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Introduction 

We seem to live in a period when it appears that physics would, somehow, be simplified or at least 

enriched, if certain particles, now living ouly spiritually, in our vocabularies or imaginations, were to 

reveal a corporal existence. Man, in the role of physicist, Seems to be sufficiently ingenious (or ingenuous) 

to construct a rather full pantheon of these half-mystic particles. In general, it is as imprilctical to attempt 

to discuss all experiments which bear on all possihle particles of this kind as it is to conduct the experiments 

which would reveal all possible particlss. I shall then concentrate on discussions of the more important of 

these conjectural particles, quarks, magnetic monopoles, the intermediate vector boson or W, and those 

heavy leptons which are supposed to be brothers to the electron and muon. Aside from any intrinsic virtues, 

these listed particles, real or Imaginary, are important at this time from their popularity as subjects of 

inquiry alone: there are 23 proposals to the American National Accelerator facility for searches for these 

particles. 

Aside from the fact that we have not demonstrated that any of these particles really exist, there is 

litlIe that they are supposed to have in common and then litlIe cement to bind together discussions of the 

searches for the various particles. In my discussions, however, I will attempt to emphasize the particular 

importance of those experimental results which bave a broad negative value inasmuch as they establish 

regions of particle parameters (typically mass) which are excluded by the experimental results. It is in this 

sense, that the searches for the W- bosons using neutrino beams have an important negative value inasmuch 
2 as the results of the measurements tell us that no W with a mass less than 2 GeV/ c exists. On the other 

hand, because of the complexities involved in understanding the strong interactions of quarks and monopoles, 

and in spite of elegant and ingenious se:u:ches, it is difficult to make a statement concerning the existence 

of these particles which is stronger than the simple conclusion that quarks and monopoles have not been 

found. 

Quarks 

It is only proper to introduce a discussion of the quark, the most literary and humanistic of these 
1

particles, with a section from a learned discourse by Professor Denys Wtlkinson of OXford, the well known 

ornithologist, student of Middle English and sometime physicist, concerning his inquiry into the historic 

origins of the concepts of quark and parton. Professor Wilkinson finds in the 14th century writings of John 

Wyclif (also an OXford man) the statement which I submit below in the Middle English together with a trans

lation for which I must take some responsibility: 

"For soth it is: that alle ,,",se partyes ben contenyd in thre. And eche on of 

l'ese thre partyes contenys many partyclys. But we schul wele wyte: that 

}lese thre thyngys ben weI sote! and diuers. " 

J. Wyclif, The Lay Folks' Catechism 
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., Indeed, It Is such that all of these parts are made out of three, and each of 

these three parts contains many particles. Boltwe should certainly note that 

the three things be subtle (minute) and diverse. " 

Professor Wilkinson points out that Wycllf indicates clearly that he Is writing an expository document 

considering matters which are well known and that the true origins of these Ideas must lie further In the past 

and not necessarily In England. In view of the Importance of this vein of Inquiry I hope that those of our 

Russian colleagues who read Old Church Slavonic manuscripts for recreation, will note if there are similar 

references In those old writings and then If these concepts of quarks and partons, so wlde- spread In the 20Ut 

century, were equally universal before the 14th century. 

Even If we are to accept the view that the concept of a quark has always been with us, however 

obscured, I suppose that we can presume safely that the relevant experimental limits placed on the produc

tion of these particles Is relatively modern. These limits are derived from accelerator experiments and 

from cosmic ray experiments. The accelerator experiments, typically, actually measure, or better put 

limits on, values of d rr/dp dnand then estimate the relevant value of tr, the quark total production cross 

section, from rather arbitrary models of quark production. WhIle there Is, necessarily, some uncertainty 

In the values of tr so calculated, it seems safe to summarize the results as indicating that quarks with charges 
2

of e/3 or 2e/3 are not produced by nucleon-nucleon Interactions at laboratory energles below 70 GeV with a 

cross section greater than 10-36cm2. This cross section limit is relevant to the production of quarks with 

masses less than 5 Ge V which ts near the kinematic limit for pair production by nucleon- nucleon interactions 

at 70 GeV. 

Most of these experiments, as well as most cosmic ray experiments have been designed to Identify 

quarks through their anomalous Ionization or energy loss which will be proportional to the square of their 

charge. Some measurements at accelerators have been designed so as to Identify the particles through their 

possible large mass and, then, low velocity. 3 Cosmic ray experiments have also been conducted which 
4,

measured the mass of the particles directly by measuring velocity and momentum. 5 An interesting class 

of measurements of fluxes of particles which lag behind shower fronts6 have also placed limits upon the 

production of quarks or triplets with normal charge assignments which might have large masses and then 

suhrelativlStic velocities upon production by the Interactions of very high energy components of the primary 

cosmic ray flux with atmospheric nucleons. 

None of these expertmenta, analyzmg fluxes from either accelerators or cosmic rays, has led to any 

reliable posilhe e.!.dence for the existence of quarks. The few premature indications of a positive nature 

were quickly disposed of. Of course, the cosmic ray results do extend the searches to larger values of mass, 

even as the cosmic ray flux extends, albeit with small fluxes, to extremely high energies. CUriously enough, 

the interpretation of the cosmic ray results In terms of a total cross section for the production of quarks Is. 

in some sense, more straight forward than the similar analysis required In accelerator experiments. In the 

absence of an anomalously large quark-nucleon interaction crOBS section, it appears, that for heavy quarks 

with masses greater than that accessible to the accelerators, essentially all quarks produced In high energy 

interactions will reach sea level traveling at relativistic velocities. Then a detector, sensitive to rela
2

tivistic quarks, with an acceptance of S cm sr, will detect all quarks produced by a flux of primary nucleons 

incident upon such an area- angular acceptance region at the top of the atmosphere. With a well defined 
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correction, of the order of 2, for the probability that a high energy nucleon will make more than one effective 

collision, tbe cross section is simply the total absorption cross section taken usually as 30.10- 27 cm 2 

divided by the number of primary nucleons passing through the effective acceptance area and time interval 

covered by the measurement. A summary of all measurements to date, suggests that no quarks have been� 
6�

produced in about 2 '10 nuc1eon- nucleon interactions wbere the incident nucleon had an energy greater than 

1200 GeV. the energy which corresponds to the energy easily available for quark experiments at the CERN 
32 2.

!SR. The relevant cross section limit is then about 1. 5'10- cm 

At the present time, the measurements at the !SR: made with a number of telescopes at different 

angles designed to detect particles with an ionization loss in matter (usually scintillator) which was 1/9 or 

4/9 that of a singly charged particle moving with relativistic velocities, have detected no such anomalously 
8

charged particles in a total flux of 6'10 normal particles. Given a mean multiplicity of the order of 10 

charged particles per interaction and a total inelastic cross section of about 30 mb, we can immediately 
27) 3\m2:estimate a limit on the cross section for the production of quarks as about (30,10- '10/(6'108) 

= 5'10

This experiment is about 30 times as sensitive as the cosmic ray measurements. 

A more careful analysis of their measurements, considering the precise position of their telescopes, 

allows the CERN group to derive two different cross sections for two different, perhaps extreme, assump

tions concerning the angular distributions. They assume on one hand that the transverse momentum distri

bution of the quarks is very much the same as measured for less exotic particles, the mean transverse 

momentum is about 400 MeV/c. and the quarks are concentrated then in the forward direction. With this 

assumption. they find values of cross section VB mass as shown by the lower curves on Fig. 1. Then they 

make a similar calculation assuming that the quarks are produced isotropically and using this model they 

deduce the cross section limits shown on the upper curves of Fig. 1. 

It seems likely that masstve quarks will be produced (either in pairs or triplets) with rather larger 

mean momenta than lighter particles but not in so singular a production so that isotropy results. We might 

estimate the mean momentum by considering that large momenta for strongly interacting particles can be 

considered to be precluded inasmuch as production is damped by the production of field particles. Assuming 

that the pion is the lightest field particle coupled to the quark, we cannot expect much damping until quarks 

are produced with a kinetic energy equal tc the pion mass and then a momenta of about p =/2iVIiil7r' which 
2 q 

will be of the order of 1. 7 GeV/c for a quark with a mass M = 10 GeV/c . Using such a guess. we might
q 

presume that a most reasonable value for the cross section limit will be about half way between the extreme 

limits of Fig. 1 and about an order of magnitude less than their estimate of the limits from the cosmic ray 

experiments. 

These ISR results follow from preliminary measurements and the experimenters believe that they 

can extend the limits about one more order of magnitude. 

With the larger effective fluxes which should be available at N.A. L. in the near future, it should be 

possible tc make measurements about two orders of magnitude more sensitive than at the !SR but the mass 
2

limit will be appreciably more restricted. At 200 GeV beam energy, quark masses of up to 10 GeV/c

should be accessible. at beam energies of 400 GeV, searches can be extended to values of M 
q 

near 15 Gev/c~ 
Because of the strong interactions of quarks and, then, their unknown form factors, no One has any 

great confidence in his ability to predict the cross sections for the production of quarks of a given mass and 

none of these experiments has any very substantial negative value. On one extreme, calculations made on 
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the basis of the postulated existence of a thermodynamic equilibrium among created particles at high energies 

find factors in their calculation of cross sections of the form exp l-2MikT), where kT is of the order of 

160 MeY. Then for large masses, the cross section for quark production is far below that which could be 

reached by any possible cosmic ray or accelerator measurement. On the other hand, if we expect that 

quarks should actually be produced by mechanisms which can be descrthed by a kind of impulse approximation, 

we might well expect that the production cross section is rather large, perhaps something like the square of 

the compton wave length of the particle, and then we would have to conclude that we do not see quarks because 

of their very large mass. All of this leaves us with the rather empty conclusion that, if physical quarks exist 
2)

at all, they are either very massive (e.g. M » 20 GeY/c or they are produced with very small cross 
q 

sections. 

If the production cross sections are indeed extremely small, we might still hope to see quarks as they 

might be found in macroscopic matter. It is well known hy gold miners, that geological (and biological) 

processes have existed which have enormously concentrated intrinSically rare minerals or elements. Surely 

quark atom chemistry must be special and we can hope that some processes may have acted to concentrate 

quarks somehow and then that this concentration together with the sensitive techniques which are being 

developed may allow us to find quarks even though they are exceedingly rare. 

Heavy Leptons 

The term "heavy lepton" has been used to cover a variety of conceptions but we will consider here a 

specific conjecture, the hypothesis that two (the electron and the muon) is most unlikely to be God's choice 

of the number of leptons. This number was used in biology, of course, with no end of trouble. We then con

sider the possibility that the electron and muon -- and their accompanying neutrinos -- have some, or a host, 

of siblings. These new particles are then identical to the electron and muon except for their mass as far as 

measurements at moderate energies are concerned. Any new lepton, by this definition, will couple to 

electrons and to hadrons in precisely the same manner as the muon, and will couple to muons as to electrons. 

Since the coupling of the heavy lepton with nature takes place largely through its electric charge, we 

can calculate the electromagnetic production of heavy leptons with the same kind of precision that obtainS 

for other electromagnetic processes. For large invariant masses, the production of heavy lepton pairs will 

be the same as the production of muon pairs or electron-positron pairs. 

If the heavy lepton mass is not too large, the character of the decays of the particles is almost as 

well defined. Since the weak coupling is known precisely, we can calculate the transition rate for the decay 

of a heavy lepton to an electron and two neutrinos or to a muon and two neutrinos very easily. The cal

culation of the transition rate for the decay to a pion and neutrino (corresponding to the decay of a pion to a 

neutrino and lepton) is, again, trivial and the transition rate for the decay to two pions and a neutrino can he 

deduced reliably since the uncertain effects of the strong interactions between the two pions will not be 
8important in the long wavelength (or low lepton mass) limit, a conclusion which follows from the conservation 

of the hadron vector current (CYC) and the knowledge of the form factors from measurements of the produc

tion of two pions by colliding electron-positron beams. Of course, for very high masses. the transition rate 

to ststes with many hadrons is uncertain but it seems possible that the increase in phase space which follows 

from the opening of so many hadron channels is largely compensated by small form factors and that the total 

transition rate to hadrons may not increase with lepton mass any faster than the transition rate to the lepton 

modes. To the extent that this is true, and the approximations are almost certainly nearly valid for heavy 
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2,
lepton masses not greatly in excess of one GeV/c the lifetime and the branching ratios to the various final 

states can be considered to be known for our hypothetical heavy leptons. With both the production and decay 

mechanisms well known, it then becomes possible to design experiments which will certainly result in the 

detection of heavy leptons if they exist with masses in the range accessible to the experiment. In the course 

of such experiments at the intersecting electron-positron ring at Frascattl. a group working there has shown 9 

that leptons, defined according to our prescriptions, do not exist with a mass less than 700 MeV/c2• Now 

this group has extended their searches, again with negative results, and now they can establish a mass limit 
2.

of 900 MeV/c Eventuslly they hope to increase their sensitivity so that they might be sensitive to the decays 
2.

of such leptons with masses as great as 1100 Mev/c

The cross section for the production of heavy lepton pairs from the annihilation of electrons and 

positrons does not decrease dramaticslly with increasing energy of the intersecting beams and it aeems 

likely that measurements at the higher energy positron-electron storage rings can extend the searches for 
2

heavy leptons to masses of several Gev/c in the near future. At such high masses, the theoretical cal

culations of branching ratios will not be so reliable, but good experiments should still result in a credible 

negative results if, indeed, such particles do not exist in this mass range. 

Of course, there is the possibility that heavy particles exist which may hold an electromagnetic charge 

but will not decay very quickly to lighter particles. Perhaps there exists a class of particles which couple to 

a weak interaction field (and might, therefore, be cslled leptons) but have a symmetry of some kind which 

precludes or strongly inhibits their decays to lighter leptons and hadrons. These particles might then have 

a lifetime which is long compared to travel-times to typical detectors and can be considered then very much 

as stable particles. Since the electromagnetic coupling is known, and since only the weak coupling to other 

states is also important, we know that the particle can be considered as a point particle as far as the electro

magnetic form factor is concerned: the production of these particles by electromagnetic interactions is then 

well defined. In such cases, if appropriate detection schemes can be constructed, unsuccessful searches 

can, again, have a negative value: again, it is possible to construct experiments such that a negative result 

proves the absence of a class of particle. 

A particularly well defined inquiry into the possibility of the existence of such charged, weakly inter

acting. long lived particles was made by a grouplO working at Serpukhov. They looked at long lived charged 

particles produced by interactions of the 70 GeV proton beam with an aluminum target. The particles were 
2

determined to be weakly interacting by requiring that they pass through a 400 gm/cm absorber without 

interacting strongly and they were required to have a mass much greater than a muon mass by measurements 

of their velocity with a Cerenkov counter. 

The production cross section was derived, implicitly, from an estimate of the production cross section 

for muon pairs of large invariant mass. Aside from some well defined correction terms, which are functions 

of the particle mass, for invariant masses which are large compared to the rest masses of a pair of particles, 

the production of pairs of heavy leptons should be the same as the production of muon pairs. Although the 

production of such muon pairs has not yet been measured at 70 GeV, this group felt that they could adequately 

estimate this production by making an extrapolation of appropriate Brookhaven measurements of muon pair 

production at 30 GeV using plausible scaling arguments. Since their limits on the cross sections for heavy 

lepton production fell below these estimates of the production of large invariant mass muon pairs, they con

cluded that particles of the character they were able to detect did not exist. Specificslly, they concluded 
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that their negative results Indicated that no such heavy, charged, weakly Interacting particles exist with 
2 2 8 

masses between 1 Gev/c and 5 Gev/c with a lifetime greater than 10- seconds. 

W - Production 

Like the quark, the Intermediate vector boson, which Is supposed to mediate the weak Interactions. 

has assumed a reality of a kind solely by weight of conjecture. Since this particle, labeled the W, has no 

strong Interactions, It Is possible to calculate the production cross section by the interaction of neutrinos 

with nucleons with a considerable degree of reliability. From the negative results of the production of the W 
2.

by high energy neutrinos, we can state that the W does not exist with a mass less than 2 GeV/c In general, 

the production of the W by neutrino beams Is so well defined and so well encompassed by experimental and 

theoretical studies of neutrino Interactions, that It seems best to leave the detailed discussions of the status 

and prospects for this kind of search to those who are to consider the weak Interactions at this conference. 

We will then discuss only the more exotic measurements of W production In hadron-hadron Interactions. 

Like such weakly Interacting particles as the heavy leptons, the cross sections for the electro

magnetic production of W pairs can be derived uniquely. It Is then possible to construct experiments, using 

real or virtual photons, where the production of the W can be predicted for any given W mass. For hadron

hadron Interactions, It Is generally impossible to calculate the flux of virtual photons with large Invariant 

mass from first principles, but such fluxes can be measured by determining the production cross section for 

muon pairs with large Invariant masses. 

If the W Is quite massive, It Is attractive, however, to look for the production of single muons through 

the weak Intsractlons. For massive Ws, the threshold will be lower for this mode of production and for a 

given hadron beam energy, heavier Ws can then be produced through the weak interaction coupling of a single 

W to the hadron current than through the coupling of W pairs to the hadron current through electromagnetic 

couplings. As with the electromagnetic couplings, It Is possible to make quite reasonahle estimates of the 

production of single WS through the weak interaction by using other experimental information. While direct 

calculations of W production have been attempted, there are too many different results to encourage one to 

have confidence In any. However, the very close relation between the coupling of the W to the hadron current 

and the coupling of the photon to the same current, suggests that there will be a similarly close relation 

between the production of muon pairs of a given Invariant mass (and then the flux of virtual photons of that 

maas) and the production of Ws with the same mass. This Is Indeed the case11 and, for the rather poor 

effective W mass resolution which one might expect from most experlmente, the flux of muons from W-decays 

will be of the same magnitude as the flux from the production of muon pairs of similar invariant mass. 

Conversely, If no muons derived from pair production are detected, it Is unlikely that the experiment could 

be sensitive to muons from W-decays. There are some uncerlaintles in these calculations. In particular, 

as with the consideration of the decays of heavy leptons, It Is quite easy to calculate the transition rates for 

W decay to lepton states but the transition rates to hadron states are uncertain and then the branching ratio 

for decays to the rather distinctive lepton states must be equally uncertain. Again, there Is a body of 

opinion to the effect that the small form factors for decay to hadron states will approximately compensate 

for the large phase space which follows from the large number of open channels and then the branching ratio 

for W decays to leptons will not vary strongly with the W mass and will always be substantial. 

The procedures used to detect the production of Ws In hadron interactions varies but usually depends 

upon one or more of three factors; a) the decay of a massive W will result in leptons -- and perhaps hadrons-
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with large transverse momenta, b) the muons which result from such a decay will have the longitudinal 

polarization to be expected from allowed leptonlc decays in contradistinction to muons from meson decays, 

which will have the opposite polarization, and to muons produced in pairs through electromagnetic processes, 

which will have no longitudinal polarization, and c) the muons from W-decay, unlike the muons from meson 

decay, are produced promptly at the point of the hadron interaction and the production Is then independent of 

the density of the target while the muon flux from meson decays will vary Inversely with the target density 

even as the competing absorption of the mesons through interaction is proportional to the target density. 

'These three conditions also follow from the production and decay of heavy leptons. 

The diagram of Fig. 2a suggests the cbaracter of the variation of such flux with. target density. The 

intercept at the extrapolated position of infinite target density, corresponds to the intensity of prompt muon 

production -- that is the intensity of muons from the production of pairs through electromagnetic processes, 

from the production of muons through the decays of heavy leptons and from the decays of Ws. 'The character 

of these prompt muons can be determined by a measurement of their longitudinal polarization (again by 

extrapolation): If any longitudinal polarization is detected in the opposite direction to that expected from 

meson decays, one could presume some contribution from W-decay, or perhaps from the decay of heavy 

leptons. 

The experiments of this character which have been conducted at the lower energy accelerators have 

neither Indicated the presence of a W nor have they been sufficiently sensitive to place any very stringent 

limits on the mass of the W. Perhaps, new measurements planned at N.A. L. and underway at the !SR at 

CERN may produce more definitive results. We might expect reasonable sensitivity to the existence of 

Ws with masses as great as 10 GeV for the NAL experiments. The!SR experiments may extend to higher 

masses but the smaller effective luminosity at the !SR may make It impossible to reach the requisite 

sensitivity . 

At any rate no experiments contemplated at present accelerators will be sensitive to Ws which are 

coupled to lepton currents with the same strength as the photon is coupled to charge, a conjecture which Is 

very popular today. The mass of such Ws must be of the order of 50 GeV (where the particular mass depends 

upon the exact formulation of the theory). However, cosmic ray measurements on muon flux extend, albeit 

with low counting rates, to muons produced by hadron interactions at very high energies, energies sufficient 

to produce W particles of very high mass. 

'The detection of a component of this flux which might derive from the decay of Ws follows from a 

method similar to that used for the machine experiments. The Intensity of muons of very high energy is 

measured as a function of sec 9, where 9 is the angle of incidence of the muon with respect to the vertical. 

It Is possible to show that the effective density of the. atmosphere is Inversely proportional to sec 9 (i. e. 

the atmospheric density decreases exponentially with distance from the earth's surface where the scale 

factor is inversely proporilonal to sec 9). At very high energies, where the decay probability of a meson is 

small compared with the interaction probability, the probability of decay Is inversely proportional to the 

density of the atmosphere and then proportional to sec 9. When the intensity, plotted as a function of sec 9, 

Is extrapolated to sec 9 = 0, which corresponds to an infinitely dense atmospbere, we should expect that 

Intercept to correspond to the intensity of promptly produced muons, muons produced through electromagnetic 

processes and the decays of Ws and heavy leptons. 'The diagram of Fig. 2b suggests something of the 

character expected of such measurements If there were a substantial production of prompt muons. 
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Some early measurements by the Utah group12 suggested that there was indeed a substantial flux of 

such prompt muons at energies conslBtent with a mass of tbs W of near 50 GeV. The production cross sec

tions derived from tblB intensity were very large (the order of 0.1 m1ll1bam), however, and inconsistent 
3

with any conventional model of W production. Howsver, the Utah groul has now largely withdrawn their 

results noting that certBln instrumental problems complicated their own measurements and other difficulties 

attended those measurements (of the depth intensity curve for muons underground) of others which were used 

with the Utah measurements to give preclBe measures of the anomalous intensity, 

Magnetic Monopoles 

The concept of magnetic monopole was probably first attractive to physiclBts inasmuch as the exis

tence of such a charge would symmetrize the form of Maxwell's equations. Dirac then showed that the mag

netic monopole must have a charge g such that eg e n/2, n e I, 2, .. ., where e lB the electric charge in 

natural units, or measurements could be made which would violate the uncertainty principle. Schwinger 

latsr refined the argument to show that n ; 2, 4, .... This quantization condition of Dirac,made monopoles 

more attractive aesthetically inssmuch as their existence would now demand the quantization of electric 

charge, a property not otherwise understood in any way. However, the universe was then clearly not 

symmetric with respect to electric and magnetic charge as the smallest possible magnetic charge must be 

137 times the electric charge. Furthermore, 11was easy to see that any universe which contained both 

electric charges and magnetic poles could not be invariant with respect to CP. The dlBcovery that the 

universe was, indeed, not invariant with respect to CP then added to the attractiveness of the concept of 

magnetic charge. 

Even as particles with an electric charge have, invariably, other couplings, weak or strong, we can 

presume that particles carrying- a magnetic charge may well carry electric charge or strong or weak 

couplings. However, the magnetic charge will be so great that tbs production of pairs of these particles and 

tbsir subsequent interaction with each other and with other matter, lB likely to be dominated by the inter

action with their magnetic charge. 

Unlike p~rticles coupled primarily through electric charge, we cannot very well calculate production 

cross sections for monopoles, The magnetic charge is so strong that the perturbation techniques used so 

successfully to calculate the effects of charges in quantum electrodynamics are completely inadequate to 

consider effects of poles, Therefore, it does not seem to be possible to construct experiments designed to 

detect magnetic monopoles where the results can have any very strong negative meaning: We do not now know 

how to prove that magnetic monopoles of a given mass do not exist. We can only establish limits for the 

production cross section for various monopole masses. 

It seems likely that the mass of a particle carrying a magnetic charge will be quite large even as the 

energy stored in the magnetic field derived from the charge will be large even at considerable distances 

from the charge, The energy stored outside of a sphere about the charge, where the radius lB the classical 

radius of the electron, will be about equal to (137)2m or about 10 GeV if the charge is the smaJ}est allowed 
e 

by tbs Dirac-Schwinger condition. Pairs of particles with so large a mass cannot be made by the accelerators 

in existence a few years ago so the more important searches for monopoles were made by considering the 

production by the primary cosmic radiation. The most sensitive of these measurements were made by 

examining the induced voltage in a superconducting loop when material which had been subjected to a long 

bombardment by cosmic rays was passed through the hoop. 14 Such measurements, ustn ~ material from 
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2
meteorites and the moon, placed limits of about 10-41E 2 cm on the production cross section where E is an 

t t 
effective energy threshold which must vary with the mass of the monopole and depends somewhat on the pro

duction characteristics. The energetic threshold for the production of pairs of monopoles of mass M by 

nucleon - nucleon interaction is: E = 2~1M ~ where M is the proton mass. Measurements which are only 
t p p 

a little less sensitive have been made by searching for tracks left in naturally occurring solid state detectors15 

such as mica or obsidian. 
2.

If the mass of the monopole is as small as 5 Gev/c the present accelerators may be sources of 

monopoles. An experiment at Serpukhov using a ferromagnetic trap for monopoles which are later extracted 
43 2

by a pulsed 300 k gauss magnet place a limit of 1.4.10- cm on monopole production while an experiment 

designed to detect the monopoles by detecting their Cerenkov radiation in flight was somewhat less sensitive. 

A number of experiments to detect monopoles at NAL have been proposed. In particular, conventional 

experiments (a conventional experiment is a very ingenious, very unusual experiment where the design is two 

years old) constructed to detect the existence of free monopoles using the methods introduced in the cosmic 

ray studies are expected to detect monopoles made with a cross section of the order of lO-42 cm2, 

The searches for monopoles which have been made and which we have considered here all concern 

free monopoles. However, the coupling of monopoles with the magnetic field is so great that doubts have 

been raised as to whether free magnetic poles can ever be produced. 16 The radiation produced by the acce

leration of the poles, which follows from the very strong forces between them, may well reduce the total 

energy of the pair below the rest mass of a pair of free poles. These bound poles will then continue to 

radiate until they annihilate in some manner. Since the binding energies of pairs of monopoles is so great, 

it is also possible that the monopole pairs will often be produced in a positronium-like bound state. In 

either case, one might expect a shower of gamma rays which do not have very high energies in the monopole 

rest frame. One consequence of these interesting ideas is a number of proposals to search for gamma ray 

showers derived from high energy interactions at NAL and at the CERN !SR. 

Conclusions and Prophecies 

At this time we can consider the meaning of our negative searches. We have not found quarks. 

Perhaps they do not exist. However, the successful application of scaling to parton (quark?) scattering 

suggests to the believer that quarks must have very large masses and we have not yet mounted very sensitive 
2.

searches for quarks with masses greater than 20 Gev/c We have not found Ws. But the interesting new 
2

models of tile weak interactions predict W masses of the order of 50 Gev/c and we have not penetrated that 

area. We have not found heavy leptons. But the very great ratio between the electron and muon mass does 

not make us confident that the ratio of the mass of next lepton to the mass of muon is small and we have only 

looked carefully at such small masses. We have not found the monopole. But the monopole may be very 

difficult to separate from its conjugate twin and we may have to search for radiative transitions of the pair 

states. 

We can then anticipate that our ever optimistic faith that the universe is simple and that these sim

plicities are to be revealed to us will continue to drive us to further searches. This drive is part of our 

character as the young lady knew who ordered 17 yards of material in a dry goods store to make a night

gown. When the clerk questioned the need for quite so much material, the girl explained that she was getting 

married, her fiance was a scientist, and that she knew that for a scientist the search was more important 

than the discovery. 
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Figure 1. Cross section limits for the production of quarks. The siMle solid lines represent the limits 

derived from the CERN ISH experiments, the uaaned ime represents an estimate of the limits 

from cosmic ray experiments and the double line shows limits from other accelerator 

experiments. 
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Figure 2� a) The diagram shows the chsracter of the variation of intensity with respect to target density 

of muons produced in high energy interactions by various processes. 

b) The diagram shOws the character of the vsriation of intensity with respect to sec B, where 

B is the angle of incidence measured from the vertical, of cosmic ray muons produced in very 

high energy interactions by various processes. 



DISCUSSION 

R. H. Hildebrand (Chicago): Singh and Wolfenstein [Nucl. Phys. ~, 77 (1970)] have considered 

the possible existence of a heavy lepton with a mass between the muon mass and the K-meson mass. 

If such a meson existed, the K meson would decay into the heavy lepton and a muon even as the K 

decays into a muon and neutrino. No such decays have been found. One can place a limit on K 

decay into such leptons --a limit of z· to -7 on the branching ratio--which can be translated into a 

statement about the mass of the hypothetical heavy lepton: if such a lepton exists, its mass differs 

from that of the K by less than 30 keY. 

H. J. Lipkin (Weizmann Institute): I would like to paint out the existence of objects referred to as 

heavy leptons that do not have the properties that you have assumed, and this would affect their 

searches considerably. These arise particularly in these new attempts to unify electromagnetic 

and weak interactions. There are also objects like quarks in many models which have integral 

electric charge, there are neutral heavy leptons, and there are some heavy leptons that do not 

appear together with their own neutrinos in a doublet but would decay in more complicated ways. 

Have you considered tile implications of these new objects for searches? 

R. K. Adair: Professor Lipkin has pointed out that there are all kinds of things predicted one way 

or another. There are a large variety of searches for integrally charged particles of various 

types. My colleagues and I have conducted such searches ourselves. Unless one names very 

specific characteristics of a particle it is very difficult to make a general statement about the 

relevance of experiments to its existence. I'm sure there are all kinds of experimental holes into 

which we can fit new particles. On the other hand, many experiments do relate directly or 

indirectly to limitations on the existence of other kinds of particles. 

H. J. Lipkin: Is there any evidence of heavy leptons from analyses of decays into charged 

particles? 

R. K. Adair: I don't know, but I suspect that Professor Zichtchi , for example, in his experiment, 

can eliminate many varities of Qdd things. 

Question from the Floor: In the earlier report of the Utah experiment. it was necessary to use 

anomalous range-energy curves for the muon, and this was used in general as an argument in 

favor of a process in which the muons would have the wrong helicity. What is the current status 

of this? 

R. K. Adair: The question is essentially this: If you have certain tupes of X processes which 

produce muons with a cross section of the order of a tenth of a millibarn. you must introduce some 

kind of semi -strong interaction to account for such large production. If there is a semi -strong 

interaction for muon production, the muons are likely to have a semi-strong interaction in passing 

through matter. This is quite possibly related to the helicity. that is, the muon with the he'lfctty 

derived from meson decay will not interact but a muon with the opposite he.ltcfty , from heavy 

lepton or W decay, will interact. Such an effect would solve some of the problems of bumps in 

range-energy Curves. I think that this hypothesis was first suggested by Bjorken and his collabor

ators in a footnote that said that they didn't take it very seriously. If I remember correctly, this 

is one of the very wide variety of possibilities that exist which would explain the experimental 

anomalies. and there is no direct information at this time on an anomalous muon interaction. 
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