennsylvania, and Fermilab. In 

Europe, the search for neutral currents was performed primarily at 

CERN (Centre Europeen de Recherche Nucleaire) outside Geneva by labora

tories from France, England, Italy, Germany, Belgium, and CERN itself. 

Over seventy-five physicists eventually signed the various early reports 

on neutral currents; many other experimentalists and theorists partici

pated in innumerable stages of planning, discussion, analysis, and 

interpretation that began long before the experiment itself and con

tinued long afterwards. 

By the time the experiments neared completion, it had become clear 

to a great number of physicists, participants, and non-participants 

alike, that much was at stake. Even though gauge theories had also 

been constructed without neutral currents (notably by S. L. Glashow 

and H. Georgi), it is clear that the NAL and CERN confirmation of the 

Weinberg-Salam prediction was instrumental in creating a climate of 

acceptance for the specific model of Weinberg and Salam, as well as, 

more generally, for the broad approach of gauge theories with spontane

ously broken symmetries. 

The experimental and theoretical consequences of these neutral 

current experiments provide one rationale for examining them histori

cally; but beyond the larger framework of the history of gauge theories, 

the events surrounding the discovery of neutral currents present a 

particularly interesting opportunity to study the relation of experiment 

to theory in elementary particle physics. In addition, the history of 

neutral currents also raises a number of methodological issues for the 

historian: Can the tools of history of physics, as they have been 
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developed for the study of earlier periods, such as the scientific 

revolution, statistical mechanics, relativity, and quantum mechanics, 

be applied to events which are or are almost contemporary with us? 

Must events be ten or twenty years distant before a historical per

spective is possible? Finally, are the tools developed for the study 

of the history of quantum mechanics (for example) appropriate to a 

history of events half a century more recent? 

This analysis presupposes that a contemporary history of physics 

is possible, but with an important caveat: the archival record has a 

different character from the record of even thirty years ago. There is 

no more detailed scientific correspondence of the sort that forms the 

backbone of the classic works of the history of physics from Descartes 

to Einstein and Bohr. Still, some of the older types of sources remain 

such as draft manuscripts, transcripts of conference meetings, and occa

sionally notebooks. There also are a variety of new sources which 

previously have not existed: preprints, computer simulations, computer 

calculations, internal memoranda, minutes of collaboration meetings, 

log books, and detailed experimental and grant proposals. I have used 

such sources in addition to the more usual ones, along with about twenty-

five hours of interviews conducted in the United States, France, England, 

and Swi t z er1and. 

With these tools, I hope to offer an account of how two high-energy 

physics experiments—admittedly exceptional ones—took place. In some 

respects, as we will see, these experiments structurally resemble much 

older experiments as they have been documented. In other respects, 

amid the new technology, organization, and subject matter of high-energy 
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physics, something quite new has entered the picture in recent decades. 
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2. The CERN Experiment "Gargamelle"; From W-Search to Neutral 

Current Test 

It is beyond the scope of this study to review the development of 

weak interaction theory up to the early 1960s. However, from the experi

mentalists' point of view, the theoretical interests were woven together 

concisely into a broad experimental program outlined by M. Schwartz, 

and by T. D. Lee and C. N. Yang in two consecutive (and related) 

3 Physics Review Letters. A number of their suggestions became the guid

ing principles for experiments that were conducted over the next decade, 

including the Schwartz, Steinberger, and Lederman two-neutrino experi-

4 ments, tests of the Conserved Vector Current Hypothesis, lepton con

servation, and electron-muon universality. Most important for our 

interest in neutral currents was their suggestion that neutrino inter

actions could be used in the search for the intermediate vector boson, 

W. At the time there were two main reasons to believe the W might 

exist: First, it would base weak interactions on an exchange force 

similar to the successful quantum electrodynamics, and second, it 

offered at least a hope that the theory could then be renormalized.^ 

In their own work on the W published that same year,^ Lee and Yang 

concluded that the search for charged W's could be made by studying the 

reaction 

Furthermore, since kaons did not undergo a fast decay to W + y, they 

concluded that the mass of the W must be greater than that of the kaon; 
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from the form of the V-A interaction they could say the W- must be 

of spin 1. Beyond that little was known. The search suggested by 

Yang and Lee assumed that the W has approximately the mass of the heavi

est known particles, nucleons. With this assumption, they could make a 

rough calculation of the cross section of reaction (1), and the rate of 

production of the W decay products, y + v^. "If experimentally no W-

is found," they wrote, "it would be possible to set a lower limit on the 

value of 

The search for W- formed one of the main motivations for the con

struction of Experiment 1A at the National Accelerator Laboratory and of 

Gargamelle at CERN. By contrast, the search for neutral currents had 

low priority since there seemed to be no pressing reason for neutral cur

rents to exist in the phenomenological theory. Thus, when in February 

of 1964, A. Lagarrigue, A. Rousset and P. Musset assembled a preliminary 

project proposal for a new bubble chamber, their interest was centered 

Q 
on the search for charged intermediate vector bosons, even though the 

phenomenological theory put no constraints on the mass of the W. Conse

quently, there was no assurance that the neutrino energies in the new 

proposal would be sufficient to produce the W. Still, as the Sienna 

conference of 1963 approached, it was hoped that the particle was some

where in the range of few GeV, i.e., within the grasp of the next gener-

9 ation of experiments. 

Other projects were mentioned by Musset and Rousset, but even as 

the draft went through several revisions, neutral currents were not 

mentioned. Some six years later, with Gargamelle nearing completion, 
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D. H. Perkins again rewrote the proposed physics program for Garga-

melle.^ At the top of the list of physics projects remained the 

search for the intermediate vector boson. Then came the study of 

various processes predicted from the older theory of weak interactions 

which did not use W's. Still, not everything was the same. Since the 

original project proposals had been submitted, a group at SLAC had con

ducted an experiment in which they inelastically scattered electrons on 

nuclei with a large transfer of momentum.^ The astonishing result of 

the SLAC work was that the double differential cross section 

2 ' (d 0~/dE dA), when compared with the simple point Mott scattering, was 

independent of momentum transfer and center of mass hadron energy values 

up to 5 GeV. 

2 The constant value of the ratio d <T"/d.EdJL )/(d<T/dJ2. suggested 

to Feynman and Bjorken that the electrons in fact were scattering from 

point scatterers that, in a not yet clear sense, were included in the 

protons and neutrons. Feynman christened these point scatterers partons. 

1 2  (These were first identified with quarks by Bjorken and Paschos.) 

Tests of other consequences of the parton model suddenly became of 

exceptional interest. 

As a result of this new interest, there was an added incentive 

to study the behavior of the neutrino interactions at high energies. 

If the SLAC results held good at even higher energies, the neutrino 

cross section was expected to rise linearly with energy. While the 

search for the W was now accompanied by excitement over the parton 

model, neutral currents remained relegated to a secondary place. "In 

addition," Perkins wrote, "there are of course, many other topics of 



220 

interest for example, neutral currents, .... However, these prob

lems can also be investigated with [other] chambers. On the other hand 

Gargamelle is, we claim, a unique instrument for investigating problems 

13 [like the W and the parton hypothesis]." 

During 1971, a great number of tests had to be completed in Garga

melle, and a physics program began to take shape. The analysis of these 

early photographs revealed some unusual events. As J. P. Vialle later 

recalled: 

One thing we saw right away on the photographs was 

that there were very energetic events in the bubble 

chamber with no muons. But obviously, we couldn't 

have said these are neutral currents, no, it wasn't 

like that. I think our first thought was that it 

was curious we were observing stars that could come 

from neutrons but were much too energetic, and that 

14 we would have to look into that. 

The experimental program continued as planned, with the study of neutral 

currents of secondary importance. Suddenly, in the spring of 1971, 

theoreticians began to take a new interest in neutral currents. 

Ever since 1967, when it was first put forward, the Weinberg-Salam 

theory*"* had played absolutely no role in the experimentalists' planning. 

One reason for this was that t'Hooft's proof that the theory was renor-

malizable came almost four years after Weinberg's original paper.^ 

Once the proof was made known and accepted, theorists such as E. A. 

Paschos, L. Wolfenstein, A. Pais, S. B. Treiman, Weinberg, and t'Hooft 
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began to calculate some of the experimental consequences of the 

theory.^ A combination of the renewed theoretical interest and the 

availability of cross sections they could test awakened the interest 

18 
of the experimental community. 

Not long after the appearance of t'Hooft's paper in November of 

1971, B. Zumino spoke to a group of experimentalists and theorists in 

the small library room in the building that housed Gargamelle at CERN. 

He explained to them the sudden interest in the now renormalizable 

Weinberg-Salam theory. Musset recalls being a little discouraged at 

the test the theorists were most in favor of: scattering a muon 

neutrino off an electron. Though extremely "clean" of background 

effects, the cross section (or likelihood) of such an event was 

extremely small. By contrast, the hadronic weak neutral current reac

tion seemed to have a chance of having a much larger cross section by 

analogy with the charged current cross section. Unfortunately, the 

theorists felt any calculation involving hadrons and the strong inter

action would become much too complicated. 

Musset's enthusiasm for the hadronic channel led him to conduct 

19 a literature search of earlier work on the subject. In retrospect, 

it is perhaps fortunate that he did not find certain works which might 

have discouraged him completely. For instance, he did not know about 

the early CERN work of 1963 in which some of his own senior colleagues 

(Perkins and D. C. Cundy) had participated: they had published upper 

limits on the process Musset was considering which were far below the 

20 
Weinberg level, below 3%. 
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Husset recalled that his suggestion that the group study the 

hadronic neutral currents was met with no great enthusiasm by some 

21 other members of the collaboration. Their lack of enthusiasm was 

certainly not because of any lack of interest in the question of neutral 

currents. Cundy, Perkins, H. Wachsmuth, and G. Myatt, for instance, had 

participated in the 1963 measurement; in 1970 they all participated in 

setting another less stringent bound on the ratio of hadronic neutral 

+ 22 
current to charged current events (NC/CC) = .08 -.04. Indeed, it was 

precisely by their earlier experience that many of the Gargamelle col

laborators knew at first hand the extreme difficulty of extracting any 

information on neutral currents from the background. The problem was 

that the neutrinos from the beam inevitably caused a large but unknown 

number of neutrons to enter the chamber from the surrounding magnets, 

floor and structure. If one of these secondary neutrons then hit a 

neutron or proton in the bubble chamber, the resulting shower of hadrons 

could look like a genuine neutrino neutral current event. In both 

cases no muon would emerge. 

Gargamelle was much bigger than any previous bubble chamber; for 

this reason, it alone provided the opportunity to determine the rate of 

neutron background. For it was known at the time that neutrons had an 

interaction length in the bubble chamber liquid longer than the dimen

sions of the older bubble chambers. This meant that there was no way 

in the old experiments to see the exponential decrease of neutron-induced 

events as one looked further from the walls; hence it was impossible to 

figure out precisely how problematic neutron events would be. In Garga

melle, by contrast, not only could one see the exponential decay, one 
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could do better by actually studying the entire career of a neutron 

in the liquid by examining the so-called "associated events." 

Associated events look like this: 

hadrons 

neutrino 
muon 

\ 
\ 
\ 

neutron 

\ 

hadrons with no muon look like 

a neutral current event 

Figure 3. Associated Event 

Upstream they have a normal charged current event from which a neutron 

is emitted, creating within the visible volume of the bubble chamber a 

"fake" neutral current event. By studying the length and angle of the 

neutron's path, one could then program the computer simulation to 

describe such events even where one did not see the neutron's beginning 

Unfortunately, especially at the beginning of the experiment, the asso

ciated events were quite rare. 

In addition to the study of associated events, Musset, Pullia, 

and Lagarrigue, insofar as possible, attempted to treat the charged and 

and "neutral" events on equal footing. That is, criteria for selection 

of the hadronic part of the neutron interactions (location, energy, etc 



were chosen to be precisely the same for charged and muonless events. 

Furthermore, since the primary question at the time was whether neutral 

currents existed (not yet in what proportion),only completely unambiguous 

events were used so as not to confuse charged with neutral currents. 

Finally, to reduce the effects of any remaining biases, and to make the 

measurement less sensitive to flux calculations, the group chose to 

focus attention on the ratio of neutral to charged currents. 

These innovations proved crucial in demonstrating the existence 

of neutral current events, because in muonless events a large fraction 

of energy is carried off by the (unseen) neutrino. (About the same frac

tion is carried off in charged current events by the muon.) Thus, if one 

naively compared the total visible energy deposited for both charged and 

muonless events, one would then be measuring charged current events' 

energy by hadron energy plus muon energy, and neutral events by hadron 

energy alone. Therefore* since the number of events of both types falls 

off very quickly with energy, at a given total visible energy one would 

£i.nd an extremely and artificially low ratio of neutral to charged events. 

The failure to treat both kinds of events by hadron energy alone may 

well have been partially responsible for some earlier experiments' mis

takenly low upper bound on the rate of neutral current events. 
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3. Background and Signal 

By April 1972, Lagarrigue considered the search for neutral cur

rents to be one of the three primary goals of the neutrino program for, 

as he wrote to Jentschke, then Director General of CERN, "following 

Weinberg's theoretical publication, everyone is anxious to discover 

23 whether neutral currents really exist." The search for neutral cur

rents, which had begun in January 1972 at Gargamelle, had thus become by 

late spring of 1972 one of the important areas of investigation for a 

number of physicists in the CERN group. Individuals disagreed, however, 

as to whether they thought the experiment would confirm or refute Wein

berg's theory, and as to whether they thought the leptonic or hadronic 

channels should be pursued preferentially. By the spring, for example, 

Baltay and Cundy concentrated almost exclusively on the single electron 

v, 24 search. 

During this time Perkins was in Oxford, where he composed a tech

nical memorandum that was sent to the Gargamelle collaboration. Its 

object was, as it stated, 

to encourage people in the collaboration to study 

carefully the question of neutral hadronic currents, 

. . . because (i) there probably is an appreciable 

effect, (ii) conditions for proving the existence of 

neutral currents are much more favorable [than in 

the old bubble chambers at CERN] .... This is a 

big effect, large enough that a detailed and systematic 

analysis in Gargamelle, using the position of inter
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actions in the chamber as well as the much better 

statistics of events, should be able to demonstrate, 

25 
for the first time, the existence of neutral currents. 

Charles Baltay wrote back criticizing the memorandum, arguing 

that excess NC events could be accounted for by low energy rauons alone, 

26 a position Perkins took issue with. Responding to Baltay's criticism, 

Perkins argued that the data for the old bubble chamber experiment 

showed very few low energy muon events. "To summarize,'' Perkins wrote, 

"I don't think your explanation works, and I still cannot account for 

the excess neutral events, although I am certainly not going to claim 

that they prove the existence of neutral currents. ... In providing 

the final solution (if there is one), one certainly needs to find a 

27 satisfactory explanation of the old data." As did several other 

members of the collaboration, Baltay remained an enthusiast of the lep-

tonic search which was cleaner. He continued this work later at the 

15' FNAL chamber. 

Musset, Pullia, and others at Milan continued work on the hadronic 

channel, and in June, Pullia presented a progress report on the hadronic 

neutral currents, suggesting that the neutron problem could be solved 

but offering no definite opinion on whether a significant level of 

28 
neutral currents would remain when the background was removed. 

Sufficient interest in the neutral current question had developed 

by this time for the group to meet by itself in Paris, apart from the 

rest of the neutrino collaboration, in order to prepare a report for a 

29 
conference at Batavia in September. Before the meeting in Paris, the 
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organizers requested that photographs of all neutral current "candi

dates" be sent ahead to CERN. By doing so, the authors of the memor

andum hoped to standardize the criteria used to separate charged from 

neutral events. The data cards would be processed in order to plot 

energy of the events against the total longitudinal and transverse 

momenta, as well as against position. From these data the group hoped 

to get a first glimpse of the background problem with some statistical 

significance. Unlike Pullia's report, the hadron group now dropped 

the search for the relatively rare pion-producing events and decided 

to concentrate instead on determining the total (inclusive) cross section 

for 0^ + N—> + (hadrons), which was much larger. 

Along with the proposal for a meeting, the first memorandum deal-

30 ing purely with the subject of neutral current was issued. At the very 

beginning of this report, the group noted that their best chance of iso

lating the neutrino from neutron interactions would be at high energies 

(the neutron spectrum was peaked below that of the neutrinos). By this 

time, then, the hadronic group's effort was entirely concentrated on the 

background problem which they described as five-fold: 

(1) particles entering the chamber with the beam and which 

interact in the chamber; 

(2) neutrons or kaons coming from outside chamber generated 

by neutrinos; 

(3) cosmic rays; 

(4) y~'s sufficiently slow to stop in the liquid; 

(5) K^'.s whose interaction length might be greatly extended 

31 
by regeneration effects. 
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Not everyone in the group was equally worried about all of these prob

lems. For instance, Fry was especially concerned about the possibility 

of regeneration, no one was especially worried about cosmic rays, and 

everyone was interested in the slow muon and neutron problem. 

The authors argued that the problem of stopping muons (which look 

like hadrons) could be attacked in several ways. Their number could be 

estimated from the scaling hypothesis, but this was considered a bit 

tenuous since the center of mass hadron energies were much higher than 

those studied at SLAC. All short unidentifiable tracks could be dis

carded, or finally, an upper limit to the number of "hidden p contamina

tion" could be set as follows. The muon spectrum had been measured in 

the liquid as had been the decay rate. From these facts, the number of 

muons below a certain energy in Gargamelle could be calculated. Then 

from the theoretical ratio (of muon capture/muon decays) the number of 

muons captured below a certain energy could be found. 

Lastly, the group set up a standardized system for the recording 

of the neutral current candidates. At least one physicist would review 

each event and bit by bit the data would be assembled in preparation for 

Batavia. At Batavia, Perkins summarized the group's work from his 

perspective. It is worth quoting from his assessment of the future 

prospects of the hadronic and electron neutrino experiments: 

As far as the Weinberg theory is concerned, the most 

definitive and unambiguous evidence for or against, 

must come from the purely leptonic reactions . . . 

since the hadronic processes involve details of strong 
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interactions which might contain unknown suppression 

effects .... As I have tried to indicate, the 

reactor experiment E ^ v €.1 is beset 

with severe background problems. Even if in [other] 

future improved experiments, a clean signal is 

detected, it is necessary, in order to finally 

demolish the Weinberg theory to prove that the 

observed signal rate is consistent with the V-A 

predictions within close limits. It is difficult 

to believe that this could be achieved to a pre-

32 
cision of better than 20%. 

By contrast, Perkins pointed out, certain purely leptonic interactions 

could occur only in a theory other than the old phenomenological V-A 

theory. This was a process Perkins felt the Gargamelle group could 

proftably investigate: "In the CERN Gargamelle experiment to date, 

the expected number of events was between 1 and 9, and none was 

observed. ... If none were observed [in the remainder of the experi

ment] , this would be fairly conclusive evidence against the Weinberg 

33 theory." It would seem that the division in the CERN collaboration, 

34 which many of the members recalled very vividly, was based not on 

whether neutral currents should be searched for, but in which process. 

The fall of 1972 was spent with some groups conducting their 

respective data analyses, a long, often frustrating task in which hun

dreds of events had to be compared, definitions modified, and criteria 

adjusted. By January 1973, Musset and the others had gathered sufficient 
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data to present their findings to the American Physical Society meet

ing in New York. 

The emphasis of Musset's talk was almost entirely on the neutron 

background problem, and the data presented was in the form of number 

of events (charged, neutral, associated) plotted against longitudinal 

and radial position in the bubble chamber. His goal was to demonstrate 

that the events occurred relatively evenly throughout the volume of the 

machine, as would real neutrino events as opposed to neutron-induced 

events. This was not the most reliable check, but there were at the 

time very few associated events to study, because as the group had pushed 

up the minimum required energy of the hadrons in order to exclude 

neutron-induced events (which tended to have lower energy) they elimi

nated the vast majority of their data. The cut-off especially reduced 

the number of associated events. They therefore had to rely entirely 

35 on the spatial distribution of events. (See Figure 4.) 

The data were beginning by this time to indicate that neutrons 

were not sufficient to account for all the neutral current candidates, 

but the group was not confident enough to phrase their results in any 

3 6 terms but an upper bound on the ratio of neutral to charged events. 

After the talk, Paschos called Musset to discuss with him the new 

results. Only a few weeks earlier, Paschos and Wolfenstein had pub

lished theoretical limits from the Weinberg model for precisely the 

process Musset and the hadronic group were studying. The theorists 

now had the result Musset had so wanted at that first meeting with 

Zumino in November 1971: a prediction that the NC/CC ratio would be 

37 
above eighteen percent. Such a fraction was just on the limit of 
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Figure 4. Transparency from Musset's talk at APS meeting in New York, 

January 1973. Number of events is plotted against longitudinal posi

tion in chamber. Object is to show the events are relatively constant 

in distribution as would be in neutrino interactions (but not in back

ground neutron induced events). 
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earlier bounds, and so was potentially compatible with what was known, 

yet was sufficiently large to be easily detectable. 

Musset's excitement over the new theoretical results was aug

mented by another development he had heard about just a few days 

before leaving for the United States: in early January 1973, a single 

electron had been found during a routine rescan of some photographs 

at Aachen. (See Figure 5.) The Aachen electron satisfied all the 

criteria the Cundy group had imposed on it—it was well within the 

fiducial volume, making it almost certainly not due to a photon; it 

was of very high energy; there were no nearby events; and it was 

oriented in the direction of the neutrino beam. 

Until January, Musset had felt he was working somewhat apart from 

the collaboration, mainly with the few people in the hadron group. UTien 

he returned from the States things had begun to change, partly as a 

result of the increasing numbers of hadronic muonless events and spatial 

distribution, and partly as a result of the single electron event. 

With positive results now coming both from the hadronic and leptonic 

groups, A. Rousset had the ammunition to request authorization for 

38 
two more experiments, each with a million pictures. The tone of his 

request reflects the more confident attitude of the neutrino group. 

He wrote: 

The search for hadronic neutral weak currents in 

Gargamelle shows an appreciable amount of possible 

hadronic events (i.e. without charged lepton). 

These events have to be distinguished from neutron 

background. Severe cuts in the fiducial volume, 
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Figure 5. First single electron photograph from Gargamelle. Found 

at Aachen, January 1973. The electron's trajectory goes from right 

to left, beginning slightly below and to the left of the fiducial 

marker, <&. 
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in energy, in angle are needed and the resulting 

statistics are then very small. A quick increase 

of statistics by a factor 2 to 3, possible with 2 

to 3 weeks of running time, . . . would increase 

the significance of the results. In addition, one 

candidate of leptonic neutral current ( \^+c-* 

has been found in the present film and therefore 

39 we can hope to detect other events in the new film. 

With Lagarrigue and Rousset now both pushing hard for the neutral 

current search, this part of the program began to dominate all other 

neutrino work. By mid-March, Camerini and Musset had finished a new 

study of the old data tapes that had been prepared in December for the 

American Physical Society meeting. This time they put an even higher 

energy cut on the events in order to be even more sure the events were 

unaffected by the neutron background. An independent analysis of the 

AO same data was made by the Orsay group to check the results. After 

the cut, they found that for neutrinos the ratio of neutral to charged 

events was 130NC/551CC (= .24), and for antineutrinos 83NC/191CC 

(= .43). (See Figure 6.) Immediately after presenting the numbers in 

the memorandum, Musset and Camerini added the results of the Weinberg 

model. It is clear that the data were perfectly compatible with the 

theory, but the crucial question remained: how many additional events 

needed to be subtracted because of background effects? Not surprisingly, 

the authors ended with a plea to "put priority on this study" of asso-

41 
ciated events which would help determine the neutron background. 
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The help Musset needed was with the extraordinary amount of work 

required to study each neutral current candidate in detail. Huge 

enlargements of the appropriate photographs were made so that the group 

as a whole could judge their validity. The records from these meetings 

(see Figure 7) contain long lists of such judgments: "OUT possible p," 

"OK one track badly measurable," "OUT cosmic [ray]," "OUT entering 

track," "OUT outside FV [fiducial volume] when best vertex," "K^?," 

"OUT possible p-kink," "OUT E> 1 GeV." These comments reflect the vari

ous tests events were subject to. The 7r's and p's could look like 

muons—this meant that to be conservative, possible charged events had 

to be discarded, as did cosmic ray events. Similarly, if there was evi

dence that a particle had entered with the beam in line with a vertex, 

the photograph was discarded as an "entering track." A "y-kink" meant 

that the track suddenly bent—a possible sign that muon was really a 

pion or proton interacting with a nucleus. Other criteria such as the 

hadron energy cutoff at 1 GeV and the restriction of vertices to a 

fiducial volume helped statistically to ensure that neutron events would 

not be counted as neutrino events. All of these individual analyses, 

in addition, helped guarantee the same criteria were applied to neutral, 

charged, and associated events. 

These small-scale debates occurred hundreds of times both at indi

vidual laboratories and at the larger neutrino collaboration meetings. 

Each decision added to what the participants hoped was a reasonably 

conservative estimate of the ratio, NC/CC. By April, the question of 

finding an upper limit for the ratio had been abandoned. The goal 

thereafter was to justify a number in accord with the Weinberg-Salam 
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Figure 7. Typical summary sheet of scanning meeting to evaluate 

the neutral current candidates and to make event categories standard

ize event criteria. From P. Musset, CERN TM, 14 April 1973. 
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theory. 

In the single electron search, confidence was also building up: 

the minutes from the meeting of 21 March 1973 begin with the remark 

that "There was general agreement that a paper should be published as 

soon as possible concerning the electron search and the one event 

42 
found." Even though all preliminary estimates indicated a very small 

background, some of the details needed to be cleaned up, such as scan

ning efficiency. Also, beta decay could yield a free electron which 

could be mistaken for a neutral current event if the proton had suffi

ciently low energy to remain undetected. 

Simultaneously, several different groups worked to calculate the 

neutron background more rigorously: Vialle and Blum at Orsay using one 

43 kind of Monte Carlo, the CERN group using another. Fry and Haidt very 

carefully calculated the probability of a neutron inducing a shower of 

other neutrons, thereby extending its effective range; Fiorini studied 

the problem of neutral kaons, while Pullia focussed on the attenuation 

of neutrons in the liquid. Lagarrigue made some rough calculations, 

and Rousset developed a thermodynamic analysis of the background treating 

44 the neutrons in equilibrium with the neutrino beam. 

Of the various approaches, Rousset's thermodynamic analysis of 

early spring 1973 was most persuasive for those members of the group who 

45 
were not already convinced that neutral currents existed. As in the 

other studies, the key quantity to estimate was the ratio of B (total 

number of neutron-induced NC events) to AS (the number of associated 

events which could be measured). Rousset's analysis was based on 

three simple equations: 
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(i) N = B + AS (N = total rate of neutron interactions 

that look like NC events) 

(ii) N = aNv (N is rate of neutrino events producing 

neutrons and a is proportion of neutrons 

that create events satisfying NC criteria, 

assuming an infinite length of liquid in 

which the neutron can interact) 

(iii) AS = aN^ip> (AS = rate of associated events; 

<p> = probability of detecting a neutron 

interaction where neutron's origin is 

inside fiducial volume). 

Therefore, 

B/AS = (l/<p>) - 1. 

p (the distance a neutron travels before interacting) is a function of 

the spatial distribution of the neutron interactions. Suppose the spa

tial distribution is described by an exponential with characteristic 

interaction length X. Then if L is the length from the neutrino inter

action to the end of the fiducial volume, it follows that 

p = 1 - exp(-L/A). 

Thus, 

B = 1 _ , 
AS = <l-exp(-L/A)> 

for the measured neutron interaction length. When other factors such 

as radial distribution of neutrino flux density of matter around the 
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bubble chamber, neutron cascades, energy spectrum of neutrons, etc. 

are added, this result varied. But even taking these other effects 

into consideration, the neutron background could account for no more 

46 
than 20% of the excess of NC events. 

During these weeks, argument within the collaboration went back 

and forth as various members of the group suggested possible new sources 

of background, and others sought to demonstrate they could not be large 

enough to account for the excess of neutral current candidates. Vialle, 

for example, remembers Lagarrigue coming into his office practically 

47 every day with a new source of possible background. Only days before 

Musset's seminar announcing the discovery of neutral currents, Pullia 

became very concerned about kaon regeneration, only to write to Musset 

a few days later that he had convinced himself it would not be a prob-

48 lem. Thus, using a variety of approaches, techniques and approxima

tions, the members of the collaboration persuaded themselves they were 

looking at a real effect. 

The final argument, however, had nothing to do with the physics at 

Gargamelle. In early July, Carlo Rubbia, who also held a position at 

CERN, let it be known that the NAL group was close on Gargamelle's heels. 

According to many of the participants, this tipped the already tilting 

balance, and the decision to publish was made. Not everyone was entirely 

49 happy with the arguments presented in the final draft, but they 

believed they had the background under control. On 19 July 1973, Musset 

gave a seminar at CERN announcing the discovery; four days later, on 23 

July, the paper was sent to Physics Letters. 
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In the Physics Letters article, the authors relied almost entirely 

on two arguments: (i) that various criteria such as spatial distribu

tion and energy distribution were the same for CC and NC events and 

(ii) that the Monte Carlo predicted a neutron background significantly 

below the level of NC events found. Rousset's equilibrium argument and 

the associated studies of cascades, etc. were reduced to a single sen

tence. Their evidence was summarized in the following figures. (See 

Figure 8.) The group put their results in a conservative form, allow

ing that their data "could be attributed to neutral current induced 

reactions, other penetrating particles than and , heavy leptons 

decaying mainly into hadrons, or by penetrating particles produced by 

neutrinos and in equilibrium with the v beam." Nonetheless, the final 

sentence returned to the Weinberg model in concluding that their results 

2 
would imply a Weinberg parameter sin 0^ between.3 and .4. 

By January of 1974, a more comprehensive summary of the work was 

prepared for Nuclear Physics B that included some of the values of 

B/AS generated by the Monte Carlo for a variety of values of neutron 

energy and angular distribution. Even under the worst case, the excess 

of muonless events to charged events was too large to be accounted for 

by the neutron background. In sum, they wrote, "The events behave as 

expected if they arise from neutral current processes induced by 

neutrinos and antineutrinos. 
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Figure 8. Figures from first published paper on hadronic neutral 

currents by the CERN-Gargamelle collaboration. From F. J. Hasert 

et al., Physics Letters, 46b (1973), p. 139. 
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4. The First NAL Experiment 1A 

Neutrino physics was one of the major justifications for building 

the National Accelerator Laboratory. The predecessor to experiment 1A 

(experiment 1), however, had its beginnings somewhat later, in the Summer 

Study program held by Fermilab in Aspen, Colorado. In 1969, while the 

accelerator itself was still under construction, many proposals were put 

forward for possible search programs for the W. One of the participants, 

A. K. Mann, presented a report at the school on the possibility of pro

ducing the W by means of a high energy neutrino source incident on a 

high-Z material, then detecting the particle's decay products using 

spark chambers between segments of earth. From his preliminary calcu

lations, Mann argued, such a search could be effected up to a W mass 

of about 5 GeV. As it had been in the Schwartz and Yang and Lee pro

gram and the proposals drafted at CERN, the W-search was given the high-

52 
est priority by many American experimentalists at Aspen. 

Partly as a result of his own work prepared for the conference 

and partly as a consequence of the other studies presented there, Mann 

53 
advocated running a high-energy neutrino experiment at NAL. 

But Mann was not the only physicist with his eye on the first 

neutrino experiment at NAL: it was clear from the start that whoever 

ran that first neutrino experiment would be in an excellent position to 

explore a region of energy high above that of all previous work. Thus, 

as Mann began to draft the proposal, it seemed to him likely that if 

the collaboration of Schwartz, Steinberger, and Lederman also submitted 

an application for the first neutrino experiment, they would present 
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very stiff competition. Not only had these three experimentalists 

worked together before on the two-neutrino experiments, but the appara

tus they had been using was quite similar to the spark chamber detector 

Mann hoped to build. In addition, J. Walker presented a proposal that 

remained in direct competition with experiment 1 until the final deci

sion by the planning committee. To add more weight to his proposal, 

Mann turned to a younger physicist with whom he had been impressed, 

David Cline. 

Cline, like Mann, brought with him much experience in experimental 

weak interaction pyysics. Ever since his Ph.D. he had been interested 

in the problem of neutral weak currents in kaon decay. As was mentioned 

earlier, such strangeness-changing neutral currents had quite severe 

upper limits placed on them by a variety of experiments. Almost all 

his career in physics Cline had been involved in these determinations 

using bubble chambers. For example, in 1964 with Camerini and Fry he 

•|»  ̂ mm 
had shown that the branching ratio of K ? nee was less than 

10 ̂  of all K+ decays. 

Much of Cline's careful work on the strangeness-<_hanging neutral 

currents involved the identification of characteristic "signatures" of 

the various rare processes he was studying. The problem was to identify 

carefully as many unambiguous events as he could, thereby setting limits 

on the process. In the Camerini, Cline, and Fry paper, the authors had 

t + + -
found three candidates for the K —> nee decay in the bubble chamber 

pictures and then had devoted a considerable part of the letter to an 

argument that two of the three must be due to a background process 

"faking" the neutral current events. Even the third, they concluded, 
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was not "an unambiguous event and [we] shall consider it as an upper 

limit.It was not, to use one of Cline's favorite phrases, the 

"gold-plated event" they were searching for. Still, it was good enough 

not to be discarded. 

A few years later, after Cline and many others had conducted 

quite a variety of other experiments on strangeness-changing decays in 

a variety of channels, Cline reviewed the subject at the Ecole Inter

nationale de la Physique des Particules Elementaires. The tenor of 

the article was that the limits on neutral currents seemed to indicate 

such currents did not exist. Indeed, Cline summarized his review by 

declaring: 

. . . the crucial tests of such models [of weak 

interactions by Salam and Ward, Good, Michel, 

de Rafael, d'Espagnat, and Bludman] will probably 

cone from experimental studies of lepton-lepton 

scattering which presently seem virtually impossible. 

Nevertheless, the successful explanation of the 

absence of neutral lepton couplings (and possibly 

of primative neutral hadron couplings) will 

undoubtedly be a very significant factor in the 

ultimate theory of the weak interactions.^ 

Cline was an important addition to the neutrino project, and, 

in December 1969, Cline and Mann drafted a more complete proposal for 

58 
the experiment by elaborating Mann's earlier Summer School report. 

Their goals were stated as three-fold. First, they wanted to measure 
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2 2 
the double differential cross section, d ®"/d(q )d(E?-Eh) and the 

corresponding total cross section for ^ + pJ* + anything. 

The second goal of the experiment would then be the W-search. 

Assuming the mass of the W to be less than about 8 GeV/c , they would 

look for the particles through the reaction, 

+ Z —» /*' + W+ + Z 

corresponding to the Feynman diagram: 

If, on the other hand, the W was significantly more massive than 

2 
8 GeV/c , the authors hoped to look at the "point" interaction in 

which the decay of the W would be seen. Nominally, the decay products 

of the W+ would be + + ̂  , i.e., 

+ z —^ z + ^ 

corresponding to the Feynman diagram: 

+ 
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The proposed physics goals required a more sophisticated appara

tus than a simple spark chamber, so Mann and Cline modified Mann's 

original detector in several ways. First, they proposed using liquid 

scintillator containers alternately placed between iron blocks to form 

a sampling ionization calorimeter. In this device, when hadrons hit 

the iron they caused further showers of charged particles. The cascade 

then caused light to be emitted as the charged particles collided with 

atoms in the scintillator. The light could then be collected and measured 

by phototubes. Second, 25 meters downstream from the calorimeter, they 

used blocks of iron alternately placed between spark chambers to deter

mine the range (and therefore the remaining energy) of the muons. To 

determine the sign of the muons, the first section of the muon detector 

was to have been magnetized. Thus, by measuring the hadron and muon 

energies, the experiment in effect would determine the energy of the 

original neutrino, making possible the various cross section measurements 

59 
proposed by the authors. 

Mann nonetheless felt the apparatus was not yet well enough formu

lated to sway the planning committee at Nal so he and Cline turned to 

Carlo Rubbia (then at Harvard) whom Mann knew from a leave of absence 

Mann had taken at CERN.^ Above all, Rubbia brought with him his 

experience designing and building large and sophisticated detectors. 

During the previous several years, Rubbia had used large detectors 

to study the interference of Kg and K^. This line of investigation which 

had begun as a test of CP conservation had yielded a wealth of new 

discoveries including Fitch and Cronin's discovery of CP violation. 

One goal of the various collaborations in which Rubbia took part was to 
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confirm the earlier results. Other objectives were to determine more 

precisely the K^- Kg mass difference and to obtain a better understanding 

of the empirical aspects of regeneration phenomena. All three of the 

principal collaborators of Experiment 1A thus came to the experiment 

with a strong background in weak interaction physics, though the kinds 

of experiments in which they had participated were quite diverse. 

The three principals — Mann, Cline, and Rubbia — planned a 

meeting in the lobby of the JFK airport in late 1969. Before they parted 

ways again they had agreed to proceed with a joint proposal for the 

62 
neutrino experiment. When the proposal was finished, it had become 

the "Harvard-Pennsylvania-Wisconsin collaboration," and the four goals 

they set down were the same as the four main objectives of the CERN 

project being formulated on the other side of the Atlantic: 1. the 

W search (which they claimed could be undertaken up to ten GeV); 2, the 

point interaction /*• +" 2 ; and 3, the double differen

tial and total cross sections for anything. In addition 

the group now identified the probing of hadronic structure in the deep 

inelastic region (large Ej - E^) as one of their primary interests. For 

only since the SLAC deep inelastic results and the corresponding specu

lation on their theoretical origin, had hadronic structure become a 

major concern. As it had at CERN, the parton model took its place beside 

the W search as a major goal of the experiment. 

To accomplish these goals, Rubbia and his collaborators redesigned 

the earlier two-stage detector in several important ways (see Figure 9). 

The calorimeter was redesigned to be totally active, that is, all the 
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Figure 9. 9a is the design of experiment 1A. First stage consists 

of liquid scintillators alternately placed between spark chambers. 

This serves both as a target and calorimeter to measure total energy 

deposited by interaction. Second stage consists of iron slabs alter

nately placed between spark chambers; the whole second stage is in a 

magnetic field and thus serves as a muon spectrometer. 9b is a typical 

charged current event (muon present). 9c is the calorimeter record of 

event in 9b. Figure (of 9a, 9b, and 9c) from A. Benvenuti et al., 

Physical Review Letters, 32 (1973), p. 801. 
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energy deposited in the mineral-oil based liquid scintillator would be 

collected by phototubes. Between the scintillator containers were 

placed spark chambers to record both hadron and muon tracks. In addi

tion, counters A, B, C, and D could be used to trigger the recording 

devices selectively. For instance, they would be triggered only when 

no charged particles entered the device through A in time with a hadron 

shower in the calorimeter. The second stage of the detector was improved 

as well. Instead of determining the energy of the muons by their range 

through blocks of iron, the group installed large magnetized iron 

blocks, which served to measure the muon's momentum by its deflection. 

From the total energy deposited in the calorimeter and the muon energy 

as determined in the spectrometer, the neutrino energy could be calcu-

i - J 63 lated. 

Thus, if the physics goals resembled those of CERN, the experiment 

itself certainly did not. The idea behind the design of the apparatus 

remained as a two-stage analysis of the neutrino interactions: calori

meter and muon spectrometer. By combining these two detectors, the 1A 

group would record more information than one would in a simple spark 

chamber experiment, and therefore the group would be able to compete 

favorably with the bubble chamber neutrino groups. In addition, the 

spark chamber-calorimeter had two other important advantages. First, 

spark chambers could be built much larger than bubble chambers, giving 

a ratio of 10 (100 tons versus 10 tons) in the target mass. Further, 

E1A would operate at 10 times the energy of CERN-Gargamelle (20 GeV 

versus 2 GeV), providing yet another factor of ten in the expected 

rate of neutrino interaction. Thus, on the order of 100 times the 
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Gargamelle rate per day could be expected at NAL. A second advantage 

of the spark chamber was that by being active, it could exclude events 

in which an unseen neutron interacted with nuclei creating a shower 

of charged particles. 

The competition between the two types of detectors thus reflected 

a deep experimental conundrum: bubble chambers provided great detail 

on particle momenta and identification, but they are passive devices 

requiring vast amounts of film and running time to locate rare events. 

Spark chambers, by contrast, normally offered less detail in the event 

analysis, but are active, recording event information only when specific 

logic circuits are fired, and provided a much higher rate of inter

actions. E1A was centered around a detector which was designed to try 

to bridge this gap, if only partially. As we will see, this dilemma, 

pitting particle identification against high statistics, played a crucial 

role in the subsequent neutral current search. 

Neutral currents, it should be added, figured but little in the 

Harvard-Wisconin-Pennsylvania proposal. They are not mentioned in the 

primary physics objectives. But more important, the design of the 

apparatus was such that even in principle (in its original form), the 

experiment was not capable of a neutral current search. The reason 

neutral currents could not be found is that the logic circuits would 

have an event recorded only if a muon penetrated into the muon spec

trometer; unfortunately, neutral current events were characterized 

precisely by having no muon. This feature of the trigger had been 

borrowed (along with much else) from the Schwartz, Steinberger, and 

64 
Lederman experiment, where such a trigger was crucial to eliminate 
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extraneous events where no muon was produced. Finally, as in the CERN 

proposals, even where neutral currents were mentioned (in the context 

of dimuon production), there was no mention of Weinberg-Salam theory 

at all, and no quantitative prediction was discussed of the order of 

magnitude effect to be expected. 

During the winter and spring of 1970, plans for the experiment 

advanced, and in the summer of 1970 Cline, Mann, and Rubbia published 

an article describing another channel through which they could use 

their apparatus to detect the decaying W's. This article, "Detection 

of the Weak Intermediate Boson Through Its Hadronic Decay Modes, 

again focussed on the search for intermediate bosons in the energy 

range of 5-10 GeV/c . In print, the HWPF did not, however, discuss 

neutral currents (or the weak interaction in general) in relation to 

the Weinberg-Salam model before 1972. 

In January, February, and March of 1972, E-1A and E-21 (Barish 

et al.) began skirmishing over who would actually be the first to run 

a neutrino experiment on the new beam. After several exchanges of 

letters and meetings with the director, Wilson let E-lA proceed as 

the first experiment. 

Meanwhile, t'Hooft's renormalization proof and Weinberg and 

Salam's theory reopened interest in the gauge-theoretical unification 

ideas. Once again, NAL and CERN continued to move in parallel. Whereas 

in Switzerland, Zumino had come to speak to the experimentalists about 

the consequences of the gauge theories, in America, after the renormal

ization proofs, Weinberg began calculating some experimental conse

quences of his theory—calculations which until then had not seemed 
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worth undertaking. Some nine years later, Weinberg recalled, 

. . . Now we had a comprehensive quantum field 

theory . . . the weak and electromagnetic inter

actions that was physically and mathematically 

satisfactory in the same sense as quantum electro

dynamics—a theory that treated photons and inter

mediate vector bosons on the same footing, that 

was based on an exact symmetry principle, and that 

allowed one to carry calculations to any desired 

degree of accuracy. To test this theory, it had 

now become urgent to settle the question of neutral 

„ 66 
currents. 

Weinberg published calculations of the cross sections to be expected 

for neutral current production. In addition, from HIT, he called Rubbia 

at Harvard to tell him how important it was for the NAL group to search 

for the expected muonless events.^ Rubbia recalled that, 

Steven Weinberg was the one, who, with rare insis

tence . . . was chasing me and many other people 

[to do the neutral current search]. I learned all 

these things [about gauge theories and neutral cur

rents] from him directly. I remember I was down 

in the old cyclotron at 4 Oxford Street. He called 

me up—in the beginning I thought, my God, what [is] 

he asking me to think? [Then] I realized how 

68 
beautiful things were. 
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Soon, the ElA collaboration decided to do the search; it fit in 

with some of their earlier interests and seemed possible without exten

sive modification of the apparatus. It also added yet another reason 

for the steering committee at NAL to choose ElA, as they were quick to 

point out to the director of the laboratory, Bob Wilson: 

There has recently been increasing awareness of 

the need of more sensitive searches for neutral 

weak currents and neutral weak intermediate bosons. 

The existence of a neutral weak current or a neutral 

weak propagator would cast additional light on the 

connection between weak and electromagnetic inter

ns 
actions. As the center of mass energy, S , available 

to experiments increases, and GS moves closer in 

magnitude to a, the possibility of finding such a 

connection becomes more realistic. We might now 

stand in a position analogous to that of Oersted, 

Ampere and Faraday 150 years ago as they attempted 

to elicit the connection between electricity and 

magnetism. 

We have observed, along with others, that a 

sensitive test of a recent, possibly renoraalizable, 

theory of weak interactions may be made through 

comparison of the observed rates for the processes 

$ ( ̂ ) + N —» •Oyu (^a ) + anything and 

+ N —) + anything, where N is a 
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nucleon. Different models allow for some leeway 

in the expected value of the ratio <T~ (0̂ ) /3" (/*) 

but a value ̂ 0.01 would be quite difficult to 

accommodate in that theory.^ 

The immediate experimental necessity was to install a trigger on 

the calorimeter that would fire if either the hadron energy was above 

a certain minimum in the calorimeter or_ a muon passed into the muon 

spectrometer. Rubbia commented later that he had been in favor of 

putting the trigger into the experiment, "not because I had decided 

it [beforehand] , but because Steve Weinberg gave me a good reason for 

it "70 actuai construction of the trigger was the first independent 

task that Larry Sulak, then a young assistant professor at Harvard, 

undertook on the project. Aside from the immediate problem of putting 

together the electronics, it engaged Sulak full-time in the problem of 

the neutral current search. 

Data from the experiment came in painfully slowly. The beam was 

on for a few days near Thanksgiving 1972, then again for a short time 

near Christmas. Between the two runs, the energy trigger yielded some 

150 events to be examined; these were first assessed by the Wisconsin 

group with Sulak flying out to help. Soon, however, the data were 

brought to Harvard which became, for the first part of the experiment 

(up to August 1973), the focal point for the neutral current search. 

Almost as soon as the energy trigger was installed, pictures 

began to show up without muons (pictures like the ones reproduced at 

the beginning of this essay). Much later these were taken to be 
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photographs of a process including weak neutral currents. But at 

least Mann saw them quite differently at the time; he later commented 

in an interview: 

You can say, well, we came to the conclusion imme

diately that we had seen weak neutral currents. 

But you'd be surprised, that was the last conclusion 

we came to. Our first conclusion was that we were 

making some mistake and that these muons were some

how escaping the apparatus or being missed by us 

in some way and that no effect of that magnitude 

could exist. 

72 
It must be reemphasized that Cline, and Mann, independently, 

had conducted precise measurements to show that neutral currents in 

kaon decay did not exist in some channels above one part in a million. 

Only later was it accepted that charm suppressed neutral current decays 

if they were strangeness-changing, but did not affect the strangeness-

conserving processes considered by ElA and Gargamelle. At the time, 

neither the 1A group nor anyone else sought to draw a radical division 

between strangeness-changing and strangeness-conserving decays. It 

was therefore natural when dealing with a new machine for the experi

mentalists to suspect that some error was producing the ratio of over 

30% muonless events to events with muons. 

Consequently, during the spring of 1973, Mann and Cline were 

concerned principally with understanding the physics of charged current 

events and various other projects originally set out as goals for 
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experiment 1A. Their reasoning was that the charged current events 

would yield information about the properties of the detector as well 

as about the charged current events themselves. With so many aspects 

of the beam and detector still untested, this seemed a necessary pre

requisite for the study of any new physics including neutral currents. 

Culminating these first efforts was a paper submitted by the group to 

Physical Review Letters entitled, "Early Observation of Neutrino and 

73 
Antineutrino Events at High Energies." 

Meanwhile, during the spring of 1973, Sulak began the analysis of 

the films brought back from the experiment. Several undergraduates 

assisted him, and the small group remained in contact with the larger 

74 
group and with Rubbia, who was travelling back and forth to CERN. 

From the computer tape, Sulak determined the__ frame numbers on 

the film of events where more than a minimum cutoff amount of energy 

was deposited in the calorimeter. Then, frame by frame, in the fourth 

floor room in Lyman Laboratory at Harvard, he and the undergraduates 

studied the photographs in a high accuracy film projector, sorting 

muonless from charged current events, and measuring the properties of 

both. 

The problem of escaping muons was their overriding concern. (See 

Figure 10.) Since any individual "muonless" event might have a muon 

escaping detection by exiting from the calorimeter at a large angle, 

it was necessary to work out a computer-simulated model for wide-angle 

muons. By comparing the number of muons expected not to reach the muon 

spectrometer with the number of measured muonless events, they could 

determine if there was a statistically significant excess of neutral 
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calorimeter yU.- spectrometer 

Figure 10. Wide-angle muon escapes detection in the^-spectrometer 

thereby making the charged current event look like a neutral current 

event. 

candidates. The first version of the Monte Carlo program distributed 

the muons, using an angular distribution given by the parton model 

that had emerged from the SLAC experiment discussed earlier. 

When the Monte Carlo results were ready and compared with the 

first batch of photographs, it became clear that there was an excess 

of muonless events. After correction, the ratio, was found to be: 

R = NC/CC = .41 - .08.75 

During June and July, Sulak and the undergraduates prepared a Physical 

Review Letter. Meanwhile, at NAL, Bill Ford, an Assistant Professor at 

Pennsylvania, and others began to work on the 400 GeV data. These had 

been obtained later and so were not included in the first muonless 

event analysis. Ford began later than the Harvard group and so when 

the paper was finally ready in late July, only about half as much data 
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existed at 400 GeV as at 300 GeV, but they seemed statistically in 

accord with the lower energy results. Sulak then brought the manu

script to Mann (who was sick in bed with back problems), and Mann, 

Ford, and Cline agreed the paper should be submitted for publication. 

All of this work in the late spring of 1972 was done knowing 

that CERN was accumulating evidence on the weak neutral currents, 

since Rubbia was commuting regularly between CERN and the U.S. and 

others from the CERN group occasionally visited NAL. In mid-July, 

Rubbia, independently, wrote a letter to Lagarrigue telling him of 

the recent NAL work: 

I have heard from several people at CERN that your 

neutrino experiment in Gargamelle in addition to 

the beautiful electron event has now a growing evi

dence for neutral currents. We have observed at 

NAL approximately one hundred unambiguous events 

of this type and we are in the phase of final write-

up of the results. In view of the significance of 

the result I am addressing to you this note in order 

to know if announcing our result we should mention 

the existence of your work on the hadronic processes 

(and if so in which form). In this case I hope you 

will take a similar attitude toward our work.^ 

Lagarrigue declined Rubbia's offer the next day, suggesting that the 

announcements be made independently without mentioning the other's 

results, adding that the CERN announcement would be made in twenty-four 
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hours, on 19 July.^ 

Upon returning to the United States, Rubbia helped make final 

revisions of the NAL paper which was widely distributed as a preprint 

in late July and August. After Rubbia's departure from the U.S. on 

27 July, Sulak finished the draft of the paper and brought it by hand 

on 3 August to George Trigg, the editor of Physical Review Letters. 

This draft, meanwhile, had been seen by a fair number of theorists 

and experimentalists, and based on their comments the group made some 

corrections. First, the theoretical angular distribution that had been 

used to generate events in the Monte Carlo was replaced by an empirical 

one, based on the muon distribution in the last few chambers of the 

calorimeter. Second, more data were included from analyses at Madison 

78 
and Philadelphia. However, when Ford's new data were compiled, they 

showed a significantly lower value of R, especially in the first six 

segments of the calorimeter where they now found R equal to .06 - .16, 

thus only half of one standard deviation from zero. The average value 

of R from all the 300 and 400 GeV data was therefore revised from 

.42 - .08 to .20 - .09. 

A technical digression is necessary here. The authors wrote in 

their table 1 of the revised paper that they had a 5.2 standard devi

ation effect, a remark which caused a great deal of controversy and 

confusion. The justification for this number was based on the following 

statistical distinction. There are two ways to measure the statistical 

significance of the value of R determined by the group. (1) The question 

can be asked, "How well is the value of R known?" for which the answer 

depends on the uncertainty of R, that is, on the - .09. (2) The ques
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tion can be asked, "Given the assumption that the pre-Weinberg-Salam 

theory of weak interactions is valid (i.e., that there are only higher 

order effects simulating neutral currents), what is the probability 

that one would find a value of R = .29?" The answer to this second 

question depends not at all on the uncertainty in R, but only on the 

distribution of R's to be expected from the old theory of weak inter

action. In other words, method 2 gave the probability of the effect 

not being a random fluctuation from the predictions of the old physics. 

This latter approach characterized the overall point of the Harvard 

paper. They did not want to stress the particular value of R, but only 

79 
that neutral currents existed. 

On the basis of their statistical evidence for the effect, Rubbia 

and Sulak began to prepare for the summer conferences at Aix-en-Provence 

and Bonn, where they would announce their findings. In late August, 

Sulak brought the data over to Europe (where Rubbia had remained since 

leaving the U.S.) and they, along with Jim Pilcher and Don Reeder, 

went to Bonn for the International Conference on Electron and Photon 

Interactions at High Energies. There, they tried unsuccessfully to 

convince the organizers, especially George Hyatt, to allow them to 

80 
present their data at a plenary session. Myatt, a member of the CERN-

Gargamelle collaboration, had come to speak on neutral currents; he did, 

however, agree to include a paragraph on the NAL results. 

After the talk, Myatt was asked how these results of CERN and NAL 

could be reconciled with the low limits on strangeness-changing neutral 

currents in K and E decays. "That," he responded, "is a major obstacle 

to the Weinberg-type theories." This exchange is important because it 
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makes it clear that even after the existence of neutral currents was 

being established, the charm hypothesis was not widely accepted, even 

among the participants in the neutral current search. Despite this, 

Sulak, Rubbia, and the CERN group had convinced themselves that they 

had observed neutral currents in the strangeness-conserving processes 

they were studying. Indeed, by late summer, after the conferences, it 

seemed for the Harvard group that the experiment was over. 



268 

5. The Second NAL Experiment 1A 

At NAL, however, it was just beginning. Four circumstances con

tributed to a certain distrust Cline and Mann felt about the paper sub

mitted to Physical Review Letters. First, the 400 GeV data reduced at 

Madison indicated a very low ratio of neutral to charged currents. 

Second, Cline at least came to the experiment having repeatedly set 

extremely low limits on neutral current processes in the kaon decays. 

Not unreasonably, he expected in the summer of 1973 to place yet another 

low upper bound on the neutral currents. Given the uncertainty in the 

use of the new apparatus in addition to the wide angle muon problem, it 

was natural that he sought a further check on the new results. Finally, 

Mann felt that the whole experiment could be redone rapidly in a much 

improved way. Consequently, the full attention of Cline, Mann, and the 

others at NAL was, as a result, devoted to the rearrangment of the 

detector. For the moment, believing the conference reports to be a 

sufficient description of their work, the paper was put on the back 

burner and the referees' criticism was not immediately answered. 

The main improvement Cline and Mann sought to make was to move a 

counter in the muon spectrometer closer to the calorimeter to catch 

more of the wide angle muons. (See Figure 11.) In addition, they 

replaced the spark chambers with larger ones which also improved the 

angular acceptance of the muon spectrometer. The price they had to 

pay for these changes at the time did not seem high; they were forced 

to introduce a new, 13" thick steel shield to separate the calorimeter 

from spark chamber 4, which then could serve as a wide angle muon 
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Figure 11. (Top) Old apparatus as described in Figure 9. 

(Bottom) New arrangement uses spark chamber 4 (which previously was 

part of stage 1) to capture muons at wider angles than previously 

possible. To filter hadrons out, a thin iron plate (13") is placed 

in front of spark chamber 4. From B. Aubert et al., Physical Review 

Letters, 32 (1974), p. 1455. 



27.0 

TARGET - DETECTOR MUON SPECTROMETER 

A 

v,IT-
BEAM 

Q5r SCI SC2 SC3 SC4 SC5 SC6 SC7 SC8 

9^I METERS 

TARGET - DETECTOR MUON SPECTROMETER 
A B C D 

I 4 5 8 9 12 13 16H 

v.? 
BEAM 

i I 

i 
|Q5r SCI SC2 SC3 SC4 SC5 SC6 SC7 SC8 

' "l METERS 



271 

detector. . This shield plus the downstream sections of the calorimeter 

would presumably stop the hadrons formed in the upstream part of the 

calorimeter from penetrating into the spectrometer and thus imperson

ating muons. Previously, this function had been served by a much 

thicker (41) iron slab that had come before the first counter in the 

spectrometer. But now with the steel slab wedged before the last spark 

chamber, the slab needed to be thinner to allow the last spark chamber 

to be close enough to the calorimeter to catch the wide angle muons. 

Cline commented on the change in a memorandum shortly after the first 

test run of the new apparatus on 28 September: 

The new iron placed behind the calorimeter is 

very effective in reducing the hadron penetration 

to . . . [spark chamber 4]. Some small number of 

events do show penetration but the fraction is very 

likely less than 20% .... More study of the data 

81 
is needed to make this a reliable conclusion. 

Unfortunately, though it was not to be understood for several 

months in a quantitative way, the shield was not thick enough to be 

very effective in reducing hadron penetration. This was a crucial prob

lem. For if the hadrons penetrated through the iron, even if no muon 

emerged from the vertex, the event would be recorded as a charged current 

event. (See Figure 12.) By not compensating adequately for the punch 

through, the neutral current signal would seem to plummet towards zero. 

The reason precise predictions could not be calculated for the hadron 

punch through is related to the reason the Gargamelle group was having 
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13" iron 

neutrino |) —> 
hadron punching 
through iron 

calorimeter spectrometer 

Figure 12. Punch through. Hadrons penetrate into rauon spectrometer. 

such a hard time calculating the neutron interaction length: both 

problems involved the passage through strongly interacting particles. 

This is a much more difficult problem than the well-understood electro

magnetic interactions involved for instance in a muon's passage through 

matter. Compounding the problem was the absence of good data on the 

energy and momentum distribution of the hadrons being produced. This 

was the first observation of high energy neutrino reactions; and the 

composition of the reaction products had not been studied at all. 

Since punch through had not been a dominant problem during the earlier 

experiment, it was not at first realized that the thinner shield made it 

a serious one now. 
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In part, this was because the NAL group at this point was still 

looking for single unambiguous events, the kind of "gold-plated events" 

that Cline had successfully used before in his bubble chamber work to 

set very low limits on neutral current processes in kaon decay. It was 

therefore natural for him to continue to look in ElA for the same type 

of argument. In the same memorandum, Cline took the vertex reconstruc

tion and other information from the data tapes to examine a single 

event, dead center in the fiducial volume, which had survived both 

position and energy cuts. (See Figure 13.) "It is amusing," Cline 

wrote, 

to investigate how improbable the central (x,y) 

event is ... . (The other two events are too 

close to the edge of the fiducial region to be 

gold plated.) . .. we expect to find . .. 1 

events. Thus, unfortunately this event is not 

improbable and we have not found a gold plated 

.. 82 event. 

One corollary of this style of work (in which one searched for 

"shining examples") was that Cline was not especially confident in 

83 
the statistical approach on which the initial paper was based. Such 

computer simulations seemed to him much too vulnerable to errors in 

fixing the various parameters such as the characteristics of the 

neutrino beam and the muon angular distribution. Mann too felt doubt

ful about the earlier Monte Carlos, and sought to recheck the angular 

distribution of muons (for charged events) to large angles. This would 
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Figure 13. Candidate for a "Gold Plated Event." D. Cline, NAL, 

Technical Memorandum, 1 October 1973. 



275 

r -

S* 
. I 

( "£>¥ Cur? 
,  1  £  c v r  I  ,  

w»d« a^U l»au^tro«k 

J L _ _ _ _ _ _ _  

Mi J 

I |S a 

3)! {few<1 

^ P '1)<V.,4!|U 
l 2*9 

i ,• h slr_.i—1 •••i • —'_.. 
• » a. 

1 
I; * 
'< • 

I 

-foot* — — — 

Ti I • i'M * Pi I—i i I • > > i—i > i I' I I i 11 

- (00 -«© 0 5*0 100 

X 

gff -.n% 
Lei : \, 

A I 
H-v ; 
i L J 



276 

ensure, he felt, that the corrections for wide angle muons were being 

84 
made properly for the muonless events. 

Cline's doubts about the existence of neutral currents were 

expressed a few days later in a technical memorandum suggesting it 

would be interesting to look for muonless events that might arise from 

the production and decay of intermediate vector bosons—a possibility 

completely incompatible with the Weinberg-Salam theory at the energies 

they were using. The following day, 11 October, Cline sent out the 

first preliminary indications that experiment 1A no longer was giving 

85 
results compatible with CERN's publication. The calculations were 

crude, using two crucial numbers: Reeder had calculated an 83% muon 

detection efficiency, and Ling had estimated a 13% hadron punch through. 

This last number was less than half of what it was eventually found to 

be, and had the effect of lowering radically the number of calculated 

excess muonless events. Since more pions were penetrating through the 

steel than they thought, many real muonless events were being counted 

as charged current events. 

For a variety of reasons, this error persisted for some time 

before a rigorous analysis was undertaken. First, in the old experi

ment, hadron punch through had not been a problem because of the thicker 

iron shield. Second, the physics of hadron interactions in iron at high 

energies was not especially well understood or measured at the time. 

Third, the energy distribution of the pions was not well known. Fourth, 

the group was under enormous pressure to present a result. Finally, 

the Madison group were now finding what they thought they would find: 
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that the muonless events were an artifact of the apparatus' geometry. 

On 11 October, Cline circulated a memorandum placing a 90% con

fidence limit on R of .07, and a 99% confidence upper limit of .21. 

"Taken at face value," he concluded, "these results are inconsistent 

with the CERN measurement of R = .28 - .03 for a mixed beam [of 

neutrinos and antineutrinos]. Clearly, it could still be that we did 

that one in 100 experiments or something else is wrong." Something 

else was wrong, but it would take the group two more months to be sure 

what it was. 

The pressure, meanwhile, was building up. Cline recalls getting 

less and less sleep as the project was stepped up to provide a definite 

87 answer to the neutral current question. On 16 October 1973, another 

memorandum was distributed, also by Cline: 

(i) Because of the importance of the neutral current 

question, the fact that we have extended our necks 

previously oh the subject and that other groups 

around the world are moving fast to check our 

results and the CERN result I propose that a 

rapid, unified analysis of the yless events be 

c a r r i e d  o u t  e a r l y  i n  N o v e m b e r  a t  N A L  . . . .  

(ii) The schedule of our run has changed with the 

laboratory now inserting running time for E21 

at the end of November. I suspect that this 

time will be used for a yless search since they 

are likely submitting a proposal for this experi
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ment in the next week or two. Again this 

proves the need for us to move fast in our 

analysis and to settle the question before 

. 88 others get to it. 

That same day, 16 October 1973, the referee reports from the 

89 Harvard paper were sent back from Physical Review Letters to Sulak. 

Both referees agreed that corrections were necessary to clarify the 

wide angle muon problem. Both also criticized the way the statistics 

had been handled, claiming that Sulak and Rubbia's technique for 

assessing the statistical significance of the data was not sufficiently 

conservative. Essentially, both referees wanted the authors to base 

their conclusions on the uncertainty in R rather than on the probability 

that ElA's value of R (.29) was compatible with pre-Weinberg-Salam 

physics. Indeed, both referees recommended against publication of the 

paper until their objections were satisfied. However, Rubbia was out 

of the country, Sulak was at Harvard, and Cline and Mann were preoccupied 

with the revised experiment. The referees' comments as expressed in 

the report were therefore not answered until several months later. 

The referees were not the only ones with doubts about the NAL 

procedure. From Europe, Bernard Aubert, who had worked with the Garga-

melle group until August and then transferred to the NAL group, reported 

that he was spending his time defending the NAL experiment to the neu-

90 trino physicists there. According to Aubert, the NAL's "lack of 

credibility . . . comes mainly from the fact that [the European physi

cists] do not know how well we measure E^ and E^ and [they] believe that 
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we guess more than measure the [E^/E^] uncertainty." 

By mid-November, Mann and Cline were convinced that the newer 

results definitely failed to give evidence of neutral currents; Rubbia 

concurred. Mann then drafted a letter to this effect for the Physical 

Review Letters, which was intended to replace the earlier paper that 

had been allowed to sit at the offices of Physical Review Letters pend

ing the outcome of the revised experiment. Though the "No Neutral 

Currents" article was never actually submitted, it represented a good 

91 summary of the state of opinion at that time. (See Figure 14.) 

The abstract read in part as follows: 

The ratio of muonless events to events with muons 

is observed to be .05 - .05 for the specific case 

of an enriched antineutrino beam. This appears to 

be in disagreement with recent observations made at 

92 CERN and with the predictions of the Weinberg model. 

There was some division in the NAL group over the question of how 

and when the new results should be released. Mann felt the group should 

wait before discussing them. Rubbia and Cline at different times dis-

93 
cussed the current situation with people outside ElA. When Rubbia went 

back to CERN in December 1973, he spoke with a variety of people, includ-

94 
ing Musset, Lagarrigue, A. Rousset, Jentschke, and others. By this 

time, the CERN group had, of course, already published their result 

that neutral currents did exist; naturally, they were somewhat distressed. 

Jentschke, then director general of CERN, convoked a meeting of 

the Gargamelle group to cross-examine them on the experiment; he was 
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Figure 14. Draft of Physical Review Letter, asserting E1A shows no 

evidence for neutral currents at Weinberg-Salam level. This paper 

was never published. 
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Search for Neutrino Induced Events 

Without a Muon in the Final State* 

B. Aubeff't A. Ber.venuti, D. Cline, W. T. Ford, R. Imlay 

T. Y. Lliu» A. K. Mann, F. Messing, R. L. Piccioni, 

J. Pilcher*"}, D. D. Reeder, C. Rubbia HndSttefanski and L. Sulak 

K" 
Department of Physics 
Harvard University 

Cambridge, Massachusetts 02136 

Department of Physics^ 
University of Pennsylvania 

Philadelphia, Pennsylvania 19104 

Department of Physics *" 
University of Wisconsin 

Hadison, Wisconsin 53706 

V" 
National Accelerator Laboratory 

Batavia, Illinois 60519 

Abstract /. j 

A comprehensive search for neutrino induced muonless events 

ha*. been carried out using a liquid scintillator calorimeter - ma£ 

netic spectrometer exposed to various neutrino beams produced at 

the National Accelerator Laboratory. The ratio of muonless event 

to events with muons is observed to be£)0.05 i 0.0S for the speci

fic case of an enriched antineutririo beam. This appears to bt in 

disaareement with recent observations made at CERN and with the 

predictions of the Weinberg model. 
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afraid that CERN would be publicly embarrassed by the forthcoming Ameri

can announcement. The Gargamelle group, however, would not back down. 

95 
Still, they were shaken. Musset circulated a memorandum advising 

the groups to deemphasize the Weinberg theory and to redouble effort 

on the study of the associated events. The memorandum began: 

Dear Friends, 

After our last neutral current meeting, all of 

you have probably heard rumours about new results 

in the WB beam at Batavia with a slightly changed 

apparatus (muon counter after 1 foot of iron) and 

a focusing horn for an v run. The efficiency for 

y detection is better than previously and the result 

is an apparent lack of neutral current type events. 

In the near future, we can expect to be heavily 

questioned about the reliability of our experiment. 

Independently from these new rumours, it is 

much more important to know if neutral current type 

events can be simulated by a trivial background such 

as neutrino induced neutrons, than to measure accu-

2 96 rately a sin 0 

At the National Accelerator Laboratory, not only Imlay, but 

Aubert, Ling, and Sulak were working on the punch through problem nearly 

full-time. Preliminary results indicated that the punch through was 

higher than at first thought, but that the calculations were still not 

97 as high as they would be eventually. 
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When the "No Neutral Currents" paper was completed in draft form, 

Mann composed a letter to the CERN group informing them of the result. 

Mann, Cline, and Rubbia signed it. But before sending it, the authors 

(Mann, Cline, Rubbia, and Reeder) consulted with R. R. Wilson, then 

director of Fermilab. Wilson advised them to wait somewhat longer 

until the experiment was complete before announcing the result. Though 

the letter was as a result never sent, Rubbia brought an unsigned copy 

to its intended recipient, Lagarrigue. From his office it was duplicated 

and several members of the CERN collaboration were familiar with it. 

(See Figure 15.) The authors concluded in their letter that the cor

rected ratio of muonless to charge current events was: 

R = .02 + , 

98 in other words, statistically indistinguishable from zero. The trade 

of punch through for a better angular acceptance had exacted a higher 

price than they knew. 

For until early November only the simplest attempt had been made 

to measure punch through. A pencilled comment by Cline in the margin 

of the "No Neutral Currents" draft said, "R.I. Imlay, do this [punch 

through] calculation." Adding to the uncertainty was the fact that 

different approaches to measuring the punch through probability at 

first yielded different results. For instance, Sulak measured the ratio 

of the number of events where many sparks appeared in the first spark 

chamber after the thin iron plate, to the number of events where only 

one spark was found there. Nominally, such a ratio should approximate 

the percentage of hadrons penetrating through the iron plate along with 
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Figure 15. Letter from D. Cline, A. K. Mann, D. D. Reeder, and 

C. Rubbia to A. Lagarrigue. This letter was never sent, but 3n 

unsigned duplicate was brought by Rubbia to Lagarrigue and was 

then seen by many members of the CERN collaboration. 
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November 13, 1973 

Professor A .  Lagarrlgue, Director 

Linear Accelerator Laboratory 
University of Paris - SUD 
Centre D'Orsay 

S.-tJment 200 
91405 Orsay 

France  

Pear Professor Lagarrigue: 

Wu write to inform you of the preliminary result of our recent ex
periment to aearch for neutrino Interactions without final state muons. 
As you know, our apparatus was modified to provide a much larger detection 
efficiency for muons relative to the apparatus that was used in our earlier 
search for muonless events. Ue also Improved our ability to locate accu
rately vertices of observed neutrino interactions, and lowered the 
threshold on the total energy of the hadrons In the final state. 

From about one half of the data obtained In our recent run, we find 
the raw ratio Rr<w • 0.18 ± 0.03. We estimate the muon detection 

efficiency of the apparatus for the enriched antlneutrino beam that was 
used in this experiment to be approximately 0.85. Taking into account 
small backgrounds produced by Incident neutrons and by v£ in the incident 

b«am, the corrected ratio is R « 0.02 +  5'!?,  where the error Includes 
corr - 0.03 

an estimate of the uncertainty In the calculated detection efficiency. Ue 
aie continuing to process the remainder of the data and to improve our 
understanding of the experiment. 

Ue have written a paper intended for Physical Review Letters which 
uill soon be submitted. A copy will, of course, be sent to you but for 
obvious reasons we wanted to convey our result informally to you before 
its publication. 

With klr.dest regards 

Yours sincerely 

D. Cllne 

D. D. Reeder 

AKM/ rs C. Rubbla n 
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the muons. One problem with this method was that individual sparks 

often did not show up very well; another was that the two stereo cameras 

gave divergent results: 

multiple sparks/single sparks: 

x view: 15% 

y view: 30%^ 

Another approach Sulak mentioned was to plot the number of muonless 

events as a function of longitudinal distance along the machine. This 

plot indicated a rapid decrease, while the number of charged plus muon

less events remained constant. (The total number presumably was the 

total number of neutrino events which should remain constant throughout 

the detector.) 

Here too the interpretation remained ambiguous. On the one hand, 

one could say that there were few muonless events downstream because 

pions were punching through. On the other hand, one could say there 

were more muonless events upstream only because the wide angle muons 

were escaping. Sulak left "the conclusions to the reader!" Since he 

was an advocate of the original Monte Carlo, he hoped to convince the 

others that the punch through was causing the rapid decrease. 

However, Mann and Cline used this data to conclude that there 

were no neutral currents, since they were mostly concerned with wide 

angle muons. Thus, when they extrapolated the ratio of neutral to 

charged events to the last segments before the iron plate, they found 

R (corrected) = .057 - .053, 

a result in good accord with the one written up in the "No Muonless 
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Events" Physical Review Letter. 

Summing up these various punch through studies and a further one 

by Imlay,^* based on pion penetration measured by earlier experiments, 

102 Cline gave a talk at NAL on ElA's latest results. When the values 

for the geometric efficiency (£) and punch through (£^) were inserted, 

Cline arrived at a corrected R between .05 and .15 which was both below 

the CERN data and the Weinberg prediction. Cline concluded (see Figure 

1 6 ) :  

1. R' Very likely too small to be consistent with 

Weinberg model and lower bounds deduced by Paschos 

and Wolfenstein for this model—also CERN data, if 

due to Weinberg model—Energy dependence is still a 

i u i 103 loophole. 

This last remark referred to the possibility then being entertained by 

some members of the collaboration that the discrepancy between CERN and 

NAL might be attributed to the difference in their neutrino energies. 

(In retrospect, we know this not to be the case.) The conclusion con

tinued : 

2. R' = 0.29 - 0.09 Suggested by first ElA experi

ment is not confirmed in the present experiment— 

uncertainty in the (x,y) vertex reconstruction in 

that experiment was perhaps the trouble—there are 

104 
still loopholes however! 

By adding a new camera, the stereo photographs now yielded a more 

accurate location of the vertex; this was not as it turned out of great 
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Figure 16. Concluding transparency from D. Cline's talk at NAL, 

6 December 1973. 
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importance, but at the time was thought to be a possible explanation 

for the old results. 

It is important to remember that throughout this time in September, 

October, November, and December, the group was under a great deal of 

pressure to announce their findings. This pressure came not just from 

the other experimentalists, but also from the theorists who were getting 

informal progress reports from various participants. As Mann later 

recounted: 

As the results began to emerge we were being 

pressed harder and harder for some kind of 

decisive answer from people. It is very hard 

to communicate to you how [things were] , when 

you are in the center of the stage at a time 

like that, particularly in high energy physics 

where you do not quite have control over your 

own destiny. You have to work with collabora

tors, with the lab, with the director, with 

the program committee and with all the people 

who do the chores that allow the experiment to 

be done. You're being leaned on over and over 

again to produce whether you're ready to produce 

„ 105 
or not. 

During this period, each of the participants was struggling to 

integrate the various calculations and measurements; each had to con

vince himself of the reality or artificiality of the effect. Every 
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measurement and calculation had its own weaknesses and strengths 

best known by the individual or subgroup involved. As a result, both 

of pressure from outside the collaboration and of new evidence from 

within the group, opinions were changing. On 13 December, Cline sent 

out a memorandum with a new tone: 

Three pieces of evidence now in hand point to 

the distinct possibility that a pless signal of 

order 10% is showing up in the data. At present 

I don't see how to make these effects go away.*^ 

The three pieces of evidence were first, the Monte Carlo now yielded 

an R = .1; second, the spatial distribution of the events looked as 

if it had been caused by true neutrino events. But what I take to be 

the most convincing for Cline was the third reason he offered: among 

twenty neutral current candidates, five "had no hint of wide angle 

tracks." 

These events were in the center of the detector 

and the y angles would have to be at least 200 - 300 

mr and with the result that the p track will be 

well separated from the rest of the shower. The 

separation should help increase the sparking 

efficiency. It seems unlikely that the chamber 

efficiency goes to 25% for such modest angles. . . . 

This is certainly consistent with a true yless 

signal of R' . . .".08.*^ 
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This was the kind of argument Cline liked: a small selection of 

events, clean of possible edge effects and with an analysis that did 

not require resorting to Monte Carlo techniques. 

About the same time, Mann convinced himself that he agreed: 

108 
the signal would not go away. Over the course of December and 

January 1974, Mann examined the data and photographs again, applying 

various selection criteria to be sure no simple error would account 

for most of the muonless events. Just as in the CERN meetings, the 

events were scanned and rescanned, energy was remeasured, fiducial 

regions redefined, pictures were rechecked- for through muons, and so 

on. In a final, internal report of 26 January 1974, Mann argued his 

new position: 

. . .  i t  a p p e a r s  t h a t  o u r  s c a n n i n g  c r i t e r i a  a n d  

fiducial region cuts, (x,y) 120 and 5 Z 12, do in 

fact eliminate most questionable events. Of 13 

"N" [neutral current candidate] events in runs 328 

to 332 in the final sample, 8 of them are "good to 

109 look at," as the attached reproductions indicate. 

In addition, a new Monte Carlo calculation was almost ready. 

Five days after Cline's "ten percent" memorandum, Aubert, Ling, and 

Imlay completed a detailed and rigorous study of the punch through 

which could then be used to generate an accurate assessment of the 

background. When this was done, the signal was raised to a 12 to 

15% level.The second version of the 1A experiment thus neared 

completion, and after several meetings during January and February, 
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it was decided to publish the original Harvard paper with the comment 

that additional work had confirmed the earlier findings. 

By the end of February, the 1A group had essentially finished 

two separate experiments. Not only was the beam changed, the geometry 

shifted, the spark chambers replaced, the background different, but 

the participants in the two experiments were not all the same. The 

style of experimentation of the two subgroups was different, their 

expectations were not the same, and the evidence that finally convinced 

them that neutral currents were real was different. 

In mid-March of 1974, the collaboration finished a paper on the 

revised experiment entitled "Further Observation of Muonless Neutrino-

Induced Inelastic Interactions," which they sent to Physical Review 

Letters.By then the new evidence was presented in its most con

vincing form, concisely summarized in the following nine figures. 

Most of the symbols used in the figure captions have been defined ear

lier. The others are: AEBC = anti coincidence of counter A with energy 

trigger and coincidence of counters B and C; SC4 = Spark Chamber 4 

which is now serving as the first muon detector; = geometric effi

ciency of muon detector; R = ratio NC/CC; (on diagrams of Figure 17 
« 

below) pj = muon detection by SC4 and counter B; = muon detection 

by SC4 alone; ̂  = muon detection by SC5 (the first muon detector of 

the old experiment). 

In the future, it will undoubtedly be for these and similar dia

grams that the work of E1A will be remembered. Indeed, with this paper, 

the first chapter of the discovery of weak neutral currents drew to an 

end. Further experiments were performed at many laboratories all over 
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the world to determine the space-time and isotopic spin structure of 

the currents, but the existence of the currents themselves seemed to 

be assured. Twice over, the NAL collaboration had had to struggle 

through the long, difficult, and frustrating task of separating arti

fact from reality. 
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6. Conclusion: The End of Experiments 

The principal goals of experiment 1A and Gargamelle evolved in 

parallel from a search for the intermediate vector boson to a study 

of the parton model, and only gradually became an investigation of 

weak neutral currents. At each step on the way, experiment and theory 

interacted to advance together. 

There are similarities as well between the two groups as each 

moved towards the discovery of neutral currents. Within the broad 

framework of the participants' interest in weak interaction physics 

and neutral currents, each collaboration fell into two subgroups. 

One group within each experiment came to the experiment with the experi

ence of having looked for and not found neutral currents. In ElA, 

this experience involved putting extremely low upper bounds on the 

strangeness-changing decays; in Gargamelle, it included setting some 

(incorrectly low) limits on strangeness-conserving processes. From all 

sides the evidence suggested a virtually complete suppression of neutral 

current processes. Furthermore, at the time practically no one felt a 

strong reason to expect different results in strangeness-changing and 

strangeness-conserving events, even though the explanation of the dif

ference (in terms of charm) had appeared in print. In Gargamelle, 

there was the additional factor that all those having participated in 

the earlier CERN bubble chamber work knew very well how difficult it 

was to extract a signal from the neutral background. 
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Similarly, in both ElA and Gargainelle, there was another group 

that, from 1971 onwards, put priority on the hadronic neutral current 

search. In ElA, part of this interest came from Weinberg who was push

ing some of the participants to look for the hadronic neutral currents 

at the 20% level. For the CERN group, Zumino, Paschos, and Wolfenstein 

played the analogous role. 

By thus persuading some members of the two collaborations that a 

search at the 20% level was worthwhile—in fact, urgent from the theor

ists' perspective—the Weinberg-Salam theory exerted the first stage of 

its influence. The immediate result at 1A was the installation of a 

trigger that would fire when a certain amount of hadron energy was 

deposited, even if no muon emerged, thus providing at least the possibil

ity of a neutral weak current search. At CERN, the main consequence 

was the establishment of what at first was an informal group of physi

cists (later a formal subgroup of the collaboration) to scan, measure, 

and select the hadronic neutral current events. 

In a certain limited sense, the neutral currents were "there" from 

the start: both NAL and CERN had photographs they would eventually pre

sent as evidence for weak neutral currents. The real work of the experi

ments, however, was for the collaborators to convince themselves that 

the photographs were photographs of something real and not an artifact 

induced by the apparatus or environment. What followed was almost a 

year and a half of a seemingly endless list of internal debates over 

the tracks and sparks, the acceptance, the efficiency, the neutron 

background, the muon spectrum, the neutrino flux, the beam purity, the 

through muons, the fiducial volumes, the cosmic rays, the neutral kaons, 
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and the statistical significance of the results. Many of these sub-

experiments required a commitment of weeks, sometimes months; each 

helped to expand the circle of participants convinced that the effect 

existed above the background. On the whole, these subexperiments took 

place in the domain of established physics, meaning within established 

experimental techniques and theoretical ideas. Delineating the back

ground thus formed the second interaction of theory and experiment. 

These two conceptual moments, the design of the experiment (both 

of goals and apparatus), and the decision of when to stop the experiment, 

both need to be studied to understand the history of an experiment. 

Traditionally, textbook and even most historical accounts have left out 

the latter, limiting themselves to a description of what the experiment 

was intended to determine, and then discussing the results eventually 

found. In doing so, they leave out the flesh and blood of the experiment. 

One might call this second stage of experiment-theory interaction 

a process of validation. In the experiments studied here, this process 

took place in several different ways. During the original E1A experi

ment, with the analysis based at Harvard, the validation was accomplished 

primarily by a combination of variation of the fiducial volume to show 

that the percentage of neutral currents remained relatively constant 

and by comparing the experimental number of neutral current events to 

the number predicted by the Monte-Carlo. When the experiment was redone 

by the Wisconsin group, the validation process focussed more on the 

punch through and other machine characteristics than on the Monte Carlo. 

In Cline's work especially, one sees the reflection of a style of work 
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developed earlier in the study of rare events. In bubble chamber work, 

during the early stages of the revised experiment, he was searching 

for some "golden events" by which he could validate the neutral cur

rents. At CERN, the validation process for the hadronic neutral 

currents took place primarily through the many different neutron back

ground analyses. Musset was persuaded by the relative number and 

spatial distribution of associated events; some other collaborators 

were persuaded by the thermodynamic analysis, yet others by the Monte 

Carlos. Still others remained skeptical until the problems of the 

neutron cascade and kaon regeneration were fully understood. 

Only gradually were the various indidivual arguments transformed 

into the kind of evidence finally assembled for publication. Little 

by little, the conclusion was built up out of the many steps necessary 

to assess the background. Certainly no one moment can be pointed to 

either in E1A or in Gargamelle that could be called the time of the 

discovery. 

Finally,'I would like to suggest that it is by studying how the 

process of validation has changed over time that we can understand the 

nature of the change in experiment since the turn of the century. 

Before the time of high energy physics, experiments were conducted pri

marily either by one or two physicists. The change in the scale of the 

apparatus has necessitated much larger groups. This has had several 

effects. First, validation is accomplished by small subgroups working 

on specific problems instead of one or two people conducting variations 

on the main experiment. Second, since the apparatus itself is very 
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likely to have no close duplicate, many of its properties have to be 

understood as part of the experiment. In earlier, smaller-scale 

experiments, such investigations would have been conducted as separate 

experiments, as was possible with some of the more standardized equip

ment of cloud chamber experiments in the mid-thirties. 

Consequently, in many ways the large experiment now subsumes into 

its own internal dynamics the processes which previously took place in 

the scientific community as a whole. This is visible not only in the 

large-scale repetition of E1A within the same experiment, but also in 

the multiplicity of subgroups working separately and partly independently 

to determine the punch through in E1A or the neutron background in Garga-

melle. It is visible too in the role of the internal publication of 

reports and memoranda. 

If I could finish with one suggestion: in the history of experi

ment, past and contemporary, we must focus attention on the process by 

which the experiment was ended as well as by how it began. For the 

decision that an effect is real brings together the social dynamics, 

the theoretical assumptions, the experimental technique, and the indi

vidual styles of research. When looked at in this way, contemporary 

experiments suggest that the logic of discovery and logic of justifica

tion lose some of their distinct identities. 

We need a richer descriptive vocabulary to describe experimenta

tion in a way that will account for the many intermediate steps between 

the often very subjective working hypotheses of various participants, 

and the logically or empirically based argument that eventually finds 
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its way to publication. Such a vocabulary would be able to depict the 

degrees of persuasive force that evidence has as it begins to accumu

late from diverse considerations. In the process of developing an 

account like this, we will come to understand how evidence is trans

formed (as in the case of the first muonless event photographs) from 

curiosities to convincing evidence. 
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CHAPTER V 

AFTERWORD: HOW EXPERIMENTS END 
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To understand the decision to end an experiment we are forced to 

step outside of the division of scientific argument into a logic of 

discovery and a logic of justification. In Popper's scheme explicitly, 

and in other discussions implicitly, it is assumed that accounts of 

experiments must either be of the reconstructed type found in 

textbooks and review articles or else amount only to a description of 

the changing subjective beliefs of the experimentalists. In order to 

sketch a more accurate picture of the history of experimentation, we must 

insert between these two extremes a degree of experimental certainty one 

might call "plausible" or "reasonable." Plausible evidence could be so 

weak as merely to suggest that an experimentalist look somewhat longer 

at an effect, or be so strong as to lead to a radical alteration or 

abandonment of the experiment. 

The three studies here illustrate some of the ways that evidence 

becomes plausible to the experimentalists in the course of their work, 

and how this evidence is eventually transformed into a form appropriate 

for the published literature. Einstein and de Haas anticipated their 

(incorrect) result and therefore accepted it as plausible far more 

readily than they might otherwise have done. Several factors seem 

to have played a role in shaping their theoretical expectations: 

Einstein's views on the Lorentz electron, his long-standing interest 

in the origin of the zero-point energy, and above all his sympathy with 

Ampere's hypothesis unifying permanent magnetism and electromagnet ism. 

Similar considerations of unity and symmetry had guided his earlier 

work on relativity and light quanta. 

Expectation was translated into confirmation in two steps. 
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First, Einstein and de Kaas confirmed their theoretical prediction 

in a striking qualitative fashion: magnetization unambiguously induced 

the rotation of a suspended iron bar. The two physicists then faced 

the difficult task of eliminating the many systematic errors attendant 

upon such a delicate measurement. Thus, at a later stage of the 

experiment, systematic errors coincidentally combined to give a 

quantitative confirmation of the value of g that they expected to find. 

Because Einstein and de Haas expected g to equal unity, and because 

they had already seen that the qualitative effect confirmed their 

expectations, this quantitative confirmation seemed very compelling 

to them. They therefore ended their experiment and published the 

result. 

Over the course of several decades, Barnett published a variety 

of values for g. In his early experiments of 1909 he found g to be many 

times higher than 2. In 1914, he determined that g was approximately 

2. Soon afterwards, in 1917, he wrote that his latest experiments 

indicated that g was closer to 1. By the 1920's Barnett again placed 

the value of g as near to 2. As in the case of the Einstein and de 

Haas work, Barnett's mistaken results were closely tied to his 

theoretical predispositions. In his early work (before 1915), 

Barnett's principal interest was to demonstrate the qualitative fact that 

rotation would magnetize matter. This, he hoped, would provide a cause 

for terrestrial magnetism and explain the near coincidence of the 

geographic and magnetic North Poles. At the time Barnett had no 

particular quantitative prediction and soon confirmed the qualitative 

effect: rotation induced magnetization. Although his result was many 
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times higher than what in retrospect it "should" have been, he had no 

compelling reason in 1909 to delay concluding those experiments. Only 

after Einstein's result that g = 1 was published in 1915 did Barnett's 

experiments begin to yield a similar result. Again, systematic errors, 

combined with a quantitative prediction, facilitated the decision to 

end the experiment when it confirmed the theory. 

Barnett's decision to stop at that point probably was due more to 

the weight he attached to Einstein's work than to a considered 

reassessment of his theoretical priorities. I do not mean to inply that 

any of these experimentalists adjusted their answers to find a given 

result, but instead that theoretical and professional expectations 

necessarily play a role both when the experimentalist designs the 

experiment and when he decides to end the project. 

Similarly, the developments leading up to the discovery of the 

muon attract our attention in part through the convergence of a variety 

of errors. Why was it that so many of the west coast American cosmic 

ray physicists had arrived at such apparently odd conclusions about the 

bands of cosmic ray energies, the absence of a latitude effect, the 

ionization maximum in the atmosphere, and so on? How did these 

experimentalists decide that their results were real and that their 

experiments were over? For Millikan the banded energies were in accord 

with his account of the continuous creation of the elements that would 

avoid the eventual heat-death of the universe. We have seen how the 

various incorrect experimental results exhibit a coherence; each was 

implied by Killikan's ideas about the origin of matter in interstellar 

space. Furthermore, like the oil-drop experiment (to which he 
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explicitly likened his energy-band experiments) Millikan thought the 

electron spectrum, like the electric charge, would consist only of 

discrete values. In this respect his prior experimental experience in 

his protracted dispute with Ehrenhaft over the quantization of electric 

charge coincided with his general theoretical and philosophical 

convictions. This may account for the particular tenacity with which 

Millikan defended his cosmic ray theories. 

A different kind of expectation may have been involved in 

Millikan's students' and associates' experimental confirmation of 

Millikan's ideas—they probably reflect more the force of Millikan's 

personality and reputation than shared beliefs. Perhaps they played 

roles similar to that of Barnett and de Haas when they confirmed 

Einstein's erroneous predictions. 

In Millikan's group quantum mechanics played only a very 

peripheral role in the planning and interpretation of experiments. 

But elsewhere, by the 1930's, quantum mechanics was being used in an 

essential way to advance other domains of physics. Bet'ne, Rossi, 

Furry, Street, and many others were greatly impressed by the progress 

quantum mechanics afforded. Building on Bothe and Kolhorster's first 

experiments, Rossi designed experimental apparatus on the supposition 

that cosmic rays were charged corpuscles. This assumption motivated 

his development of logic circuits and the use of the circuits helped 

shape the kinds of experiments he undertook and the interpretation he 

eventually placed on his results. For example, when Rossi found a 

high rate of coincidence between two counters separated by large 

quantities of lead, he published the result as a demonstration that 
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charged particles were extremely penetrating. By contrast Anderson, 

Millikan, Neddermeyer, and Pickering had a theoretical motivation for 

denying that charged particles could penetrate so far through lead. 

In addition, they had seen the striking increase in the size of 

showers as one increased the thickness of thin (<1 1/2 cm) lead plates. 

They ended the experiment with the assertion that Rossi had simply 

observed extended showers. This was understandable, considering 

they had what seemed at the time to be striking qualitative 

confirmation of a well-entrenched theoretical predisposition. 

Three years later, Anderson and Neddermeyer and Street and 

Stevenson discovered a particle, intermediate in mass between the 

electron and the protony that easily penetrated great quantities of 

lead. The two groups approached the problem from two very different 

theoretical and experimental frameworks. Anderson's work grew out of 

Millikan's program; Street's grew out of the work of Rossi and indirectly 

out of the quantum mechanical considerations of Bethe, Furry, and 

Oppenheimer. Consequently, the two groups employed quite different 

types of apparatus and were persuaded by different types of evidence 

that a new particle existed. 

In the study of the more recent experiments of E1A and 

Gargamelle, we see how in addition to theoretical expectations the 

two styles of the statistical and exemplary forms of argumentation 

joined with the theoretical expectations in the decision to end the 

experiment. Some of the experimentalists in E1A had earlier conducted 

experiments based on statistical analyses of data. Others had 

performed bubble chamber experiments in the search for very rare 
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events, where individual photographs of events were the object of 

investigation. In large part, Cline's doubts about the Monte-Carlo 

approach of the first E1A experiment must be seen as a continuation 

of an experimental style developed over years of successful experience 

with bubble chamber techniques. This would explain, at least in 

part, Cline's reluctance to end the experiment after the first paper 

was prepared and his satisfaction with the evidence when he found 

several events he could consider "golden." 

More generally, it would be interesting to explore the historical 

roots of these two types of evidential arguments, the one based on 

statistics, the other on "golden events." Undoubtedly the use of 

statistics in physics experiments is tied to the evolution of the 

treatment of error in experiments. Together, statistics and errors 

stand centrally among a cluster of concerns surrounding the 

historical definition of a convincing experimental demonstration. 

No reference to golden events was ever published by E1A as part 

of their demonstration of the existence of neutral currents, and for 

good reason. Evidence undergoes a transformation from the kind of 

private argument that persuades someone familiar with a particular 

set of techniques and apparatus, to the kind of evidence that is 

presented in published journal articles. Certainly this change 

occurred in experiments long before particle accelerators. But one 

inevitable consequence of the increase in size and duration of high 

energy experiments is that the division of labor forces each of 

several subgroups within the collaboration to find its own way to a 

conclusion. Of course information is shared among the different 
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groups but each subgroup is necessarily most familiar with their own 

data and techniques. For Cline and for Mann these golden events were 

persuasive, but only later, with the termination of the experimental 

program that made use of more statistical analyses, was the group 

ready to publish their conclusions. It is a full tine job to work as 

Vialle and Blum did on their Monte Carlo. They could not have been as 

familiar with the other Monte- Carlo programs as Fry and Kaidt, nor could 

they be as fluent with the thermodynamic equilibrium arguments as 

Rousset, nor as involved in the specific background analyses as liusset, 

Fiorini, or Pullia. 

In a sense, the high energy physics experiment has become a 

meta-experiment standing above the many smaller subgroups performing 

tasks as intricate and extensive as entire experiments from earlier 

times. Indeed, one interesting feature of these subgroups is that their 

goals are often not identical to the overall question posed by the 

group—they are not miniatures of the whole. For instance the final 

goal of E1A was the investigation of the existence of weak neutral 

currents, whereas the subgroups had specific technical objectives such 

as determining punch-through. Indeed, many of the subgroups had as 

their main task the achievement of a better understanding of the 

apparatus itself. 

In any experiment, recent or not, the apparatus must be understood 

before any conclusions can be drawn from the information it provides. 

Before the cosmic ray physicists were confident that turbulence in the 

cloud chamber gas was not a significant problem, the ionization tracks 

provided only equivocal evidence for the properties of the cosmic ray 
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particles. Similarly, in the high energy experiments, as long as the 

detection efficiency in E1A was unknown, the observed inuonless events 

could not be taken as strong evidence for neutral currents. Only as 

the participating physicists developed confidence in their understanding 

of the detailed behavior of the apparatus did the machines hecome a 

tool for the exploration of new physics. 

Here too the difference between high energy and smaller scale 

experiments becomes apparent. Anderson, Street, or Rossi could achieve 

a "feel" for the cloud chambers and counter circuits they used. After 

working with certain kinds of equipment for many years, sources of 

error, inefficiencies, etc. become part of an almost intuitive or 

artisar.al knowledge about an experiment. The same degree of certainty 

is manifestly not possible for any single individual in a large 

accelerator experiment. A subgroup working on the design and 

operation of the initial data reduction in the computer room may have 

little feeling for possible errors in the behavior of sparking 

inefficiencies .in the detector. One observation heard over and again 

from young high energy experimental physicists is that their senior 

investigators have lost touch with the problems that emerge in the day-

to-day operation of particular sections of the experiment. Those 

drawing conclusions about new particles from the reduced data are 

sometimes not aware of very specific machine characteristics that 

figure crucially in assessing the degree of certainty that ought to 

be ascribed to the conclusions. How much of a problem this may be 

depends on the details of individual experiments, but any account of 

how an experiment ends must take into consideration who is likely to 
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be familiar with what in such a vast undertaking. 

Theory, like experiment has greatly increased in complexity. 

One consequence of this is that the connection between the 

fundamental theory and the predictions for specific experimental 

arrangements have become much more elaborate. In the Einstein-de Haas 

experiments the theoretical calculations needed to pass from the 

theory that established g = 2m/e to an experimental prediction for 

the resonant frequency of the iron rod were straightforward. They 

involved no more than a modified solution to the damped harmonic 

oscillator equation. Of course other experiments at the time involved 

more complicated applications of classical physics. Still, one of the 

interesting features of the cloud chamber experiments leading up to 

the discovery of the muon was the fundamental role played by 

calculations linking experiment to theory. Before Carlson and 

Oppenheimer's paper on shower phenomena, Anderson, Street, Rossi and 

many others treated the shower particles as problematic, and the 

penetrating particles as electrons. By quantitatively linking the 

showers with the Bethe-Heitler theory, Carlson and Oppenheimer 

effectively changed the problem to one of understanding the penetrating 

particles' properties. Without this theoretical work between the 

fundamental theory and the experimental phenomena, the experimental 

evidence left open the possibility that quantum electrodynamics was not 

valid at high energies. 

In the weak neutral current case, an equally important role must 

be ascribed to the intermediate calculations. Without the calculations 

of Pais, Treiman, Paschos, and Wolfenstein, the hadronic muonless 
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events could never have served as a confirmation or refutation of 

Weinberg-Salam theory. These calculations, in turn, rested upon the 

parton model. It will be important in any more comprehensive account 

of the evolution of the conduct of experiments in the twentieth 

century to trace the changing and increasingly subtle role of these 

intermediate calculations as the gap widens between experimental 

results and fundamental equations. 

I would like to end these observations by suggesting some 

directions further research on the history of experimentation might 

take rather than by listing a set of over-arching generalizations 

about how experiments proceed. Many concerns intersect in the decision 

to end an experiment. Some of these are general and philosophical, 

some are specifically theoretical, and others are purely technical 

or practical. Therefore one line of inquiry leading back from the 

decision to end an experiment must include the theoretical expectations 

of the investigators. These .may involve commitments to specific theories, 

aesthetic criteria, or philosophical beliefs. One could also identify 

individual or group preferences for certain types of evidence or styles 

of experimentation. We can also trace the experimentalists' changing 

familiarity and confidence in the detailed technology of the apparatus. 

Finally, there are factors altogether extrinsic to the scientific 

content of the experiment that nonetheless play a crucial role in the 

decision to end an experiment. These include the organization of the 

collaboration, the presence of competing groups, and constraints on 

when and how data can be collected. 

We are still a long way from an understanding of how experiments 
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have evolved through modern physics, but I hope these cases have 

demonstrated the necessity of asking the question, "How do experiments 

end?" as we write this history. 
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ABSTRACT 

A variation of the usual SU(2)^ x U(l) y  weak interac

tion theory is proposed in which strongly coupled scalars 

<J) transform as N N's of SU(2)^ and as an (N, N) of a global 

SU(N)l x SU(N)r. The gauge group is embedded in the global 

group so that when SU(N)^ x SU(N)^ breaks down to U(N)^. it 

breaks SU(2)L x U(1)Y to U(l)g^. This scheme preserves the 

tree level relation = l/cos0,.t. Radiative corrections 
L W V\ 

(AMw) to Mj, are then discussed and it is found that a) the 

2 2 
screening theorem holds, i.e. AM„. ̂  aM„r Jin E, not aM„ £n £ 

M2 WW H 

where E, = -̂  and M„ = scalar mass ̂  1 TeV. A simple svm-
H 

metry argument accounts for this. b) Radiative corrections 

increase with the size N of the weak multiplet as If 

we demand M^eor <01^^ + 3 standard deviations) then N < 5 

is as reported from the UAl pp experiment and we take 

E, ^ a *) . The model may be interpreted as an effective theory 

for an underlying renormalizabile technicolor theory. 
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INTRODUCTION 



I. INTRODUCTION 

A. Motivation 

The appealing idea has often been advanced that the 

Higgs scalars, which mediate the standard weak interaction 

symmetry breaking, are constructed of fundamental fermions. 

Just as the high energy, renormalizable theory of QCD gives 

rise to pions so, it is conjectured, might a high energy 

(^1 TeV) renormalizable technicolor theory produce (as 

technipions) the low energy scalar sector of the SU(2) x I'd) 

electroveak theory. Thus in principle if we knew the high 

energy theory we could derive the low energy theory by 

dynamical calculations. 

In practice calculation of dynamical symmetry breaking 

and bound state spectra from first principles in QCD have 

proven intractable. For many purposes this difficulty has 

been productively sidestepped by exploiting the symmetries 

of an effective chiral Lagrangian. The basic idea is this: 

although we do not know the detailed dynamics of quark bind

ing into bound states, we do know that the QCD Lagrangian 

has an SU(3)^ * SU(3)^ global symmetry. The low energy 

meson spectrum reflects the presence of this symmetry. 

Our ignorance of the detailed dynamical behavior of the 

theory is lumped into phenomenological parameters in the 

effective Lagrangian. 
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The global symmetry allows many interactions, some 

renormalizable and others nonrenormalizable. One supposes 

in the chiral Lagrangian philosophy that all such terms are 

present, though some will be suppressed by factors of ACS£ 

(the SU(3) x SU(3) chiral symmetry breaking scale). Many 

successful predictions have been made on this basis. 

The problem with QTD (quantum technicolor dynamics) is 

worse than that of QCD. Not only do we lack the calcula-

tional tools with which to derive low energy Higgs physics, 

we don't even have a plausible QTD Lagrangian. However, 

common to many QTD schemes is an SU(N'). x SU(N)D global 
L K 

symmetry. These arise as well in the composite/fundamental 

Higgs model of Georgi and Glashow [l] and Georgi and 

McArthur [2]. 

In what follows we shall explore some consequences of 

such an SU(N)L x SU(N)R symmetry for weak interaction 

phenomenology. In particular, the symmetry will be used 

here to construct an effective chiral SU(N)^ x SU(N)^ Lagran

gian from which the Z° and VT masses will be calculated. 

B. The Model 

Recently Longhitano [3,4] constructed an effective 

chiral Lagrangian of the SU(2)^ x U(l) theory. He exploited 

the fact that the single Higgs doublet of the Weinberg-

Salam SU(2)L x U(l)y model (henceforth the "standard model") 
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could be put in an SU(2). x SU(2)D chiral representation. 
L K 

In this representation it was straightforward to investigate 

the consequences of a very massive fundamental Higgs scalar 

for low energy weak interaction phenomenology. Inter alia 

+ 

Longhitano calculated radiative corrections to the W and 

Z°. 

If one takes seriously the view that Longhitano's Higgs 

are composite, however, they are not the only important 

large logarithmic corrections to M^,. In particular, the 

doublet that gets a vev might be only one of several doub

lets involving massless scalars. Because the SU(2)^ x 

gauge interactions weakly break the global symmetry, some 

of the Goldstone bosons (GB's) acquire a mass, and are 

referred to as Pseudo Goldstone Bosons (PGB's). If the 

masses of these PGB's are sufficiently large they can in

duce large logarithmic radiative corrections to through 

scalar loops. 

Peskin and Renken [5] have explored this phenomenon 

for a variety of technifermion symmetries consistent with 

the single heavy doublet calculation of Longhitano. (Peskin 

and Renken allow the global symmetry to be broken by weak 

and color interactions.) Taken together the Longhitano 

and Peskin-Renken calculations comprise a self-consistent 

effective chiral theory calculation. 
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The present model is the higher weak isospin generali

zation of the Longhitano-Peskin-Renken work. But instead 

of supposing the Higgs to occur in a single doublet we take 

the Higgs to transform as N N-tuplets of SU(2)^. 4>, the 

Higgs matrix composed of these N N-tuplets, is supposed to 

transform as an (N, N) under SU(N)^ 'x SU(N)^. The Higgs 

potential is then constructed of all terms with the SU(N)^ x 

SU(N)^ chiral symmetry. 

The vacuum expectation value of the Higgs field breaks 

the SU(N)^ x SU(N)^ down to SU(N)y. By judiciously embed

ding the gauged SU(2)^ x U(l)y in the global chiral group, 

the spontaneous breakdown of the chiral symmetry will break 

the gauge group down to the IKI)^ °f electromagnetism. 

In particular the breaking preserves the phenomenologically 

successful tree level relation 

M 7  1 

We enumerate the basic assumptions of the effective 

SU(N)t x SU(N)d theory to be considered here as follows: 
L K 

(1) The Higgs come in N fundamental representations 

of SU(2) each of dimension N. Charge descends from posi

tive on top of each multiplet to negative at the bottom. 
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These N multiplets are arranged to form an NxN matrix, 4-, 

with the neutral fields along the diagonal. We divide £ 

into hermitian and antihermitian parts: 

= — lu)X° + PaXa + i(nX° + TT3X3) ] (1.2) 
/2 

where ri> U), P and IT are hermitian fields, Xa are the genera

tors of SU (N) with G = (1, ... , N2 -1) . X?^ = (1//N) 

tr (XAXB) = £AB (A, B = 0, ... , N2-l). 

(2) Because of their weak-isospin representation con

tent, the scalars do not couple to quarks and leptons. They 

serve only to give mass to the gauge bosons. For simplicity 

of exposition we assume they are the only source of gauge 

boson masses. With no difficulty it could be assumed that 

they exist in addition to the standard model Higgs doublet, 

which gives mass through Yukawa couplings to the quarks and 

leptons. 

(3) 4> transforms as N N's of SU(2) , whose generators 
2 

are normalized according to Tr(TaT^) = C1-5) 

(4) The Lagrangian is characterized by aSU(N)^ * 

global symmetry under which <p transforms as an (N, N) 

This symmetry is imposed on V((fr) by fiat. This is unlike 



the SU(2)^ x SU(2)R symmetry in the standard model which, 

follows "accidentally" in the chiral representation of the 

SU(2)L x U(l)y gauge symmetry, with just one SU(2)L doublet, 

By adding a determinent term to the scalar potential we re

strict the symmetry to SU(N)L x SU(N)R. The Lagrangian ST 

is given by 

se= tr 3<t> - igCTMV'd) + T2U"24> + T3W3<f>) (1.4) 

1 + i g T B <J)T I (herm.conj .) + SĈ  + V(<f>) + (other chiral terms) 

in which e = gs = g'c with s and c sine and cosine of the wea 

mixing angle 0^.. includes the gauge fixing term and the 

ghost term both of which will be discussed in Section VI. 

Finally V(4>) is the effective potential which includes all po 

sible SU(N)^x SU(N)^ invariant terms that are consistent with 

the SU(2)^ x U(l)y gauge symmetry. 

In this paper we explore the radiative corrections to M_ 

and M^; using this model. Sections II and III are devoted to 

the symmetries and mass spectra of the tree level theory. In 

particular it is shown that the tree relation = 1/cosG^. 

holds for any N, with N the dimension of the scalar multi-

plet [6]. Next, in Section IV it is shown that the model 

obeys the "screening theorem", i.e., first-order radiative 

corrections to the vector boson masses are proportional to 

aM^. rather than to aM^ (Higgs mass squared) . This has been 

observed in the standard model by Veltman [7], Sirlin [8], 

Longhitano [3,4], and others. In Section V wc of

fer a simple way of understanding the screening theorem and 
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provide an illustrative toy model which shows how, in another 

context, the screening theorem might not apply. Then in Sec

tion VI it is demonstrated by explicit calculation that the 

radiative corrections to M* and M*± are of order aN^M*. £n £ 
L VV A 1  

where N is the dimension of the Higgs scalar multiplets and 

5 = (We will neglect the difference between log 

and log 

The second part of our calculation (Section VII) involves 

the examination of other chiral symmetry breaking terms that 

appear in the Lagrangian. These contributions are most easily 

treated in the non-linear chiral representation of the scalars 

in which the heavy particles do not appear. Using this form

alism we find that the heaviest of the PGB's get a mass of 

order otM^.. These are too small by a factor of a to contribute 

significa-ntly to our calculation. Finally it is shown that the 

symmetry breaking terms involving more than four covariant 

derivatives are also suppressed relative to those calculated in 

Sections V and VI by powers of a. For completeness the connec

tion between the linear and non-linear representations is dis

cussed in some detail. 

The last section, VIII, brings together all of the radia

tive corrections to Mj, as a function of N, the dimension of 

the scalar multiplet. An experimental determination of the 

vector boson masses would then specify the maximum size of N. 



II. REVIEW OF THE CHIRAL REPRESENTATION OF A SINGLE 

SCALAR DOUBLET 

A. Linear Representation 

Several features of the SU(N)L x SU(N)R theory are use

fully highlighted by comparing them with their analogues in th 

standard model -with just one Higgs doublet. In particular 

we contrast the linear and non linear representations. If 

4> is the SU(2) doublet then 6<f> = ieaTa<|;, (a = 1 - 5). 

Since the doublet representation of SU(2)^ is pseudoreal, 

there exists a real antisymmetric matrix C with C = 1 such 

* 1 3 0  

that CT + T C = 0. By convention T and T are real and T" 

is imaginary. Therefore [C, T2] = {C, T^"^} = 0 and so 

C4> = 4> = iT2()> transforms as 6<j> = ieaTâ . Therefore e 

^i ^jl + t^i^j2 transforms as does <j> under SU(2)^ x U(l)y. 

It is useful to write 

M = — (o + iTATTA)  .  ( 2 . 1 )  

Then the Higgs potential 

V(M) = y2 tr(MM+) + A[tr(MM+)]2 ( 2 . 2 )  

can be rewritten as 
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V(M) = X (tr[MM+ - v2])2 (2.5) 

with v2 = - y2/2 . Therefore <M> = vfi... 
ij 

We see that the gauged SU(2)L x U(1)Y automatically 

implies that the global SU(2)^ x SU(2)^ be a symmetry of 

the scalar sector. If only SU(2)^ were gauged then the 

kinetic term 

tr {2<M(0M) + }, (2.4) 

3 3 
where 2" M 5 3, M - igT W M would also be invariant under 

y y • 6  y 

SU(2)l x SU(2)r. This is because when M LMR+, £?M -• Lf£?M)R+. 

When the U(l)y is also gauged, however, then 

= 9yM - igTaW®M + ig'ByMT3, (a=l-5) (2.5) 

and the kinetic term does not have the chiral SU(2)L x SU(2)R 

symmetry. 

To calculate perturbatively we expand the field M around 

the vacuum, by defining M = M' + <M>, where <M> is the vacuum 

expectation value. This breaks the symmetry. Dropping the 

primes 

V(M) = A[tr(MM+ + v(M + M+)]2. ( 2 . 6 )  



Thus only the SU(2)y symmetry, i.e. M -*• e 
ieT 

M e 
-ieT 

sur

vives. I£ we think of the original generators of the chiral 

symmetry as the SU(2)^ and the SU(2)y generators then we see 

that the SU(2)^ generators are broken. Since these are 

gauged symmetries, the corresponding GB's are eaten to give 

massive gauge Ws. Eq. (2.6) makes it clear that the GB's 

come from t-he antihermitian piece of M and that the hermitian 

2 1/2 
piece gets a mass (2Af ) ' . 

Expanding the kinetic term tr{2>M(2\M)+ } leads straight

forwardly to the tree level gauge mass matrix for the gauge 

bosons: 

= 2g^v^ 6.. and 
6 ij 

M 2  o » 2  2  = 2g' v . 

3 
The W - B (neutral) mass submatrix is thus of the form, 

W3 B 

neutral 

for some a which we now determine. Electric charge conser

vation implies that there is an unbroken electromagnetic U(l) 

symmetry which prohibits a photon mass term. The masslessness 
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2 
of the photon implies that det x = 0 thus a = ±gg' which 

gives us the non-zero mass eigenvalue, 

= gg'/(g2 + g'2). (2.9) 

Consequently, 

M-/M = I/cose,.-
Z W N 

since conventionally 

e = g'c = gs -

with 

c = cos6^. and s = sin6^. (2.10) 

In short the surviving SU(2)y symmetry together with 

electric charge conservation yield the natural relation 

mz/mk = l/cosew. 

B. Non-Linear Representation 

There is a non linear representation of the scalars 

which is frequently more convenient than the linear repre

sentation described thus far. Supposing the o field to be 

heavy (of order 1 TeV) one can simply calculate with o pre

sent, throwing away contributions to the W mass either 

suppressed by additional factors of a or lacking the 

2 2 
log (MH/M t̂) enhancement. It is also possible to dispose of 
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the heavy field from the outset. In eq. (2.2) if we let 

2 
p -»• » the potential becomes infinitely steep at the minimum, 

cutting off quantum fluctuations in certain directions of M. 

From eq. (2.3) the minimum of V(M) .occurs when 

MM+ = v2. (2.11) 

Since MM+ = o2 + i;2 this implies that 

MM+ = TT 2 + o2 = v2 (2.12; 

If we now define I(x) = M(x)/v then 

ZI+ = 1 (2.15) 

at the minimum. Effectively, the a field has been removed 

from the theory since it can be reparameteri zed as Vl - tt (x) ~. 

Alternatively we simply write 

I = exp ij/f with l -»• ULlU*, (2.14) 

tt = iraTa, Ta = Ta/2, and are independent left and 

right SU(2) generators, and f is of the order of 1 TeV. 

This is a convenient notation which will prove useful in 

the SU(N) case. 
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We can therefore write an effective non linear Lagrangian, 

^NL as 
eff as 

^eff =  f2  (® UI) +  ] + 

+ (other chiral terms) . 
(2.15) 

S£̂  includes the gauge fixing term, the Fadeev-Popov ghost 

term, and the kinetic terms for the gauge fields. 

Obviously when we actually calculate M^,, M to £?(a) , 
2 

the masses must be the same for both linear and non-linear 

representations. The large logarithmic enhancement 

2 " 
Jin £ = £n(M„/Mr.) enters, however, in different wavs in the 

H V\ ; 

two cases. In the linear case the Higgs mass enters through 

massive scalar propagators into the vacuum polarization 

diagrams. When these are renormalized one gets a correction 

to the mass of 

AM2 ^ a p2 £-n [ (p2 + M2)/y2] (2.16) 

2 2 2 
which for p = y = gives the Jin K enhancement. In the 

non linear representation, by contrast, no heavy scalars are 

present. We may nonetheless divide the chiral perturbation 

1-loop integrals in two parts. Schematically 



AM* -v *v lf ' j 3** 2  

w Jo kz(k+Pr 

2f CSB d k 
= cxp / -J ^ 

Jo • k (k+p) 

+ ap
2/" 2

d4k 
2 (2.17) 

JhCSB k (k+p) 

where A^gg is the 1-TeV chiral symmetry breaking scale. In 

the second term of the r.h.s. the underlying techniferrcien? 

can no longer be considered as condensed into chiral symmetry 

breaking technipions. Since chirally symmetric contributions 

to the vacuum polarization do not break SU(2)T x U(1) , the 
i -i 1 

second integral does not renormalize the mass of the vector 

bosons. Thus in the chiral theory the mass correction is 

AM2 * a p2 £n(A2
SB/p2) * a M2 in (A2

SB/M2) (2.18) 

2 
and this is also of the form ot M^, Jin The chiral symmetry 

breaking scale A^gB thus serves as the regulator of the 

theory. 

In this paper we first exploit the linear representation 

of the chiral theory (massive fields present) to calculate 

radiative corrections to Mw, M from vertices in tr [Sty (&0 + ] . 
Z 

This has the advantage of exhibiting clearly the relation of 

terms in the effective Lagrangian to Feynman diagrams. When w 
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turn to a discussion of other terms in sp rr it is easier 
err 

to argue directly from the non-linear chiral representation 

(massive fields absent.) These contributions will be shown 

to be small compared to those from vertices in tr{2><|>(££4.)+ }. 
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III. RESULTS FROM TREE LEVEL: 

MASS SPECTRUM AND SYMMETRIES 

A. Higgs Potential 

Proceeding by analogy with the SU(2) case we define 

$ = — (PAXA + UX° +  i  [TT6X3 + nX° n  (1-2) 
- /7 

with Xa the generators of SU(N) normalized as in (1.1) such 

(i £ 
that tr(X X ) = <$ag. The linear representation of the seal 

f i e l d s  a l l o w s  e a s y  c a l c u l a t i o n  w i t h  t h e  d i m e n s i o n  f o u r  t e r m  

tr [2>(jj (2y)+ ] , and the dimension four terms in the potential. 

In addition, initially including the massive scalars will 

clarify the connection between the linear representation 

(which has both light and heavy scalars) and the nonlinear 

representations (which involves only light scalars). 

What renormalizable SU(N)^ x SU(N)R symmetric and 

(}> - <j> invariant potential terms exist? Since $ is an 

(N, N), it transforms linearly, as 

iX*Xa -iX^Xb 

<() •* e <j> e , 

where 

a and b = 0, ... , N2-l. (3.1) 
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This implies that up to a constant 

V(<j>) = p 2  tr (4><f> + ) + A tr(<j>4> + )2 + B [tr (<|>+<f>) ] 2 (3.2) 

is the most general V(<J>) satisfying our criteria. Positivitv 

requires A + B > 0 and A + BN > 0. 

If B < 0 it is convenient to rewrite Eq. (3.2) as, 

V(40 = " BN tr( + ) i ttr Ctjxj)"") ]}2 

+ (A + BN) tr- v2)2 (5.5) 

with 

v2 = -- y2/2 (A + BN) (5.4) 

The term in curly brackets is manifestly positive. Since 

both terms are positive definite, if we find a <<p> such 

that V(<<(>>) = 0 then <<j>> is a minimum. Such a <$•> is: 

<4>> = v (i,j = 1-N) . (5.?) 

For A > 0, B > 0 eq. (3.2) can be written as the sum 

of two positive definite terms, 

V(4>) = A tr (<jxj)+ - v2)2 + B [tr (<j)(f)+ - v2)]2, (5.6) 
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with the same v as above and <<b> = v6.. is again a minimum. 
x j 

Notice that U(N)y (and in particular the SU(2)y embedded in 

the U(N)y) is left unbroken when takes its vacuum expecta

tion value. As we will see it is this remaining symmetry 

that is responsible for preserving the relation 

at tree level. 

In the unbroken theory we assume that the gauged SU C-)L 

is contained in the the SU(N)L and that the U(l)y of hypercharge 

is contained in the SU(N) . When <p takes its vev, <£> Ke 
K 

express the V(<{>) of eq. (3.6) in terms of the shifted field: 

The SU(N)^ x SU(N)^ symmetry has broken to U(N)^„ and in doing 

so has broken SU(2)^ x £j(l)y. One combination of the SU(2)L 

and U(l)y generators survives in the unbroken U(N)V> 

^ b r o k e n ~  A  t r t < M +  +  v ( 4 >  +  < f > + ) ] 2  

+ B[tr((j>(})+ + y ( < p  +  <j>+))]2 (5.7) 

iXT 
3 

4> -»• e <p e (3.8") 

We identify this U(l) with electromagnetism. 
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For completeness we finish our discussion of Higgs 

minima by showing that the choice of A < 0, B > 0 leads to 

a vev that violates the custodial SU(2)v. Under this choice 

of parameters V(<()) (Eq. 3.2) can be written, 

VO) = - A( [ tr (4><}>+)] 2 - trUtJiV} 

+ (A + B) [ tr (<t><)>+ - V 2)] 2. (3.9) 

The term in curly brackets is positive definite by the 

Schwartz inequality. Therefore again V(i+>) has a minimum 

at <<p if V(<<})>) = 0. Such a <$> is: 

<<)>> = /N V' 6^ 6^ i,j = 1 N (5.30) 

where 

v' = y2/2N(A + B). (5.13) 

Clearly the custodial SU(2)^ symmetry is violated in 

the broken tree level Lagrangian for this choice of <<f>>. 

Consequently the natural relation = 1/c does not hold. 

We therefore exclude A < 0 B > 0 on the grounds of in

compatibility with neutral current experiments. All other 

choices of A,B preserve the natural relation. 
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B. Mass Spectrum 

To find the mass spectrum of the theory we identify 

the coefficients of in eq. (3.7). These are included 

in 

v(<}0quad = " Av 2 tr̂ + + ̂  ' Bv2[tr(<J>+ + 40]2. (3.12) 

From the definition of in eq. (3.2), we see that 

(4>+ + 0) = /I (PaXa + ojX°) (3.13) 

so only the hermitian fields Pa and u get a mass. The 

antihermitian part of <p, (<f> - (j>+) = /2 i (TTaXa + nX°) repre-

2 
sents the N Goldstone bosons. They will receive detailed 

consideration in sections VI and VII. 

After symmetry breakdown retains a U(N)^; symmetry. 

2 
Under this symmetry 4> transforms as an N -1 and as a singlet. 

2 
Thus we expect N -1 particles of mass Mp, 1 particle of mass 

2 2 
M^, and N massless particles from the N -1 tt ' s and the 

single n. 

Explicitly, the quadratic piece of eq. (3.12) is: 

V(4»)quad = " 2AvZ tr{(PaXa + UX°) (PBXB + WX°)} 

- 2Bv2 [tr(PaXa + cl)X°) ] 2 . (3.1-1) 
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n b 
Expanding VC)quad anc^ us^n8 the normalization tr(X X ) = 

6ab we can pick out the coefficients of terms quadratic in 

fields. One finds that, 

Mp = 4Av 2  

M2 = 4v2 (A + BN) and 

M2 = M2 = 0. (3.15) 
u n 

In the absence of an A term in the potential (eq.5.6) 

the oj "trace particle" is the only massive particle and 

there are 2N2-1 PGB's. This follows from the B term's 0(2N~) 

2 
symmetry which spontaneously breaks down to 0(2N -1). (The 

symmetry of the A term is U(N)^ x U(N)^ which breaks down 

to U(N)V.) 

Finally we may wish to leave only SU(N)y (and not U(N)^.) 

as the surviving symmetry of the broken Lagrangian. This can 

be done by adding a term 

C det(4>+ - (J))2 (3.16) 

to the effective theory. Such a term gives mass to the 

n particle only. C by assumption sets the mass of n at 

M TeV. 
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Our Lagrangian eq.(1.4) also includes a kinetic 

term tr(®<t>(Q>4>) +) : 

trU3 <f> - igTaW^ + ig'By tf-T3] [ 3^ ̂  + ig4>+TbWv 

- ig'BvT3 <j>+]}. (3.17) 

By convention we take Ta = generators of SU(2) in the spin-p 

representation (N = 2p + l) ; T" = T1 ± iT2; tr(T T )/2 = 

tr(T3T3) = N(N2-1)/12; W1 = (K1 ± iW2//2. Using our defi

nition (eq. 1.2) 

' * = — UX° + PaXa + i (ti6X6 + nX0)] 
/Z 

we shift the 4> field in eq. (3.17) to deduce the h' gauge 

boson mass matrix: 

M2 
w = 2g2v2 tr(TaTb) = 2g2v2 tr(T3T3)6ab 

3 ID 

M^g'V tr( TV). (3.18) 

Exactly as in the standard Weinberg-Salam case the 

surviving SU(2)y of the W part of the mass matrix and charge 

conservation implies the natural relation = l/cosB^,. 

Separately the tree level masses of the Z° and W are the 
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same as the Weinberg-Salam case except they are multiplied 

•z -Z 
by the normalization factor tr(T T ) = A: 

o t 2 2. 
M2 = 2R V A 

" c2 

MI = 2g2v2A . (3.19) 
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IV. RADIATIVE CORRECTIONS TO W-MASSES OF ORDER otM2 £n g 

Radiative corrections to the SU(2)L x U(l)y theorv 

have been studied in a simple renormalization framework by 

Sirlin [8]. We will follow his scheme in which for 

c = cose , s = sine : 

(physical) 1 

(physical) ~ c. C^ • la) 

\ 1 / 2  
M,. (tree) = | —11 a «, ) =77.9 GeV (4.1b) 
" 1  /2 G^s 

a = 157 * is defined through the emission of a zero momentum 

photon from a charged particle. (4.1c) 

- 5 - 2 
= 1.17 x 10 GeV is the quantity that appears in the 

effective local V-A Lagrangian for y •+ e vg. in lowest 

order G^ fixes the vev, v = <$> by 

G = £Ls£. = (4.Id) 
y  8 M j  8 / 7  v  A  

2 2 2 
where eq. (3.19) gives us Mw = 2v g A, 

s2 = 0.229 (4.1e) 
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is defined through IOK energy elastic neutrino scattering 

processes involving ratios of neutral to charged currents. 

In this definition of s , the weak mixing angle is not 

changed by radiative corrections.. 

In this scheme (though not in others) radiative cor

rections determine the relation between M^.(tree) = 77.9 GeV 

and (physical) . To find these corrections it is useful to 

define the regularized but unrenormalized self energies by 

uv f 2. * r 2.. uv ^ t, r 2^ vi v 
WP 5 * \'W(P p P > 

(P 2) - A. z(p?)g P U  + B 2 2(p 2)pV C-2) 

in which is defined as the amputated self-energy Feynman 

diagram shown in Fig. 4.1. Tt^ is defined similarly. 

In the analysis one can isolate and retain only pieces 

2 2 
enhanced by a large logarithm £n £ where E; = M^/M^. (Typical

ly we will take £ ^ a"*-to characterize the large mass, M^.) 

From Sirlin's analysis the radiative corrections with large 

logs can be expressed in terms of A^, and as: 

.other „ 
Mw(physical) = (1 + ^ + Ar /2) Mw(tree) (4.3) 



- 27 

where 

A r  ~ " 2 m2 [ C  AZZ^" MZ- )  " 3  

5 M w  

'  jz "  A w n - ^ l  "  \ Y ( 0 ) «  < 4 - 4 )  
MW 

H 2 
7T (0) is the coefficient of (p e - p p ) from scalar 
YY r &pv y v 

corrections to the photon propagator. (The minus signs in 

front of all the terms come from the rotation into Euclidean 

space of g^v; p2 = - M,2,,-..) 
^ 6 *euclidean V^(Z) ' 

Note that the second term of Sirlin's formula vanishes 

for any piece of A^, that is independent of momentum. The 

bracket in the first term of Sirlin's formula vanishes in 

the limit where the weak mixing is turned off, i.e. when 

c2 - 1. 

Ar°ther ^nc2Udes all non-scalar corrections to the 

self energy diagrams such as lepton and hadron loops. 

other 
hr also includes a bosonic contribution that is inde

pendent of the Higgs mass [8] (though this is only Ar/2 = 

0.001). In all 

other 
= 0.034. (4.5) 

Finally for the standard Weinberg-Salam model with a single 

2 -1 2 
heavy Higgs doublet of mass a- a » t^iere is 3 contri

bution of 
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(1 doublet) = (—) —^ £n £ = 0.006 (4.6) 
4TT s 

with £ 'v 137. Thus according to Sirlin [8]: 

^(physical, 1-doublet) = (1.040) 77.9 = 81 .0 GeV. (4.7) 

More recent work by Marciano and Sirlin [9] suggests that 

the radiati'vely corrected in the standard model with one 

heavy doublet should be: 

M^.(physical, 1-doublet) = 82±2.4 GeV 

. other 
= Mw(tree) ( 1.006 + ) . (4.8) 

Lj 
Our task is to calculate Ar (and therefore M^,-) as a function 

of N using the scalar sector just described. 

H 
What are the largest contributions to Ar ? At first 

blush loops involving Higgs scalars might appear to give rise 

to a leading W-mass correction of the order, 

2 a  Mh 
AMk' * T in Z- (4.9) 
^ (4n)Z 

_ 2 
The logarithm and (4u) come from the loop integral. One 

would expect one such contribution from each of the N Higgs 

7 .  
multiplets. A further factor of A(A h tr(T T )) comes from 

the gauge couplings at the vertices. Thus naively we might 

expect: 

M 2  

Mi (physical) = M2(tree) + aN^A —s- £n £. (4.10) 
W  w C4 ttD 
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However we will see that the contributions of this 

order (from diagrams (a) -(c) below) conspire to cancel. 

In this section we exhibit this cancellation by explicit 

calculation. In section V this cancellation will emerge 

as a consequence of a suitably generalized version of the 

"screening theorem", which assures the screening out of the 

2 
^(aM^j £n 5) radiative corrections. 

We now examine the diagrams in Fig. 4.2, each of which 

2 
includes terms proportional to <*M^. Each diagram involves 

a trace over several fields; fortunately some group identi

ties make their evaluation simple. Kith the group factors 

in hand, the standard momentum integrals of these diagrams 

can then easily be evaluated by dimensional regularization. 

As an example of how the group factors are calculated, 

1  c t  8  
consider the vertex W P P , which is extracted from one 

of the terms in tr (S<t>)+] , using eq. (1.4): 

\ tr [ (3 PaXa - igc T1W1PaXa) (3p(pV + iBc P6XeT1Klp) ] , 
l y 

(4.11) 

where g = e/sc. It follows that the graph in Fig. 4.2a 

for two P particles in the loop is equal to: 

E2 C^N Ajp(MpMp) (4.12) 

where F(Mp,Mp) designates the standard momentum integral 

of Fig. 4a,b with two P-masses in the scalar propagators. 
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The product of the two traces is best evaluated using the 

SU(N) identity: 

Cx )b(X )d - 6d6b - w 6b6d . (4.1a) 

An almost identical argument leads to an anticommu-

1 ct 6 
tator in the vertex factor for the W P ir vertex because 

one field is hermitian and one antihermitian. Again 

making use of the group identity (4.13) to find the product 

of the traces, we find that the graph of type 4.1b with an 

Q Ct 
external W and internal TT and P is: 

2 2 
tr({Xa,X3}T1) trC{XB,Xa}T1)F(MpM7T) 

2 2 
= £_c_ ( N  - 4/N)F(M p,M 7 r) . (4.14) 

FfM^^^) is defined to be the coefficient of g^^ in 

the standard 2-scalar loop diagram depicted in Figs. 4.1a, 

4.1b. The dimensionally regularized 2-scalar integral has 

the form: 

r 2-01,2 d2w £ 
ty ] 777  ̂( 2 t t )  

(2£-p)y (2£-p)v 

[(£-p)2 + MI] (£2+M2) _ 
(4.15) 

in Euclidean space with loop momentum external momentum 

p , and scalar masses M1 and M2. After subtraction using 

^ 2 2 
the MS renormaliza'tion prescription at p = and re-

W(Z) 

i.ro V»Q"\ro *Pr\*r a nr\c 
V 

2 2 
normalization point y - Mw, we have for a coefficient of 

g the following: 



FCMiM,) = 2g 
yv 

x S,n 

(-1 

0 

(£1 f 1  

L0 

dxjcM^ + x(M2-M2) + p2x(l -x)} 

rM 2 + x(M 2-M 2) + p 2xCl-x)-| 

(M 2  + xOl^-M 2) + p 2x(l-x))dx ( 4 . 1 6 )  

In all that follows we will only be interested in the 

2 2 
portion of F with large logarithms, i.e. logs of £ s 

These large logs arise in the linear representation for 

2 ? ? 7 2 2 
M ^ Mp ̂  M~ ^ 1 TeV = y = ; in the nonlinear repre-

2 2 2 
sentation they come from ratios of p = to ArqR 1 TeV 

CSB 

with all scalar masses zero. 

It is useful to divide F(M^Mt) into two pieces: 

F(M rM 2) = SCM^) + S'CM.^) ( 4 . 1 7 )  

where S(M^M7) is the piece proportional to M^J and S'(M^M?) 

? 
is the piece proportional to p . 

Finally it is useful to have before us the standard in

tegral S(M) for the tadpole diagram in Fig. 4.1c: 

S(M) = 
1 a 2 " »  

( 2 i t ) 2  [ ( l - p ) 2  +  M 2 ] .  (  4 t t )  
1  j M 2  ̂  5 ( 4 . 1 8 )  

To find the contribution of each type of graph in Figs. 

4.2a-c we multiply the appropriate standard integral 

by the group, combinatoric, and coupling constants. 

Retaining only tine contributions to A,^ and A7Z that 

2 ' 
are proportional to we have the results shown in Table I. 



- 32 -

Feynman Diagrams of Type Shown 

in Fig. 4.2 with External W and 

the Following Virtual Particles 

1 

Contribution to 

Proportional to 

Ptt (N-4/N) [Z] 

PP 
ABVN [2Z] 

Pn or no) (AS2c2/N)[Z] 

nn or oxj or PW or un or tttt 0 

n or to ( A B 2c2/N)[-Z] 

P AS2c2(N-l/N)[-Z] 

Fig. 4.2 with External Z and 

the Following Virtual Particles 

Contribution to A 
LI L 

Proportional to 

PTT (N-4/N) [Z] 

PP (1 +4s" - 4s2) [2Z] 

Pr| or 7t0j (A62/N)[Z] 

nn or ox*) or P(U or ttn or tttt 0 

n or w (A62/N)[-Z] 

P A 0 2 ( N(1 -2s2 +  2 s k )  -1/N) t- Z ]  

Table I. Contributions to and A^ proportional 

to from Feynman graphs of type shown in Fig. 4.2. 

AEtr(T3T3); gEe/sc; Z S (l/4ir)2 Mj to £. 



Since these group, combinatoric and coupling factors will be use

ful to us later, we have isolated the standard integrals in square 

two internal u' s or 4.2c with one it vanish because the mass of 

the 71 is zero. By contrast the terms involving internal nn, idui, 

Pw or nn vanish because they involve vanishing commutators from 

the group factors. When SU(2)y symmetry is restored by setting 

g' = 0 (i.e. holding e/s constant while s -+ 0) we see that the 

corresponding contributions of A^. and A^r become equal in Table 

I as we would expect. 

Using the group factors of Table I we can exploit Sirlin's 

eq. (4.4) to find radiative corrections to M^, and that are 

9 H 
proportional to otM^. Now the relevant contributions to Ar 

2 
come from terms in A,.,,.,, A„„ that are proportional to cxM.,. These 

V\ i\ L  L  .  rl 

are momentum independent. Thus Sirlin's formula reduces to: 

Therefore there are no heavy Higgs corrections of order . 

This result has been noticed by many authors for the standard 

(one-doublet) model. It implies that radiative corrections 

will grow logarithmically rather than quadratically with the 

Higgs mass. Thus the effects of radiative corrections will be 

harder to see than one might naively expect. 

2 
brackets. Note that the M., contributions to A,,.,., and A„„ involving 

H WW L L  b  

a H, m 2.  
Ar (a otMpj) 

Now eq. (4.19) and Table I imply that 



- 34 -

V. THE GENERALIZED SCREENING THEOREM 

2 ? 
A. Why There Are No CaMjj &n g) Corrections to M ,̂ 

In the last section we saw by explicit calculation that 

2 2 
^(aM^ Jin 5) corrections to cancelled. We will now elevate 

this observation to a screening theorem and discuss the 

general circumstances under which screening will occur. 

As discussed in section III, the 0(3) symmetry among 

a 2 2 7 
the W 's implies equal tree level masses M , = M 7 = M%, 

W1 Wz W 
and leads to the natural relation M„/Mu. = 1/c. The screen-

L t\ 

ing theorem is a consequence of the equality of the three 

2 2 2 
<?(otMu £n £) radiative corrections: AM ,( M„) = AM 0 ( Mm) = 

H W1 H K2 H 

AM , ( Mu) . Thus a redefinition of the parameter <<f.> = v can 
W 

be used to reabsorb the radiative corrections from vacuum 

polarization into the tree level Lagrangian. 

The equality of the radiative corrections to the three 

Wa masses is evident from Table 1. Alternatively the equality 

can be seen by reexpressing the radiative corrections in 

terms of the product of two currents, where we divide the 

product into momentum dependent and momentum independent 

terms. 

<JaCp)Ja(-p)> = <Ja(0)Ja(0)+> 

+ [<Ja(p)Ja(-p)+> - <Ja(0)Ja(0)>+] (5.1) 
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Nothing in the momentum independent piece distinguishes 

the a = 1, 2 or 3 pieces and so this term preserves an SU(2)^. 

2 
symmetry. This is the term proportional to . The second, 

momentum dependent term does distinguish between V\'^ and : 

1 2 2 
W has an on-shell external momentum of p = - M^, whereas 

3 2 2 
W has an on-shell external momentum of p = - M-• This 

breaks the custodial SU(2)V symmetry. 

Explicitly, the mass corrections are of the form: 

AM2-, = AM2- = G(N) p2 Jin £ 
vr w 

AM2, _ r,.., 2 „ 
w3 - - G(N) p £n £ 

p2 = M,2. (tree) 

p2 = M^Ctree) 

(5.2) 

where G(N) includes coupling, combinatoric and group fac

tors. Since AM , ̂  AM , the different mass corrections 
W W 

cannot be reabsorbed in the parameters of the tree level 

2 
Lagrangian. For this reason (aM^. £n E,) corrections to the 

tree level masses are physically significant and will be 

calculated in Section VI. 

In general we can pose to any theory a "screen test:" 

do radiative corrections to the gauge boson masses have the 

same symmetry structure as the tree level masses? If so 

the theory has screening. 
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B, Illustration of the "Screen Test" 

To illustrate how the screening theorem might fail to 

to be a single complex triplet. <j> transforms as a (5,1) 

under SU(2)^ x U(l)y with hypercharge Y = - 1 and electric 

charge descending from 0 at the top of the multiplet to -2 

at the bottom. This model does not have a custodial SU(2)^. 

symmetry. We will find that the radiative corrections of 

2 
Zn £) are not proportional to the tree level masses 

12 3 
of the IV , W and W . Consequently the unscreened Higgs 

mass is physically significant. 

Just as we did in Section II it is possible to define 

is 9 ^ ^ 
a C such that CTC = - T and C = 1 and such that $ = 

transforms the same way as <p does under SU(2) . Using the 
la 

two SU(2)^ invariants <j>% and we can construct the most 

general SU(2)^ x U(l)y symmetry renormalizable, reflection 

invariant potential as: 

It follows that <<}>2> = f, <4>3> = <<t>2> = ® minimizes U(<(>). 

Therefore, 

T 
apply xn another model, consider the field <)> = (<t>j, <J>2, $5) 

U (40 = a (<}>+4>-f2) 2 + b | <j>+c|) | 2. (5.5) 

M , (tree) 
VT 

M2, (tree) 
VT (5.4) 
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The mass spectrum of the scalars in this theory is 

easily found to be 

2 2 
M, = 4af (real and imaginary parts of <}>.,) <p3 :> 

= 4bf2 (only rea.l part of ^) (5.5) 

where we have shifted <j> in the usual way. 

Consider the simplifying limit of b << a in which only 

the complex field <j>. is massive. We therefore only need to 

calculate the one loop diagrams of Fig. 5.1. First we note 

3 3 
that there are no K vertices because (T )n_ = 

,vl(2) ^1j 

(T*^) £3 = 0* Second, the two diagrams in Figs. 5.1a and b 

cancel with only <f>- particles running around the loops 

(this is the same effect that prevents the tt+, for example, 

from renormalizing the photon mass). Therefore in this 

curious model AM , = 0 whereas AM , f 0. Hence, 
W ' W1 

AM2 (1-loop) 
w3 

AMW (1-loop) 
ftl 

Eq. (5.6) tells us that radiative corrections of 

2 
^(aMpj Hn £) will be physical and thus that there is no 

screening. 

Mw (tree) 
i 1 

= 0 t -J- = I ' (5.6) 
Mj (tree) 
W1 
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VI. RADIATIVE CORRECTIONS TO M^, Mz OF ORDER a An £ 

We have shown in section IV that 1-loop corrections to 

the gauge meson masses in the U(N)Lx SU(N)R model are not 

? 
proportional to a An £. Instead the leading terms are 

2 
proportional only to a An £. 

There are four such logarithmically enhanced contri-

H H 
butions to Ar . One contribution which we label Ar (2-scalar) 

comes from the momentum dependent piece of loops with two 

2 
scalars (see Fig. 6.1). The p piece of these integrals 

2 
was neglected in section IV because only the a Mu An £ con-

n 

tributions were of interest. 

H 
A second contribution to Ar which we label Ar (martianj 

comes from the notorious "martian" graphs (see Fig. 6.2). 

Next we must correct for the fact that in the calculation 

H ct 
of Ar (2-scalar) all of the tt fields were treated as if 

they were massless. This was an oversimplification -- three 

of them were really the three unphysical "eaten" Goldstone 

bosons which in "t Hooft-Feynman gauge should have been of 

2 2 
mass (M^ for the neutral one). We thus must compute 

tj 
Ar (unphys) which arises from substituting a massive for a 

massless propagator in 3 of the 2-scalar graphs (see Fig. 

H 
6.3). Finally we compute the correction to the photon 

propagator involving heavy scalars (see Fig. 6.5). 
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A. Momentum Dependent Part of Graphs 

with Two Internal Scalars 

2 H 
The most important contribution of <?(a Mw An £) to Ar 

H 
is Ar (2-scalar) from graphs with two internal scalars. 

To calculate this quantity we return to consider the pre-

2 2 
viously neglected terms proportional to p = - in 

the graphs shown in Fig. 4.2. 

2 
The integrals proportional to p in the standard inte

gral FCM-j^) are defined as S'fM^I^) in Eq. (4.16-17). Note 

that from Eq . (4 . 16) , 

S'(P^W(2) ' S'(PP>K(Z) = (" O2 MK(Z) TN V C4-21) 

Subscripts Vv(Z) denote corrections to the W(Z) propagators 

respectively. The Euclidean momentum p1, is set equal to 

2 2 
-Mjv, and -M_ in the two cases. 

For the group factors we can simply carry over the 

results we calculated in Table I, recalling that the tad

pole graphs do not contribute because they are momentum-

independent. When the 2-scalar group factors are multi

plied by the standard momentum-dependent integral in eq. 

(4.16) we obtain the contributions to A,.,,., and A_~ that are 
IV H Z. L 

displayed in Table II. 
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Feynman Diagrams of Type Shown 

in Fig. 6.1 with External W and 

The Following Virtual Particles 

Contribution to A^ 

OJTT (G/3)g2c2[A/N]Mj 

nP (G/3)32C2[A/N]MJ 

PTT (G/6) 82C2 [N-4/N]AM£, 

PP (G/12) 62C2 (NA)M^2 

Fig. 6.1 with External Z 

and the Following Virtual Particle 
Contribution to Azz 

OJTT (G/3)62[A/N]M2 

nP (G/3)$2[A/N]M2 

PTT (G/6)S2[N-4/N]AM2 

PP (G/12)62NA(1+4S4-4S2)M2 

Table II. Two-Scalar Graphs. 

A = tr(T3T3) , 6 = e/sc, G H-(1/4TT) 2 £n £. 

Only non-zero contributions to A^, and A ^ are listed. 
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it 
It is then entirely straightforward to obtain Ar (2-

scalar); we need only insert these contributions to A^. and 

into eq. (4.4). This yields 

ArH (2-scalar) = M (3 - 2c2) —£n £ 
4 ITS 

( 6 . 1 )  

Equation (6.1) corresponds to a choice of parameters such that 

all of the particles n> w and Pa get a mass M^. If on the other 

hand we choose our parameters such that only the u> particle 

acquires a mass Mj_j, then from Table II we need only retain the 

toTT terms. In this case eq. (4.4) reduces to: 

Ar^ (2-scalar) (jd . 
2 A 
3N 

4ns' 
fcn £ (6.2) 

B. Martian Graphs 

Martian graphs (see Fig. 6.2) come from terms in the 

Lagrangian with vertex factors of the form WW $ < <p > . The rele

vant piece of the Lagrangian eq. (1.4) can be rewritten in terms 

of A at Z° as: 

SC< = tr[r
u34> - i&(cT1W14) + cT2W2cj> + c2TJ<rZ0 + s2£T3Z° 

+ sc(T3<j> - <j)T^)A)) x (hermitian conj.)~j (6.3) 

where we insert cj)-v with <$> = v and <)> defined in eq. (1.2); 

as before we define a standard integral that will appear in 

all of the graphs shown in Fig. 6.2: 
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tMK(Z) 
Mh) e f 

(4tt) 

d4k 

An 5, 

(p+102 CkZ+M^ 

(6.4) 

As an example of the kind of coefficient we must de

termine, consider the vertex coming from tr{&i(£?;)+}. 

Expanding the trace of the product we find that the 

term containing the W*, Z° and a vev is: 

cvB2 tr[{T3, T1}](4) + <f>+) W1Z°. ( 6 . 5 )  

It follows that W and Z couple only to the (massive) hermi-

tian part of the <J> field. Extracting the other vertices 

in a similar fashion the group identity 

tr(CXa) tr(DXa) = tr(CD) - ^ trC trD (4.12) 

may be used to compute the coefficients of the graphs of 

Fig. 6.2. In Table III all of the Martian graph contributions 

to Aww and Azz are displayed. Using Table III we can sum all 

of the Martian graph contributions to A^, and A^. When 

these are substituted into eq. (4.4) a little arithmetic 

yields 

Ar^(Martian) = 
B-A 

4irs 
j £n £ . ( 6 . 6 )  
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Feynman Diagrams of Type Shown 

in Fig. 6.2 with External W3 and 

The Following Virtual Particles 

Contribution to A^, 

WJP 2v2311 cM [B - 4/N A2]G 

W1^ 2v 2 6"c'4 [4/N A2]G 

W2P 2v231,cl( AG 

ZP 2v23V AG 

Fig. 6.2 with External Z and 

The Following Virtual Particles 
Contribution to A^z 

WJP 2v2B"c2 AG 

W2P 2v 2 6V AG 

ZP 2v23"[B - 4/N A2]G 

Zu) 2v23'*[4/N A2]G 

Table III. Martian Graphs 

A = tr[{T1,T3}]2, B = tr[{T3,T3}]2, A = tr(T3T3), 

3 = e/sc and G E -(1/4TT)2 Zn 
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If we maintain the larger symmetry by only giving the w 

particle a mass eq. (6.6) reduces to 

(Martian) = (±£j In 5 . (6.7) 

J 4TTS 

-In both cases we have used eq. (3.19) which tells us that 

(tree) = 2B2c2v2A. 

The Feynman rules for the AZ0Cf>, AW1 <}> and AW2$ vertices 

are determined similarly from the Lagrangian, eq. (6.5). 

For example the AW1^)^ vertex is 

2 n 
S C  B" V  + „ R R R L ( 2 )  R R R 3  

2 tr{T [T , (4>-tJ) )]} (6.S) 

which clearly picks out only the antihermitian part of $ . 

Since eq. (6.8) vanishes unless [T^, (<j>-1}>+) ] is proportional 

to T* ̂ , only that portion of (<f>-4>+) proportional to 

1 2 
survives. But T and T are just the directions in the 

vacuum that correspond to two of the three eaten GB's. 

2 i 
Consequently only the charged unphysical GB's G (G ) couple 

to the W"^2^ and the photon simultaneously. We will see 

immediately below that in 't Hooft-Feynman gauge the un

physical Goldstone boson has a mass equal to that of the K. 

Therefore no large logs can occur in the photonic Martian 

diagrams (see Fig. 6.4). (The Martian with Z° external legs 

and a virtual photon can similarly be shown to couple only 

to the neutral unphysical Higgs.) 

C. Loops Involving Unphysical Higgs 

Thus far we have ignored the fact that three of GB's 

acquire a mass in 't Hooft-Feynman gauge. The mass arises 
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as an artifact of the gauge fixing term ̂ p.in the Lagrangian. 

^GF = TZ t3Vwl ' tr(T1Xa)]2 

+ jg t3yW2 - Gav? ̂1^ tr CT2Xa)]2 

[8yZ° - GavC(2') tr(T3Xac2 + XaT3s2)]2 (6.9) 

In 't Hooft-Feynman gauge a = 1; £ ̂  is chosen equal to g 

r 2") 
and J equal to B in order to cancel the mixed scalar-

vector propagators. We take the SU(2)L generators Ta to be 

embedded in SU(N) such that 

tr(TaXa ) = A1//2 6a& (6.101 

There is a simple way to -take account of the unphysical 

Higgs. We only need to calculate the difference between the 

a 
graphs calculated with massive unphysical Higgs, G , and with 

A 
massless PGB's n (A = 1-3) that we erroneously used earlier. 

pj 
Let us call Ar (unphys),the correction due to the substitu-

A A 
tion of G for TT . Only the momentum independent term from 

Sirlin's eq. (4.4) contributes: 
2 

Ar (unphys) = - -|_j [c2Azz - . (6.11) 
s 

where A^t (and A^) come from the graphs of Fig. 6.3. From 

eq. (6.9) the masses of the unphysical Higgs are: 
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£̂,1(2) ~ ,̂1(2) =  ̂anĉ  (6.12) 

2 2 ? ? 
M% = = 2v B A, 
G° Z 

The momentum integral ECM^* ^2) the graphs of Fig. 

6.3 is therefore simply the difference between two S inte

grals (see eqs,4.16-17) that we have already calculated. 

E(MH,MK(Z)) = S(Mh,Mw(z)) - S(MH,0) 

1 2 
M^C7) £ + (terms proportional to M^). 

(6. 13) 

(The momentum-dependent piece is by definition included 

in S' and S'(MH,M^) -S'(M^,0) = 0; terms propor-

2 
tional to M^j cancel by the screening theorem.) 

Noting that the matrices Xa and T*^ are normalized dif

ferently (eq . 6.10) we find that the vertex factors in

volving the unphysical Higgs are very similar to the ver

tices of Table III. We simply calculate the vertices using: 

((> = 4= i ((GA - ttA)XA + . . .) A = 1-5 (6. 14) 
/ 2  

where the elipses indicate the TT01 fields a > 3 and the P, to 

and n fields. The contributions of all the graphs involving 

unphysical Higgs are shown in Table IV. 
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Feynman Diagrams of Type Shown 

in Fig. 6.3 with External W1 and 

The Following Virtual Particles 

Contribution to A^ 

G1 P -(1/4A)(32C2 [B - 4A2/N]M£tG 

G1 oj -(1/4A)B2C2[4A2/N]MJ G 

G2P -(1/4A)62C2 AM£, G 

G3P -(1/4A)g2 c2 AM| G 

Fig. 6.3 with External Z and 

The Following Virtual Particles 
Contribution to A^Z  

G1  P — (1 /4A) B2  AMJ G 

G2P -(1/4A)B2  AMJ G 

G3P -(1/4A)32 [B -  4A2 /N]M2  G 

G3U -(1/4A) B2  [4A2 /N]M2  C-

Table IV. Graphs with Unphysical Higgs. 

A = tr(T3T3), A = tr[{T: ,T3}]2, B = tr[{T3,T3}]2, and G = -(1/4TT)2 £n £. 
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Once again it is straightforward to insert the unphysical 

Higgs' contribution to Aww and kn^ into our formula (4.4) 

For completeness we evaluate eq. (6.IS) for the case in 

which only the m is massive: 

D. Electric Charge Renormalization 

In addition to the direct contributions to the W propa

gator, we must also renormalize the electric charge because 

a appears in the tree level gauge boson mass. Many contri-
. other 

butions to the renormalization of e are contained in —— 

but the photon propagator can also be renormalized by heavy 

scalar loops of the type we have described here. 

What pairs of particles could run around the loop in 

diagrams like Fig. 6.5? Any loops with neutral particles 

(to and n) are excluded because they do not couple to the 

photon,A. We thus could have PP or PTT. Expanding the Lagrangian 

in (eq. 6.3) reveals that the PTTA vertex vanishes. This 

leaves only the PPA vertex made into a loop diagram in Fig. 

6.5. The group factor is evaluated in the usual way, the 

standard integral is just S'(MpMp), and we are left with: 

U 
to obtain Ar (unphys) : 

ArH(unphys) = - IJLAi _-2_ £n ? . 
4 4us2 

(6.15) 

Ar"(unphys) 
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Recall that by definition tt1jv is the coefficient of (p2g 
yy ^ epv 

Vv>• 

E. No Infrared Catastrophe, No Ghosts 

We will see in Section VII that among the N2-l PGB's 

are N-2 exact neutral GB's Bosons (EGB's), 1 neutral eaten 

GB, 2 charged eaten GB's and N2-N-2 charged PGB's that get 

a small mass. One might worry that diagrams with two EGB's 

in a loop could give rise to a divergent momentum integration. 

EGB EGB 
However the Wtt tt vertex vanishes because the vertex 

is proportional to the commutator of two diagonal XQ genera

tors . 

One also might wonder about ghost loops of the type 

shown in Fig. 6.6. Since the ghosts have mass ̂  M,. there 

is no 1 TeV mass in the ghost loop graph in Fig. 6.6. There

fore the large logs of 2-scalar, martian and unphysical 

Higgs graphs dominate any contribution from ghost loops. 
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VII. OTHER TERMS IN THE CHIRAL LAGRANGIAN 

Thus far we have not considered interactions other than 

those in the kinetic term, tr{c$i> (2><f>)+ }. However the philo

sophy of effective field theories demands that we include 

all terms in which SU(N)^ x SU(N)^ chiral symmetry is broken 

by SU(2)^ x U(l)y gauge interactions. Using the non linear 

chiral representation we shall show in this section that 

terms other than those already considered in section VI 

are either suppressed by powers of a or else that they lack 

the logarithmic enhancement Jin £. 

As we saw in section II, when all the heavy fields are 

integrated out we are left only with the Goldstone Boson?, 

Tra. The exponential representation of the GB' s is convenient 

in the generalized SU(N) case just as it was in the SU(2) 

case already considered in eq. (2.14): 

I = exp [iiraXa/f] , a = 1, ..., (N 2 - 1) (7.1) 

f is of order and the matrix E transforms under separate 

U(N) transformations L and R: 

E L E R . (7.2) 
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If we had a dynamical TC theory we could discuss how 

gauge boson loops could renormalize the mass of techniquarks 

and hence of the PGB's. Such processes give rise to the 

famous vacuum alignment terms which specify the relative 

orientation of gauge generators and the chiral background 

generators [10,11], 

In the language of effective field theory we can see 

the effect of gauge interactions on the PGB masses by look

ing for SU(N)^ x SU(N)^ breaking effective mass terms in 

the chiral Lagrangian formalism. For"example we might try 

to construct a term using two left-handed gauge generators: 

f4g2 tr{ITjV n*Z + } = fAg2 tr(T*T*) (7.5) 

Eq. (7.5) is chiral SU(N)L x SU(N)^ invariant and so cannot 

give mass to the W directly. It is also independent of I 

and so cannot give mass to the IT'S and thereby indirectly 

contribute to M^. For the same reason two hypercharge (Ty) 

generators do not contribute either. Suppose we take one 

left generator and one hypercharge generator: 

f4gg' tr(ETjz+TY). (7.4) 

This term is forbidden under the symmetries of the Lagrangian 

g - g and g' -»• - g'. Therefore no PGB masses are generated 

m order g ACSB = otACSB M^. 
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However, we can construct a term without derivatives 

using four SU(2)^ x U(l)y generators: 

A g2 g'2 tr(IT*I+Ty ITal+Ty). (7.5) 

4 
(A has dimension because the term is a vacuum 

energy density.) Therefore a small mass of order 

2 2 2 2 
^PGB = a ^CSB = *s 6*ven to the PGB! s. Other terms also 

contribute to the charged PGB masses in this order. 

It is easily shown that all of the charged PGB's get a 

2 2 
mass squared of ^ • 

It is interesting to note that not all of the GB's get 

mass -- the neutral scalars i.e. those in the vacuum symmetric 

directions 

T3, (T3)2, (T3)3, (TV"1 (7.6) 

are exactly massless. One can see this by considering a 

subspace of the vacuum orientations 

'exact 
= exp I  N K ( T 3 ) K  

f 
(7.7) 

k k 
where k is a superscript on IAvart and ir and an exponent 

on T 

,k 

exact 

Now recall that ITV = - IT, Thus when we insert 

k 
I into terms like eq. (7.3) we can commute I _t 

G X E C t  0 X 2 t -  L  

through Ty and find 
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(7.8) 

which has 110 field dependence. 

Other SU(2)l X U(l)Y terms that break SU(N)^ x SU(.\')R 

involve more factors of and Ty which carry additional 

powers of a. In this sense the terms are small compared 

to those calculated in section VI. 

2  1 / 2  ?  
The small (aM^.) PGB masses contribute to through 

, . i  ? 
radiative corrections that are only of order ex. 

Graphically we indicate the effective mass - generating in

teraction by the blob which we insert in a scalar loop with 

two it fields as shown in Fig. 7.1. Fortunately we have 

already calculated a graph with two massive scalars of 

this type in Section IV. 

To switch to the non linear representation we simply 

2 
use Aas the cut-off for the internal momentum integra

tion. This gives us (suppressing Feynman parameters) a 

coefficient of g of the form: 

2 2 2 p + M 
Â r̂(p ) ̂ a (p +  ̂ 2 (7.9) 

2 2 
p , the external momentum, is set equal in M,:.. Since 

i\ 

2 2 2 
^PGB ̂  «MW <<:  ̂



- 54 

we can simply neglect the small masses acquired by the PGB's 

in eq. (7.9). Similarly, we can neglect the PGB mass in 

2 2 
A^tP ) because it has the same basic form as Â ,(p ) ex-

2 2 
cept we set the external momentum p = - M^. Finally to 

2 7 
find Aww(p = 0) we simply set p =.0 in eq. (7.9): 

\k ( p 2 = 0 )  = aM 
2 
PGB 

M 
Zn 

PGB 
T~ 
M 

 ̂a 2M̂ , Jin (7.10) 

which is smaller than the contributions of section VI by a 

H ^ 
factor of a- Since by eq. (4.4) Ar depends only on A^.(M^.), 

2 
Azz^z^ anc^ we conc^u^e that the PGB masses in this 

model are too small by a factor of a to figure in our calcula

tion of the W and Z masses. All other effective mass terms 

for the IT'S have more gauge generators and therefore are 

suppressed by even more powers of a. 

In general what happens if we add more covariant deri

vatives? Lorentz invariance requires that any term have 

an even number of covariant derivatives. By the 

definition of 2) either 9^ or igTW acts on E. (Here 

let the gauge group sum implicity over SU(2)^ and.U(l)y) 

If 3^ is applied to E one of the two factors is 

extracted: an internal momentum k /f or an external mo-
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menta P^/f* The f arises from the definition of I (eq. 7.1). 

Thus any term with additional 9's extracting external momenta 

will be suppressed by factors of p2/f2 = ^ a. If 

an internal momentum is extracted then the momentum integral 

will no longer give a large logarithm. Instead we would 

get /*CSB d"k for „ > 1. 
k 

Let us now examine more carefully the order a graphs 

that are log enhanced in order to pursue the connection be-

tween the linear and non linear pictures. Recall ^ hncn 
n Lbb 

2 
^ 1 TeV . In Section VI we explicitly calculated the graphs 

in Figs. 7.2. In the non linear representation all of the 

heavy scalars are contracted to a point. Thus we have the 

corresponding diagrams (of Fig. 7.3). 

The point is this: in the linear case the large log 

comes from the ratio of the heavy scalar (M„) to the re-
n 

2 2 
normalization scale (y = M^.) . In the non linear case the 

large log comes from the ratio of the external momentum 

2 
(M^) to the cutoff at the chiral symmetry breaking scale 

2 
(Acsb^• Note the complementarity between the two repre

sentations: the small graphs in one representation are the 

large contributions in the other. 

Similarly, the Martian graphs exhibit the same com

plementarity as one passes from the linear to the non linear 

representation. The linear graphs are shown in Fig. 7.4. 
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Contracting the heavy scalar in Fig. 7.4a to a point we 

get the non-linear version of the same diagrams. (See Fig. 

7.5) . 

In the linear representation the graph with a heavy 

scalar (Fig. 7.5a) gets its logarithmic enhancement as 

before; the graph is momentum independent and its cxM^, 

2 2 2 
coefficient comes from the extra factor of g v = M^.. The 

linear representation of the Martian graph with a TT field 

(see Fig. 7.4b) has no large log enhancement because it 

has no propagator with a large mass. 

By contrast, in the non-linear picture the Martian 

graph with a heavy scalar line contracted appears as a pure 

4-gauge particle interaction (Fig. 7.5a) and is suppressed 

by a. The non-linear representation also includes a Martian 

graph with a tt field (Fig. 7.5b). On dimensional grounds 

the term corresponding to this graph has a coefficient. 

It is also logarithmically enhanced by the ratio of the 

2 2 
cutoff to the external momentum squared, p = - M^.. 

We could phrase the connection between the two repre

sentations another way. When, in the linear representation, 

2 2 
we renormalize at y = A^gg get the same contributions to 

H  
Ar diagram by diagram as we get in the non linear represents-

U 
tion cut off at A„CX). Clearly Ar must be independent of our 

LbU 
2 2 

choice of y in a given representation. When we set p = Mj. 

in the linear representation some terms get large logs that 
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had none before;others that were large become small. The sum 

of terms composing Ar remains, however, unchanged. 

In sum we have seen in Section VI how to compute cer

tain corrections to the W and Z° masses. We have now shown 

that these are indeed the only logarithmically enhanced 

terms in the effective theory. 
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VIII. CONCLUSION 

There are two ways to phrase the conclusion. Suppose 

"• — o 
the pp experiment at CERN discovers that the W and 2 

masses are within a few percent of their predicted electro-

weak values in a theory without heavy scalars. Then we could 

rule out strongly coupled Higgs representations with dimension 

greater than some small N . In the event that the gauge 
max e 

bosons appear significantly above 82.0 GeV (see eq. (4.8)), 

one could then invoke heavy scalars with large weak isospin 

to account for the large W mass. In either case it is use

ful to express our results in the form of a functional de

pendence of on N. 

In the renormalization scheme used in this paper, the 

physical mass of the ft is given by, 

Mw (physical) = V TT CX 

/I G s y 

1 + 
Ar 
other 

Ar 

2 

H 
( 8 . 1 )  

, - 1  
= 1.17 x 10"5 GeV"2 and where s = 0.229, a = 137 

.other other * 
2 = 0.051. Ar /2 represents corrections from lepton 

hadrons and that part of weakly interactions bosons of 
m2 h 

ghosts that are independent of 
M 
H 

7T Z .  
Ar 

M 
represents the 

W 
contribution of the heavy scalars 
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Let us assume that all of the heavy scalars have approxi 

mately the same (^1 TeV) mass. We can collect the contribu

tions to ArH in eqs. (6.1), (6.6), (6.15), and (6.17): 

H 
\ [ArH(2-scalar) + ArH(Martian) 

H H 
+ Ar (unphys) + Ar (e-charge)] 

( 8 . 2 )  

= i rM + 1 (B"A) ] a £n r 
2 & 4 I A ^ £n S 

= (0.007N4 + 0.143N2 - 0.225) 0.012, 

where we have used = 2N'5"3 , a = and E, = = 

a"^ = 137. As a check we can consider the special case of 

two doublets (N=2). We can then use the chiral representation 

to write 41 as 

<{> = — [uj + iTaTia + i (n + iTbPb) ] (8.5) 

Only the w particle gets a vev. Since we have given the n 

a mass degenerate with the Pb,s, the second doublet does 

not even break SU(2)^ x Ufl^y. It therefore does not contri 

bute the W mass through radiative corrections. Consequent

ly we expect the model to reproduce the result Sirlin [8] 
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eq. (4.6) derived for a doublet with a single real heavy 

field. Indeed putting N=2 in eq. (8.2) yields: 

Finally we can also check that in the limit where the 

second doublet is massless we recover the same result. This 

is the case when we choose the coefficients in the scalar 

potential such that the w particle is the only massive 

particle. In this case: we have from eqs. (6.2), (6.7), and 

a H 
(N=2) (8.4) 

(6. 16) : 

(8.5) 
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For N=2 this gives 

Ar 
H 
0) (N = 2) 11 

24 
a 

4tts 
j I n  £ = 0.006 (S.6) 

which again reproduces, as it should, the standard single 

doublet model with a heavy Higgs. 

The CERN pp collider group [12] has recently reported 

a measurement of the W mass to be 

M, 
CERN 
IV 

=  8 1 + 4  G e V  (8.7) 

If vve restrict r^/2 to predict a M^eor within three 

CERN 
standard deviations of Mj. then, by eqs. (4.5) and (4.8): 

82 + (77.9) ArH/2 c 95 

an d so, 

Ar 
H 
s 0.141 . 

( 8 - 8 )  

(8.9) 

From Table V we see that eq. (8.9) implies that 

N s N = 5 . 
max 

(8.10) 
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N ArH/2 A H , -
Ar 2 

U)' 

2 0. 006 0.006 

3 0.020 0.015 

4 0.046 0.028 

5 0. 093 0.044 

6 0.167 0. 064 

7 0.282 0.088 

8 0.449 0.116 

9 0.685 0.147 

Table V 

Suppose for some reason that only the particle gets 

the 1 TeV mass. Then the restriction that M^e01 be within 

rc d v 
three standard deviations of Mw implies 

ArH/2 < 0.141. (8.11) 
0) 

Consulting Table 4 we see that 

N  <  N  = 9 .  ( 6 - 1 2 )  
u - a) max v 

In conclusion, the natural relation = 1/cosB^ 

suggested by neutral current experiments, together with a 
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direct measurement of severely restricts any model with 

an effective SU(N) x SU(N) Higgs symmetry (e.g. technicolor 
L K 

models) which breaks SU(2)^ x U(l)y in the simple manner 

described here. 
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Figure Captions 

4.1 Self-energy diagram calculated in a Euclidean metric. 

4.2 Diagrams that separately contribute to the W mass in 

order aM^ £n a for M^/M| ̂  a"1. Together, all such con

tributions cancel. 

4.3 W^P8 vertex. 

5.1 Diagrams leading to radiative corrections to the W mass 

of Jin £) in a toy model with a single charged iso-

triplct. 

6.1 2-scalar graph which produces momentum dependent contri

bution to the W mass that is of order aM^ fl-n £. 

6.2 Martian graphs in which the antennae designate vevs. 

A 

6.3 Unphysical Higgs graphs in which G are the massive un-

physical Higgs: ; M*0 = - TTA designates 

the difference between two propagators: one with unphysi

cal Higgs mass equal to (or M|) and one with massless 

field. 

6.4 Martian graphs with virtual photons have only a virtual 

gauge boson and a virtual unphysical Higgs with mass M^. 

Therefore in the linear representation there is no log £ 

enhancement. 

6.5 Electric charge renormalization. Only the P P A vertex in

cludes a heavy scalar and the photon. All other such ver

tices vanish. 

6.6 Ghost loop. 

7.1 Typical contribution of PGB masses to radiative correction 

of gauge boson mass. 
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7.2 2-scalar contributions to W mass in linear representa

tion. Mj2j designates any of the heavy fields m , P or n ; 

the it fields are massless. 

7.3 Non-linear representation of 2-scalar graphs. Only TT-TT 

loop contributes. 

7.4 Linear representation of Martian graphs. Only (a) with 

heavy scalar contributes with log-?. 

7.5 Non-linear representation of Martian graphs. Only (b) 

contributes in order a. 
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APPENDIX 

A-l) PGB MASSES 

In section VII we saw that it was possible to construct 

effective mass terms for the it fields that were of order 

2 
a . (There were none of order a.) In fact there are two 

such terms, one of which was discussed in eq. (7.5): 

f4g2g'2 [tr(IT® Z+Ty)]2 (A.1) 

and 

fVg'2 tr(IT® X+Ty)2 (A.2) 

2 7 
The f's are inserted on dimensional grounds where f = = 

7 
1 TeV" as before. We wish to show that these terms give mass 

to all and only the charged PGB's, i.e. the neutral GB's 

are exact. 

Expanding eq. (A.l) we get 

. 2 
f4g2g'2 [tr(Ta{T3 + i [tt, T3] + [j, [ii, T3]] + 

with 

tt = a = 1 to N -1 . (A.3) 
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keeping only terms quadratic in tt results in, 

Vx (quad) = - f4g2g'2 {[tr(Ta[jT, T3])]2 

+ tr(TaT3) tr (Ta [tt , [tt, T3]])}. (A.4) 

Similarly the terms quadratic in tt from eq. (A. 2) are given 

by 

V (quad) = - f4g2g'2 {tr (Ta [tt , T3])2 

+ tr T"5] ]) . (A. 5) 

The tt masses can now be determined by evaluating the 

four traces in (A.4) and (A.5). We choose the SU(N) genera

tors in the defining representation. Let E^j be the matrix 

with components a,b: 

(Eij^ab = 6ai 6jb* CA,6) 

The Cartan subalgebra of SU(N) is generated by the matrices 

H., where 
M 

CVij = (Jj sik ,111+1 sj,nin)/ '/2n,(n'*1) • 
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In this appendix we normalize the SUCN) generators ac

cording to 

tr(X°XB) = \ 6aB (A.8) 

where an Xa is either one of the E..'s or one of the Hm's 
ij m 

The SU(2) generators Ta in the spin-p representation 

(2p + 1 = N, where N is the dimension of multiplet) are: 

(T3) . . = (p - j + 1) 6 .  . = D. 6 .  •  
7 ij ^ J ij J ij 

(T^) • CT ̂  - -'J Cn-jJ (A.9) 

Thus 

tr(T3T3) = N(N2-1)/12 E A 

and so, 

tr(XaTa) = /A 6 . (A.10) 

The traces of (A.3) and (A.4) can now be evaluated. 

The first trace in (A.3) is 

f4g2g'2 [tr(Ta[7i, T3])]2 (A.11) 

= f4g2g'2 tr (tt [T3, Ta]) tr(irr[T3, Ta]) (A.12) 
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= 2f 2g2g ' 2 tr(XaT+) (X6T~) TTa7TS (A.13) 

2«W tr<T* Ei+l,i' tr(T" Ej,W Vl,i *j ,j+l* (A-14) 

= aMW CiCj "i+l,i "j.j-H <A-15> 

where in going from (A.13) to (A.14) we assumed the relation 

7 2 
af~ 'V/ M^;, consistent with the text. 

Similarly, the second trace in eq. (A.3) is 

aM2 tr(TaT3) tr(Ta[7r, [irr, T3]]) 

= c,M̂  trCT3[Eij[T3, Ekl]]) ̂  irM 

c^,A (D,-Dk) tr(T3[E1:i> EU]) ̂  *u 

cM^A (D^D^tDj-Dj) tr(Eu E^) ̂  *k (A.16) 

OtM,,r A o T 

= —2— U - - k )  * (A-17;) 

The first trace of eq. (A.5) is 

aM2 tr(Ta [TT, T3])2 

aM2 tr(Ta[T3, E. . ] Ta [T3, Ek£]) ir.j tt^ (A.18) 



= "W^k"0*' tr (TaEij !%,) ir.j 

For a=3 (A.18) becomes 

°MW "W^V D.Dk trtEjjE^) ^ 

qMW 2 T 
= -J- (k-o2 \\ -uuu)T. 

for a = +, - (A.18) gives 

(Dj-DjJCD^D^ tr(T+E^j T'Ey) *.. 

= 2aM1j (j-l)Cl-k) Cj.jCj. trCE^jj Ektl>l) "jj 

aMw k^Ji. ('k"£'> CkC)l 1T£+1'k+1 

Together the T+,T~ and T3 pieces yield: 

J ohJ (kV (D^, wk (* )T 

kil 

+ ckc* "wl.k.l^nk'71-

Finally, the second trace of eq. (A.5) is 

OMJ tr(TaT3Ta[7r, [TT, T3]]). 
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Note that 

T
a
T
3
T
a = [Ta, T3] Ta + T3TaTa = (1+A)T3 (A.26) 

so (A.25) is just equal to 

(1+A) tr (T3 [ j, [7T, T3]]) (A.27) 

where the trace in (A. 27) is just that computed in (A. 16). 

To summarize: the first contribution to the PGB mass 

matrix, (A.11), gives mass to the charge-l PGB's; the rest, 

(A.16), (A.18) and (A.25) give mass to all of the charged 

PGB's. Thus all of the charged PGB's acquire a mass of 

2 
order aMjT as advertised. 
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