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LECTURE 1. INTRODUCTION TO CHARM 

While I make some introductory remarks I put up for you to look at a number 

of elementary references to the subject of charm. As we go along, I will cite more 

specific references to the literature, which may be helpful for the detailed points 

to be considered. I have chosen this list partly because the treatments given are 

very introductory and elementary, and partly also because these are published 

works and reports from large laboratories which should be easy to find. 

Table I. Some elementary references 

“Search for Charm,” M.K. Gaillard, B.W. Lee and J.L. Rosner, Rev. Mod. Phys. 47, 
277 (1975). 

“Introduction to SU(4) and the Physics of Charmed Hadrons,” M.B. Einhorn, 
Fermilab-Lecture-75/l-THY/EXP. 

“Beyond Charm,” H. Harari, in Weak and Electromagnetic Interactions at High 
edited by R. Balian and C.H. Llewellyn-Smith (North-Holland, Amsterdam, 

“Elementary Charmonium Theory ,” L.B. Okun and M.B. Voloshin, ITEP-152 (1976). 

“Hadron Production in e+e- Annihilation, 
SLAC-PUB-1873. 

” V. LGth, Lectures at the Baku School, 

“Lectures on the New Particles,” J.D. Jackson, in Proceedings of the 1976 SLAC 
Summer Institute on Particle Physics, edited by Martha C. Zipf, p. 147. 

The new quantum number, charm, has caused a great deal of excitement for 

the past three years. In the course of these lectures I want to deal in great detail 

with some manifestations of charm and with some characteristics of the charmed 

particles. 

However, first I would like to begin in a much more general manner and try to 

acquaint you with the reasons why charm is exciting without going into detail about 

its properties. There area large number of important discoveries that have been 
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made in our field, for which we have no ready explanation or for which we were not 

prepared when they came. People discovered CP-violation experimentally 

unexpectedly 15 years ago. Up to now this is a great puzzle because we do not 

really know how to explain it. On the contrary in the case of charm we were 

prepared for the experimental discovery and it came together with a large number 

of other experimental and theoretical developments which make us very happy and 

excited. 

So at the beginning I shall deal mostly with the general situation and try to 

describe to you how people feel about high energy physics these days. ,My intention 

is to give some background and context for the discussion of charm that we will 

have in succeeding lectures. The other reason is that physics is done by people. So 

how we feel is very important; it is important how we think about these problems 

or why we think about them. The main material today will be quite introductory 

and general but at the end of the lectures I promise to talk about things that I do 

not understand; and so we shall get lost together along the way and perhaps make 

some discoveries. 

1. CULTURAL ORIENTATION: POINTS OF VIEW 

Let us begin our cultural discussion of points of view which many people hold 

about physics or ways of doing physics. Many theoretical physicists feel that we 

are very close to unifying, perhaps in a useful operational way, all interactions that 

we know now: strong, weak, electromagnetic and gravitational interactions. 

Perhaps I am more conservative than many of my colleagues, but I will try to 

describe to you what we believe in now, and to give you some reasons that support 

these beliefs. 
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The first reason that many theorists have confidence that a great unification 

of theory is near is the successful quark model in which the quark is a more or less 

fundamental particle. The main successes of the quark model come from the 

spectrum of observed hadrons and from a number of fruitful descriptions of the 

interactions that we wish to study. One of these is the quark-parton picture as an 

explanation for deep inelastic scattering of leptons on nucleons. Second, as we 

shall see in some detail later, are the properties of efe- annihilation into hadrons. 

The following features are observed here: the large size of the inclusive cross 

sections, and the manifestation of jet structure in the angular distribution of 

hadrons. There is another kind of evidence for pointlike constituents. It is clear, 

at least it appears clear to a number of people, that scattering of hadrons, which 

results in the production of particles with large transverse momentum, is also well 

understood in terms of the collisions of billiard-ball-like objects and their 

subsequent decay. 

The second current of thought has to do with gauge theories of weak and 

electromagnetic interactions. As you know, for many years it has been a goal to 

unify the theories of weak and electromagnetic interactions. For even a longer 

time it has been a goal of particle physics to have a description of weak 

interactions which is not simply a phenomenological one, though the Fermi 

description of weak interactions was successfully used for B-decay. But a real 

theory with which we could calculate in higher orders must be unitary, to conserve 

probability, and renormalizable, i.e. be calculable in the sense that electrodynamics 

is calculable. The gauge theories of the weak and electromagnetic interactions 

have a number of positive attributes. One is the appeal of finding theories which 

unify two or more interactions in a way that seems beautiful. Secondly these 

theories have been demonstrated to be unitary and renormalizable. Hence they 

may be taken seriously as candidates foraclass of theories that may be true. The 
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price of the achievement of unitarity and renormalizability of these theories is the 

necessity to invent new sorts of particles or interactions. You will see as we shall 

go through the development of the picture of elementary particles and weak and 

electromagnetic interactions how often theorists are forced to invent new particles 

for wanted or needed effects. And the great luck in recent years is that a number 

of these hypothetical particles and interactionshaveturned out to be real. In the 

case of the unified theory of the weak and electromagnetic interactions these 

particles are the intermediate bosons W’ and Z”, which carry the charged and 

neutral weak currents, and the so called Higgs-bosons. The latter have very little 

connection with the usual experiments in particle physics and absorb the final 

unpleasant divergence difficulties of these theories. I shall not be able to discuss 

the detailed properties of the Higgs bosons in these lectures.* 

Unified theories of weak and electromagnetic interactions result in the 

prediction that in addition to the familiar charged current interactions that we 

know from radioactive decay there should be neutral current interactions in which 

the charge of the participants does not change. The observation of this effect in 

1973 was of course psychologically a great encouragement for these theories. 

In the case of the charged current we have interactions which preserve 

strangeness with large strength, with cosine of the Cabibbo angle. Here we also 

have strangeness-changing interactions, which come with the modest strength given 

by the sine of the Cabibbo angle. In the case of the neutral currents the 

suppression of the strangeness-changing neutral currents appears to be complete. 

There is a beauty to exact forbiddenness in nature and I shall speak about other 

details again in a few minutes. 

*For a summary of Higgs boson phenomenology, see M.K. Gaillard, CERN preprint 
No. TH2461, to appear in Comments on Nuclear and Particle Physics. 
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The final current of thought that gives rise to some problems which we must 

work out is the nonobservation of quarks. Free quarks, it seems, are not observed, 

and this stops our argument. But it is a usual practice to turn embarrassments into 

positive features. We invent a new concept, which is permanent confinement of 

quarks. According to this picture quarks can never get out of hadrons and that is 

why one cannot see them. It is a conjecture, not yet proved. Another gauge 

theory, a gauge theory for the strong interactions which involves as fundamental 

fields quarks and gluons, gluons holding quarks together as mediators of the strong 

interaction, is in many ways a parallel to the rather successful theory of weak and 

electromagnetic interactions. There is a belief that a theory of this kind can result 

in the permanent confinement of quarks. But that has not yet been demonstrated. 

Indications have been given but not a proof. 

There is another property of these theories which has been established - 

theoretically. It means that the quarks interact weakly at small distances. The 

usual interactions between them become very weak. This is the concept known as 

asymptotic freedom*and it provides an explanation of the nearly free behavior of 

light quarks inside a nucleon, which we believe is the case from the parton 

description of deep-inelastic scattering. The second success of this idea, at least a 

qualitative success, with which I shall deal briefly in the last lecture, is that the 

spectrum of the family to which the$ -particles belong can be explained in terms of 

nonrelativistic quantum mechanics. 

This is the first look at the general picture in which we shall work. Now I 

want to give some details about the experimental facts known to us because we will 

try to use them. 

*See H.D. Politzer, Phys. Rep. i& 129 (1974). 
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2. LEPTONS 

Let’s begin our review with the properties of normal leptons, the known 

leptons which are in Rosenfeld’s table. There are the following: the muon v), the 

electron (e-) and a neutrino for each of them (vu, Ve). It has been demonstrated in 

many ways that they have spin Yz and behave as point-like particles in the weak and 

electromagnetic interactions. This has been shown down to very short distances. 

In the normal weak interactions, as we know them in u-decay for example, only the 

left-handed helicity states participate. For the purpose of these lectures I assume 

the ve and v 
!J 

are exactly massless but distinct objects. Professor Mann in his 

lectures will perhaps say something about the peculiar possibility that the neutrinos 

may have a small mass and may oscillate over very large distances from one 

species to another. For our purposes we need not consider this possibility and I 

simply write here the present experimental limits of the neutrino masses. The first 

limit is a very good limit from the end points of 8 -decay spectra: for the 

ve(mv <6x 10 -5 MeV); for the v,,(m, < 0.65 MeV). 
e u 

In the usual picture of the weak interactions (including gauge theories) we 

describe the weak interactions of these particles by two doublets ( ve, e),, (v uf PjL’ 

where ve couples to e in a left-handed way. The same for the muon doublet. The 

subscript L means that the coupling between these particles has a V-A form. The 

space-time structure of these charged currents is extremely well established in 

experiments extending over 30 years up to 1960. 

For the more recently discovered weak neutral currents the space-time 

structure is not yet clear. Professor IMann will tell you about the latest results in 

neutrino scattering, which begin to show some of the attributes of the weak neutral 

currents. But this is a situation which is much less definite than for the charged 

currents. 
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Experiments rule out the possibility of right-handed charged currents among 

the 4 known leptons. These would simply violate the decay correlations that we see 

for example in u-decay and in other observables for the ordinary weak interactions. 

However if there were new leptons in addition to the 4 we listed here it is not 

excluded that there could be new couplings with the old leptons. The new leptons 

could be left-handed of the ordinary sort or right-handed. There is no principle to 

govern them. There may be left-handed couplings of old leptons to new ones, but 

each of the old leptons is already coupled in a left-handed way to something, 

exhausting the usual intermediate bosons. So we would have to invent several new 

intermediate bosons, mediators of new couplings. In the absence of principles to 

forbid them we would have to consider that possibility. 

3. WHY WE BELIEVE IN QUARKS 

Now there is considerable evidence for believing in quarks as useful objects. 

Quarks were first considered as a simple explanation for the spectroscopy of 

elementary particles. We know from analyses over the past 15 years that all the 

“ordinary” mesons not involving charm belong to SU(3) families which are singlets 

or octets (1 or 8). All the “ordinary” baryons, baryons that have no charm, are 

members of singlets or octets or IO-dimensional representations of SU(3). This is a 

remarkable rule of nature which is more restrictive than the requirement of nature 

to be SIJ(3)-symmetric. All this we can summarize in the hypothesis that there is a 

fundamental triplet of quarks, up (u), down (d) and strange (s) quarks (some people 

use the notation p, n and X-quarks). So there are 3 quark flavors or fundamental 

objects, which are responsible for building up the observed multiplets of mesons and 

baryons. I display the weight diagram for this fundamental representation of SU(3). 

The u and d quarks form an isospin doublet. The u has isospin up and the d has 

isospin down. They are nonstrange. The s-quark is isoscalar and has a unit of 

strangeness. 
- 
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With quarks we can build all the known mesons and baryons in a simple way. The 

known mesons lie in representations we reach as combinations of a quark with an 

antiquark (q$. In the algebra of SU(3), that is the product 

Baryons must be made of 3 quarks. In SU(3) language this is the direct product 

38383 = 1@85J8@12 . L c I cc 

These representations exhaust all representations, which we see prominently in 

nature. 

One may ask why it is not possible to have additional quarks inside of mesons 

and baryons. We do not know why. It is an empirical rule. “Exotic” particles, 

which would be required to have 2 quarks and 2 antiquarks in a meson or more than 

3 quarks in a baryon, have not been convincingly observed. But recently some 

people have attempted to build theories which would explain why one quark and one 

antiquark might be bound strongly or why 3 quarks might be bound strongly to make 

a baryon. They find many models having weakly-bound, or merely heavier, larger 

systems. There is now considerable interest in looking for configurations more 

complicated such as qq% or 6q combination for mesons and baryons (see Professor 

uatveev’s lectures).* 

*See R. Jaffe and K. Johnson, Comments Nucl. Part. Phys. 7, 107 (1977). 
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a) baryon number 

What more do we know about quarks ? We know that they have baryon number 

l/3 because 3 quarks make a baryon. Consequently an antiquark has the baryon 

number -l/3. 

b) electric charge 

The Cell-Mann-Nishijima connection between the charge, isospin, and 

hypercharge operators gives us the charges of quarks 

I- 
213 u 

Q = I3 + %Y = I3 + K(B + S) - -1/3d 

l/3 s 

We have in addition some evidence that these charges are correct ones. 

(i) The first piece of evidence is the most obvious one. We simply have 

baryons with charges 2, I, 0, -I, which are made of 3 quarks. 

(ii) There is also evidence from the decay of vector mesons into pairs of 

0 leptons V + e+e-. If we picture a vector meson as a bound state of quark and 

antiquark then there is some probability for these objects to meet and to make a 

single photon. The virtual photon then converts into a pair of e+e- 

9 e' 
v 

q e+ 

On the basis of this picture the reduced width r(V” + e+e-) for the vector meson 

decay into e+e--pair would be proportional to e 2 
q ’ eq being the charge of the 

quark. It is the charge that governs the strength of coupling of quarks with a 

photon. Then the reduced width would be also proportional to the probability for 2 

quarks to meet and annihilate. So we have 

- 
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r”(V” + e+e-) a: e 2 q Ia@) I2 

The last factor in a nonrelativistic picture is the square of the wave function at the 

origin or at zero separation of the quarks. 

For the moment I am going to assume that 1 q(O) 1 2 should be approximately 

the same for all mesons we are talking about. We shall see at the finish that this 

seems to be a good approximation. If I make these assumptions I can write the 

structure of the familiar vector mesons in terms of their quarks. I immediately 

calculate the mean square charge of quarks inside particles 

p” = &u;-da + eq2 = [h($ +$] 2 = l/2 

too = &ii + d?il + eq2 = [;Z(f -;)]2 = l/18 

$I’ = s3 +e 2 
q 

=1/9 . 

So we expect in this way the relative reduced widths of the vector meson decays 

into lepton pair should be 

f(p) : r(w) : ;(&,) : 9:1:2 . 

Experimental data for this in units of the w partial width are (8.3 + 2.9):1:(3.0 +0-S). 

As you can see there is no indication for big variations of the wave function. 

(iii) There is another potential way of measuring the quark charges. This can 

be done with very preliminary data obtained so far. Let’s consider a Drell-Yan 

~process in which a quark,and an antiquark within hadrons annihilate into a virtual 

photon which itself converts into a lepton pair. In particular the Drell-Yan process 

on an isoscalar target such as carbon is of interest: 
- 



FERMILAB-Conf-78/37-THY 

We are working in the approximation where the incident TI -mesons can be described 

as only containing valence quarks, u and a quarks for T + and ; and d quarks for n-. 

Then there is only one fundamental process which takes place and leads to the 

production of lepton pairs. For T+ it brings an antiquark which is a a to annihilate 

with a d-quark in the carbon to form a photon with relative probability l/9 because 

l/9 is the square of the d quark charge. So we have 

n+C s da + y -. p+u- = l/9 

n-c J- ui + y + u+u- = 419 

The prediction for the ratio of the cross sections is 

n-c/n+c z 4 , 

which violates the ordinary expectation from isospin symmetry because this is an 

explicitly electromagnetic interaction. Now preliminary data from the Chicago- 

Princeton experiment of K.J. Anderson, et al. at Fermilab using 225 CeV/c TI+ and 

TI- begin to show the ratio approaching 4, which again is a confirmation of the 

quark charges. For experts who have studied the Han-Nambu model with integer 

charges I should remark that below the threshold for color production the 

predictions of this model are identical to those with fractionally charged quarks. 

All we can say experimentally is that the evidence, which we mentioned, is 

evidence for the average charge of the quarks of a given flavor. 

- 
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(iv) Finally there is evidence on quark charges from deep-inelastic electron 

scattering analyzed in the quark-parton model. The simple counting of quark 

charges tells you the ratio of the structure functions of electron-deuteron 

scattering to the sum of the structure functions for neutrino and antineutrino 

scattering on deuterons. I think that this prediction will be discussed in some 

detail in the other lecture courses, so we quote only the results in the valence 

quark approximation: 

F2(ed) 
F2(Vd) + F26dd) = . 

The experimental value is very close to this number. 

c) spin 

Finally we come to some evidence that quarks have spin 5. 

(i) This comes on the one hand from the multiplet structure of mesons and 

baryons, in fact from the lowest-lying mesons and baryons which we describe as s- 

wave configurations of quarks. These particles have precisely the values of spin 

and parity which could occur in the binding of objects with spin K and even parity. 

Furthermore there are some combinations of spin and parity which cannot be 

obtained with any value of orbital angular momentum from quarks with spin Y2. 

Especially in the meson system this restriction is powerful. So we have observed 

mesons 

JPC = o-+, 1-- 
u 

; Om+ , etc. 

L=O L=l 

Other combinations of Jpc, such as O--, O+-, l-+, have not been seen as low-lying 

particles. For the baryons the arguments are somewhat more complicated. One 
- 
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can summarize them by mentioning the relative success of the SU(6)-classification 

of particles in which the 56-dimensional representation with zero angular 

momentum and positive parity is the lowest-lying state. It includes the baryon 

octet and the baryon decimet. 

(ii) Next we can measure with photons the longitudinal photon coupling to 

quarks and transverse photon coupling to quarks within the framework of the quark 

parton model. This can be done in the deep-inelastic scattering of electrons and 

also in studies of the jet-structure of e+e- annihilation into hadrons. In both cases 

the longitudinal coupling has been found to be smaller than the transverse one. If 

you work out the spinology this is equivalent to the statement that fundamental 

constituents have spin % rather than spin 0. In the case of the jet-structure in e+e- 

annihilation into hadrons the argument is simple. The jet axis has the same angular 

distribution as the muons in the reaction e+e-+u+u- and consequently one infers the 

same spin for quarks as for the muon. 

d) color 

Now we come to the concept of color.* The quark model which we have 

discussed is indeed very successful but it has a flaw. Its origin is in producing the 

baryon spectrum as we know it. For example we can talk about A++, which in the 

ordinary quark model is the 3-quark state with L = 0, spins aligned and isospins 

aligned (S = 3/2, I = 3/2). So it is a fully symmetric state of 3 u-quarks (uuu state). 

This state is symmetric under space reflection and also symmetric under spin and 

isospin interchanges. So it is an entirely symmetric state. But we have studied in 

school that if we had 3 fermions the state had to be antisymmetric not symmetric, 

the well-known exclusion principle for fermions. Some years ago in order to get 

around the problem a seemingly wild suggestion was made that there was a hidden 

*See O.W. Greenberg and C.A. Nelson, Pw. Rep. g, 70 (1977). 
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degree of freedom possessed by these quarks. The wave function could be 

antisymmetric in the new degree of freedom and still symmetric in the known de- 

grees of freedom. This may sound like an invention without much basis. But it 

turns out to be the basis of a good deal of understanding in later years, though it is 

still not firmly established by direct observation. The new degree of freedom these 

quarks possess is named color. In order to antisymmetrize the three-quark system 

there must be at least 3 colors. For some reasons I will give in a moment it seems 

like 3 is the right color. So we do not need 4, 5, 6 colors. Furthermore we require 

that all hadrons are neutral in color. 

What is this proliferation of species of quarks--3 flavors, several colors? How 

is it observable? What consequences are there? 

We consider the production of hadrons in e+e--annihilations. It is convenient 

to refer the cross section we observe to something that is understood. The 

production of u+u- in e+e--annihilations is a process which is the production of 

pointlike constituents. So we can calculate it on the basis of quantum electro- 

dynamics 

e+ 

e- 

Neglecting all kinematical factors this cross section is proportional to the charge 

squared of the muon, which is I 
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Let us use the quark-parton model for hadron production, which is to say that ef 

and e- annihilate into a virtual photon and the virtual photon decays into a quark- 

antiquark pair (u, d or s quarks). No one has seen any quarks, so this pair in some 

way transforms itself with probability I into the hadrons which we observe. The 

basis of this theoretical description is the hope that one can calculate the cross 

section of e+e- + hadrons by calculating the cross section for the production of free 

quarks and assuring himself they will turn into hadrons and there will not be 

production of free quarks. So I find for the production of quarks (and the hadrons 

which evolve from them) the cross section is proportional to 

e+ 

e- 

u 

2 4 raQ =- 
u 9 

e+ S 

I 
Q aQp3 

e' 
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I sum over these processes because they exhaust all quarks and have a cross 

section, which in units of the u-pair cross section is Z/3. But finally there are 3 

colors of quarks in addition to 3 flavors. In fact I have 3 diagrams for each one 

above (for red and green and yellow quarks). So I have to multiply my cross section 

by 3. Then the prediction of the model in the region of usual physics is 

u (e+e + hadrons)/u(e+e- + u+u-) q 2 * 

I show you here an old sample of data 

w83) ; ~4mo~ 
‘O” ~pc7701~ . y(1600) 

443looq 

et 
+ 

10 

R 
i’ 

tt 
t 

t t t tt t ’ l t 

1”‘37a4 

(4 t * 

(‘%( , t *- 

R here is the ratio of cross sections for hadron production to u -pair production. 

There are oscillations of the vector mesons being produced (w, P, $ ) and there is a 

region from 1.5 to & GeV, where this ratio is nearly constant and equal to 2 which is 

the predicted value of the SU(3) color theory. In fact the value is close to 2.5. The 



--I 7- FERMILAB-Conf-78/37-THY 

prediction without color would be 2/3 and is severely in disagreement with the 

data. This is one experimental evidence for color. 

Another piece of evidence involves a new particle which is not completely 

established but Prof. Wolf will convince you that it is real. This is the new heavy 

lepton rt, which carries charge +I or -1. I attempt to discuss its leptonic decay 

r+ ev? and to compare it with the semileptonic decay into a neutrino and ordinary 

hadrons. The r-lepton turns into its own neutrino and a virtual W-boson which 

subsequently can decay into lepton and neutrino or into a pair of quarks 6 and d or 

; and s) 

I 

cos ‘ec sin20c 

The first diagram for leptons occurs with probability 1. There is 1u and le, one 

diagram of each kind. The second diagram with i and d has the W-boson coupling 

to G and d, which occurs with probability cos2 BC, BC is the Cabibbo angle. The 

third diagram gives a contribution proportional to sin’ BC. The sum of the last 

two diagrams is 1. But they are multiplied by the number of colors (3) to get the 

total hadronic rate. Consequently the branching ratio for the decay of this object 

into p and 2 neutrinos compared with its decay into anything will be the rate to 
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decay into a ).I, which is 1, divided by everything which can happen. Everything 

that can happen is 1 for the muon, 1 for the electron and the number of colors for 

hadrons. We believe the number of colors is equal to 3. So the prediction is 

l-(7- * lJ-w& )/l-h + all) = l/(2 + NC) = 20% . 

This number is in extremely good agreement with experiment. The latest numbers 

from SLAC are (18.6 2 1.0 -C 2.8)%, where the first error is the statistical one, the 

second is the systematic one. I think Prof. Wolf will give fuller information from 

SLAC and from DESY in his lectures. 

Lastly there is another argument one can make in order to predict the rate 

for the decay II 0 + 2~. A loop of quark and antiquark also counts the number of 

colors because it depends again upon the number of diagrams. We have again the 

result that 3 colors are needed in order to get the correct rate for this process and 

to understand the lifetime for the no-meson. 

So we have a number of places in which we need, if you like, the same 

adjustment, the same factor of 3 in order to agree with experiments. 

- 
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4.GAUGE THEORIES OF THE WEAK AND ELECTROMAGNETIC INTERACTIONS 

Now I want to review very quickly the gauge theories of weak and 

electromagnetic interactions because we will be using them and this again is a 

favorite and famous stage for the discussion of charm. 

The prototype for these theories was the Weinberg-Salam model of leptons. 

So I prefer to use it rather than speak in general terms because this is something 

that people may be familiar with and its properties do reflect the general 

properties. 

As I said at the beginning we group all normal leptons into 2 leptonic doublets 

(“9, (“2, . 
We can write for them (without the coupling constant) the electromagnetic current 

J pem which is 

J em P = -Fyue- Fuuu 

with the name of the particle standing in place of the Dirac spinors. I also write 

the structure of the charged current (charge raising or lowering current) as the sum 

over these 2 leptonic doublets in the following form 

J (3 = 
lJ ~ ~ir,Yll(l + Y~g)~i 

where Ti is the Dirac conjugate of $ i, r+ are isospin raising and lowering operators, 

and ~~(1 + y,) means V-A space-time structure of the current. For the ordinary 

leptons ++l has the schematic form 
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J (+) 
!J = Tey$I +y+e + -jpyJl ty5h . 

But in these models there is a contribution to the weak neutral current from a 

commutator of raising and lowering operators. This is because of an isospin-like 

symmetry among the contributions to the charged and neutral currents. I can write 

it in terms of an isospin projection operator 

J (0) 
!J = K f 3iiT 3yvtl + Y,$ 

from [J+, J- 1. There is a second piece, which comes from the symmetry breaking 

of this model and which resembles the electromagnetic current. It is proportional 

to a mixing angle, the weak angle or Weinberg angle, in this way 

J (0,W) 
u 

: -2 sin2 9WJuem . 

In final form 

2 em +y5)Qi-2sin BwJP = 

or 

= !Gqu(l + y,)v - Gyu(l + y5)e + 2 sin2 e,ey,,e + J(u) 

: H-pp(l + yg)v + LFyu(l + y5)e + Reyu(1 - y$e + J(u) 

with 

L = sin2BW-K , R = sin’13 w . 

- 
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As I write out the neutral current I find it takes a form which couples the electron 

neutrino to itself lefthandedly. There are also both left and right-handed couplings 

of the electron to itself and similar pieces for the muon. An important thing to be 

observed is that e and ~.r remain separate in the neutral current. This is very good 

and important because we believe that muon and electron lepton numbers are 

conserved separately. If there were a weak neutral current that changed the e into 

u we would have the wrong theory because this disagrees terribly with experiments. 

So let us repeat the observation that most theories of this kind have neutral 

currents. Effects of neutral currents were first observed in 1973. Since that time 

their general properties have nearly been established but the space-time structure is 

not yet determined (see lectures of Prof. Mann). 

What may we say about the hadronic current? All ordinary hadrons are made 

up of u, d, s quarks. But nature seems not to have used the full spectrum of 

possibilities because the ordinary weak interactions that we know are specified by 

the Cabibbo theory. We may summarize this notationally in one lefthanded doublet 

where the d-quark mixes with the s-quark through the Cabibbo angle 

dg : dcoseC+ssinBC . 

Therefore the charged current is described by the common form 

J (+) = uyp(l + y5)d case c + uyIJ(l + y$s sin Bc . 
u 

Two connected questions one may ask now are: 

1) Why the hadron sector has an “extra” unused quark or why the orthogonal 

combination s 
e 

: s cos 9 c - d sin Bc is not used in the doublet structure? 
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21 Why the hadrons and leptons are not more symmetrical? Bjorken and 

Glashow in 1964 proposed to restore symmetry by adding a new left-handed 

doublet* 

Here c is a new quark called the charmed quark, which has to have Q = 2/3, 

I = S = 0 and to be an SU(3) singlet. But let’s pause here because in this form the 

idea seems rather crazy. 

Now I want to proceed with the Cabibbo theory. So I calculate the neutral 

current there 

J to) = 

II 
h $ $~~y~(l +y5)J: - 2 sin26 WJpem = 

q K icy (1 + y,)u -ayp(l + y51d cos2 Bc -syu(I + ~5)s sin20 C - 

-5-y u(l + y5ld sin eccos B C - Zyu(l + y5)s sine ccos Bc 1 - 2 sin20 WJuem . 

It has a number of pieces. There is a piece which connects a u-quark to itself and a 

d-quark to itself with different strengths. That seems a little bit ugly but is 

acceptable. There is also a piece which connects an s-quark to a d-quark or vice 

versa. This is a problem because there are many weak neutral current processes 

which have been observed, but those involving strangeness-changing neutral 

currents have not been observed. 

Let us look at the evidence. In summarizing the prediction of the weak 

neutral currents I said that a unified theory is likely to have a neutral current, in 

*Phys. Lett. l-l, 255 (1964). 
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which the leptonic current is proved to be diagonal in the flavors. It does not 

change the names of the leptons. But the hadronic current of the Cabibbo theory 

mixes the d and s quarks. We express all this in terms of 

j3(leptonic) - - - - 
s V~V u- ee -P u +v eve 

J3 
(hadronic) ~~u-~dcos2~-~ssin2f3-~dsin~cos~-&sin t3cos.e . 

A very quick summary of the experimental situation is that a large number of 
- 

neutral current effects have been observed in the scattering of vand v on nucleons 

and electrons 

v N + v + hadrons 

u N + v+ hadrons 

and so on. There is now an industry to study such things. But for another class of 

neutral current processes very strong limits apply. If one wants to know to which 

processes these strong limits apply it is necessary to look at strangeness-changing 

neutral currents such as the decay K- + n-vv . In quark language the K- is made of 

c- and s-quarks. This decay would require the s-quark to change into a d-quark by 

the neutral current while the neutral current decays into v and;. 

“--;;- 

- 
lw-. 

-v 
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That is not seen and therefore Cabibbo theory combined with the weak interaction 

gauge theories cannot be right. How can we avoid this strangeness-changing 

neutral current in gauge theories? Glashow, Iliopoulos and Maiani in 1970 noticed* 

that the same doublet with a charmed quark and a Cabibbo rotated s-quark, 

which had been proposed some years before by Clashow and Bjorken on the basis of 

the static SU(lr)-symmetry, would solve the problem. Because if you do that, going 

back to our special neutral current calculated in the Weinberg-Salam model, the 

weak neutral current takes a diagonal form in which only quarks with the same 

name couple to each other 

J (0) 
IJ 

q &ql +Y5hl+CYp(l +y5k- 

-ayp(l + Y5)d -TY,(l + ~5)s 1 - 2 sin2 OW3,,em . 

This is precisely the form of the leptonic current with obvious changes in strength 

in the contributions that have to do with the charges of various particles (leptons 

and quarks). It has the same structure as the leptonic current and a very nice 

symmetry. In a modern language we say that the neutral current is “flavor 

conserving” or “diagonal in flavors.” 

Therefore in 1973 when neutral currents were discovered experimentally for 

the first time, first in the Gargamelle Bubble Chamber at CERN and very shortly 

*Phys. Rev. D2, 1285 (1970). 

- 
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thereafter in counter experiments at Fermilab, they psychologically encouraged 

belief in gauge theories and also in charm because we found that the gauge theories 

gave us neutral currents and had models demanding charm. Somewhat later the 

discovery of $-particles, which were interpreted very quickly as the bound states of 

charmed quarks gave more impetus to the search for charm. 

5. GAUGE THEORIES FOR THE STRONG INTERACTIONS 

Let us close today with some remarks on the gauge theory of the strong 

interactions. These will be much more general remarks because much less is known 

precisely. There is an ideology that the nonabelian gauge theory of colored quarks 

and colored gluons (called Quantum Chromodynamics) is the solution of all our 

problems. According to this ideology a quark-quark interaction is mediated by 

vector glue, the vector gluons transforming as an octet (8) of SU(3). Then as we 

know that quarks don’t get out of hadrons we simply say that color is permanently 

confined or all objects in nature must be singlets with respect to color. That then 

implies that the quarks which carry color cannot get out. So quarks cannot escape 

and free quarks cannot be seen. In most theories color is what distinguishes quarks 

from leptons. We can regard color as the “strong charge,” which is probed by these 

vector objects called gluons. This theory has a property called “asymptotic 

freedom.” This is proved or well established for the theories, but it is not proved or 

well established as something which occurs experimentally in the world. This 

property tells us that at short distances the interaction becomes weak and it is 

nearly true that the quarks may be regarded as free particles close together inside 

a hadron. This is a “justification” of the parton model. 

The other side of this property is known as “infrared slavery.” It is known 

that the effective coupling constant between quarks increases as the distance 

increases. In any normal picture of quark confinement such as quarks bound by 

strings (which like elastic bands exert a constant force per unit of separation) there 
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is a belief that this increase of the coupling constant at large distances is the 

mechanism which would confine quarks. But this has not been demonstrated 

theoretically. Many people are working on this very exciting prospect but up to 

now it is only a prospect. 

[ I should mention that there is a recently reported experiment, a modern 

version of the Millikan oil drop experiment performed by W. Fairbank and his 

students at Stanford, * which has given some evidence for objects of charge -l/3. I 

don’t want to describe it in detail but only to say that it is based on an idea of 

magnetic levitation of superconducting Niobium balls. The balls which are 

suspended in a magnetic field are driven up and down by electric fields. One 

measures the period of oscillation and deduces the charge from it. ] It is in 

brackets because there are only a few examples of these things and few people find 

the evidence entirely convincing. 

A last remark about gluons is that from energy-momentum sum rules in 

electron or neutrino scattering one finds only about y2 of the momentum of the 

nucleon is carried by the quarks. That is only K of the momentum is carried by the 

charged objects which we see with the photon or by weakly charged objects seen 

with the intermediate boson. Then the other half of the momentum must be 

carried by something or otherwise we are making a terrible mistake. It is natural 

to think that this something is electrically neutral glue, which we want to have 

here to hold the nucleon together. Summarizing this optimistic picture of modern 

particle physics we say that in spite of its great promise not very much has been 

proved and even less has been verified experimentally. But as you can see there is 

a current of a number of events, both theoretical and experimental. They indicate 

the gauge theories are useful, in addition to being beautiful and very powerful. 

Many optimistic people believe that we already know except for some details how 

- 

*G.S. LaRue, W.M. Fairbank, and A.F. Hebard, Phys. Rev. Lett. 2, 1011 (1977). 
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to unify the weak, electromagnetic and strong interactions. The only thing that 

requires a great deal of thought is to incorporate gravity. 

6. AN ICONOCLASTIC VIEW 

There is another point of view which I should mention before we end this 

lecture. Taken most extremely, it is that it is not a synthesis which is in at hand, 

but chaos. The reason some people believe we are entering a time of chaos is that 

if we count the objects which we now regard as fundamental fields, we have: 

12 quarks: u, d, s, c (4 flavors, 3 colors) , 

4 leptons: Ve, v ~, e, U , 

8 colored gluons are required, 

I photon, 

3 intermediate bosons are needed at least Wf, W-, Z” , 

I Higgs scalar is needed, 

I graviton, presumably the quantum of gravity. 

The sum of the number of these fundamental objects is 30 which is seven times 

more than in ancient times (compare earth, air, fire, water!). But even more 

“fundamental” objects are on the way. The heavy lepton, ‘I, has been discovered. 

It is very likely that it has its own neutrino. That gives us two more objects. Prof. 

[Mann in his lectures will tell us about the observation of neutrino induced events 

which lead to 3 fast muons in the final state, so-called trimuon events. These are 

not understood completely because there is a small number of this kind of events 

accumulated in experiments. But one interpretation requires the introduction of 

two more heavy leptons which are not the same as the T-lepton. The conjectured 

picture of such an event is 

- 
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In the last couple of months there has been found at Fermilab a ne,w family of 

extremely massive states in the reaction 

p+p + u+p-+anything . 

This is the experiment of Lederman and his collaborators. They established at least 

two particles called upsilon 

T(9.4 GeV/c’), T ‘(IO.0 GeV/c2), ... 

and maybe more. I will show you the data in the last lecture of my course. The 

observation of these events in Lederman’s experiment likely signals the existence 

of at least one more quark, maybe two, because there are two objects. 

There is some evidence in v-experiments at Serpukhov for neutral heavy 

leptons of a new kind. This is again only a small number of events of preliminary 

form but also another indication that we have not yet found everything. We may 

ask ourselves how many “fundamental” objects are we willing to accept and 

whether we are indeed proceeding in the right direction. 


