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1. GENERAL THEORY 

1.1 Introduction 

Although the study of high energqy electron-positron annhilation is one 

of the newest areas in elementary particle physics, a wide range of experimental 

knowledge has already been acquired-- tests of quantum electrodynamics, 

measurements of the total cross section for hadron production, studies of 

inclusive reactions, the discovery of the $' particles and the elucidation 

of their properties, searches for anomalous lepton production,are examples. - 

It is no longer possible to discuss all of these topics in a series of lectures. 

Therefore I am going to restrict my discussions in two ways. First, the energy 

range under discussion will be restricted to center-of-mass energies above 

2. GeV. Hence the very interesting region of vector meson produc,tion and 
. . : 

transition to the continuum will not be considered. Second, I will only discuss 

the last four topic:-; listed above: total cross section for hadron production, 

inclusive reaction distributions , properties of the $j particle, and 

anomalous lepton production. 

Much of the data which I will discuss was acquired by the SUC-LE3L 

magnetic detector collaboration I using the SPEAR colliding beams facility at 

the Stanford Linear Accelerator Center. Other, very important, data comes from 

the ADONE facility at Frascatif the DORIS facility at DESY, and from the 

colliding beams research done at the Cambridge Electron Accelerator. My 

restriction to higher energies prevents the discussion of the extensive 

research done at Orsay 3 4 and Novosibirsk . 

To keep these printed notes to manageable length, the printed text will 

be brief. Much of the first few lectures is extracted from 

paper by G. Feldman and myself'. The reader is referred to 

a much fuller discussion. 

a longer review 

that paper for 
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1.2 General Dynamics and Kinematics 

The most general process for the production of hadrons in ef - e- 

annihilations is shown in Fig. la. Here the cross hatched region might 

include a direct electron-hadron interaction. But existing data do 

not demand such an interaction. And if we accept the traditional belief 

that the electron has only electromagnetic and weak interactions, the 

dominant process is the exchange of a single, timelike virtual photon 

between the electronic and the hadronic systems, Fig. lb. Higher order 

photon exchange processes, Fig. lc, may also.occur. Although such pro- 

cesses are expected to have cross sections smaller by a factor of the 

order cx =1/137 compared to the single photon exchange process there is 

no experimental evidence on this point. 

Returning to the single photon exchange process, Fig. lb, we see 

that all the ignorance hidden in the cross hatched region of the diagram 

in Fig. la has been transferred to the photon-hadron vertex. The basic 

problem is to find the correct dynamical description of that vertex. 

In the simplest colliding beams situation, the electron and positron 

have equal, but opposite, momenta in the laboratory system, Fig. 2a. 

Then the laboratory and center-of-mass system coincide. Designating the 

'energy of each beam by E, we have 

W = 2E (1-l) 

where W is the total energy of the hadronic system. We also use 
2 s=w = 4E2 ; (l-2) 

s is of course also the square of the four-momentum of the timelike 

virtual photon in Fig. lb. We note that we use a metric in which the 

product of two four-vectors is given by a-b = a$ = a"bo 
I-1 

- 2.2. 

When the angle between the two beams, 7, is non-zero, Fig. 2b, we have 

(ignoring the electron mass) 

s = 2E2(1 f cos q) Q-3 > 
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For the general reaction 

e+*e-+1+2+3+ (l-4) 

in which N particles designated by 1, 2, 3 . . . N are produced, the cross 

section is637 

cr= $ e+,~spi_~fil((2~~>2Ej'Tfi'2 s4(pf ' 'i' ('~5' 

final spins ~ 

As usual the summation over spins means an average over the initial states 

and a summation over the final states. Here, as in the remainder of this 

paper, we set 

in this paper 

Assuming 

the form 

are in the center-of-mass 

one-photon exchange, Fig. 

frame. 

lb, the matrix element Tfi has 

-e2 jp 
f - J 

e e had, P . -. 
T 

fi = (l-6) 
S 

the electron mass equal to zero. This and all formulas 

. 
J-l-- is the leptonic transition current and J had is the four-vector 

e e 
transition current between the vacuum and the final state particles. 

In the center-of-mass system, taking the e+ to be moving along the 

-t-z axis and the beams to be unpolarized we obtain a useful simplification 

of Eqs. 1-5 and 1-6. Noting that the virtual photon four-momentum k has 

the properties 

k = (k', k), k = 0 , k" = W , kV Jhad v = 0 ww HI Y 
we obtain 

J hadron,O = ' b7b > 
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[JL%x Jh%x + JLad,y ‘had,y] 

X E4(‘f - ‘i.) (1-W 

The subscripts x and y on Jhad refer to the x and y spatial axis. 

We note that the order of magnitude of the cross section is set by 

a2- 3 a = l/l37 is the electromagnetic coupling constant. . Furthermore, 

unless the integral over the current increases with energy, the cross 

section will decrease at least as rapidly as l/s2 as s increases. 

The acceptance of single photon exchange as the dominant process 

also leads to a strong restriction on the angular distribution of the 

entire hadronic system because the total angular momentum of the hadronic 

system is 1. The angular distribution is limited to the terms 1, sin 8, 

cos 8, sin2 8, cos2 8, sin 6 cos 6 with respect to 8; and to 1, sin Cp, 

cos cp with respect to (p (6, cp being the spherical angles about the z 

axis). If the e+ and e- beams are unpolarized, as in Eq. l-8, there will 

be no cp dependence.8 For the remainder of this paper we shall ignore 

polarization effects. 

A few examples will illustrate these points. Consider first, just 

two pseudoscalar particles in the final state, Fig. 3a, such as 
+ -t- - e -l-e--+7( -FTC Cl-9a > 

or 
-I- e + e- + K+ + K- 

Then for Eq. l-ga 
bgb) 

dcr 
z+n- a2 fS3 sin2 8 /Fx(s)j2 
do = 8s (l-10) 



, 
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and a similar equation holds for E. l-9. Here p = m/E where m is the mass 

of the 5. Ffl(s) is the pion form factor.' The total cross section is 

&3[Fxb)[2 
Of-= 
51s 3s (l-11) 

As another example consider the production of just two spin l/2 point Dirac 

particles; the only known example being (Fig. 3b) 

+ 
e + e- + p+. + p- ' 

Then 

J& = @ 
[ 

(1 + cos2 0) + (1 - p2> sin2 6 1 
In the high energy limit of B -1 

d); _ cX2(l 4--cos2e) 

CJ =4,02 21071nb 
l-w 3s E2 

; E in GeV 

(1-M 

Cl-13a > 

,. ‘, 

(l-13b) 

0-13c) 

One-photon exchange leads to the following restrictiona on the final state 

(a) The final state parity (P) = -1 since parity is conserved in 

electromagnetic interactions. 

(b) The final state isotopic spin (I) is 0 or 1 on the usual 

assumption that the photon couples almost exclusively to I = 0 or I = 1 

states. 

(c) The final state charge conjugation number (C) is -1. This 

prohibits the reaction e+ b 0 +e--+sc +n , although the reaction is 

allowed in the two-photon exchange process Fig. l.c. 

(d) If the final state contains only pions, then the G-parity 

relation, G = C(-l)', demands g 
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odd number of pions if I = 0 
even number of pions if I = 1 (l-14) 

1.3 'The Parton Model 

In the parton model of hadron production we think of the photon- 

hadron vertex as a two step process, Fig. 4, 

l- e + e- -+parton + antiparton (l-r4 

parton + antiparton -+hadrons (1-16) .- 
The attractive part of this model is that it makes definite predictions ! 

about the size and energy dependence of the total cross section for 

hadron production, ahad( if we assume: 

1. The par-tons are point particles with form factors equal to 

unity. 

2. There are a fixed number of kinds of par-tons with set spins 

and charges. 

3. Free partons carnot exist. Hence every parton-antiparton pair 

which is produced has a probability of 1 of going into a hadronic final 

state. 

For a parton of mass m, spin l/2 and charge Qe, e being the unit 

electric charge, the model predicts 

crhad(S) = 9 , m %/i& (l-17) 

If the parton mass m, is close to s/4 we expect that threshold effects J- 

will lead to a cross section less than that in Eq. l-17 When m is 

much greater than m, we expect the cross section to be much smaller, 

although virtual parton pairs can still contribute. If there are N 
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types of partons, type n having charge Qne, all with sufficiently small 

mass; then 

ahad(s) = * 

where (for spin l/2 partons) 

R =ntl Q; 
= 

For later use we note that the numerical form of Eq. l-lab is 

(l-18 ) 

(1-19a 1 

(l-la j ah,,(s) = 2xiz1R 'nb 

where E is the electron or positron energy in GeV. 

The significance of Eq. l-18 is simple. The d comes from the 

electromagnetic coupling constant at each end of the photon line; the 

l/s comes from the l/s2 contribution of the photon propagator to the 

cross section, a power of s being cancelled by vector coupling of the 

photon. One might argue that most of Eqs. l-18 is simply a result of 

one-photon exchange, the significant contribution of the parton model 

,being solely to set the magnitude of R. 

Indeed the magnitude of R is so important that R has become an 

experimental as well as theoretical quantity in its own right. It has 

become conventional to note Eq. l-18 is just R times the equation 

for the cross section of the reaction e+ + e- 4~1' + p- (Eq. 1-13~) 

when the muon mass is neglected. We define 

ahad(s) 
R(s) = T-&T (w4 

Of course the basic questions are: do partons exist; and if so do 

they have unit form factors, what are their spins, what are their charges? 
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The conventional phenomenology is that there are at least three 

types of quark-partons - the u, d, and s quark with the properties 

given in Table I. We use the term quark-partons to denote par-tons with 

specific spin and internal quantum numbers. If only these quark-pactons 

exist 

R u& = (2/3j2 f (l/3j2 + (1/3j2 = 2/3 (l-20a) 

As we shall see in Sec. 3, the pure quark-parton model fit to the total 

cross section requires R in the range 3 to 5. Some increase in R can 
10 - 

. be obtained by accepting the existence of a fourth quark - the charm 

carrying quark (c) - which has Q = 2/3 (see Table I). Then 

R udsc = 10/g ; (l-20b) 

but this is not much of an increase. 

To obtain R in the 3 to 3 range we obviously need many more frac- 

tional charged quark-partons or integrally charged partons. The first 

alternative is illustrated by the colored quark-parton scheme. 10 

Here an additional three-valued quantum number called color - red, 

white, and blue - is postulated. Then there are three different u quarks, 

3 different d quarks and so forth. Thus 

R = 
uds,color 2 > R udsc,color = 10/3 (l-2oc) 

The integral charge parton scheme is illustrated by the Han and Nambu 

model. 10 This model contains 9 quarks, 4 have charge 2 1 and 3 have 

charge 0. Thus 

s =4 an-Nambu 

Even if we do not accept a parton model of e+ - e- annihilations 

very general light cone arguments 11,12 lead to the same s dependence 



- 10 - 

for 'had as is given by Eq. l-l? namely 

Uhad(S ) = coytant (l-21) 

for sufficiently large s. 

1.4 'I'he Vector Meson Dominance Model 

In the vector meson dominance 13-1s model, Fig. 5, the photon couples at 

the vertex marked GyV(s) to a vector meson resonance, V, such as the 
0 

P ) 0 or 9. The hadronic final states are then simply the decay modes - 

of the V. Of course for a hypothetical high mass vector meson we know 

nothing a priori about its decay modes - hence the cross hatched area 

in Fig. 5, once again showing our ignorance. However if we are willing 

to make an assumption about GyV(s) we can calculate the total hadronic 

cross section. Indeed we assume G 
YV 

is a constant. Then utot is 

described by a simple Breit-Wigner resonance, which in its relativistic 

form is 

12xb r rv 

uhad(s) = & (l-22a) 

here Mv is the resonance mass, TV is the full width, and Tee is the 

partial width for the decay 

V +e+ f e- h-23) 

given by 

(l-24) 

Finally G/&-C is a measure of the y-V coupling; explicitly 

: 

G2 a 
yv = (gi/410 

(l-25) 



Thus the larger gV, the weaker the y-V coupling - a rather unfortunate 

convention. An alternative form for ahad is 

uhadb) = 

At s = 6 

12n ree 
'had,max = s 7 = 

4fia2 

(l-22b) 

(l-22c) 

Values of qp FvY Fee and g/ 4n for the well known vector mesons are 

given in Table II. 

If there is a mass Mmax such that all vector mesons have 

% < Mmax' than unless the higher energy tails of the resonance have a 

form other than that given by Eq. l-22a 

ahad = constant/s3 ; for s>>Mmax (1-26) 

On the other hand we may postulate an infinite series of vector mesons 

with ever increasing mass. Thus we may have a slower dependence on s. 

shad(s) >/ constant/s", n<3 ; ass+m (l-27) 

This is obvious. It is also obvious that by adjusting the magnitude of 

gv and the mass spectrum of the V's, one can obtain any desired R. 

. 

1.5 The Statistical Model for Final States 

Assuming one-photon exchange, one might expect the final states in 

electron-positron annihilation to be at least partially described by 



-12 - 

statistical model considerations ; or at least to be better described 

by such models than are the final states produced in hadron-hadron 

collisions. Hadron-hadron collisions are dominated by peripheral effects 

which produce a strong anisotrophy in the center-of-mass. Most particles 

move in the forward or backward direction along the line of collisions. 

However in electron-positron annihilation through one-photon exchange there 

is center-of-mass isotropy except for the spin 1 effects discussed in 

Sec. 1.2. And from a more-dynamic point of'view, the electron-positron - 

annihilation may be regarded as the formation of a single fireball of 

energy. The decay of that fireball providing an excellent situation for 

using statistical 

Returning to 

to the simplified 

the final state. 

ideas. 

Fig. lb we apply the Fermi statistical model 647 first 

case in which N identical spin 0 hadrons are produced in 

To evaluate the JtJ term in Eq. l-8 we follow Fermi and 

assume that the energy of the annihilation is contained in a volume R. 

The fundamental assumption is that for N particles in the final state, 
. t J J is proportional to the probability of finding N particles in the 

volume R. Since our normalization convention is that a particle of 

energy E has a particle density of 2E per unit volume; explicitly 

N 
51: hadJhad = A fl &‘E,Q) 

n=l 

where A is a proportionality constant. Equation l-8 becomes: 

(l-28) 

(l-29) 
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The M! appears in the denominator because there are N identical 

particles. 6 Following modern treatments of the statistical model 

3 we replace the term En.Q/(2rr) by its average value, l/so, and we 

retain the Lorentz invariant phase space factors d'pn/En. Hence 

and 

p ) 
f- i 

‘ha@ > =n$2 ‘,(d 

Cl-3Oa > 

(l-3&) 

Equations l-30 predict the energy dependence of the total and topo- 

logical cross sections, the multiplicity distributions, and the momentum 

distributions. For example if the particles have zero mass the multiple 

integral in Eq. l-30a can be evaluated analytically. b 
Then 

and 

S4(Pf - Pi) = 
2JrN-l sN-2 

(N-l)! (N-2)?+' (l-31) 

2 
'Ncs) = N'(N :): (N 2) ( 

s N-4 
.-. -? -7 

51 
) (l-32) 

Here B = 2(21-r)~A/(1rs~~) and sb = SO/K are constants. This simple model 

can yield momentum and multiplicity distributions which crudely fit the 

data. But it cannot give the correct energy behavior. The partial 

cross sections increase as powers of s for N > 4, yet the data (Sec. 3) 

show that the total cross section ultimately decreases as s increases. 
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This is of course a basic problem of this model. 

Therefore for actual use in studying e+ - e- annihilations we 

retain only the Lorentz invariant phase space aspects of the model, 

allowing the matrix element 
t J J to be extracted as an arbitrary function 

of (s). Explicitly we replace Eq. l-30a by 

N 
d3Pn 

UN(S) = c,(s) fl - ./ ( n=l En ), &Pf - Pi) O-33) 

Here CN(s) is an empirically determined function of s. Of course in the 

actual data we have not a single type of particle, but many types -- 
+ 0 -I- 0 

flYflY K-, K , p, 5 and so forth. Equation i-33 must therefore be 

enlarged to include various kinds of particles. Also charge, strangeness, 

and baryon number must be conserved. The calculation of a,(s) under 

these conditions must be done numerically. 

2. COLLIDING BEAM FACILITY PARAMETERS 

Colliding beams facilities are in many ways the most intricate 

accomplishment of the accelerator builder. And this is not the place 

to describe these facili-ties. However it is useful to survey the energy 

and intensity properties of existing and proposed electron-positron 

facilitiesla,lg so that the reader can understand the present range of 

experimental possibilities. In an electron-positron colliding beams 

facility the beams move in opposite directions in either separate rings, 
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or in different orbits in the same ring. It is only at the interaction 

regions where the beam orbits intersect and where the particles may 

collide. 

In a colliding beams facility the crucial quantities are the energy, 

E, of each beam defined in Sec. l.B, and the luminosity, L. Consider the 

simple case in which the two beams have equal but opposite momentum. The 

particles in the beams are not distributed uniformly around the orbit, 

but collect in bunches. Su$pose that a bunch is a cylinder of length & - 

cross sectional area A, and that it contains N particles. When a single 

electron bunch passes thru a single positron bunch, the number of events 

produced thru the reaction ef 4 e- +X with cross section ox is 

tiux/A. If there are f bunch collisions per interaction region per 

second. 

Number 
8 

(e+ 
f”X + e- -+X) events per second = 7 (2-1 .> 

It is therefore useful to define the luminosity, L, where 

L tif =- 
A ali -1 set 

Then 

number (e+ + e- -+X) events per second = Lax (2-2) 

Existing facilities have actual luminosities in the range of 10 29 

to Id' cme2 set-'. Design goal luminosities for existing and proposed 

accelerators go as high as 10 33 cm -2 set-l* To get some feeling 

for these quantities note that the typical total hgdronic production cross 

section, u had' is 20 nb in the high energy region (Sec. 3). Effective 

luminosities of 10 29 
to 103' crnm2 set-' then correspond to From 7 to 700 
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hadronic events produced per hour. 

Parameters of existing and proposed electron-positron colliding beam 

facilities are given in Table III. 

3. TOTAL CROSS SECTION 

3.1 Data 

Figure 6 shows the total cross for hadronic production, ahad as a 

function of the total energy W. We observe several kinds of energy 

dependence. 

(a) There are the very narrow resonances, the w, 'p, Jr(3100) and 

$(3700) with full widths of 10 MeV or less. 

(b) There are the much broader p 0 resonances and the broad reso- 

nance-like structure at 4.1 GeV. Incidently, although the u) and p 0 appear 

superimposed in this total cross section curve, they are easily separated 

experimentally; the dominant decay modes being p" -+a' + Z- and 

+ .Lu-+7( -I-n- -I- K' respectively (Table II). 

(c) Between the resonances is the continuum region which itself has 

an energy dependence - broadly speaking in the continuum region ahad 

decreases as W increases. 

The higher energy data displayed in Fig. 6 are listed in Table IV 
A(J-h7 

along with references. 

3.2 Interpretation 

As I stated in the Introduction I am restricting my discussion to 

center-of-mass energies above 2 GeV 
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To simplify the discussion of this region I postpone consideration 

of the Jr particles to Sec. 6. With the J, particles removed, ahad 

(Figs. 6 and7a ) shows a roughly monotonic decrease from above 40 nb at 

2 GeV to about 10 nb in the 7 GeV range. The only presently known ex- 

ception to this decrease is B broad enhancement at 4.1 GeV. If we draw 

a straight line between the 3.8 and 4.8 GeV data points, we 

obtain for this object 

Center N 4.1 GeV 

Height above smooth ahad,-- 12 nb 

Full width at half maximum height N 240 MeV 

The nature of this enhancement - in particular, is it a resonance - 

is discussed in Ref. 5. 

To study the energy dependence of ahad, we use R defined in Eq. l-18 

R is listed in Table IV and shown in Fig.7b.. We recall that if R is a 

constant, uhad varies as l/s. There is a sequence of observations which 

can be made on these data. 

(4 R is approximately constant at a value of 2.5 from 2 to about 

3.5 GeV. To within 25$, this behavior agrees with that expected from 

the oarton model for three colored quarks (Eq. 1-20~). 

(b) R increases dramatically as W goes from 3.5 to 5 GeV with 

most of the increase occurring rather suddenly in the neighborhood 

of 4 GeV. The increase in R is 

*R =<R>4 to 5 GeV -<R> 3 to 4 GeV = 

2.2 'r 0.2 including 4.1 GeV enhancement 

1.6 2 0.2 excluding 4.1 GeV enhancement 
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Thus the increase occurs whether or not we include the 4.1 GeV enhancement. 

The fascinating and as yet unanswered question is whether the 4.1 GeV 

enhancement has anything to do with the increase in R. 

One possible explanation is that as W increases above 4 GeV, a new 

set of higher mass quark-partons contributes to hadron production 

through the diagram in Fig. 4. Labeling these partons by n = N + 1, 

N + 2 . . . N' ; the increase in R, Eq. l-lya, would simply come from 

N' _ 
AR = c 

n=N+l 
Q; l 

In this picture the 4.1 GeV enhancement could be either a threshold 

effect, or a resonance, or a combination of both. 

(c) Above 3 GeV, R either remains constant or slowly increases; the 

errors are large. The important point is that there is absolutely no 

indication that R is beginning to decrease in this highest energy region. 

Hence any theory which requires R to be much smaller than 5--Eqs.l-20a through 

l-2Oc, for example-- is either wrong or applies to a yet higher energy region. 

If the latter explanation is used, one must explain why energies of the order 
28 

of 6 or 7 GeV are still in a transition region. 

(a) An alternate way out of the large R problem is to assume that one 

or more heavy leptons or elementary bosons begin to be produced in pairs in 

the 4 to 5 GeV region. Each new type of heavy lepton would contribute one 

unit of R. The contribution from an elementary boson is less definite--it depends 

upon assumptions as to the magnetic and higher moments. This is discussed in 

Part II of these lectures. 
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4. MULTIPLICITIES 

4.X Charged Particle Multiplicities 

The average charged particle multiplicity, < Nch>j is given in 

Table IV and Fig. 8. As shown in Fig. 8 we can fit < Fych> by the simple 

equation 

< NC?*> = a f b&n(W > ; a = 1.93, b = 1.50 (4-l). 

There is no drastic change in < Nrah > a,t the 4.1 GeV enhancement, or as 

R increases in ,the 3.5 to 4.5 GeV region. 

4.2 Comparison With Multiplicities In Hadron-Hadron Collisions. 

An immediate question is how does <Nch>ee for 

-t e + e- +hadrons (4-z) 

compare with <Nch> for 

+ 
l-i- + p -+hadrons 

IS' + p-+hadrons 

p + p +hadrons 

(4-3) 

The answer is given in Fig. 8 . As has been discussed by Whitmore, 29 

<NC,> for fl-p and p-~ can be described by a single curve by defining 

the total initial state kinetic energy in the center-of-mass frame 

Q=G-ma-mb (4-4) 

for the reaction 

a f b hhadrons (4-5) 

The masses of a and b are ma and mb respectively. Then the single 

formula 
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. <Nch> = 2.45 -I- 0.32 In Q + 0.53 In2 Q (4-6) 

(&rve‘A in Fig. S ) using Wee = Q, fits both n'-p and pp multiplicities 

We see that <Nch>ee is very similar in magnitude and W behavior to 

<Nch>rc-p and <Nch>pp when we use W = Q . Incidently the deviations 

Of 'Nch>ee from curve A are not much greater than the deviations from a 

universal fit to <N > for just hadron-hadron collisions; such deviations 30 
ch 

are less than ? 0.3 units in (Nch> * 

We might also expect that (Nch>ee should be very similar to 

<Nch>ijp annihilation for the reaction in Eq. 4-4. Unfortunately in 

higher energy pp data it is difficult to separate that reaction from the 

non-annihilation reaction 

5 + p + nucleon -+ antinucleon + mesons (4-7) 

Hence <Nch>pp contains both reactions. 31 From Abesalashvli et al. we -s 

take the empirical fit. 

<NCb+5P = 0.69 + 2.10 in w- 
* PP 

(4-N 

In comparing <Nch>,, with <3Tch>pp in Fig. lob we can either set 

or 

W = w- ee PP 
; curve B WY4 

W =w, -2M * curve C ee PP proton ' (4-y-d 

Equation 4-9a would be the correct equivalence if only & annihilation 

occurred; Eq. 4-9b would be correct if no annihilation occurred. We 

see that the truth falls in between. 
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3. INCLUSIVE DISTRIBUTIONS AND SCALING 

2.1 Single Particle Momentum Distributions 

As we begin to study the dynamics of the final hadronic states 

produced in e+ - e- annihilation, we turn to one of the simplest properties 

of the multi-hadronic final states - the single particle momentum distri- 

bution. We define, for charged particles, 

z = P/P,,, (5-la > 

PEa, = (W/2)2 - (massn)2 ‘(5-d 

where W is as usual the total energy of the hadronic system. We are 

going to ignore the presence of K's, p's and pls in the data unless 

otherwise noted. We do this partly for simplicity and partly because 

we can only separate these particles in the low p region. To start 

' without any theoretical prejudices we first look at the distribution 

F(z,W) = 1 d 'had 

<Nch' "had dz 
(5-28 > 

Thus 

f 

1 
F(z,W)dz = 1 

0 
(5-2b > 
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These normalized distributions in z are shown in Fig. .9 ; and the average 

value of p for charged particles 

<p&> = 
/ 'pF(z,W) dz 
0 

(5-3) 

as well as <z>, is shown in Fig. 10, 

We observe the following: 

(a) <p 
ch > increases slowly as W increase, varying from about 400 - 

MeV/c to about 480 MeV/c in this W range. 

(b) The production of low p hadrons is greatly favored. 

(c) As W increases, F(z,W) . 
increases in the low z region, and 

correspondingly decreases in the high z region. 

We are immediately struck by the resemblance between F(z,W) and 

the pI distributions found in the mul&i-hadron,final states of hadron- 

hadron collisions. For example in p-p collisions, 2pJ30'(for pions and 

s S 200 GeV2) 

<pI> N (0.23 + .Ql&fi) GeV/c (5-4) 

And dohad/dpL has a shape,. 2p except possibly for the high pI tails, 

roughly like those in Fig. 9 . 

5.2 Phase Space Model for Single Particle Momentum Distributions 

As noted in Sec. 1.5 we can fit the single particle momentum distri- 

butions to a phase space model in which the multiplicity distributions are 

fixed empirically ( see Ref. 5). To see how this occurs we rewrite Eq. l-33 

in the form 

‘+) = ‘,b) RN(‘) 

RN(s) -/fil (3) 84(pf - 'i) 

(5-5) 

(5-G > 
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Then for identidal particles, the single particle distribution is 

given by 

12 dohad 

d3p 
= 2 NcNb)l$l by) 

n=3 
(5-7a > 

where 

S r = (fi - E)2 - p2 (5-7b > 

As discussed in Ref. 5 the p distribution'is roughly isotopic. Hence 

for convenience and future use we define 

E d"had 

p2dp 
= 4nG(s,p) 

4?rp2G(s,. d'had = 
dp E 

(Ha > 

(5-8b) 

A fit to da(s)/dp at W = 4.8 GeV, using a phase space model with 

just pions, is shown in Fig. 1L. We see that the fit is quite good - 

equally good fits can be made for the data at other values of W. The 

fact that the phase space model can provide adequate fits to da/dp 

means that we cannot hope to see incisive tests of dynamical theories 
-!- ofe -e- annihilation in the gross features of the momentum distribution. 

We have to look at more detailed behavior. 
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. 3 Feynman Scaling 

To the veteran of hadron-hadron inclusive physics, the expression 
6,3&,33 

in Eq. 5-8a immediately raises the question, is there Feynman scaling 
+ - 

ine -e annihilation, analogous to that in hadron-hadron collisions? 

In hadron-hadron inclusive physics, Feynman scaling predicts that the 

Lorentz invariant differential cross section 

E duhad 

d3p 
= H(s, P,,P pp' &+H(x, P,) (5-Y) - 

x=P/P II wax 

Thus written in terms of x and pL, H is independent of s. Equation 5-Y 

is only correct for p 5 1 GeV/c; at higher pI there is additional s 
32 

dependence. Should there be Feynman scaling in e+ - e- annihilations? 

If so, in Eq. 5-8a, should G(s,p) +G(p) or should G(s,p) +G(p/pmax) = 

G(z)? As shown in Fig. Is-for charged particles 

E dahad 

d3p 
= G(s,p) -+G(P) (5-N 

is a rough fit to the data; the largest deviations are a factor of two. 

Thus in this W range there is a rough Feynman scaling in p. Thus the 

Feynman scaling in p here is analogous to the Feynman scaling in pI in 

hadron-hadron collisions. Integrating Eq. 5-10 we obtain 

J Gb, P) d3p =<Wch> ohad (5-U 

where <Wch>is the average total energy in charged particles. As we 

expect from Fig. lfkthis quantity changes little in this W range. 
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We should reserve judgement on the significance of this Feynman 

scaling in p because the data presented here have a relatively small 

W range. The authors know of no simple, elegant explanation for the 
6,3 + 

scaling. Simple arguments such as the fragmentation model: used in 

hadron-hadron collisions do not apply here. Indeed as W increases we 

might expect to see scaling versus z = p/p max rather than versus p for 

large p. A theory which predicts something close to this will be dis- 

cussed in the next section. 
5.4 Bjorken Scaling 

6,35:37 - 
It is well known that the differential cross section for 

electron-nucleon or muon-nucleon inelastic scattering (Fig. 13~) 

e or ~1 -I- n + e or p I- hadrons (5-13 > 

can be described by two structure functions Wl and W2. Neglecting the 

lepton mass 

da 2 

dq2dq*P 
A$- 

q E 
21q21 Wl(q2, q*P) + (4EE' - Idl) W2(q2, q'P) 1 

(5-1.4) 

Here q and P are the four-momenta of the virtual photon and the incidental 

nucleon (Fig. aa) respectively. Also 

P*q = Mv (5-15 1 
where M is the nucleon mass. The total energy of the hadronic system 

W had is 

gad = 2Mv f- 3 f q2 (5-W 

In general Wl and W2 are allowed to be functions of q2 and V; but aS 

predicted by Bjorken and demonstrated experimentally. 6,35-37 

vw2h2, q-p) -+ F,(m) 

(5-173 > 

(5-17b) 
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w = 2-q. 2Mv =- 
lq21 Is21 

for 

IS21 2 1(GeV/c)2 

(547d 

(5-17d 

(5-x8)- 

W had 2 2 GeV 

The behavior of Wl and vW2 as functions of the single scaling variable 

0) (Eq. 5-17~) is called Bjorken scaling. Recently this scaling has 

been demonstrated to hold to within 2@ even for higher energy, large 

IA muon-proton inelastic scattering. 38 

+ Is there an analogous scaling law for e f e- annihilation 

+ e + e- +hadrons (549) 

From a very general point of view,ll such as light cone algebra, the 

analogy to Bjorken scaling is the statement, Sec.1.3, that R is a con- 

stant in 

Uha,(S) = $ (5-20) 

We have already discussed the validity of this prediction in sec. 3. 
39 However if we are willing to use a parton model then we can con- 

struct other analogies to Eq. 5-17. Consider the ef - e- annihilation 
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diagram in Fig. 13b in which 

:) 

0 

e+ 4 e- -+ h + anything , h = r[ or K or n, (5-21) 

and the momentum of thehis detected. In analogy to Eqs. 5-15 to 5-17 

we define 

P h = four-momentum of h (in Eq. 5-21) = (Eh,zh) (5-22) 

q2 =s=w2>o 
“h’ ‘g 

x= =- 
q2 

With 8 the angle betweenzh and the e+ - e- axis, the equation analogous 

to Eq. 5-14 is 

dahad 3 
dxd cos 0 = 2 '~1.1 x@, ,td, q"h) 

Here we have used 

u = 41Kx2 
I-+ 3s 

(5-23a > 

to emphasize the analogy to equations in Sec.l.3 and to Eq. 5-20. @, 

is the velocity of h. 
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The analogy to Eqs. 5-17 is 39 

s 

b) 

‘C& ( q2 , 

(5-24a > 

(5-2413 > 

We shall. call this special Bjorken scaling in e+e- annihilations, 

reserving the term Bjorken scaling in e+e" annihilations for Eq. p-20. 

Equation 5-23 becomes 

dahad 
2 

3 
dxd cos 8 = ?. '~11~. xBh Fa(x) -!- 3 F2h(x) sin2 61 (5-25) 

The charged pion is the only hadron for which we have sufficient 

data to make use of Eq. 5-25 throughout the x range. Even so we are 

not yet prepared to separate P ill and F2h. Therefore we ignore the low -- 

x region and approximate 

B 1 7 M x= z = PIPmax (5-26a > 

Also as discussed in Ref. 2 the angular distribution of the charged 

particle is almost uniform in cos 8. With these approximations, Eq. 5-25 

reduces to 

b-26b > 

This can also be written in a form to emphasize the scaling in x (now 

called z) 

= f(dn (5-264 
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We already know that special Bjorken scaling cannot be true for all 

z because from Eq. 5-26~ 

J 
f(dndz = s ‘had <Nch> (5-27) 

and the right hand side of Eq. 5-27 increases with s. Nevertheless a 

plot of sduhad/dz versus z is 

perhaps crude special Bjorken 

region we can ignore the pion 

transparent form. 

shown in Fig. 14. There is 

scaling in the z 2 0.5 region. In this 

- mass, and write Eq. 5-26~ in the more 

-M 2s-3i2 f(2p/fi) ; d"had 
dp P 3 mfi 

This prediction is in general quite different from the Feynman 

scaling in p prediction (ignoring the pion mass again) of Eq. 5-10 

duhad 
dp =4np G(P) ; P 77 me 

(5-28) 

(5-29) 

As s increases either Eq. 5-28, special Bjorken scaling, or Eq. 5-29, 

Feynman scaling, must fail. (Only G(p) having the very special form 

G(p) = constant/p4 allows both predictions to be true.) 
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6. The q's 

6.1. Discovery 

For convenience I shall refer to the $(3OP5) as the $ and the @(3684) 

as the $'. 

The + was independently discovered at SIAC! 40 in the colliding beams 

reaction 

+ 
e + e- -++ -+hadrons or lepton ,pairs 

and at BNI in the hadronic reaction 41 

(6-1) 

p + nucleus -+$ -t hadrons -+ ef + e- + hadrons W-2) 

The reaction in Eq. 6-1 has been observed at other e+ - e- colliding beams 

facilities. 42,43 The + has also been produced using neutrons 44 

n + nucleus -+$ + hadrons ; (6-3) 

Y +- nucleus + JI + hadrons . (6-4) 

Below 25 GeV, the reaction in Eq. 6-4 seems to be predominantly dif- 

fractive48 

y -l- nucleon -+$ + nucleon (6-5) 

The @' was also discovered at SIAC! 49 in the colliding beams reaction 

+ 
e + e- --+Q' +hadrons or lepton pairs 

or hadrons + lepton pairs; 

and has also been produced at DESY. 43 

(6-6 > 
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n 

6.2 Nature of the jr's 

The basic question about the $ particles is are they hadrons or are 

they a new kind of particle? By a hadron I mean a particle which has 

strong interactions. I will summarize present thinking on this question 

before discussing the detailed -properties of the $ particles. 

We determine whether a particle has strong interactions by studying 

(A) its total cross section when it collides with other hadrons, (B) its 

rate of production in hadron-hadron cpllisipns, and (C) its decay rate - 

and decay modes. 

A. Total Cross Section 

We do not know at present how to directly measure utot($N) or 

utot($*N), the t otal cross section for a $ or $' on a nucleon. For the 

Jr we can calculate 0 totCqN) using measurements of the reactions in 

Eqs. 6-1 and 6-5, and vector meson dominance theory. 5,45-a The cal- 

culation is quite speculative because we have to assume that the y-q 

coupling does not change over a range of (3.1 GeV) 2 in the four-momentum 

squared transferred from the y to the $. One obtains45 very roughly 

otot($N) - 1 mb . (6-7) 

The known hadrons have 

Qot - 15 to 40 mb ; 

Also using vector meson dominance, the established vector mesons are 

calculated to have. 

Otot( P’N) = 23 ! 3 mb 

atot = 24 $ 3 mb 

utot(W) = 9 'I 1 mb 

(6-9a > 

6-93 > 

6% > 
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Thus the @ seems to have a smaller utot by a factor of 10 or more than 

established hadrons. On the other hand the otot($N) is 10 times greater 

than 

qot(YN) M O.lmb ; (6-10) 

and much greater than weak interaction cross sections. Thus the q could 

be a hadron with its effective strong interaction coupling constant 

smaller than the conventional effective strong interaction coupling 

constant by a factor of J- 10 or so. Or perhaps very high energies are 

requried for utot (@N) to read its asymptotic value. (see below.) 

We do not have the data on the li, ' to make a similar argument. 

B. Production in Hadron-Hadron Collisions 

At energies of the order of 250 GeV, the reaction 

n -t nucleus --+$ f hadrons 

has a cross section of roughly 44 

uNN(q production) - 10q31 cm2/nucleon (6-11) 

This is much sm-ller than the R production cross section 

um(fl production) 2 iO-26 cm2/nucleon ; (6-12) 

and it is even smaller than the antinucleon or hyperon production cross 

section 

umm or hyperon production) 2 10 -28 2 cm /nucleon (6-13 > 

Obviously something is strongly inhibiting q production in hadron-hadron 

collisions. Incidently there are no published results on $ production in 

pion-nucleon collisions -- the production could be an order of magnitude 
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higher than in nucleon-nucleon collisions. 

There is no substantial data on $' production in hadron-hadron 

collisions. 

C. Decay Rate and Decay Modes 

The astonishing property of the jr particles is that their decay rate 

is relatively small considering their mass. Colliding beams measurements 

find50-55 for the decay width 

r($) = 69 Z 15 KeV (6-14a) 

-!- 400 I'($) = 400 _ 2oo KeV (6-&b 

As shown in Table II, the established vector mesons -- the hadrons which 

the q particles may most closely resemble -- have decay widths of 4.2 to 

150 MeV. Thus the jf particles have decay widths which are 10 to 1000 

times smaller than expected -- hence they are 10 to 1000 times more stable. 

As described in detail in the following sections, the $ predominantly 

has hadronic decay modes, although 14% of the time it decays to an electron 

pair or to a muon pair. The $ could be a hadron; but again there must be 

some mechanism which inhibits the decay through the strong interactions 

enough so that the electromagnetic decays are substantial. The Q' is 

more complicated since 57% of the time it decays to the $. The remaining 

decays are to hadronic modes -- the electron pair and muon pair decay modes 

being on the per cent level. 

D. Interpretation 

Thus the jr particles seem to be hadrons and yet not quite hadrons. 

If they are hadrons there is some mechanism which inhibits the strong 

interactions enough to give: 
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(a) Relatively narrow decay widths. 

(b) Leptonic decay modes. 

(c) Relatively small production in hadron-hadron 
collisions. 

There are two types of current theories which have such an inhibition 

mechanism.56757 One possibility is that the Q's strong decay is exactly 

forbidden by its possession of a new non-additive quantum number. Various 

color models are examples of this. The other possibility is that the Qfs 

strong decay is inhibited by a dynamical principle based on the existence 

of new additive quantum numbers. Charm is an example of this case in 

which the $'s have zero charm quantum number but are composed of charmed 

quarks. ~58 

If the $'s are colored states then presumably they will decay pri- 

marily through photon emission. So far we have not seen any strong 

evidence for radiative decays. The verification of the charm model will 

probably require the discovery of charmedhadron such as the D and F 

mesons, with weak decays. 58 Numerous searches are being made for such 

particles. I will discuss these theories and searches in detail in the 

spoken lectures, but I will not take the space to write it all down as 

so much has already been writeen on these theories. 

I only note that an extensive search has been made for charmed mesons 

produced in e+e- annihilation at 4.8 GeV. 58 The search looked for narrow 

peaks in inclusive two and three body state invariant mass distributions 

in various modes. No significant peaks were found. The results are shown 

in Table V. The mass region 1.85 to 2.4 is the relevant one for charmed 

mesons. 
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.e 

;. 6. 

To interpret these data we first have to estimate the amount of ex- 

pected charm meson production. From the usual quark charges, we would 

estimate that 4% of the events at 4,8 GeV should contain a pair of 

charmed mesons in addition to any ordinary mesons that may be present. 

This gives a cross section of about 15 nb for inclusive charmed meson 

production. There are three types of charmed mesons which will decay 

weakly. All other charmed mesons will decay into these. Thus, for 

each type we expect a cross section of about 5 nb. The limits in 

Table V range from about . 1 to .5 nb or from about $ to 1% in branching 

ratio. 

These limits do not rule out charmmodels but they made them uncom- 

fortable. Conventional models5' seem to predict branching ratios into 

some of these modes from 2 to 3 times higher than the limits. 

6.3 Total Cross Section and Masses 

Figures 15 and 16 show the apparent cross sections for reactions 6-1 

and 6-6 as measured at SPEAR. 50 These are only apparent cross sections 

because the widths of the resonances are smaller than the experimental 

resolution. 

To obtain apparatus-independent values for the cross sections we in- 

tegrate over energy to obtain 

C, =fi@(E)d.E = 9900 f 1500 nb . MeV 

C 
IJ' 

=Jn$,(E)dE = 3700 ? 900 nb * MeV 

(6-15) 

(6-16) 
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These integrated cross sections are corrected for the rather considerable 

effect of initial state radiation. The astonishing size of these cross 

sections relative to the continuum for hadron production is shown in Fig. 6. 

The masses of the J, and $' as determined at the various laboratories are, 

Laboratory m,,, (MeV) $, (MeV) 

SIAC (SPEAR) 3wT + .4 3684 1- 5 _ 

msy (DORIS) 3090 f 31 3680 z 37 

Frascati (ADONE) 3101 (error not given) 

6.4 Total and Leptonic Widths of the q 

The $ has decays into e+e- pairs with 

-i-- w= .o6g'f ,009 ; 

and into P+/L- pairs with 

p& = .06g? .oog 

(6-17 > 

(6-18) 

These decay rates together with.the total cross section 

allows us to calculate the true $ width, as follows. 

Assume that the Q has a Breit-Wigner shape. 6 Then for a decay mode, 

f, the cross section CT 
$,f 

for the reaction 

+- e e +q-+f (6-u) 

has an energy dependence similar to that in Eq. l-22, namely 
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x(2J f 1) 
%,f = s 

4m2FeeTf 

(s - m2)2 + m2r 
(6-20) 

Here m is the mass of the jr, J is its spin, Pf is the partial decay 

width to the state f, and P is the total decay width. Going to the 

non-relativistic form, 

~~ f = 3~(2J + 1) reerf 
Y 2 m (w - m)’ + r2/4 

(6-21) 

I have ignored radiative effects and interference with the direct 

channel. 

-!-- ee -3f (6-22) 

Finally, integrating Eq. 6-21 and using J = 1 (see Sec. 6.4), we 

obtain 

(6-23) 

We can now use Eq. 6-23 to obtain all the widths. In particular, 

r m2 zc- c ee 6n2 qJan 

and 

r= c$,aLL r 

=, 
ee * 

>ee 

(6-24) 

(6-23) 

Table VI contains the $ widths as determined at SPEAR. 50 Radiative 

and interference effects have been included. 
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6.5 Quantum Numbers of the + 

Since the 9 is produced in e'e- annihilation, our first guesss is that, 

like the vector mesons, it couples directly to the photon and thus has the 

same quantum numbers, Jpc = 1-- . This would not have to be the case, 

however, if the $ coupled directly to leptons. We can determine the 

quantum numbers directly by observing the interference between the lep- 

tonic decays of the +, 

f- e e -3 $ -3 e+e- (6-26) 

and 

e+e- -+Jk + P+P- (6-27 > 

and the direct production of lepton pairs, 

-l-- l-- e e +e e (6-28) 

and 
-I-- e e -3 p+p- . (6-w) 

How this is done is discussed in Ref. 5e The data50,55 comfirm the 

assignment 

f" = l:- for $ (6-30) 

6.6 Hadronic Decays of the q 

We can determine the isotopic spin of the $ by observing whether it 

decays into even or odd numbers of pions (see Eq. l-14). It turns out 

that the jf decays into both even and off numbers of pions -- a violation 

of I spin. However, this violation occurs in precisely the way we expect 

it to occur, and in the way it is required to occur, if the $ couples to 

a photon. 
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Consider the three diagrams in Fig. 17. Figures 17(a) shows the direct 

decay of the iii into hadrons, (b) shows the decay of the $ into hadrons 

via an intermediate photons, and (c) shows the decay into ~1 pairs. In 

(b), the nature of the final state, except for a phase factor, must be 

the same as the non-resonant final state produced in e+e- annihilation at 

the same energy. This state need not conserve isospin and may be quite 

different from the state produced by (a). Furthermore, we know what 

contribution (b) must make because the ratio between (b) and (c) must 

be the same as it would be if the $ were not in the diagram, about 

2.5. Thus, from the data in Table VI, we deduce that if the 9 couples 

to a photon (a) contributes 6e$ to the width of the JI, (b) contributes 

1.8%~ and the leptonic modes contribute 14%. 

To test this hypothesis we want to compare the ratio of all pion 

state cross sections to p pair cross section on and off-resonances. This 

is done in Table VII. 62 The off-resonance data are from runs at 3.0 GeV. 

The results are consistent with all of the even number of pion production 

(I = 1) coming from the intermediate -photon decay, Fig. 17(b). Most of 

the odd pion production comes from the direct $ decay, Fig. 17(a), and 

the q appears to decay directly into a pure IG = O- state. 

The study of the decays'modes-of the II, is just beginning. The decays 

that have been identified so far are listed in Table VIII. m-62 Where 

the word "seenll is used, it does not imply that the branching ratio is 

small, but simply that it has not yet been determined. 

6.7 Total and Leptonic Widths of the 9' 

The widths of the +' can be determined in the same way as those of 

the $ were determined (Sec. 6.3). However the analysis is more difficult 

because the relative leptonic decay rates are smaller. We find for 
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preliminary values. 

r =r 
ee !-J-P 

r 

(equality assumed) 2.2 ? 0.5 KeV (6-31a > 

400 -I- 400 
- 200 KeV 63-j 

The width of the $' is larger than that of the $, but still quite 

remarkable. This is particularly so since over half of the $* decays go 

to a q (Sec. 6.8) leaving only 100-300 KeV for decays to normal hadrons. 

6.8 Quantum Numbers of the Ji' 

Since the q' is produced e+e- annihilation, a first guess is again 

that it has quantum numbers PC = 1-O. This guesss is further bolstered 

by a study of the angular distributions in the $, --+$X-M decay; 

6.9 $' -+ I) Decays 

The jr, decays over half the time into the jr, primarily via the decay 

mode 

Jk9 -3 jmr . (6-32) 

We find63 

G- -3 *n+fi- 
$+a11 . 

= 0.32 3‘ 0.04 ; 

and 

(6-33) 

E-34) 

A values of 0.54 f 0.10 for this ratio has been reported from DORIS. 
61 

Hence 

If' +'k + aWthing = 1.78 : 0.10 . 
Jr' - -3 qm+fl 
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No other hadronic decays have been identified for the $'. This in 

itself may be significant. We would expect the 42 'r 8% of the II/' decays 

which do not go to q's or leptons to go to hadrons in much the same way 

as the direct $ decays (see Table VIII). But apparently they go to states : 

with only one missing neutral a much smaller fraction of the time. 



7. SUMMARY 

We observed four phenomena, each of which in itself is extraordinary: 

(a) the q particles, 

(b) the broad enhancement around 4.1 GeV, 

(c) the increase in R from around 2.5 to 5 as W increase 
through 4 GeV, 

(d) the constancy of R above 4.5 or 5 GeV. 

Ahead of us lies the fascinating experimental and theoretical tasks of 

understanding these phenomena. And there is always the haunting question: 

Are they related or is nature confusing us by crowding unconnected phe- 

nomena into a narrow energy range? 
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TABLE I 

The u, d, s are the conventionally accepted quarks, the c separated by 

the dashed lines is proposed but there is no evidence for its existence 

comparable to the evidence for the u, d or s. I, I z, Q, B, Y, S and C 
are the isotopic spin, z component of the isotopic spin, charge, baryon 
number, hypercharge, strangeness and charm. 

Name 

Other Name 

ion. 
I 

I 
Z 

Q 

B 

Y 

S 
- - - - - - - - 

C 

u .- d 

P n 

112 l/2 

-t-1/2 -l/2 

+2/3 -113 

113 113 

113 l/3 

0 0 
- - - - - - - - - 

0 0 

S I C 
I 

h I P' 
I 

0 I 0 

0 I 0 

43 : +2/3 

113 I 113 
I 

-z/3 I 0 
I 

-1 I 0 
--------- l---,,, 

0 I 
1 

I 



Name 

Mass (MeV) 

IGbJ-? 
r(MeV) 

ree (KeV) 

ree/r 

r P PP 

fg/4fl 

hadronic 
decay modes 

PO 
770 

P(C) 

150 
6.5 

4.3 x 10-5 

6.7 x 10'~ 

2.56 ? .27 
JI+n- lo@ 
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TABLE II 

Properties of Vector Mesons 17 

w cp 
783 1020 

O-(1-) o-(1-) 

10.0 4.2 
0.76 1.34 

7.6 x lo3 3.2 x 10 -4 

2.5 x 10 -4 

18.4 1- 2.0 xl.0 t- 0.9 
lr+n-no 90.@ K+K- 46.6% 

0 
flY 8.7% %I% 34.6% 
7c+x- 1.3% x+lr-no 15.8$ 

rlY 3-N 

P’ 
1600 

l+(Y) 
400 

43~ dominant 
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TABLE III 

Parameters of electron-positron colliding beams facilities. 

Name Location Status 

AC0 Orsay operating 

ADONE Frascati operating 

DC1 Orsay under 
construction 

Cambridge no longer 
operating 

VEPP-3 Novosibirsk testing 4.0 single ring 

VEPP-4 Novosibirsk under 
construction 

SPEAR SLAC operating 

DORIS DESY operating 

EPIC Rutherford proposed 

PEP SIAC-LBL proposed 

PETRA DESY proposed 

MaXimUIll 

Total Energy 
(GeV) 

Type 

1.1 

3-l 

3.6 

single ring 

single ring 

two rings, four beams 

5.0 rebuilt synchrotron 

10. to 14. 

N 9.0 

N 9.0 

28. o 

single ring 

30.0 

38.0 

single ring 

two rings 

single ring 

single ring 

single ring 
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Total 
Energy 
W(GeV) 

1.2 
1.3 
1.4 
l-5 
1.6 
l-7 
1.85 
1.9 
1.94 
1.98 
2.1 
2.4 
2.6 
2.8 
3-o 

TABLE IV 

Values of ahad; R (defined in 1.C) and <Nch} 

Qha+’ > R { Nch) Ref. Facility 

. 218 + io8 3.6 + 1.8 22 ADONE 
305' 88 
100 * 70 i48f 26 
135 k 25 
126 f 18 
73' 15 2.9 + 0.6 
71 + 14 3.0 + 0.6 
68 2 21 
53' 18 

33 + 14 
18* g 1.6 + 0.8 
29+- 7 3.0 + 0.7 

l-35 45 f 18 0.9 -i 0.4 
1.65 

23 ADONE 
36* 7 1.1 + 0.2 

if 30 + + 10 

3:o 15 28 + 4.5 3.5 

1.4 1.4 5 r!z 0.3 0.5 

2.9 t 0.5 

2.6 185 5 1.4 f 0.4 24 ADONE 
2.8 17' 5 1.5 + 0.5 
3-o 14+ 5 1.5 + 0.5 

, 4.0 26+ 6 4.7 +_ 1.1 4.2 + 0.6 25 CEA 
5.0 215 5 6.0 it 1.5 4.3ko.6 26 



Total 
Ener&y 
W(GeV) 

2.4 ' 
2.6 
2.8 

;:: 

;:; 

;': 
318 
4.0 

::i 
4.3 
4.4 

t:; 

55.2 

2-i 
618 
7.4 

O;nad(nb > 

31.8 ,- 3.6 
32.5 + 4.4 
29.4 2 4.1 
23.3 -f: 2.0 
22.5 2 3.4 
21.4 * 2.3 
18.9 + 2.6 
18.7 + 2.4 
19.1 + 2.2 
19.7 + 1.7 
24.5 f 3.3 
31.8 + 3.6 
28.1 * 2.7 
23.6 + 2.8 
lg.6 +_ 2.5 
15.3 +_ 1.9 
18.~ f 1.5 
17.7 + 1.5 
lb.rf + 2.1 
12.0 rt 1.8 
12.7 f 1.9 
10.2 f 1.5 
9.4 f 1.4 
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TABLE IV (continued) 

R 

2.u + 0.24 
2.53 + 0.34 
2.65 + 0.37 
2.41 + 0.21 
2.49 t 0.38 
2;52 +_ 0.27 . 
2.37 f 0.33 
2.49 + 0.38 
2.85 + 0.33 
3.28 + 0.28 
4.51 +_ 0.61 
6.15 + 0.70 
5.71 * 0.55 
5.02 F 0.60 
4.37 + 0.56 
3.73 + 0.46 
4.83 t 0.40 
5.09 zk 0.43 
5*3 * 0-a 
5.0 * 0.7 
5.6 A 0.8 
5.5 + 0.8 
5.9 f 0.9 

Ref. Facility 

3.31 + 0.12 SPEAR 
3.18 + 0.15 20 
3.37 + 0.18 21 
3.55 c 0.04' 
3.51 ck 0.21 
3.89 t 0.12 
3.84 + 0.19 
3.93 ?I 0.19 
4.00 f 0.17 
3.87 k 0.05 
3.90 t 0.20 
4.04 SC 0.17' 
4.00 + 0.10 
;.;"o 

4:62 

i 

: 

;.;f 

0123 
4.31 It 0.04 
4.32 t 0.09 

4.6 + 0.2 
4.3 + 0.2 
4.7 c 0.3 
4.9 * 0.2 
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TABLZ V 

on 
he $. 

Decay Mode 

Limits on narrow width resonance production at W = 4.8 GeV 
The upper limits are for inclusive cross sections in nb and 
are at the gO$ confidence level. 

- + -I- 
K+ I[- r[- 

- -I- + 
n+ lx- x- 

+ 
K; r[- 

+ 
K; K- 

- + 
K+ r[- 

Kf a+ n- 
+ 3-c l-c- 

K+ K- 

1.5 - 1.85 

Mass Region (GeV/c) 

1.85 - 2.4 2.4 - 4.0 

0.51 0.49 0.19 

0.48 0.38 0.18 

0.26 

0.54 

0.25 

o-57 

0.13 

0.23 

0.27 

0.33 

0.18 

0.40 

0.13 

0.12 

0. og 

0. og 

0.08 

0.27 

0. og 

0.10 



, 

TABLF: VI 

Widths and Branching Ratios of the Jr 

r ee 

I? 
PP 

rhad 

r 

rhad'r 

r /r CL e 

4.8 f 0.6 KeV 

4.8 t 0.6 KeV 

59 + 14 KeV 

69 : 15 KeV 

o.cdg -t 0.009 

0.069 + 0.009 

0.86 'r 0.02 

1.00 : 0.05 

TABLE VII 

Comparison of all pion state production 
to TV pair production at 3.0 GeV and the Jr, 

state 

2r(+ 2Jf- 

23.r+ 2fi- no 

3YT+ 3l-c 

0.82 Z.0.22 

> 5.2 

1.10 f 0.54 

3lr+ 3n- so >‘ 4.5 
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TABLE VIII 

?S 

mode 

Decay modes of the jr.' 
Data fr.om the SIAC-LBL collaboration ?y , if no other reference gi-ven. 

Ir+i-3.c 0 

2Jhr- 

?r+n+sr-K~K+ 
323n- 

2ll+2Y-K+K- 

mode 

Decay modes identified 

comment 5 

4.9 -F 0.9 

6-g i 0-g 

0.23 -t 0-Q 

seen 

> 0.15 
x1-8 

Dominantly p7( (1.3 -f O-3?%) seen 

Via intermediate 7 0.4 t- 0.1 

Including wslx (0.8 -t 0.3%) and psmti 4.0 -1‘ 1.0 
(1.2 * 0.4s) I = 0 implies B. R. 
(31-k'3~') = l/2 B. R. (%+.Z%T~). 

seen 

Via intermediate 7 O-4 -f‘ 0.2 

0.3 -I: 0.1 

Been 

2-p * 0.7 

\ . o*g tt: 0-g 

Decay modes searched for and not seen 

comment'* IirJJJer limit $7 

G violating < 0.03 

< CL06 

< ~~002 

Forbidden for vector meson < 0.35 

-c 0*55 

ref. . 

59,6 I 

61 - 
62 

ref 

61 

61 

60 

60,62 
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ing 

Figure Captions 

Fig. 1 Hadron production by e+ - e- annihilation: (a) the general 

diagram; (b) th e one-photon exchange diagram; (c) the 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Fig. a 

Fig. 9 

Fig. 10 

two-photon exchange diagram. 

Kinematics of colliding beams intersecting at: (a) zero 

angle; and (b) an angle q. 

Feynman diagrams for the reactions: (a) e+ -I- e- -+x+ -t x-, 
f e + e- --+K'+ K-; and b) e+ 

-t- -I- e- 4 p -t p-. 

The parton model for e+ I- e- + hadrons. 

The vector meson dominance model for e+ + e- +hadrons. 

The total cross section, chdd, as a function of W = K Data 

sources: below 1.2 GeV, Ref. 16; triangles, Ref. 22; open 

circles, Ref. 23; squares, Ref. 24; crosses, Refs. 25 and 26; 

closed circles and $ data, Refs. 20 and 21. 

(4 'had versus E cM; (b) R = chad/ciLC1 versus Em. References 

given in caption of Fig. 6, (E (g= w=&,. 

(a) The average charged particle multiplicity (Nch) for 
+ e f e- +hadrons; b) comparison of (Nc,) with icN,> \ 

for hadron-hadron collisions. See text for significance of 

curves A, B, C. Data from Table IV. 

The single charged particle momentum distribution F(z) versus 

s 

1 
z where z = PIPmax. F(z) is normalized to F(z)dz = 1. 

0 
Data from Ref. 21. 

(a) <p)for charged particles versus W; b) J&ii =(P/P~,~,> 

for charged particles versus W. Data from Ref. 21. 
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Fig. ll A comparison of the observed momentum spectrum for events with 

three or more charged particles detected at 4.8 GeV to the phase 

space model using a Monte Carlo calculational method and assuming 

only pions are produced. 

Fig. 12 E ds/d3p for charged particles versus p. Data from Ref. 21. 

Fig. 13 Comparison of one-photon exchange diagrams for (a) e + n -+ e + 

hadrons and (b) e+ 4 e- -+ hadron h -k other hadrons. 

Fig. 14 s cd.ohad/ ) dz for charged particles.versus z. Data from Ref. 21: 

Fig. 15 The total cross section for e+ e- -+hadrons in the region of 

the q. 

Fig. 16 The total cross section for e+ e- -+hadrons in the region of 

the $'. 

Fig. 17 Feynman diagrams for (a) the direct $ decay to hadrons, 

(b) the q decay to hadrons via an intermediate photons, 

and (c) the 9 decay to p pairs. 
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