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Lecture 1: BASIC CONCEPTS 

These four tutorial lectures were delivered at the Arctic School of 

Physics in August, 1980. The purpose of these lectures was to provide an 

introduction to high energy positron-electron annihilation physics; and 

to serve as a foundation for the more advanced lectures at the school. 

I have tried to accomplish this task by discussing selected topics, rather 

than by surveying the field. 

In this first lecture I discuss three subjects: the parameters of 

+- ee storage rings which are directly relevant to experiments; the physics 
+- one-photon-exchange as illustrated by the reaction e+e- +- of e e +'1-Iu; 

and the naive quark model for the reaction e+e- + hadrons. 

The second lecture is devoted to heavy leptons: the status of the 

tau lepton; and the status of the search for heavier leptons. 

In the third lecture I discuss the non-relativistic quantum mechanics 

of heavy quark-antiquark systems - the Q/J particle family and the T 

particle family. I leave to other lecturers topics related to single 

charm and single bottom hadrons. And I also leave to others the discus- 

sion of the extensive work which has been done in the past two years on 

the dynamics of quarks and gluons in hadron jets. 

The fourth lecture concerns the "tomorrow" in the title of these 

lectures. As e+e- colliding beams machines attain very high energy, 

E c.m. 2 50 GeV, e+e- annihilation will occur through the weak interactions 

as well as through the electromagnetic interaction. This will allow the 

study of the weak interactions and the study of any new particles related 

to, or produced through, the weak interactions. Lecture 4 discusses this 

physics at an energy corresponding to the mass of the Z" intermediate 
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boson, assuming the Z" exist,s ; and then discusses the physics at yet 

higher energy. The lecture concludes with a description of the capabilities 

and limitations of the e+e- colliding beams machines needed to attain this 

very high energy--both storage rings and colliding linear accelerators. 

I have provided each lecture with a short set of references whose 

purpose is tutorial. This is not a review, and I hope I will be excused 

for sometimes omitting references to original or recent works. 

lA: e+e- Storage Rings 

Basic Design: In a positron-electron colliding beams storage ring1*1p1*2 
+ e and e- bunches travel in opposite directions, Fig. l.la; and the 

bunches collide in the interaction regions. The e+ and e- bunches may 

travel~in the same ring, Fig. l.la; or they may travel in separate rings, 

Fig. l.lb, which intersect at the interaction regions. Consider the 

simplest case of a single ring of circumference C, one bunch each of 
+ e and e-, with each bunch containing N particles. There are two interac- 

tion regions. A reaction e+ + e- + X with cross section o will yield per 

interaction region 

,/),(events/sec) = 09 (1.1) 

L8'is called the luminosity; its units are cm -2 -1 2 set when o is in cm . 

The luminosity is one of the two basic properties of a storage ring; 

the other is the energy of each e + or e-, often called the beam energy, E. 

In the usual design in which the e+ and e- collide head-on, the total 

momentum of the e+e- system is zero; and the total energy is 

E = 2E (1.2) c.m. 

Here the subscript c.m. means center of mass, since the laboratory frame is 

also the center of mass frame. We often use s = EE m . . . 
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Luminosity: Returning to 9,. the e+ or e- bunches are of the order of 

millimeters to centimeters in length while the circumferences of rings are 

hundreds to thousands of meters long, Hence the bunch length can be 

ignored and 

2 = fN2/A (1.3) 

where f is the frequency (Hz) with which a bunch goes around the ring, and 

A is the effective cross sectional area of a bunch, Fig. 1.1~. Note that 

f = c/C where c is the velocity of light. Eq. (1.3) is for one bunch each 

of e + and e-. For nb bunches each of e+ and e- 

The transverse particle distribution in a bunch is not uniform; for 

a gaussian particle distribution with parameters ox, o y (Fig. 1.1~) 

LZ'= nbfN2/(4Toxoy) ._ (1.4) 

The question now arises as to how large 9must be to give a useful 

event rate ,H = oZ As I will show later in this lecture, Eqs. (1.11) 

and (1.20), the order of magnitude of cs is 

o - 10a31 cm2/E2 c.m. (1.5) 

where E is in GeV. A desirable event rate of one event-per minute c.m. 

requires 

g-10~~ ~~ 
c.m. /60 - 102' Et m cmW2 see-' . . 

Thus at medium energy e+e- rings such as SPEAR and DORIS with Ec m - 4 GeV, . . 

9-2 X 1030 cmW2 see-l is sufficient. At high energy rings, PETRA and 

PEP, EC m - 30 GeV and 2~10~~ cmM2 se=-' is desirable. . . 



-4- 

Hence g= 10 32 -2 -1 cm set has become the design goal of high energy 
+- ee storage rings. It would be nice to obtain even higher luminosities; 

however at present we don't know how to design e+e- rings with substantially 

higher luminosities. 

Example: To illustrate Eq. (1.4), consider the maximum design luminosity 

of the PEP e+e- storage ring at SLAC. The parameters at Ec m = 30 GeV are . . 

C = 2200 m 

f = 1.36 x lo5 Hz 

N= 8.3 x lo= 

nb = 3 (1.6) 

CT X = 750 urn = 0.075 cm 

OY 
= 30 urn = 0.003 cm 

Therefore 

._ LZ= 1.0 X 1O32 cmW2 see-l (1.7) 

Variation of Ywith EC-m.: Figure 1.2 shows how the maximum luminosity 

of a ring-typically varies with energy. There is one value of Ec m with . . 

maximum luminosity, E c.m.,standard' The ring design usually gives 

grnax(E c m ) =pmax(Ec.m.,standard)(Ec,m 'Ec.m.,standard)2 (1.8) . . . 

when E <E c.m. c.m.,standard' At higher energy, Ydecreases quickly as the 

maximum E c.m. is approached. 

Parameters of Medium and High Energy e+e- Storage Rings: Table 1.1 lists 

the parameters of presently operating and proposed medium energy and 

high energy e+e- storage rings. Very high energy rings, defined as those 

which can attain E c m 2 90 GeV and so produce the proposed Z" intermediate . . 

boson, are discussed in Lecture 4, and are not listed here. 
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Table 1.1. Some properties of medium energy and high energy e+e- 

storage rings. 

Ec.m. range Maximum 
Name Location Status (GeV) 

(design) l~Posity cm set-1 

VEPP-2M Novosibirsk operating 0.4 - 1.4 1030 achieved 

ALA Frascati proposed 1.0 - 2.4 1031 , design 

DC1 Orsay operating 1.0 - 3.8 1030 , achieved 
with two beams 

SPEAR Stanford operating 2.5 - 9 N1031, achieved 

DORIS Hamburg operating 2.0 - 10.2 ,1031, achieved 

VEPP-4 Novosibirsk operating 2.0 - 14.0 1032, design 

CESR Cornell operating 6.0 - 16.0 1032, design 
._ 

PETRA Hamburg operating 10.0 - 46.0 1o32 , design 

PEP Stanford operating 10.0 - 46.0 1o32 , design 

HERA Hamburg proposed first 20.0 - 70.0 1032, design 
stage of e-p 
machine 
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Some of the properties,listed in Table 1.1 are design parameters 

and have not yet been achieved. At present the highest energy achieved 

is E 
c.m. 

M 37 GeV at PETRA, and the highest achieved luminosities are 

1o31 cm-2 -1 set . These are the experimental boundaries to our present 

knowledge of e+e- physics and to the material presented in the first 

three lectures. 

1B: One-Photon-Exchange and the Reaction 
+- + - ee +-u +p 

+ The Reaction e+ + e- -t p + p-: The simple reaction1'3 

+ e++e-+-p +u- (1.8) 

which occurs through the one-photon-exchange diagram, Fig. 1.3a, plays a 

basic role in e+e- annihilation physics. The total cross section is 

a(e+e- -f v+u-> = aa2(+ic)2 ~~2 [8(3 ; B2)] ._ (1.9a) 

Here E is the e+ or e- energy; a is the fine structure constant and 

equals about l/137; f3 is the I.I velocity divided by the velocity of 

light c; and ?I is Plank's constant. One usually sees Eq. (1.9) expressed 

in elementary particle units (I? = 1, c = 1) 

(1.9b) 

Equations (1.9) are very general, holding for pair production of 

any charged, spin l/2, point particle except the electron. For example 

Eqs. (1.9) are also true for e+ +e-+-r + + 't- where 'c is the tau heavy 

lepton discussed in the next lecture. Furthermore if the produced 

particles have a charge q' different from the unit electric charge q, 
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Eqs. (1.9) are simply multiplied by (q'/q)2. Equations (1.9) do not 

apply to the reaction e+ + e- + e+ + e- because there is an additional 

diagram, Fig. 1.3d. 

When E is much larger than the 1-1 mass, 6 = 1, and Eqs. (1.9) reduce 

to 

2 
o(e+e- + p+p-) = 2% = - 4na2 

3E2 3s 
(1.10) 

where s = E 2 = 4E2. c.m. And using Eq. (1.9a) andhe = 1.97 x 10 -14 GeV cm, 

Eq. (1.10) becomes 

a(e+e- + p+p-) = 
2.17 x 1O'32 cm2 = 21*7 nb 

E2 E2 
(1.11) 

where E is in GeV. 

Tests of Quantum Electrodynamics: + The reactions e+ f e- -+ p + u- and 

e+ + e- -f e+ 
._ 

+ e- allow high energy tests of the validity of the theory 

of quantum electrodynamics (QED). It is conventiona11*3*1*4 to consider 

two kinds of modifications of this theory, Fig. 1.3b: the photon 

propagator may be modified 

-+LT 1 1 
s s s - IIf ; 

or the muon may be given a form factor 

F(‘) = ’ 
P 1 + sin; 

This leads to modified cross sections 

(1.12a) 

(1.12b) 

+- +- 1 2 
omod (e+e- + p+p-) = 'QED (e e 

I 
(1.13a) 

l- 

or 
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QED (e+e- 1 2 u (e+e- -f p+p-) = U + mod J.I+~-) 1 (1.13b) 
1 + 

s/A; 1 
where 'QED 

is defined by Eqs. (1.9). The AL are called QED breakdown 

parameters. All recent experimentslB4 show no deviation from QED; hence 

they find lower limits on the A's. Since these A's are larger than the 

& values of the experiments, we can make linear approximations in s to 

Eqs. (1.13). 

u mod (e+e- -t p+p-) = u QED[l + 2s/A:]; propagator modified (1.14a) 

u mod (e+e- -f p+p-> = (5 QED[l'+ WA;l; muon form factor (1.14b) 

Figure 1.3~ shows one interpretation of a propagator modification, 

namely an additional diagram where a particle X of mass M and coupling 

constant g is exchanged. Defining r = g/e, the linear form is 

cl mod (e+e -f p+p-) = u QED[l + 2s/(M2/r2) (1.14c) 

Indeed this will be the effect of the weak interactionslo via the 

exchange of a Z". 

At the PETFU e+e- storage ring, high energy measurements have been 

made of the reaction 

e+ + e- -q++I.r- ; (1.15a) 

as well as the other purely electromagnetic reactions 
+ e+ + e- -t e + e- (1.15b) 

+ e+ + e- -+ T + T- (1.15c) 

e++e-+y+y (1.15d) 

No deviations from QED have been foundlo and the 95% confidence lower 

limits on the A's are: 

A lower limits = 50 to 200 GeV (1.16) 
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To interpret this take A = 100 GeV and the e+e- + u+lJ- reaction. Using 

the linear forms, Eqs. (1.14a) and (1.14b); and taking & - 30 GeV 

u mod'oQED Zl.0 t 0.2; 95% C.L. (1.17a) 

The form factor interpretation, Eq. (l.l2b), yields 

Fp(& = 30 GeV) = 1.0 + 0.1; 95% C.L. (1.17b) 

That is, the u is a point particle within 20.1 with 95% C.L. at 30 GeV. 

Or using the additional diagram interpretation, Fig. 1.13~ and Eq. (l.l4c), 

M/r = 100 GeV (1.17c) 

Hence if g = e in Fig. l.l3c, then M would have to be larger than 100 GeV 

with 95% C.L. But if r << 1, M could be << 100 GeV. 

1c: The Naive Quark Model for e+ + e- -+ hadrons 

Basic Model: Non-resonant Production: The naive quark model, Fig. 1.4a 

for non-resonant hadron production 

e+ + e- + hadrons (1.18) 

is based upon two assumptions: 

(a) The virtual photon creates a quark-antiquark pair through a 

purely electromagnetic interaction; the strong force, final-state interac- 

tion between the quarks being ignored. Hence this is simply the reaction 

discussed in Section 1B with non-unit charges. 

(b) All quark-antiquark pairs materialize as hadrons; there are no 

free quarks. 

Quantitatively 

u(e+e- + hadrons, non-resonant) = o(e+e- -t qq) 
(1.19a) 

l Probability(qq + hadrons) 
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and 

lTCi2Q2 
u(e+e- -t q') = A 

3E2 
(1.19b) 

Probability(qq + hadrons) = 1 (1.19c) 

Here Q 
q 

is the magnitude of the quark charge in units of e, that is 

Qq 
= l/3 or 2/3; and Bq is the quark velocity in units of c, assuming 

the quark is free and has effective mass M . Also M < E. Hence 
q q 

a(e+e- 
lTCX2Q2 

-t hadrons, non-resonant) = + [ ql Bq(3 - B2) 
2 ;E>M (1.20) 

3E q 

The term 'ITCX~/~E~ in Eq. (1.20) is just Eq. (1.10); and this illustrates 

the basic nature of the one-photon-exchange production of fermion pairs 

discussed in Section 1B. Indeed it has become conventional to define 

R(e+e- + hadrons) = a(e+e- + hadrons)/o(e+e- +JJ+?J 

where we use the asymptotic value of a(e+e- -f p+p--), Eq. (1.10). Thus 

R(e+e- -t hadrons, non-resonant) = Q 
2 

(1.21a) 
q 

and for E >> M 
q 

R(e+e- -t hadrons, non-resonant) = Q2 
q 

, E>>M 
q 

(1.21b) 

Basic Model: Resonant Production: At some energies the qi form 

a tightly bound system which constitutes an hadronic resonance. The 

final state, strong interaction between the quarks cannot be ignored 

here; indeed the resonance is the final state interaction and it dominates 

the production cross section. Figure 1.4b illustrates this. Lecture 3 

is devoted to a discussion of resonant production of hadrons and so we 
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return here to the discussion of non-resonant production--often called 

continuum production of hadrons. 

Several Quark Model: 

a(e+e- 

For several quarks, all with M << E 
Q 

+ hadrons, non-resonant) = - (1.22a) 

R(e+e- -f hadrons, non-resonant) = CQq (1.22b) 
i 

In Eqs. (1.22) the summation is over all the different kinds of quarks. 

Remember that we classify quarks first according to the internal quantum 

numbers of charge, strangeness, charm and so forth. This leads to the 

five known types of flavors listed in Table 1.2. In addition each quark 

flavor comes in three different forms, called colors. These colors do 

not appear explicitly in particle reactions but must be counted in com- 

puting R. Indeed the agreement of the naive quark model- for R with the 

data is the best proof of the three color concept. In Table 1.2, the 

effective mass is used in comparing M with E to see if the particular 
q 

quark q is produced. 

Comparison to Data: Figures 1.5 and 1.6 present measurements of 

R(e+e- + hadrons, non-resonant).1'6'1'7 The predictions of the naive 

quark model. Eqs. (1.22) and Table 1.2, are roughly correct. In making 

the comparison ignore the $J/J and T narrow resonances and the broad 

resonances in the Ec m = 4 GeV region. . . 

Improvement to the naive quark model must take account of the quark- 

antiquark strong interaction in Fig. 1.4a. These days one usually 

assumes the validity of quantum chromodynamics,l'g which predicts 
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Table 1.2. Properties of known quarks required for calculating 

R(e+e- -t hadrons, non-resonant). 

Contribution 
Name, also Charge in Effective to R CR as E 

called Symbol units of increases mass including 
flavor e (GeV/c2) 3 colors above 

per flavor each Mq 

up U 213 0.3 - 0.4 413 4/3 

down d -l/3 0.3 - 0.4 l/3 5/3 

strange S -l/3 -0.5 l/3 2 

charm C 213 1.5 - 1.85 413 10/3 

bottom b -l/3 5.0 - 5.3 l/3 n/3 
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R(e+e- -t hadrons; non-resonant) = 
CLJS) 

1 + 7 + . . . 
I 

CIJS) = 
12TF 

33 J?n[s/A'] + [term dependent on quark mass] 

Here s = EE m and A is a parameter which is taken to lie somewhere . . 

between .1 and .7 GeV. The predicted change in R is less than a few 

tenths. For example at Ec m = 5 GeV AR = 0.26 if A = .5 GeV and the . . 

quark mass term is ignored. And as Ec m increases, AR decreases. Hence . . 

quantum chromodynamics predicts that the naive quark model should be a 

good model, and it is! 

Lecture 2: HEAVY LEPTONS 

Positron-electron annihilation physics and heavy lepton physics are 

intimately connected. The annihilation process is the most direct way 

of searching for heavy leptons; and the annihilation process is an excel- 

lent way of studying leptons so produced. This lecture has seven sections. 

First, our present concept of a lepton is discussed. Next, various types 

of heavy leptons are briefly discribed in Sections 2B and 2C. Recent 

searches for heavy leptons are summarized in Sections 2D and 2E. Finally, 

selected topics in tau physics are presented. 

2A: The Concept of a Lepton 

The original concept of a lepton was a spin l/2, small mass particle 

(compared to the pion mass) which did not interact through the strong 

force. The discovery of the tau lepton (mass = 1782 MeV/cL) removed the 

mass restriction; and other experiments have elaborated the concept. 
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I'11 first list the elements of the conventional concept; and then dis- 

cuss possible deviations. 

Conventional Concept of a Lepton: At present we call a particle a lepton 

if: 

(a) the particle does not interact through the strong interactions; 

(b) the particle interacts through the weak interactions; 

(c) the particle has no internal structure and no internal con- 

stituents; 

(d) there is a particle-type conservation law associated with the 

particle; and 

(e) the spin of the particle is l/2. 

Possible Deviations from the Conventional Concept: Requirements (a) and 

(b) are intrinsic to the concept of a lepton. For example, a particle 

without strong and without weak interactions would be an "electromagnetic" 

particle like the photon. 

Requirement (c) says that the lepton must be a point particle; 

its spatial extent is entirely due to the range of the forces through 

which it interacts. All the known leptons fulfill the point particle 

requirements. However we can conceive of a lepton with structure or with 

internal constituents, that is, a composite lepton. 2.1 It would then 

act like a proton in reactions; would have a non-unit form factor; but 

would still satisfy a particle-type conservation law. However the idea 

of a composite lepton raises the question of what holds the composite 

lepton together, since the lepton does not have the strong force. (In 

the hadrons the strong force is intimately connected with their composite 

nature.) It is then necessary to assume the existence of a new force. 
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This force must be very strong and must have a very short range so that 

it, and its effects, remain undetected by present experiments. 

Requirement (d) is exemplified by the sequential lepton model, 

Section 2B. A weaker form of lepton-type conservation is the excited 

electron (e*) model, Section 2C. Here the e*- has the same lepton number 

as the e-; so that the same lepton number is carried by the ve, e-, and 
*- 

e . However one can violate requirement (d) and conceive -of a lepton 

without a lepton-type conservation property. For example, a large mass 

R+ lepton might decay via R+ + proton + y. Yet if the R+ obeyed require- 

ments (4 , (b) , (4 , and (e), we would still call it a lepton. 

Requirement (e), the spin being l/2, is not essential. Indeed in 

Section 2C we discuss spin 0 leptons predicted by some supersymmetry 

schemes. However if we remove requirements (d) and (e), then we have no 

way to distinguish a lepton from the proposed W' and Z'.intermediate 

bosons; since the 6 and Z" satisfy requirements (a), (b), and (c). 

Obviously, the concept of a lepton is empirical; we should keep 

the concept general so that our search for new leptons is general. 

2B: The Sequential Lepton Model 

The Model: In this mode12*2 one assumes there is a mass sequence of 

charged leptons, each lepton type having a separately conserved lepton 

number and a unique associated neutrino. This model was instrumental in 

finding the tau lepton;2'3 and the electron, muon, and tau are sequential 

leptons according to all recent measurements. We visualize a sequence 
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Charged Lepton Associated Neutrino 

iz e V 3 
e’ e 

i? 5 v&9 R 
(2.1) 

. . 

. . 

. . 

The radiative decays R' -t e' + y, 
+ 

R- -+ ut + y are then forbidden; and 

if the vR mass is less than the R' mass, the following kinds of weak 

decays can occur: 

R- + VR + e- + Ge 

!L- + VR + p- + 3 
u 

!L- -t VR + -c- + GT 

R- + VR + IT- 

R- + vR + K- 

!L- -t vg + p- 

R- -f VR + Z-or-more hadrons 

(2.2) 

In this case the vR is stable. 

If the vR mass is greater than the Rt mass, the R' is stable and 

the following types of weak decays occur: 
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% -t R- + e+ + v e 

VR -f R +v++v 
lJ 

(2.3 

5 + R- + Z-or-more hadrons 

Branching Ratios and Lifetime: There is an easy way to crudely calculate 

the branching ratios and lifetime of a sequential lepton. Consider the 

case where m R' the R' mass, is greater than mvR, the vR mass. And 

suppose ._ m!2 - mvn. ” mi (2.4a) 

where i = e, p, -r; u quark, d quark, s quark, c quark. Then as shown 

in Fig. 2.1, the W- from the R- - vR vertex can convert to the following 

pairs: e-3,' u-5 , r-<r, Ed, and &.. 
u 

The weak coupling of each of these 

pairs to the W- is the same; however the quarks have three colors which 

contribute a relative weight of 3. Therefore the branching fractions 

are: 

B(R- -t vQe-;,) = B(R- -+ v~I.I-;~) = B(R- + vQ~-cr) = l/9 

(2.4b) 
B(R- -+ vR hadrons) = Z/3 

Here all lepton and quark masses in the final state have been ignored 

after using the restriction in Eq. (2.4a). 
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As another example consider the T- decay where only e-3,) v-5 
v' 

and 

cd pa&s can be produced. The predicted branching ratios are 

B(T- -f vTe-Ge) = B(r- -f vrp-<p) = 0.20 (2.5) 

Measurement yields 0.17 for these ratios,2*4 which is quite good for such 

a crude method. 

More precise branching ratio calculations2*5 require either empirical 

or theoretical knowledge of how the W- couples to hadrons. 

Next I consider the lifetime of the R'. The decay width for 

'- + v e-3 R e can be calculated directly using conventional weak interaction 

theory2*6 

G2m5 
r(k- -t v&e-G,) = R 

192 713 
(2.6) 

Here the e mass has been ignored, and G is the Fermi coupling constant, 

1.17 x 1o-5 GeV -2. Then the lifetime is 

TR = l/r(~?,- -t all) = B(R- -t vae-<,)/I'(!L- -f vQe-Ge) (2.7) 

It is convenient to relate this to the u lifetime 

Tu = 2.2 x 1O-6 set 

Then 

TI1 
= 2.2 x 10 -' B(R- -+ vQe%,) (m,/m,) 5 

Hence TR decreases rapidly as rn& increases. For the r 

Tr(predicted) = 2.7 x 10 -13 set 

Present measurements2*7 give an upper limit of 1.4 x 10 -12 sec. 

(2.8) 

(2.9) 
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All of the section assumes mR > m 
9' 

Ifm >mR, the same considera- 
V'R 

tions,,.,hold, and there are identical branching ratio and lifetime formulas 

for the vR. 

2c: Other Varieties of Heavy Leptons 

In this section I will give some examples of other possible varieties 

of heavy leptons.2'6 

Excited Leptons: In one model, called the ortholepton2*6 model, the charged 

lepton is assigned the same lepton number as the same sign e, FC or T; and 

there is no additional neutrino. For example, we conceive of a particle 

e* which may be thought of as an excited e. Then 

*+ e + ef + y (2.10) 

will be the dominant decay mode unless we suppress the e* - y - e coupling. 

We can also conceive of a 

number as the e, p, or r; 

would be 

heavy neutral lepton with the.-same lepton 

really a heavy neutrino. Typical decay modes 

R" -t e- + (hadrons) 
+ 

R0 -f ve + (hadrons)' 

(2.11) 

In this mode12*8*2*g we conceive of a particle E + + 
Paraleptons: or M 

which has the lepton number of the e- or u- respectively. This associa- 

tion of lepton number with opposite electric charge prevents radiative 

decays such as E+f+e+ + y. Hence, such charged leptons decay through 

the weak interactions. For example 

E- -f Ge + e- + Ge 

E- -f Ge + u- + GU (2.12) 

E- -t Ge + hadrons 



- 20 - 

Stable Heavy Leptons: Of course we can devise heavy leptons, charged or 

neutral, which have no partners or relatives with the same lepton number. 

These would be stable if their lepton number were conserved. 

Spin 0 Leptons from Supersymmetry Proposals: Theories which connect 

bosons and fermions, the supersymmetry theories, may propose2*10 spin 0 

leptons. For example consider the following scheme2'10 

Normal Particle Supersymmetric Partner 

particle 

e- 

spin 

l/2 

particle 

e 
S 

spin 

0 

Y 1 y, (photino) l/2 

(2.13) 

where the e- and e, have the'same lepton number. Ifm >me, the dominant 
eS 

decay mode is 

ei-+e +y 
S 

(2.14) 

Spin > l/2 Leptons: As discussed in Section 2A we can think about leptons 

of arbitrary spin. However for spin > l/2 a problem occurs with the 

reaction 

e+ + e- -t R+ + R- (2.15) 

at very high energy. By itself, the one-photon exchange diagram, Fig. 2.2a 

yields a a(e+e- + il+!J,-) which violates the unitarity limit on o. For 

example, 2*11 if the spin is 3/Z 

02E2 a(e+e- -f a+&-> N - 4 
m, x 

which contradicts 

o(e+e- -t k+ll-> 5 constant 

E2 

(2.16) 

(2.17) 
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at sufficiently high energy. This problem can be avoided in two 

ways: 

(a) There must be other diagrams which cancel the higher power 

terms in E. This is what happens in the process 

+ e+ + e- + W + W- (see Section 4C). 

(b) Alternatively, the leptons must have a form factor which 

decreases sufficiently rapidly as E increases. 

2D: Searches for Heavy Leptons Not Using e+e- Annihilation 

Hadron + Hadron Collisions: This process2'12 offers the highest energy 

for producing new leptons , particularly when the i + p and p + p colliding 

beams facilities now being built are available. Unfortunately there are 

no definitive signatures for most of the lepton types discussed in the 

last two sections; and the backgrounds are very large.2;12 So far this 

production method has been most effective in searching for long-lived 

or stable leptons,2'13 but none have been found. 

Photon + Hadron Collisions: The Bethe-Heitler process 

y + nucleus -t R+ + R- + anything (2.18) 

seems to be a somewhat more fruitful way to search2'14 for new charged 

leptons. However there are still enormous backgrounds; and the only 

feasible search method2'15 is to select events in which the "anything" 

in Eq. (2.18) h as very low multiplicity and R + -t e+ + v's, -R- -t p- + v's 

or vice versa. That is, p'e' is the R pair production signature. However 

even this is very difficult as is demonstrated by the fact that the T has 

not yet been detected by this method because charmed particles produce a 

p*e' signal that is several orders of magnitude larger. 
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v - Hadron Collisions: If a new charged lepton couples to a v 3 v 
p' I-r' e' 

3 v e' a or $ ~ then the production reaction 

v + nucleon + R' + anything (2.19) 

can occur.2*16 The cross section depends upon the mass of the R, the v 

energy , and the strength of the coupling of the v to the R lepton. Since 

in general we expect no coupling between a v and an arbitrary lepton, this 

is a very restrictive search method. But if there is a new R which couples 

to a v this is a powerful search method. 

Thus charged lepton search methods at proton accelerators are either 

very difficult or very restrictive. 

2E. Searches for Heavy Leptons Using e+e- Annihilation 

Charged Leptons: The one-photon-exchange process, Fig. Z.Za, is the most 

definitive way2*17 to search for charged leptons. It is effective for 

sequential charged leptons, excited charged leptons, paraleptons, stable 

charged leptons, and for charged leptons of any spin. When E >> mR the 

production cross sections are 

2 
o(e+e- j a+g-) = EL- 

12E" 
spin = 0 

(2.20) 
2 

a( e+e- j g+g-) = 2E-s 
3E2' 

spin = l/2 

And the respective values of R are l/4 and 1. 

The use of the e+e- annihilation process was first suggested in 1967 

by Zichichi et a1.2*18 Searches were carried out by that group2*1g and 

by Orito et a1.2*20 using the ADONE e+e- storage ring at Frascati. A 

lower limit of 1.0 to 1.2 GeV/c' was set on the mass of a heavy charged 
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lepton. Subsequently the eye- annihilation process was used to discover 

the T-and study its properties in the period 1974-1980.2*3 

No charged heavy leptons other than the P have been found. Table 2.1 

gives the current lower limits on the masses for various kinds of charged 

leptons. 

Neutral Leptons: The definitive way to search for neutral heavy leptons 

is to use the one-Z"-exchange process, Eq. (2.21) and 

e+ + e- -+ Z” 3 R” + X0 (2.21) 

Fig. 2.2b. Unfortunately this process has a small cross section at exist- 

ing e+e- facilities;2'17 and the effective use of this search method must 

await higher energy e+e- facilities (see Section 4B and 4C). 

2F: The Status of the Tau 

General Properties of Tau: Several reviews of the status of the T have 

appeared recently;2'4r2*27 and I will simply summarize that status. To 

the best of our knowledge the T is a spin l/2, charged, sequential lepton; 

it is a point particle; it obeys conventional quantum electrodynamic 

theory via the Dirac equation; and it obeys conventional weak interaction 

theory with V-A coupling for the T - vr vertex. 

+3 The 't mass is 178Zm4 MeV/c' and all measured properties are con- 

sistent with that mass. Its lifetime, for example, is measured to be 

less than 1.4 x 10 -12 sec;2*7 and for that mass a lifetime-of 

2.7 x 10 -13 set is predicted. 

Point Particle Nature of Tau: We test the point particle nature of the 

r by measuring if the cross section for 

+ e++e-+T +T- (2.22) 
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Table 2.1. Present lower limits on the masses of new charged leptons 

from e+e- searches. 

Lepton type 

sequential R+ 

Lower limit 
on mass 
(GeV/c2) 

13.0 to 17.0 

References and 
comments 

Results from JADE, MARK J, 
PLUTO, TASS0 at PETRA. 
The 17 GeV/c2 limit is 
from JADE. Ref. 2.21 

stable R' 12.0 JADE at PETRA, Ref. 2.22 

spin 0 super- 
symmetry electron 
e 

S 
-t e + photino 

13.0 to 16.0 The 16 GeV/c is from JADE 
at PETRA, Ref. 2.23; the 
13 GeV/c is from PLUTO at 
PETRA, Ref. 2.24 

egcited electron 
e with * e -+e+yor 
excite: muon p* 
with 1~ -+u+y 

3.0 SPEAR Ref. 2125 
ADONE Ref. 2.26 
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is consistent with 

a(e+e- + T+r-) = E$ [8(3 ; 82)] (2.23) 

From threshold to about EC m = 7 GeV that behavior has been established . . 
at spw2*‘+,2*27*2,2* and DORIS.~*~S~*~~ At higher energies, PETRA 

experiments 2.7,2.24,2.29 have verified Eq. (2.23) for the r. Table 2.2 

gives the data in terms of the A+ QED breakdown parameters of Eq. (1.13a). - 

Thus all measurements are consistent with the T being a point particle. 

G, and the T Lifetime: We have been assuming that the Fermi weak inter- 

action coupling constant, G r, for the r - vr coupling, is equal to the 

universal Fermi constant G. But there is no proof of this. There are 

three ways to measure G : T 

(a) The decay width of a heavy meason 

M- + r- + V~ ._ (2.24) 

is proportional to G . T 

(b) The charge current cross section for the interaction of a tau 

neutrino, v f' with nucleons 

vr + N + 'c- + anything (2.25) 

is also proportional to G -c 
(c) All the partial decay widths for r decays are proportional to 

GT* For example Eq. (2.6) should be written 

r(T- + vTeSe) = r(C -+ vTu-Vp) = 
G,GmT5 

192 IT3 

Then Eqs. (2.8) and (2.9) become 

TT = 2.2 x 10 -6 B(r- -f vre-Se) 

(2.26) 

(2.27) 
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Table 2.2. Lower limits on A, breakdown parameters at 95% 

confidence level for e+e- +- +--r-r) from PETRA 

experiments. 

Detector 

Mark J 

Lower limit on 

A+ (GeV) A- (GeV) 

76 157 

Reference 

2.29 

PLUTO 74 

TASS0 67 74 I 2.7 
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T' = 2.7 x 10 T (2.28) 

The current upper limit207 of 1.4 x lo-l2 set yields 

GT/G > 0.19 (2.29) 

Method (a) suffers from uncertainties in the decay mechanism of the 

M as discussed in Section 2F. Method (b) requires the production of a 

known flux of v 's; also discussed in Section 2F. T The measurement of Tr, 

method (c), is the most feasible way at present to measure G . J. Jaros2.30 T 
has devised a method using e+e- +- +-r-r to measure T T to 5 20% precision. 

Bubble chamber measurements of TT using vr + N + r- + X have also been 

proposed.2*31,2*32 

The Tau Neutrino: Our knowledge of the tau neutrino, vr, is still incom- 

plete. Its mass is less than 250 MeV/c2. This upper limit has been 
._ 

obtained in two ways: by studying2*28 the e- momentum spectrum in the 

decay 'c- + vr + Te + e-; and by studying2*33 the IT- momentum spectrum 

in the decay r- -+ v + TI-. 
T 

However at present we don't know if the vT 

mass is zero or close to zero, as are the v and v masses. e u 
The vr has been shown to be different2.4s2*27 from the ;e, v 

Ft' 
and J 

u' 
However it is possible that the v and ve are the same particle. In that T 
case the T would be an ortholepton (Section 2C) and the decay mode 

T +e +y 

would have to be strongly suppressed by an unknown mechanism. I say 

(2.29) 

strongly because the measured upper limit on the branching fraction for 

'I + e- + y is 6.4 x 10 -4 with a 90% C.L.2*25 
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2G: Prospects for Tau Neutrino Physics 

The incompleteness of our knowlege of the tau neutrino has led to 

strong interest in doing experiments with tau neutrinos. One would like 

to determine if the interaction of the v T with nucleons obeys conventional 

weak interaction theory; for example, does Gr = G? And one would like 

to distinguish the vr from the ve definitively, if they are indeed dif- 

ferent particles. A more speculative objective is to look for neutrino 

oscillations occurring through the mixing of neutrinos.2*34 

The only known method2*35-2*37 for producing a vr beam is the produc- 

tion and decay sequence 

proton + nucleon -f F- + hadrons (2.30) 

F- + 'c- + ;r (2.31) 

T- -+ v T + charged particles (2.32) 

Here F is the charmed meson containing cs quarks. The neutrinos from r 

and K decay would overwhelm the v T signal unless the majority of the n's 

and K's interact before they decay. Therefore the entire proton beam 

must be dumped in a thick target, Fig. 2.3. There is still some problem 

with v 's and v e lJ 
's from D meson and other charmed particle semi-leptonic 

decays, but the detection of the vr appears feasible. 

Experiments using vr beams so produced become easier as the primary 

proton beam energy increases. Therefore a number of proposals2*31s2*32s2*38 

have been made to the Fermi National Laboratory to do vr experiments using 

the 1000 GeV tevatron proton beam. Some of the current lower energy 

neutrino beam dump experiments at Fermilab2'3g and CEKN2*40 may be able 

to detect v events. T 
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There are two uncertainties in the calculation of the vr flux. 

First, the cross section for F production in Eq. (2.30) is probably of 

the order of magnitude of D production; but we don't know the F produc- 

tion cross section to within a factor of 3. The second uncertainty is 

in the branching fraction B(F- + r-;r). It depends upon the lifetime of 

the F, TF, and on 

I'(F- -+ r-;r) = (2.33) 

Here G is the Fermi coupling constant; mE is the F mass; rnT is the r mass; 

and fF is a parameter in units of energy which depends upon the detailed 

mechanism for 

F- -f T- + ;r 

This formula and the fF parameter are analogous 

parameter2e6 for 
- - 

i-r -+u +v 
1-I 

(2.34) 

to the .formula and fr 

(2.35) 

In IT decay fn "N 0.1 GeV; fF is very probably larger than this by a factor 

of 2 to 4. But we don't know how to calculate fF precisely. The 

uncertainty in fF, which enters as the square; and the uncertainty in 

the current measurements of TF2'41 lead to a large uncertainty in 

B(F- -f C;r) = I'(F- -t .r-<r)TF (2.36) 

Indeed estimates of the branching ratio range from 0.5 to 20%! (The 

proposed vr beam dump experiments are quite feasible as planned if the 

ratio is at least 3%.) 
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Lecture 3: QUARKONIUM AND e+e- ANNIHILATION 

-In this lecture I will introduce you to another aspect of e+e- 

annihilation physics --the production and properties of the resonant, 

heavy, q-q systems produced in e+e- annihilation, namely the q/J and T 

particle families. We shall see that some beautiful non-relativistic 

quantum mechanics provide a basic understanding of these systems. 

Since I will do this introduction in a single lecture, I will limit 

my discussion to the static properties of q-i systems with the quantum 

numbers of the photon. These systems are directly produced by 

e++e- - + q-q resonance (3.1) 

References 3.1-3.4 present much fuller accounts of this subject. 

3A: General Properties of e+e- + Resonance 

Figure 1.4b illustrates the general diagram .- 

e+ + e- -t resonance V -+ final state f. (3.2) 

We use V to designate the resonance because it must have spin 1, and 

hence be a vector particle, like the photon. The final state f can be 

hadrons or a lepton-antilepton pair such as e+e-, u+u-, 9+-c-, veie, 

V3 
P u’ **- 

The non-relativistic Breit-Wigner formalism3*5 gives 

o(e+e-+V+f) =% reerf 

(EC m - MV)2 + 12/4 . . 
(3.3) 

Here s = EE m ; . . T is the total decay width of the V; Ice is the partial 

decay width for V + e+e-; Tf is the partial decay width for V += f; Mv is 

the mass of the V. Figure 3.la shows the shape of this resonance. 

This equation ignores threshold effects, the energy spread of the e+ and 
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e- colliding beams, and corrections for the effect of radiating unde- 

tect-ed photons. 

The description of a resonance thus requires the determination of 

+ r, reep and the various other T f 's. Usually the rf 's other than I? ee 
are determined by measuring 

B(v + f) = rf/r (3.4) 

In e+e- annihilation it is customary to study the total hadronic cross 

section 

o(e+e- + V + hadrons) = % 'ee iad 

(Ecm -MV)2+r2/4 
(3.5) 

. . 

where 

rhad = cr, (3.6) 

all hadronic 
final states .- 

The known resonance produced via e+e- + V all have r had > .85r. 

Therefore we use the simplificative approximation 

rhad z r (3.7) 

Hence 

o(e+e- + V + hadrons) 3n r r 
Z--- 

' (Ec m > + r2/4 . . 
-$ 2 

Using the definition of R introduced in Sec. 1C 

(3.8a) 

R(e+e- + V + hadrons) 9 r r 
Z- 

4a2 (EC m -‘;)2 + r2/4 
(3.8b) 

. . 

Thus the position of V yields MV; the width of V yields r; and the 

maximum height 



32 

R = R(E 9 ree 
max c.m. =v'=a2 r 

(3.9) 

yields ree, as shown in Fig. 3.la. 

Often the energy spread of the e+ and e- beams is as large as, or 

larger than, r. Then, as shown in Fig. 3.lb 

r observed > r 

R max,observed <R max 

Then we measure 

/ 
R(e+e- + V + hadrons)dE %2!Lr 

2a2 ee 

(3.11) 

(3.12) 

using Eq. (3.7). Hence the area under the resonance determines Pee. Then 

one measures separately B(V + e+e-) to determine 

r = Tee/B& + e+e-)- ._ (3.13) 

Equation (3.12) shows that ree is a measure of the area under a resonance. 

3B: The Directly Produced q/J and T Resonance Families 

Naive Quark Model of Mesons: The naive quark model of the mesons 

assumes 

(a) A meson consists of one quark plus one antiquark. 

(b) The internal quantum numbers of the quark are additive. 

(c) The mass of a meson is given by the sum of the masses of,the 

quark and antiquark reduced by the quark-antiquark binding 

energy. 

For a meson composed of a quark and its own antiquark, the spin- 

parity rules of positronium apply. Defining S = total spin = 0,l; 

L= orbital angular momentum; J = total angular momentum: 
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P = parity = -(-l)L 
(3.14) 

C = charge conjugation number = (-l)L+s 

And there are two spin states for each L state, a triplet state with J = 1 

and a singlet state with J = 0. The resonances produced via Eq. (3.1) have 

the quantum numbers of the photon: J = 1, P = -1, C = -1. Hence the 

states which are produced directly via Eq. (3.1) have 

S = 1, J = 1, L = 0, 2, 4 . . . (3.15) 

For fixed radial excitation quantum number (see the next section); 

L= 0, that is the S state, is the lowest energy state. And it is these 
3 Sl states in the q/J and T families which will concern us for the 

remainder of the lecture. 

We are about to plunge into one part of the vast subject of 

quarkonium. And before doing so I must provide some basic references 

for the reader who wishes to explore this subject or who wishes to read 

the detailed arguments from data and theory about the properties of 

quarkonium. The +/J particles are states of the c-c system. The +/J 

itself was discovered concurrently in e+e- annihilation3'6 at SPEAR; and 

through the hadron reaction307 

p + Nucleus -+ J + anything 

J + e+ + e- 
(3.16) 

at BNL. Almost all of the studies of the Q/J family have-used e+e- annihi- 

lation. Reference 3.8 presents a comprehensive review of the experimental 

method and the data for this family. 

The T family are states of the b-i system, and the family was 

first discovered at Fermilab through the reaction30g 



34 

p +,Nucleus -t T + anything 

+ - (3.17) 
T+JJ +v 

However, as with the q/J family, most studies have been done using e+e- 

annihilation at DORIS3.10 and CESR.3'11 

Table 3.1 gives some of the parameters of the +/J and 'I' particles 

with 3Sl structure. I have included the p for comparison purposes; its 

quarks are too light to be treated non-relativistically. The $" is 

mostly a 3Dl state and is also included for comparison purposes. The 

R max observed values are usually dependent on the storage ring used; 
, 

they are not of fundamental interest. 

3c: Non-relativistic Potential Model of Heavy q-4 Systems 

Energy Levels and Mass: In this non-relativistic model the masses of a 

q-q system are given by ._ 

M 
- = 2 mq + Eb 

(3.18) 
q-q 

Here m 
q 

is the mass of the q quark; and Eb is the binding energy and is 

negative. 

In this lecture I ignore all effects on E b from spin-orbit coupling, 

from spin-spin coupling, from tensor coupling, and from relativistic 

corrections. These effects are important;3*1-3*4 indeed the spin effects 

lead to the fine structure and hyperfine structure in the energy levels. 

The binding energy, Eb, is given by the Schradinger equation 

- & V2Y(r) + V(r) Y(r) = EbY(r) 

where lo = mq/2 is the reduced quark mass. 

(3.19) 



Table 3.1. Parameters of the p, $J/J family and 'I' family. The p and $/J parameters are taken from Ref. 3.12. 

The T parameters are from Ref. 3.11; and CLEO detector mass measurements are used for c&sistency. 

This table is pedagogical. 3.8, 3.11 and 3.12 should be used for information on the errors and on 

the differences between measurements. When Rmax observed is dependent on the e+e- storage ring 
, 

used, the ring is indicated. 

Spectroscopic r 
V 4;i Mass 

State Constant WV) (KZ) (KLV) B(V + ee) R max,calculated R max,observed 

3 s1 m&ii + dd) 776 6.8 158000 4.3 x 10 -5 7.3 -7 
42 

3S 1 cc 3097 4.4 63 0.07 10200. -260 (SPEAR) 

3, 
'1 

cc 3685 1.9 215 0.009 1490. -95 (SPEAR) 

3 D1 CC 3768 0.3 25000 1.3 x 10 -5 2.2 -2 (SPEAR) 

3S 1 bg 9434 -1.1 -40 -0.03 -5000 -18 (CESR) 

3s1 bE 9995 -0.5 ? ? -7 (CESR) 

3 s1 bi 10324 -0.3 ? ? -6 (CESR) 

3S 
1 

bF 10548 0.22 19000 1.1 x 10 -5 3.8 -1 (CESR) 
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The potential V(r) is selected to meet two requirements: 

(a) At short distances V(r) should be coulomblike to represent 

gluon exchange. 

(b) At large distances the potential should confine the quarks. 

A convenient pedagogical choice, with a long history,3*1 is 

V(r) = -b+ar ; b>O,a>O (3.20) 

The linear potential term, ar, confines the quarks. 

We find the energy levels of this potential by calculating the 

energy levels for each term separately; and then interpolating between 

them. An alternate 

harmonic oscillator 

confine the quarks, 

Coulomb Potential: 

coulomb potential. The neglect of all spin effects leads to the degeneracy 

pedagogical approach3B4 uses the three-dimensional 

potential, kr2/2, instead of the linear potential to 

and then interpolates. 

Figure 3.2a shows the well-known energy levels of the 

of energy levels. I have labelled the levels with an integer quantum 
h 

number n which is different from the usual total quantum number n. The 

latter gives the energy eigenvalues En = -ve4/2n2; 
A 

while n is the number 

of times R(r) = 0 where R(r) is the radial wave function. In computing 

L the r = m point is included but the r = 0 point is excluded. Figure 3.3 

illustrates this. The importance of using n is that in interpolating 

between potentials the number of R(r) = 0 points of a wave function is a 

constant. 

Linear Potential: The energy levels of the linear potential, Fig. 3.2b, 

are pedagogically interesting because there is no degeneracy. Unfortu- 

nately the calculations must be done numerically.3*1 In Fig. 3.2, the 
n A 
Is to 2s spacing has been set to be the same for both potentials. 
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Coulomb + Linear Potential: Figure 3.4 interpolates between the two 

potentials. Our next task is to look at the q/J and T energy levels to 

see qualitatively how this potential mixture fits the data. As I said 

before, we shall restrict our attention to the n3Sl states, which we 

shall denote simply by AS. 

3D: Fitting the $/J and T 3 Sl States. 

The Data: Figure 3.5 shows the measured masses, and hence the energy 

levels, of the f;S states. It is drawn so that the %S states coincide. 

The ree values are also given. There are four observations: 

(a) The spacing between iS and ?S, AE12, is roughly independent 

of the quark mass, m . 
q 

(b) In the T system the level spacing, AE, decreases as r increases. 

(d Tee decreases as n increases. 

(d) r,,(T) is about l/4 of Fee (q/J). 

We show next how the potential 

V(r) =-:+ar (3.21) 

qualitatively explains these observations. 

Effect of Quark Mass on AE12: Consider a power-law potential V(r) = Arv 

and make the variable change p = ru -a in the Schradinger equation. 

Recall, u is the reduced quark mass. Then Eq. 3.19 becomes 

-1 2 V YfAp 
2s12a+1 P 

"pvY = EY' 

or 

-lV2Y + Au civ + 2cr + 1 v 
2 P P Y'P 

2a+lEy 
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If we set QV + 2a + 1 = 0 and define 

E' = u v/(2 + v> E 

We obtain a mass independent equation 

-+V,'Y +AovY = E'Y (3.22) 

Hence 

AE scales as 1-1 -v/(2 + v) (3.23a) 

AE scales as u, coulomb (3.23b) 

AE scales as u -l/3 linear (3.23~) 

Thus observation a., the insensitivity of AE12 to l.~, can be explained by 

a potential which interpolates between coulomb and linear. 

Decrease of AE With Increasing n: Figure 3.4 predicts observation b. 

la, Decreases as n increases: Here we call upon the van Royen-Weisskopf ._ 

fomula3*2,3-14 

16.7r Q2 a2 2 

r = 
ee (3.24) 

Qq is the quark charge and Y (0) is Y at r = 0. For the coulomb potential, 

a direct calculation from the wave functions3*13 yields 

lY1b) I2 : lY2b) I2 : /Y3(o)j3 = 1: l/8 : l/27 (3.25) 

Whereas for a linear potentia13*1'3*2 IY;;(o)/ 2 A 
is independent of n. 

Hence a mixture of coulomb plus linear potential will agree with observa- 

tion c. 

& (T) - $ r(*/J): A crude explanation of observation d. is as follows. 

For a power-law potential Ar'; IY(o)l 2 scales as u 3/(2 + 4 for S states.3'2 

Hence for coulomb, lY(o>l 2 3 scales as u ; and for linear as P. Let's 

2 roughly take the potential mixture as scaling as u . Then from Eq. (3.24) 
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(3.26) 

where b and c refer to the bottom and charm quark respectively. Eq. (3.25) 

should be taken as illustrative rather than quantitative because our 

estimate of IY,(o)~~/ 1Y$(o)12 was so rough. 

Conclusions: Thus the mixture of a coulomb plus a linear -potential can 

qualitatively, at least, fit the mass differences and the Tee values. 

Indeed a quantitative fit can also be made3*1p3*2 using 

V(r) (GeV) =; -$- + 0.9r , r in fermis (3.27) 

This formula illustrates the magnitude and general behavior of the V(r) 

which is required. However, the important portion of V(r) lies in the 

region 0.1 < r < 1.0 fermi-s; and other more empirical formulas work as ._ 

well. For example the logarithmic potential 

V(r) (GeV) = c &n(r/ro> (3.28) 

has been used; and also the form3*15 

works. 

V = a + brY, y - 0.1 (3.29) 

The best form for the potential depends upon two additional areas 

which I do not have the time to discuss: 

(a) V(r) must fit other data such as the masses of the lSo and 3 
p1 

states; the rates of electromagnetic transitions between 

states; and so forth. 

(b) Relativistic and quantum chromodynamic considerations must be 

taken into account. Ultimately, one would like to derive V(r) 

from quantum chromodynamics.3*16 The reader must go to 

Refs. 3.1 to 3.4 for further discussion. 
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Lecture 4: e+e- PHYSICS AT VERY HIGH ENERGY 

In the first three lectures I discussed physics which has been done 

and which can be done at existing e+e- facilities. In this fourth and 

final lecture I discuss the prospects for e+e- physics at total energies 

above 45 GeV, that being the maximum energy attainable by the existing 
+- e e storage rings. The subjects which I emphasize are: 

(a) the conventional theory of e+e- annihilation through the weak 

interactions; 

(b) the production and study of the expected Z" and W' intermediate 

vector bosons; and 

(c) the capabilities and limitations of e+e- colliding beams storage 

rings and colliding beams linear accelerators. 

4A: e+e- Annihilation Through the Weak Interactions 

Before assuming the existence of the Z" intermediate boson required 

in conventional weak interaction theory, let's look at the old four- 

fermion, point interaction theory of Fermi. After all, the Z" has not 

been discovered yet; and we should be prepared for some surprises at very 

high energies. In the first part of this lecture I use the simplest 

example--e+e- +- 
-+lJP l Then I extend the discussion to e+e- + f? where 

f? is any fermion-antifermion pair. In all of this lecture the inter- 

ference between electromagnetic and weak processes for e+e- + fS is 

ignored. 

If There Is No Z": Let's begin by considering for comparison purposes 

the pure electromagnetic process 

e+ + e- + 
+y+F1 +P- (4.1) 
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from Lecture 1. The diagram is Fig. 2.2a; the matrix element, Eq. (4.2), 

illustrates the formalism;4*1 and Eq. (4.3) is the total cross section 

2 
M = b $2) yp u(l) U(3) yp u(4) (4.2) 

where e 2 = 4m, s=E2 c.m.' u is a Dirac spinor, and y is a Dirac matrix. 
FI 

a(ee -f y + up) = ~II a2/3s i4.3) 

The four-fermion, point-interaction, weak process4*1 

+ e++e-+p +u- , weak (4.4) 

has the matrix element given in Eq. (4.5) in which I have generalized the 

usual (1 - y5) term to (v - ay5) 

M = G u(2)yu (v 
v5 e - aey5) ~(1) U(3) (VW - au -f5) u(4) 

The total cross section and R are ._ 

u (ee -t up, weak) = 

R (ee + ~1-1, weak) = 

(4.5) 

(4.6) 

(4.7) 

In Eqs. (4.5)-(4.7) v and a are constants which we will identify later 

using the Weinberg-Salam model. *' Ec m increases the total cross . . 

section, Eq. (4.6), eventually violates the unitarity condition 

o 5 constant/s. Therefore this old theory is wrong at very high energy. 

Nevertheless it is interesting to compute that it gives 

R(ee + I-IP, weak) = 1 (4.8) 

at E c.m. = 150 GeV, if we set FE + at]bi + a:]= 1 

If There Is a Z": If there is a Z" of mass MZ and width rz the reaction, 

Fig. 2.2b, 
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Notice that the propagator term in the square brackets in Eq. (4.10) 

replaces the l/s term in Eq. (4.2). Then 

a(ee -+ Z" + up> = q(s _ M;): r;M;]F: + q; + a;] (4*11) 

R(ee -+ Z" -f uu) = ,,c,',;:z [(s _ ,;$+ $M2j[v: + a:][v: + aj(4.12) 

In the last two equations, the square bracket term is the relativistic 

Breit-Wigner expression. These formula hold for the production of any 

elementary fermion-antifermion pair, f7, via 

e+ + e- -+ Z” +f+7 (4.13) 

For later convenience I'll use 

Let's consider in turn the three EC m region . . 

E cm$"Z ' far below the Z" . . 

E =:M c.m. z ' at the Z" 

E S-M far above the Z" c.m. z ' 

and use the conventional values (see Eq. (4.26)) 

MZ = 90 GeV , rz = 2.5 GeV 

(4.14) 

(4.15) 
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G2 s2 c 
R(ee + Z" -f f5) = f 

128n2a2 
(4.16) 

and this is the old Fermi theory prediction, Eq. (4.7), which we have 

already described. 
4B: At the Z" 

+- ee +Z O + f?: At energies near the Z" the cross section is dominated 

by the Breit-Wigner term in 

G2s o(ee + Z" + f7) = - MiCf 
96n (s - M;)2 + r;Mf 

cf = [v: + ai][vi + a:] 

(4.17a) 

(4.17b) 

Threshold effects, interference effects, and radiative corrections are 

ignored. At the peak 

G2M6C .- 
R(ee+Z"+fF,Ecm =Mz)= z f 

. . 128r2a2 r2 Z 

= 130 Cf. 

(4.18) 

Since Cf is about 1, R is enormous at the Z" compared to the R values 

considered in the first two lectures. For example even a moderate 

luminosity of 10 cm 

(.;,;,:: ) 

-2 -1 set yields 

-31 
(130) cm2 x (.36 x 10 34 

2 cmm2hr-') = 55 ff pairs/hour (4.19) 

Equation (4.17) applies to all the known elementary fermion pairs:4*3'4*5 

charged leptons: +- e e , u+p-, T+T- , 

neutrinos: v v v v ee' up' 'T'T ' (4.20) 

up class quarks: UC, cc , 

down class quarks: da, SE, bi ; 
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and it applies to all undiscovered Fermions4*3-4*5 which are elementary, 

which-have conventional coupling to the Z", and which have mass <(Z" mass)/2. 

Incidently if the f mass is close to (Z" mass)/2, Eq. 4.17 has an addi- 

tional threshold factor. 

In particular the Z" is the best way to search for neutral heavy 

leptons; 

e+ + e- + Z" -f R" + z" (4.21) 

will yield 5 LoLo pairs per hour at a luminosity of 10 30 -2 -1 cm set 

(Eq. (4.19). 
+- ee -+Z O -f all: The total cross section and total R at the Z" are 

derived from Eqs. (4.17) and (4.18) by summing over all elementary f? pairs 

of sufficiently small mass. I assume there are no non-fermion elementary 

particles with mass <(Z" mass)/2 which couple to the Z" ._ 

G2M4C 
o(ee + Z 0 + all, E = Mz) = Z all 

c.m. 96r r; 

G2M6C 
R(ee -f Z" -f all, E = Mz) = Z all 

c.m. 128~~~~ r2 Z 

C all = [vi + afIX [vi + a:1 
f 

(4.22a) 

(4.22b) 

(4.22~) 

It is convenient at this point to recall the Weinberg-Salam values4*2 

of v f and a f, Table 4.1; and to note that all these parameters are of 

order 1. 
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Table 4.1. Weinberg-Salam model expressions for vf, af; and (v: + a:) 

numerical values for sin20 W = 0.2 

2 2 
vf af Vf + af 

neutrino +1 -1 2.00 
lepton 

type R- -1 + 4sin2BW +l 1.04 

up 
class +l - +1 1.22 

quark 
(u,c> 7jsin2f3 8 W 

We down 
class -1 + $sin2 Bw -1 1.54 

(d,s,b) 
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To calculate Call based on the Weinberg-Salam model, the sum in 

Eq. (4.22~) is carried out over the 3 neutrinos, 3 charged leptons, and 

5 known quarks each with three colors. Hence the minimum value of 

c - all is 

C > 30 all - 

Thus at the Z" 

(4.23) 

R(ee + Z" + all, E c.m. = Mz) 2 3700 (4.24) 

Ignoring radiative corrections and using Eq. (4.18). This is an enormous R 

compared to the expected one-photon-exchange R of about 5. Of course R 

will be larger if there are fermion or non-fermion elementary particles 

which couple to the Z" and which were not counted in computing Eq. (4.23). 

Examples are the top quark, an R" lepton, or an elementary boson. 

Searching for New Elementary Particles at the Z": This-brings us to the 

question of using the Z" to search for new elementary particles. Con- 

sider three methods: 

(a) The new particles may be looked for directly by using their 

static and decay properties. Such searches are feasible 

because even a moderate luminosity gives several events per 

hour, Eq. (4.19). 

(b) A direct measurement of R at E max c.m. = MZ in principle yields 

C all' and if C all ' 30 (Eq. (4.23)), unknown particle pairs are 

being produced. Unfortunately this requires a few percent 

measurement of R max' One must have very small systematic and 

statistical errors coming from the radiative correction, from 

the detector efficiency, from the luminosity measurement, 
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from the trigger insensitivity to e+e- + v3 processes, and 

from the effect of the spread in EC m . All this seems very . . 

difficult at present. 

(c) A more feasible, but still difficult, measurement is the 

determination of 

3 

rZ 
= r(z” + all) = G"ZCall 

24fi 71 
(4.25) 

where, as before, C all = c [vi + a:] "30.0. Then 
f 

rZ z 2.5 GeV (4.26) 

To find a new fermion Tz must be measured to a precision much 

smaller than 1 part in 30. This is because a new fermion 

would contribute about 1 unit to C all' ._ 

4.c: Beyond the Z" 

+- e e + f5: When EC m 
. . 

s MZ, the propagator in Eq. (4.10) reduces to l/s, 

so that ee + Z" -+ f? has the same s behavior as ee + y -t fz. Then 

Explicitly 

G2M4C 
a(ee + Z" -+ f5, E s Mz) = 

z f 
c.m. 96rs 

G2M4C 
R(ee + Z" + ff, EC m S Mz> = z f 

. . 128a2a2 

o(ee + Z" + ff, E c.m. > Mz) = 

yc.m. 

R(ee -f Z" + fi, EC m 9 MZ) = 0.11 Cf . . 

(4.27) 

(4.28) 

(4.29) 

(4.30) 
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Hence for charge 1 or charge 2/3 fermions, the electromagnetic cross 

section is larger than the weak cross section. (I remind the reader that 

the interference between these two interactions has been ignored here.) 

Unfortunately the neutral fermion cross section, and particularly 

neutral heavy lepton production, still depends on the weak process. As 

an example let's calculate the luminosity required to produce 1 R"'jio 

pair per day at EC m = 1000 GeV! Then . . 

1 pair/day = [L&cm 
-2 sec-1][10-32 cm2/(103)2] [105sec/day] 

Hence 

J = 1033 cm-2 -1 set 

(4.31) 

(4.32) 

is required. 

+ -~ + W+W-, e+e- o-o ee +zz: WhenEcm BMz, the very important processes . . 

e+ + e- + W+ + W- 

+ (4.33) 
e + e- -f Z” + Z” 

can be studied. If only Z" exchange, Fig. 4.la, contributed to these 

reactions; the spin 1 nature of the W and Z" would lead to a cross section 

which violates unitarity as s increases. Therefore there must be addi- 

tional diagrams, Figs. 4.lb and 4.lc,which cancel the unwanted s dependence. 

Conventional weak interaction theory naturally contains these diagrams. 

Hence the measurement of reactions (4.33) serves two purposes: weak inter- 

action theory is tested, and the W' can be studied in some detail. 

Figure 4.2 gives the expected W+W- cross section. Notice that this is 

larger than the fz cross section at EC m = 300 GeV. From Eq. (4.29), . . 
a(ee -f Z 0 -+-ff, E c.m. = 300 GeV) = 10-37cm2. 
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One speculation before I turn to the final subject: e+e- machines 

at vsry high energy. This discussion of the EC m % MZ region has been . . 

based on the assumption that there is just one Z" with a mass of about 

90 GeV. However, if there were a sequence 

z", ZO', z" 
I I 

. . . 

with increasing masses, the very useful R enhancement which occurs at the 

z", Eq. (4.18), would occur again at higher energies. 

4D: Very High Energy e+e- Colliding Beams Machines 

The Synchrotron Radiation Problem in e+e- Storage Rings: All existing 

+- ee machines are of the storage ring type described in Sec. 1A. As the 

E of such machines increases, there is a very rapid increase in the c.m. 

power lost by the electrons and positrons through synchrotron radiation.4'6 

[Synchrotron radiation is the electromagnetic radiation emitted by a 

charged particle moving through a curved path. 

frequency voltage required per turn to replace 

V rf = constant (Ez/p) 

where p is the radius of bending and Eb is the beam energy. The power 

required is 

] Explicitly the radio 

the lost energy is 

(4.34) 

P in = (Vrf I + VZf/R)/c (4.35) 

where E is the efficiency of converting 60 cycle power to-rf power, I is 

the total current in the e- and e + beams, and the second term is the 

resistive power loss in the rf cavities. Superconducting cavities can 

eliminate this second term; however, the power required for refrigeration 

and increased construction costs may approximately cancel the reduction 

in rf power costs. 
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Equations (4.34) and (4.35) and other considerations have led e+e- 

storage ring designers4.7p4*8 to the rough rule that the optimum design 

requires 

RaE 2 
b (4.36a) 

Since construction costs scale as the circumference of the ring 

construction costs 0: R = E 2 
b (4.36b) 

LEP: CERN is proposing to build a very large e+e- storage ring called 

LEP.4*g I shall describe this proposed machine briefly because of the 

powerful e+e- physics it can do, and because it appears to yield the 

highest energies attainable in conventionally designed and economically 

feasible e+e- storage rings. 

LEP will have a circumference of about 31 km. It is designed to 

have eight interaction regions but will probably start with four. The 

RF power will be installed in stages as outlined in Table 4.2. Stage l/6 

will allow the Z" to be produced if its mass is less than 100 GeV. 

Stage 2 assumes the room temperature, copper, rf cavities are replaced 

by superconducting cavities. If superconducting cavities are not avail- 

able, additional copper cavities could be added to give stage 413. 

The total construction cost of this machine will be about lO'$. 

The power cost at stage l/6 will be about 

(9 x lo4 kW)(6 x lo3 hrs/yr)(O.l S/kW hr) = 5 x lo7 $/yr 

Stage 1 will have about 2.5 times the power cost. These costs are very 

well justified by the tremendous range of e+e- physics which will be 

done by this facility. However Eq. (4.36b) makes it clear that it is not 

economically feasible to obtain a factor of 2 or 3 increase in E c.m. 

using this type of storage ring. 
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Table 4.2. Proposed stages in the addition of RF power 

to LEP. From Ref. 4.9 

Stage 116 l/3 1 413 2 

E (s; -100. -125. -170. -185. -260. 

Luminosity 
clo32cm-2 sec-lj 0.4 0.6 1.1 1.2 1.0 

Current (=a 6. 7. 9. 9. 6. 

RF power used 
m-w 16. 32. 96. 128. 96. 

Total power mw 90. 128. 254. 317. 
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e+e- Colliding Linear Accelerators: An alternative to an e+e- colliding 

beams storage ring is the colliding of the e+ and e- beams from a pair of 

linear accelerators, Fig. 4.3. A general review of colliding linear 

accelerator ideas and theory has been given by Amaldi.4'10 He also gives 

a full set of references to the contributors to the field and its history. 

A brief review has been given by Richter.4*8 I will present a very brief 
+- comparison of the two types of e e colliding beams machines. 

In a storage ring, Sec. lA, the total luminosity is 

2 f 
LP 

= nIRnbNring ring 
ring A ring 

(4.37) 

+ 
Here nIR is the number of interaction regions; n b is the number of e or 

e- bunches; N ring is the number of e + - or e in a bunch; A ring is the cross 

sectional area of a bunch, and f ring is the bunch rotation frequency. 

In a colliding (also called clashing) linear accelerator facility 

nN 2 

‘P b linac flinac 
linac = A linac 

Here flinac is the linear accelerator pulse rate, and each pair of bunches 

is assumed to collide just once. The length L is proportional to Eb and 

the construction cost is proportional to L; hence: 

Construction cost = L 0: Eb . (4.38) 

Figure 4.4 shows a qualitative comparison of the construction costs 

of storage rings and clashing linacs. At present we do not know where 

the crossover occurs; knowing enough to calculate the crossover point is 

one of the major objects in developing colliding linac technology. 
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Luminosity Comparison: To give a general idea of the requirements on a 

coluding linac I will make a crude comparison with an E = 200, GeV 

LEP type storage ring. For such a storage ring N ring iscimx loll to 

1o12 particles per bunch; we will use 

N ring - 1o12 particles/bunch 

A -477 x loop x ring 3op 4 -10 7Tu 2; (11 = micron) 

(4.39) 8 
f _ 3 x 10 m/set 

ring 30 x lo3 m 
= lo4 Hz 

nb' -4 bunches; nIR = 4 . 

In a linear accelerator purposely built for a clashing linac we expect 

N linac - loll particles/bunch 

._ 
f linac - lo3 Hz 

nb - 2 bunches . 

(4.40) 

Then from Eqs. (4.39) and (4.40) 

For the same 9 

A -4 ~10 A 2 
linac ring =: 7r micron 

If the linac beam has a circular cross section of radius rlinac 

rlinac z 1 micron (4.41) 

Equation (4.41) states the crucial requirement on e+e- clashing linac 

technology to obtain a luminosity equal to the total luminosity of an 
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+- ee storage ring. We must learn to make, accelerate, steer, focus and 

collide e- and e + bunches with 10 11 particles per bunch and with one 

micron transverse dimensions at the collision point. Studies now in 

progress indicate that this can be done. 

The SLAC Linear Collider: B. Richter has proposed a very ingenious 

application of the clashing linacs principle to the existing SLAC linear 

accelerator. This proposal,4'5 shown schematically in Fig. 4.5, contains 

the following elements: 

(a) Using the SLED mode4*11 of operation of the accelerator the 

accelerator energy is raised to about 50 GeV. 

(b) The e- bunch and the e+ bunch are accelerated in the same 

accelerator pulse, one bunch following the other one down the 

accelerator separated by a distance of the order of tens of 
._ 

meters. 

(c) The e- and e+ bunches are transported in opposite directions 

by the roughly circular transport system to the interaction 

point. 

(d) At the interaction point the bunches, which were of the order 

of 100 p in transverse dimensions as they left the linac, are 

focused by the transport system and interaction regions 

quadrupoles to transverse dimensions of the order of several 

microns. 
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The initial parameters of the proposed facility are: 

E =. 2 x 50 GeV z 100 GeV c.m. 

N 10 z 5 x 10 particles/bunch 

f = 180 Hz 

2 
9 = J-L- .= 1030 ,-2 set-l 

4Tro2 ' r 

Here or is the root mean square transverse radius of the bunches. The 

length of the bunches will be several mm. By further SLED type improve- 

ments, the addition of more klystrons to the linear accelerator, and 

other improvements, it is possible in principle to increase the E c.m. 
to about 130 or 140 GeV. 

The luminosity can probably be increased to .- 

9 = 1031cm-2 set-l max 

by increasing N by a factor of 2, by decreasing 

by using the focusing effect that each beam has 

ot by a factor of 2, and 

on the other.4'12 

The Future of e+e- Physics: Thus e+e- physics has a bright future. A 

new set of high energy e+e- storage rings--CESR, PEP, PETRA--has just 

gone into operation. Older storage rings--DCI, DORIS, SPEAR, VEPP-2M, 

and VEPP-4--continue to do very interesting physics. We now have 

proposals for a new low energy storage ring, ALA; and for very high 

energy storage rings, LEP and HERA. And a new technology, colliding 

linear accelerators, is being developed which can take us to yet higher 

energies. 
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Figure Captions 

1.1 La) A single ring colliding beams machine; (b) a double ring 

colliding beams machine; (c) the cross section of an e+ - or e 

bunch transverse to the direction of motion of the bunch. 

1.2 Plot of the design luminosities of CESR and PEP, and attained 

1.3 

1.4 

1.5 

1.6 

2.1 

2.2 

2.3 

3.1 

luminosity of SPEAR, from B. D. McDaniel, Ref. 1.1. 

(a) Feynman diagram for e+e- + u+u-; (b) possible modification to 

the QED prescription for e+e- 
+- -t p u ; (c) an additional diagram 

exchanging an X particle can modify the propagator for one-photon- 

exchange; (d) an additional diagram which contributes to e+e- 
+- -tee. 

(a) The naive quark model for non-resonant production of hadrons in 
+- e e annihilation; (b) the resonant production of hadrons in e+e- 

annihilation. 

The ratio R = cr(e+e- -f hadrons)/c(e+e-+ u+p-) versus E c m from . . 

SPEAR, from Ref. 1.6. 

The ratio R = o(e+e- + hadrons)/o(e+e- +- u'u-) versus Ecmm. showing 

recent PETRA data, from Ref. 1.8. 

A crude method for calculating the decay branching fractions for a 

heavy lepton. 

(a) One-photon-exchange diagram for e+e- + R+R-; (b) one-Z 0 -exchange 

diagram for e+e--+ J?,';'. 

Schematic drawing of production of a vr, ;= beam by stopping a 

proton beam in a target and beam dump. 

(a) A resonance with the non-relativistic Breit-Wigner shape, 

Eq. (3.8b); (b) a resonance with the same area as that in (a), but 

broadened by robserved = 4r. 
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3.2 The energy levels for,(a) a coulomb potential, and (b) a linear 

potential. The relative strengths of the potentials are set so 
h A 

that the 1s to 2s separation is the same. 

3.3 R(r) for a coulomb potential illustrating the definition of n. 

3.4 Energy levels of a coulomb plus linear potential. 

3.5 Comparison of the energy level separations and of ree for the $/J 

and T 3Sl states. 

4.1 Lowest order diagrams for e+e- -f w+w-, from Ref. 4.2. 

4.2 Cross section for e+e- -+ w+w-, from Ref. 4.2. 

4.3 e+e- colliding linear accelerators. 

4.4 Comparison of construction costs of storage rings and clashing 

linacs using Eqs. (4.36b) and (4.38) respectively. 

4.5 Schematic drawing of the proposed SLAC Linear Collider, from Ref. 

4.5. 
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