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1. GENERAL THEORY

1.1 Introduction

Although the study of high energy electron-positron annhilation is omne
of the newest ereas in elementary particle physics, a wide range of experimental
knowledge has already been acquilred--tests of quantum electrodynamics,
measurements of the totel 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 toples 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 energles above

2. GeV. Hence the very interesting region of +trector meson production and
transition to the conbinuum will not be considered. Second, T will only discuss
the last four toples listed sbove: total cross section for hadron production,
inclusive reaction distributions, properties of the ¥ particle, and

anomalous lepton production.

Much of the data which T will discuss was acguired by the SIAC-IBL
nmagnetic detector collaborationl using the SPEAR colliding beams facillty at
the Stanford Iinear Accelerator Center. Other, very important, data comes from
the ADONE facility at Frascati% 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 Orsay3 and Nbvosibirskh.

To keep these printed notes to manageable length, the printed text will
be brief. Much of the first few lectures is extrachted from a longer review
paper by G. Feldman and myself5. The reader is referred to thaﬁ paper for

a much fuller discussion.
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1.2 General Dynamics and Kinematics

The most general process for the production of hadrons in e+ - 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. 1b. 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 O =]Jﬁ37 compared to the single photon exchange process there is
no experimental evidence on this point.

Returning to the single photon exchange process, Fig. 1b, 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 (1-1)
where W is the total energy of the hadronic system. We also use
s =W = UEF (1-2)
s is of course also the square of the four-momentum of the timelike
virtual photon in Fig. 1b. We note that we use a metric in which the
product of two four-vectors is given by a.b = a“bM = aobo - g:E.
When the angle between the two beams, 1, is non-zero, Fig. 2b, we have

(ignoring the electron mass)

s = 2E2(l + cos 1) (1-3)
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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 the electron mass equal to zero. This and all formulas

in this paper are in the center-of-mass frame.

Assuming one-photon exchange, Fig. 1b, the matrix element T, has

J

fi
the form
2 .u
© Je e” Jhad, )
T = -6
fi s (1-6)
+ - is the leptonic transition current and Jh 4 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
+z axis and the beams to be unpolarized we obtain a useful simplification
of Egs. 1-5 and 1-6. DNoting that the virtual photon four-momentum k has
the properties

k=k,£),k=0,k=W,kJ ,=o (1-7a)

we obtain

Jhadron,o =0 (1-7v)
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and
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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 ié set by
a2; a = 1/137 is the electromagnetic coupling constant. Furthermore,
unless the integral over the current inéreases 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 tobal angular momentum of the hadronic
system is 1. The angular distribution is limited to the terms 1, sin 6,
cos 6, sin2 8, 0052 6, sin 6 cos 6 with respect to 6; and to 1, sin Q,
cos @ with respect to © (6, ¢ being the spherical angles about the z

_axis). If the e+ and e beams are unpolarized, as in Eq. 1-8, there will
be no @ dependence.E3 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

S (1-9a)
or

et e e sk r K (1-90)
Then for Eq. 1-9a

dcﬂ+ﬁ_ ag 63 sin2 e lFﬂ(s)[2

a0 = Ss (l"lO)
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and a similar equztion holds for E. 1-9b. Here B = m/E where m is the mass

6

of the . Fﬁ(s) is the pion form factor.” The total cross section is

nop7[F_(s)
+ - 3s (1-11)

As another example consider the production of just two spin 1/2 point Dirac

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

é+ + e —>u+‘+ u-' (1-12)
Then
do 2
—E%% = %é? [kl + cos® 8) + (1 - 82) sin® 6] (1-13a)

In the high energy limit of B - 1

do 2 2

d%% _a (l‘zécos 6) (1-13b)
kP 2171 ,

o T T3 T 2 nb ; E in GeV (1-13¢)

One-photon exchange leads to the following restrictions 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 O or 1 on the usual
assumption that the photon couples almost exclusively to I =0 or I =1
states.
(e) Thé final state charge conjugation number (¢) is -1. This
prohibits the reaction e+ + e —>ﬂo + no, although the reaction is
allowed in the two-photon exchange pfocess Fig. l.c.
(d) If the final state contains only pions, then the G-parity

I .
relation, G = C(-1)", demands ~



==

odd number of pions if I =0 _
even number of pions if I = 1 (1-14)

1.3 The Parton Model

In the parton model of hadron production we think of the phofon—

hadron vertex as a two step process, Fig. bk,
e+ e - parton + antiparton - (1-18)

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, ), if we assume:

Opaals

1. The partons are point particles with form factors equal to
unity.

2. There are a fixed number of kinds of partons with set spins
and charges.

3. Free partons cannot 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 1/2 and charge Qe, e being the unit
electric charge, the model predicts

2.2
_ hnaq
Ghad(s) T3 2

m << /s /4 (1-17)
If the parton mass m, is close to VS/A we expect that threshold effects
will lead to a cross section less than that in Eq. 1-17 When m is

much greater than s/4, we expect the cross section to be much smaller,

although virtual parton pairsg 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

hﬁazR

%aa(s) = =53 (1-18 )
where (for spin 1/2 partons)
il 2
R=2 @ (1-192)
n
n=1
For later use we note that the numerical form of Eq. 1-18b is
) _ 21.71R - '
Ohad(s) - E2 nb (l 18 )

where E is the electron or positron energy in GeV.

The significance of Eq. 1-18 is simple. The a? 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 Egs. 1-18 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. 1-18 is just R times the equation
for the cross section of the reaction e + e —>u+ +u (Eq. 1-13c)
when the muon mass is neglected. We define

) = Ohad(s>

o S
(i

R(s (19v)

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 Taﬁle I. We use the term quark-partons to denote partons with
specific spin and internal quantum numbers. If only these quark-partons

exist
Ruds = (2/3)% + (1/3)% + (1/3)° = 2/3 (1-20a)

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

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

Rgse = 10/9 ; (1-200b)

but this is not much of an increase.

To obtain R in the 3 to 5 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.lo
Here an additional three-valued guantum number called color — red,

white, and blue —~ is postulated. Then there are three different u quarks,
3 different d quarks and so forth. Thus

=2 , R = 10/3 (1-20c)

R
uds ,color udsc ,color

The integral charge parton scheme is illustrated by the Han and Nambu
0
mode:l_.:L This model contains 9 quarks, 4 have charge T 1 and 5 have

charge O. Thus

RHan—Nambu =k (1—20d)

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

11,12

very general light cone arguments lead to the same s dependence
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for o, , &s is given by Eq. 1-1&  namely

_ constant
Uhad(s) = — (1-21)

for sufficiently large s.

1.4 The Vector Meson Dominance Model

13-1

-
In the vector meson dominance model, > Fig. 5, the photon couples at

the vertex marked GyV(S) to & vector meson resonance, V, such as the
po, ® or ¢. 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 G . (s) we can calculate the total hadronic

*V

cross section. Indeed we assume GyV is a constant. Then ctot is

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

form is

21
12n Pee FV

ohad(s) = - Bs - Mé)g N M%Té] (1-22a)

here is the resonance mass, I, is the full width, and I  is the
v ? ee

partial width for the decay

v —>e+ + e (1—23)
given by
2
o
Tee = ___§¥Y__ (1-24)
3(g/ )
Finally gs/hﬂ is a measure of the 7-V coupling; explicitly
§ = (1-25)

Gy = —5—
7V 2
(gy/ )
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Thus the larger &y the weaker the y-V coupling — a rather unfortunate

convention. An alternative form for chad is

hﬂaaMSFV
"l " o R 2] —

At s = M$

s _ 12% Tee b
had,max s L

v " fry

(1-22¢)

2
Values of MV, FV’ ree and gv/hﬂ for the well known vector mesons are

given in Table II.

If there is a mass Mﬁax such that all vector mesons have
,MV < Mmax’ than unless the higher energy tails of the resonance have a

form other than that given by Eg. 1-22a

- 3 . -
Uh“d(s> = constant/s” ; for s>>M (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) Zrconstant/sn, n< 3 ; as s — (1-27)

This 1s obvious. It is also obvious that by adjusting the magnitude of

gy 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
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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. Thé decay of that fireball providing an excellent situation for
using statistical ideas.

Returning to Fig. 1b we apply the Fermi statistical model6’17first
to the simplified case in which N identical spin O hadrons are produced in
the final state. To evaluate the JTJ term in Eq. 1-8 we follow Fermi and
assume that the energy of the annihilation is contained in a volume .

The fundamental assumption is that for N particles in the final state,
'JTJ is proportional to the probability of finding N particles in the
volume Q. Since our normalization convention is that a particle of

energy E has a particle density of 2E per unit volume; explicitly
N
-t:

A A AnUl(2EnQ) (1-28)

where A 1s a proportionality constant. Equation 1-8 becomes:

3
a
o _(?£>_a_/ Epn Bl"(Pf - p.) (1-29)
QK) *
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The N! appears in the denominator because there are N identical
particles. TFollowing modern treatments6 of the statistical model
we replace the term EnQ/(en)3 by its average value, l/so, and we

retain the Lorentz invariant phase space factors d3pn/En. Hence

6.2 N /4
oyls) = Eﬂg O‘ A .lﬁ U(E n> aL‘(pf - 2,) (1-30a)
s N! SO n=1 n
and
Ghad(s):zi: GN(s) | (1-30p)

n=2

Equations 1-30 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 zerc mass the multiple

6
integral in Egq. 1-30z can be evaluated analytically. Then

3
No/a’p \ o -1 T2
("‘E—"n) 5P, - By) = T ()T (1-31)
n=1 n
and
o°B N-U4
on(®) = FEL) (wa)T (§5> (1-32)

6 L
Here B = 2(2n) A/(ﬂsé ) and s§ = So/ﬂ 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 > k4, 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 JTJ to be extracted as an arbitrary function

of (s). Explicitly we replace Eg. 1-30a by
N d3pn N
oy(s) = ey | TI \ 7)o (s - ) (1-33)
n=1 n

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 --

+ + _

n, ﬁo, X, KP, p, P and so forth. Equation 1-33 must therefore be
enlarged to include various kinds of particles. Also charge, strangeness,

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

these conditions must be done numerically.

2. COLLIDING BEAM FACILITY PARAMETERS

Colliding beams facilities asre in many ways the most intricate
accomplishment of the accelerator builder. And this is not the place
to describe these facilities. However it is useful to survey the energy
and intensity properties of existing and proposed electron-positron

8,1
f‘acil:’ﬁcies”l »19 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. 1.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. Suppose that a bunch is a cylinder of length £
cross sectional area A, and that it contains N particles. When a single
electron bunéh passes thru a single positron bunch, the number of events
produced thru the reaction e+ + e — X with cross section Iy is
NEGX/A. If there are f bunch collisions per interaction region per

second.

szOX

Number (e+ + e - X) events per second = 7 (2-1)
It is therefore useful to define the luminosity, L, where
L= E;g cm_2 sec_l
Then
nunber (e+ + e —X) events per second = Loy (2-2)
29

Existing facilities have actual luminosities in the range of 10

-2 -1
to 1032 em sec ~ . Design goal luminosities for existing and proposed

“gccelerators go as high as lO33 c:m—2 sec_l. To get some feeling

for these quantities note that the typical total hadronic production cross

Section, Opad’ is 20 nb in the high energy region (Sec. 3). Effective

2 1 - - ' :
7 to 103 cm 2 sec L then correspond to from 7 to TOO

h

luminosities of 10
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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, %had as a
function of the total energy W. We ogserve several kinds of energy
dependence.

(a) There are the very narrow resonances, the w, @, ¥(3100) and
¥(3700) with full widths of 10 MeV or less.

(p) There are the much broader po resonances and the broad reso-
nance-like structure at 4.1 GeV. Incidently, although the ® and po appear
superimposed in this tobtal cross section curve, they are easily separated
experimentally; the dominant decay modes being 53 —>ﬁ+ + 7 and

oo o+ . respectively (Table II).

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

an energy dependence — broadly speaking in the continuum region Uhad

decreases as W lncreases.

The higher energy data displayed in Fig. 6 are listed in Table IV

"-Q 7
. X W o
along with references.

3.2 Interpretation

As T stated in the Imtroduction I am restricting my discussion to

center-of-mass energies above 2 GeV



- 17 -

To simplify the discussion of this region I postpone consideration
of the ¥ particles to Sec. 6. With the ¥ particles removed, %ad
(Figs. 6 and7a ) shows a roughly monotonic decrease from above 40 nb at
2 GeV to about 10 nb in the ¥ GeV range. The only presently known ex-
ception to this decreasse is a 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 ~ L.1 GeV
Height above $mooth Oag ™ 12 nb

Full width at half maximum height ~ 240 MeV

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

is discussed in Ref. 5.

To study the enefgy dependence of Ohad

R is listed in Tsble IV and shown in Fig. Tb.. We recall that if R is a

we use R defined in Eq. 1-18

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

had

can be made on these data.
(a) 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 parton model for three colored quarks (Eg. 1-20c).
(o) 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

AR =<R>l+ to5GeV—<R>3 to 4 Gev =

2.2 T 0.2 including 4.1 GeV enhancement
1.6 T 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 qﬁestion 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 higﬁer mass quark-partons contributes to hadron preduction
through the diagram in Fig. 4. Iebeling these partons by n = N+ 1,
ﬁ + 2 ... N' ; the increase in R, Eq. 1-19a, would simply come from

T ! .

2
oS ng%;l Qn .

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

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

(¢) Above 5 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--Egs.l1-20a through
1-20c, 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
of 6 or 7 GeV are still in a transition region.

(d) 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 assumpbions as to the magnetic and higher moments. This is discussed in

Part IT of these lectures.
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4, MUILTTIPLICITTIES

4.1 Charged Particle Multiplicities

The average charged particle multiplicity, < N§h>’ is given in

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

h

equation

<N > =at ofn(W) ;& =1.93, b = 1.50 (b-1).
There is no drastic change in < N;h> at 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 <N§h>ee for

e + ¢~ - hadrons (4-2)

compare with <N§h> for

+
7~ + p — hadrons

Ki + p -> hadrons (4-3)
p + p — hadrons
The answer is given in Fig. 8 . As has been discussed by Whitmore,29
<Néh> for = p and pp can be described by a single curve by defining

the total initial state kinetic energy in the center-of-mass frame
Q= Vs -m -m (4-L)
for the reaction

a + b — hadrons (k-5)

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

formula
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W, > =245 +0.32 1n Q + 0.53 e Q (4-6)

(curve'A in Fig. 8 ) using W, =Q, fits both % p and pp multiplicities
We see that <N§h>ee is very similar in magnitude and W behavior to

<N§h>%'p and <Néh>pp when we use W = Q. ~ Incidently the deviations

Cﬂ‘<N§h>ée from curve A are not much greater than the deviations from a

30

universal fit to <N§h> for just hadron-hadron collisions; such deviations
are less then ¥ 0.3 units indN_> .

We might also expect that <N§h>ee should be very similar to

>

5p annihilation for the reaction in Eq. 4-4. Unfortunately in

(Néh
higher energy ﬁp data it is difficult to separate that reaction from the

non-annihilation reaction

P + p —» nucleon + antinucleon + mesons (4-7)

31

Hence (Nch)f)13 contains both reactions. From Abesalashvli et al.”” we

take the empirical fit.

<N§h>ﬁp = 0.69 + 2.10 1n Wip (4-8)

. . X . . .
In comparing <N§h>ée with <J§h>5p in Fig. 10b we can either set

wee = Wip 3 curve B (4-9a)
or

= - . C
Wee wfp 2Mproton 3 curve (4-9p)

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

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

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

5.1 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 (5-1a)

e = (0/2)% - (mass ) (5-1b)

Prax
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 i's 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
d o

F(z,W) = 1 had (5-2a)
(Né > o 5 dz g

Thus

l .
f F(z,W)dz = 1 (5-2b)
0
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These normalized distributions in z are shown in Fig. 9 ; and the average

value of p for charged particles

1
<Py, =f PF(z,W) dz (5-3)
0
as well as {z), is shown in Fig. 10.
We cbserve the following:
(a) <I%ﬁ1> increases slowly as W increase, varying from about L0O
MeV/c to about 480 MeV/c in this W range.
(b) Thé production of low p hadrons is greatly favored.
(¢) 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 P, distributions found in the mulii-hadron final states of hadron-
hadron collisions. For example in p-p collisions,gg’Bo'(fOT pions and

s <200 GeVg)_
<{p;>~ (0.23 + .61 Inf5) Gev/c (5-4)

.2
And ddhad/dpl has a shape, 7 except possibly for the high P, 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. 1-33

in the form

oN(s) = CN(S) RN(s) : (5-5)

N d3
rs) = [ 11 <%> 5" (p, - 7)) (56 )
1 n
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Then for identical particles, the single particle distribution is

given by
E do, _(s) ®
had _ .
& ;3 Wop(s IRy y (s) (5-72)
where
s, = (Vs - 87 - 5° (5-Tb)

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

for convenience and future use we define

E do

=229 = kac(s,p) (5-8a)
pdp
da 2

had _ Yp®G(s,p)

B - E (5-8b)

A fit to do(s)/dp at W = 4.8 GeV, using a phase space model with
jﬁst pions, is shown in Fig. 11. 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 do/dp
means that we cannot hope to see incisive tests of dynamical theories
of e+ - ¢ annihilation in the gross fTeatures of the momentum diétribution.

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

To the veteran of hadron-hadron inclusive physics, the expression
.6 33
in Eq. 5-8a immediately raises the question, is there Feynman scal:mg”BELJ
in e+ - e annihilation, analogous to that in hadron-hadron collisions?

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

Iorentz invariant differential cross section

E dghad
= H(S, Py Py CP),-—)H(X, P ) (5"9) -
d3 n? Fl 1
D
% = By Py

Thus written in terms of x and P, H is independent of s. Equation 5-9
is only correct for p £ 1 GeV/c; at higher P, there is additional s

dependence.Sgh Should there be Feynman scaling in 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. 1A. for charged particles

E do
—= h2d = 6(s,p) - G(p) (5-10)

a’p
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 pl in

hadron-hadron collisions. Integrating Eq. 5-10 we obtain
3, = -
fG(s, p) &’p =W >0 o (5-11)

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

expect from Fig. 1@ this quantity changes little in this W range.
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We should reserve Jjudgement on the significance of this Feymman

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

W range. The authors know of no simple, elegant explanationjfor the
scaling. Simple arguments such as the fragmentation modeléfsiged in
hadron-hadron collisions do not apply here. 1Indeed as W increases we
might expect to see scaling versus z = p/pmax 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.?BCv)

e or u+ n —e or u + hadrons (5-13)

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

lepton mass

da nae

2 2 2 2
= 2lq”| w.(¢5, q'P) + (LEE' - |¢°]) w_(a%, q'P)
dqqu'P qu 1 ’ 2 » 4

(5-1k)

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

nucleon (Fig. 132 ) respectively. Also

Prq =My (5-15)

where M 1Is the nucleon mass. The total energy of the hadronic system

Whad is
Wflad = oMy + M+ q2 (5-16)

In general Wi and W2 are allowed to be functions of q2 and v ; but. as

predicted by Bjorken and demonstrated experimentally.6’35_37

wi, (o, q-P) > T (@) (5-17a)

wiy(a%, aB) 5T, () (5-17b)
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2P2'q = 21\2@ (5-1Tc¢)
la=] lq°]
10 €w (5-174)
for
14°] 2 1(gev/e)? (5-18)-

w2
g S 2 GeV

The behavior of Wl and VW2 as functions of the single scaling variable
W (Eq. 5-17c) is called Bjorken scaling. Recently this scaling has
been demonstrated to hold to within 20% even for higher energy, large

2
lq l muon-proton inelastic scattering.

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

+ -
e + e — hadrons (5-19)

From a very general point of view,]J- such as light cone algebra, the
analogy to Bjorken scaling is the statement, Sec. 1.3, that R is a con-

stant in

e

Q"R
3s

chad(s) = (5-20)

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

-+ -
struct other analogies to Eq. 5-1T7. Consider the e - e annihilation
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diagram in Fig. |25 in which
+ -
e +e —-h+anything , h=x or K or n, (5-21)

and the momentum of theh is detected. In analogy to Egs. 5-15 to 5-17

we define

P, = four-momentum of h (in Eq. 5-21) = (E , p_) (5-22)
h - h” mh .

2 2

“=s=W >0

. 2P, +q e

— =
Vs
O<sx <1

With 6 the angle between Py and the e+ - e axis, the equation analogous

to Eq. 5-1k is

dchad

e had _ 3 2
Txd cos 8 2 %y *Py [th mlas aBy)

T >W2h(q2, a-P,) sin® 6] (5-23a)

Here we have used

G = 4HO?
R 3s

(5-23b)

to emphasize the analogy to equations in Sec. 1.3 and to Eg. 5-20. Bh

is the velocity of h.
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The analogy to Egs. 5-17 i339

Wi (6, aB) > B (x) (5-24a)

(5

Mh> () aB) 58 (x) (5-2k)

+ - eq s .
We shall call this gpecial Bjorken scaling in e e annihilatioms,
4+ -
reserving the term Bjorken scaling in e e "~ annihilations for Eq. 5-20.

Equation 5-23 becomes

dc‘ha

[ ish 3 -~ XBh - 2
dxd cos 6 ~ 2 %up *Pn [Flh(x) + g F,y (%) sin 6] (5-25)

The charged pion is the only hadron for which we have sufficient
data to meke use of Eq. 5-25 throughout the x range. Even so we are

not yet prepared to separate Flh and th. Therefore we ignore the low

X region and approximate

B~1 , x=~z-= p/pmaX (5-26a)

Also as discussed in Ref. 2 the angular distribution of the charged
particle is almost uniform in cos 6. With these approximations, Eq. 5-25

reduces to

do

had
— ) () —F } -6
< dz >:rr gp“ [ + ( ) (5 2b)

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

called z)

a
s< ";;d) = £(z) (5-26c¢)
1
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We already know that special Bjorken scaling cannot be true for all

z because from Eg. 5-26¢

ff(z)ﬂdz S O <Nch> (5-27)

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

plot of sdo dz versus z is shown in Fig. 14. There is

had/
perhaps crude special Bjorken scaling in the z 2 0.5 region. In this

region we can ignore the pion mass, ahd write Eq. 5-26¢ in the more

transparent form.

do

__d%a_g ~ 2573/2 t(2p//s) ;3 p> m (5-28)

This prediction is in general quite different from the Feynman

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

dchad
i ~he Ge) 5 p»m (5-29)

As s increases either Eg. 5-28, special Bjorken scaling, or Eq. 5-29,
Feynman scaling, must fail. (Only G(p) having the very special form

G(p) = constant/pu allows both predictions to be true. )



- 30 -

6. The ¥'s

6.1 Discovery

For convenience I shall refer to the ¥(309%) as the ¥ and the V(368k)

as the V!'.

The ¥ was independently discovered at SLACAO in the colliding beams

reaction

-+ -
e + e - ¥ -—hadrons or lepton pairs _ (6-1)

and at BNL in the hadronic reaction
p + nucleus — | + hadrons —>e+ + e + hadrons (6-2)

4+ -
The weaction in Eq. 6-1 has been observed at other e - e colliding beams

facilities.ne’lLB The ¥ has also been produced using neutrons

n + nucleus - ¥ + hadrons ; {6-3)
and using photons H5-18
y + nucleus — ¥ + hadrons . (6-4)

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

fractive4

7 + nucleon — ¥ + nucleon (6-5)

L9

The ¥" was also discovered at SIAC ~ in the colliding beams reaction

+ -
e + e —V¥' - hadrons or lepton pairs (6-6)

or hadrons + lepton pairs;

and has also been produced at DESY.43
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6.2 Nature of the U's

The basic question about the | particles is are they hadrons or are
they & 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 V¥ 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 collisions, and (C) its decay rate -
and decay modes.

A. Total Cross Section

We do not know at present how to directly measure ctot(WN) or

ctot(W'N>, the total cross section for a ¥ or ¥' on a nucleon. For the

(VN) using measurements of the reactions in

5,45-48

¥ we can calculate Otot

Egs. 6-1 and 6—5, and vector meson dominance theory. The cal-

culation is quite speculative because we have to assume that the y-v
coupling does not change over a range of (3.1 GeV)2 in the four-momentum

squared transferred from the y to the ¥. One obtainsLL5 very roughly

o, (V) ~ 1 1b . (6-7)
The known hadrons have

ot ™ 15 to 40 mb (6-8)

Also using vector meson dominance, the established vector mesons are

calculated to have.

ctot(poN) =23%F 3 mp (6-9a)

(wN) = 24 * 3 mp (6-9%)

Otot

0p ot (o) = 9T 1 mp (6-9¢)
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Thus the ¥ seems to have a smaller o, , DY 2 factor of 10 or more than

established hadrons. On the other hand the Gtot(WN) is 10 times greater

than

otot(yN) ~ 0.1 mb (6-10)

and much greater than weak interaction cross sections. Thus the | could
be a hadron with its effective strong interaction coupling constant
smaller than the conventional effective strong interaction coupling
constant by a factor of VﬂiS or so. Or perhaps very high energies are
requried for otot(WN) 0 read its asymptotic value. (see below.)

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

B. Production in Hadron-Hadron Collisions

At energies of the order of 250 GeV, the reaction

n + nucleus — ¥ + hadrons

has & cross section of roughlylL

31

(¥ production) ~ 10~ cme/nucleon (6-11)

Oy
This is much smmller than the z production cross section
. =26 2
UNN(ﬂ production) = 10 em”/nucleon ; (6-12)

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

gsection

- 28 2
UNN(N or hyperon production) 2 10 20 on /nucleon (6-13)

Obviously something is strongly inhibiting ¥ 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 V' production in hadron-hadron
collisions.

C. Decay Rate and Decay Modes

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

is relatively small considering their mass. Colliding beams measurements

50-55

fin for the decay width
I'(y) =697 i5 KeV. (6-148)—
r(y) = oo T 400 ey (6-11b)
- 200
As shown in Table II, the established vector mesons -- the hadrons which

the ¥ particles may most closely resemble -- have decay widths of 4.2 to
150 MeV. Thus the V¥ 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 1L4% 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 V! 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 ¥ particles seem to be hadrons and yet not gquite 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) Teptonic decay modes.

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

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

56,57

mechanismn. One possibility is that the y's strong decay is exactly
forbidden by its possession of & new non-additive quantum number. Various
color models are examples-of this. The other possibility is that the ¥'s
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 zerc charm quantum number but are composed of charmed
quarks.lo’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 charmed hadron such as the D and F

58

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

particles. T 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 loocked 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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To interpret these data we first have to estimate the amount of ex-
pected charm meson production. From the usual guark charges, we would
estimate that 40% 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 crosé section of abouf 5 nb. The limits in
Table V range from gbout .1 to .5 nb or from about 2% to 10% in branching
ratio.

These limits do not rule out charm models but they made them uncom-
- fortable. Conventional models57 seem to predict branching ratios into
some of these modes from 2 to 5 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 2t SPEAR.5O 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

Zﬂr = UW(E)dE = 9900 T 1500 nb - MeV (6-15)

) =f0¢r,(E)dE = 3700 T 900 nb + MeV (6-16)
\Ut
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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 ¥ and y' as determined at the various laboratories are,

Laboratory mW(MeV) mw,(MEV)
SIAC (SPEAR) - - 3095 * k4 , 368L t 5
DESY (DORTS) 3090 * 31 3680 T 37

Frascati (ADONE) 3101 (error not given)

6.4 Total and Leptonic Widths of the V

The ¥ has decays into e e~ peirs with

+ -
—> e €

‘J‘u;—:m— = .069 '_*_' . 009 ; (6-17)

+ -
and into p u  palrs with

- 1

o - .069 t 009 (6-18)

These decay rates together with the total cross section

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

6
Assume that the ¥ has a Breit-Wigner shape. Then for a decay mode,
f, the cross section GW e for the reaction
2

e+e— -V - f (6—19)

has an energy dependence similar to that in Eg. 1-22, namely
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2
g - n(2J + 1) b PeePf

v, T 8 (s - m.g)2 + sz

(6-20)

Here m is the mass of the ¥, J is its spin, T', is the partial decay

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

non~relativistic form,

B
+
oy o = n(2J : 1) e; £ 5 (6-21)
? m (W-m)™ +1°/h
I have ignored radiative effects and interference with the direct
channel.
e’ Sf (6-22)

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

obtain

s = fo a6 le (6-23)
¥, £ y,f HF T .

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

no

m
T = ——
ee 6ﬂ2

Zw’all (6-24)

and

2,
P = a8l o (6-25)

V,ee

Table VI contains the ¥ widths as determined at SPEAR.5O Radistive

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

Since the ¥ is produced in ete” annihilation, our first guesss i1s that,
like the vector mesons, it couples directly to the photon and thus has the

¢ =177, This would not have to be the case,

same gquantum numbers,
however, if the | coupled directly to leptons. We can determine the
guantum numbers directly by observing the interference between the lep-

tonic decays of the vV,

ee - e (6-26)

and

+ - + -

ee =Y -ouu (6-27)
and the direct production of lepton pairs,

ete” Sete (6-28)
and

ee” LT (6-29)

How this is done is discussed in Ref. 5. The data5o’55 comfirm the

assignment

J?C =1 for V “ (6-30)

6.6 Hadronic Decays of the |

We can determine the isotopic spin of the ¥ by observing whether it
decays into even or odd numbers of pions (see Eq. 1-14). It turns out
that the ¥ decays into both even and off numbers of pions -« a violation
of T 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 V¥ couplesrto

a photon.
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Consider the three disgrams in Fig. 17. Figures l7(a) shows the direct
decay of the ¥ into hadrons, (b) shows the decay of the ¥ into hadrons
via an intermediate photons, and (¢) shows the decay into p 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 fhe ratio between (b) and (c¢) must
be the seme as it would be if the ¥ were not in the diagram, sbout
2.5. Thus, from the data in Teble VI, we deduce that if the ¥ couples
to a photon (a) contributes 68% to the width of the ¥, (b) contributes
18%, and the leptonic modes contribute 14%.

To test this hypothesis we want to compare the ratio of all pion
state cross sections to W palr 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 pilon productioh
(I = 1) coming from the intermediate photon decay, Fig. 17(b). Most of
the odd pion production comes from the direct V¥ decay, Fig. 17(a), and
the ¥ appears to decay directly into a pure IG = 0 state.

The study of the decays'modes-of the ¥ is just beginning. The decays
that have been identified so far are listed in Table VIII.59_62 Where
the word "seen" 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 V!

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.

Tee = PMH (equality agsumed ) 2.2 f 0.5 KeV (6-31a)
+ 400
r k00 © S04 KeV (6-31Db)

The width of the V' is larger than that of the ¥, but still quite
remarkable. This is particularly so since over half of the V' decays go
to a ¥ (Sec. 6.8) leaving only 100-300 KeV for decays to normal hadrons.

6.8 Quantum Numbers of the {!

. . + -
Since the ¥' is produced e e annihilation, a first guess is again
C ——
that it has quantum numbexrs JP =1 . This guesss is further bolstered
by a study of the angular distributions in the ¥' — ymx decay.

6.9 V! — ¥ Decays

The V' decays over half the time into the V¥, primarily via the decay

mode
V¥ - Yoo . (6-32)
We find63
+ -
L 2191 - + ; -
BT 0.32 ‘,Of.Oh 5 (6-33)
and
V! =¥ + anything + -
TS 0.57 + 0.08 (6-34)

A values of 0.54 T 0.10 for this ratio has been reported from.DORIS.él

Hence

: :
Loy angthing - 178 % 0.10 .
Yooy
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6.10 Other Hadronic ¥' Decays

No other hadronic decays have been identified for the ¥'. This in
itself may be significant. We would expect the 42 T 8% of the V' decays
which do not go to ¥'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.
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7. SUMMARY

We observed four phenomena, each of which in itself is extraordinary:
(a) the ¥ 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,

(a) +the constancy of R sbove 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, IZ, Q, B, ¥, S and C
are the isotopic spin, z component of the isotopic spin, charge, baryon

number, hypercharge, strangeness and charm.

Name u - d , s ! c
Other Name P n A : p'
I e o o
I, +1/2 -1/2 0 ! 0
Q +2/3 -1/3 /3 0 +2/3
B 1/3 1/3 1/3 ! 1/3
Y 1/3 1/3 -2/3 : 0
S 0 0 -1 ! 0
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TABLE IT

1
Properties of Vector Mesons

Name po W ) p!
Mass (MeV) 770 783 1020 1600
1%(55) 1) 0™(17) 0™(17) 1)
I'(MeV) 150 10.0 b2 400
Pee (KeV) 6.5 0.76 1.34
r T b3 x 107 7.6 x 107 3.2 %107
r /r i -5 . -4
o/ 6.7 x 10 2.5 x 10
g\Ef/ll-n 2.56 T .27 18.4 % 2.0 1.0 ¥ 0.9
hadronic wte” 100% P 90. 0% KHK 46. 6% by dominant
decay modes Tfo')' 8.7% KgKs 3h. 6%

wh 1.3% i xe© 15.8%

0y 3.0%
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TABLE III

Parameters of electron-positron colliding beams facilities.

Name

ACO

ADONE

DCIT

VEPP-3

VEPP-k4

SPEAR

DORIS

EPIC

PEP

PETRA

Iocation

Orsay

Frascati

Orsay

Cambridge

Novosibirsk

Novosibirsk

SIAC

DESY

Rutherford

SIAC-IBL

DESY

Status

operating

operating

under
construction

no longer
operating

testing

under
construction

operating

operating

proposed

proposed

proposed

Maximum
Total Energy
(GeV)

1.1
3.1

3.6

5.0

k.o

10. to 1h.

~ 9.0
~ 9.0
28.0
30.0

38.0

single ring

single ring

two rings, four beams

rebuilt synchrotron

single ring

single ring

single ring

two rings

single ring

single ring

single ring
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TABLE IV
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Values of Opaq’ B (defined in 1.C) and <N%h>

ohad(nb)

Total
Energy
W(GeV)

ADONE
ADONE
ADONE
CEA

22
23
24
25
26

et
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TABIE IV (continued)

chad(nb)

Total
Energy
W{GeV)

SPEAR
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TABLE V

Iimits on narrow width resonance production at W = 4.8 GeV
The upper limits are for inclusive cross sections in ub and

on are at the 90% confidence level.

he V.

Decay Mode Mass Region (GeV/c)
1.5 - 1.85 T 1.85 - 2.1 2.4 < 4.0

-+ +

K n = 0.51 0.49 0.19
;7 ¥z

E O 0.48 0.38 0.18
o +

K, n 0.26 0.27 0.09
o +

K, K~ 0.54 0.33 0.09
; *

K = 0.25 0.18 0.08
0 + -

Ks non 0.57 0. 40 0.27
+ -

1o 0.13 0.13 0.09

X K 0.23 0.12 0.10



VI
AL TABLE VII

i B hi Ratios of th
fiaths and Branching fatios o ¢V Comparison of all pion state production

to p pair production at 3.0 GeV and the V.

T 4.8 T 0.6 Kev

e ) . S /30
 state 1S n
T 1.8 t 0.6 Kev s v 3.0
ML 5 .
(TITY ATV
+
Fhad 59 - l)-l- KeV
T 69T 15 Kev or’ on” 0.82 * 0.22
o 21 70 > 5.2
r /T 0.069 * 0.009
ee
+ -
r /r 0.069 * 0.009 3 3m 1.10 * 0.54
b -
+ - 0 -
0.86 * 0. 3 3n = > b5
Tyaa/ T 6 T o.o0

+
PH/Te 1.00 * 0.0
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TABLE VIIT

Decay modes of the V.-

Data from the SIAC-LBL collaboration °2Y , if no other reference

Decay modes identified

mode cament %
e'e 6.9 Zo. 9
W 6.9% 0.9
D 0.23 ¥ 0.05
AN seen
LY > 0.15
< 1.8
7t 7° Dominantly pn (1.3 T 0.3%) seen
o on” Via intermediate y 0.4 T 0.1
T KK 0.5 T 0.2
T 7 PP seen
oo Tneluding omx (0.8 T 0.3%) and prr ot 10
(1.2 ¥ 0.1%) I = O implies B. R.
(stx=37°) = 1/2 B. R. (2xt2x~nO).

nr+:r+ar-K:K; seen
3‘1t+3:r[- Via intermediate ¥ 0.4 T o.2
o o KK 0.3% 0.1
xiat UT-JTOK;)K+ seen
3 3 n° 29707
Yt " . 0.9 T 0.3

Decay modes searched for and not seen
mode comment” upper 1imit %
P " G violating < 0.03
XK < 0.06
KK, < 0.02
Yy Forbidden for vector meson < 0.35
xy < 0.35

given.

ref.

59,6

6l
62

ref
61

61

60

60,62
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Figure Captions

Hadron production by e" - ¢ amnihiletion: (a) the general
diagram; (b) the one-photon exchange diagram; (c) the
two-photon exchange diagram.

Kinematics of colliding beams intersecting at: (a) zero
angle; and (b) an angle 7.

Feynman diagramé-for the reactions: (a) et o T,
e+ + e ~>K% + K—; and (b) e+ + e —>u+ + .

The parton model for e + e - hadrons.

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

The total cross section, O .q2 @S @ function of W = /5. 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 V¥ data, Refs. 20 and 21.

(a) Opag VETSus B (b) R = Ghad/cuu versus E, . References
given in caption of Fig. 6, (ECM== W=ys).

(a) The average charged particle multiplicity‘<Néh> for

et w e - hadrons; (b) comparison of <Néh> withz;Néh>

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
z where z = p/Emax' F(z) is normalized to Jg‘lF(z)dz = 1.

Data from Ref. 21.

(a) (p)vfor charged particles versus W; (b) \z/ =<p/PmaX}

for charged particles versus W. Data from Ref. 21.
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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.

E da/d3p for charged particles versus p. Data from Ref. 21.
Comparison of one-photon exchange diagrams for (a) e+n-—oe+
hadrons and (b) e + e - hadron h + other hadrons.
s(dohad/dz) for charged particles. versus z. Data from Ref. 21.-
The total cross section for e+ e — hadrons in the region of

the V.

The total cross section for e+ e — hadrons in the region of

the ¥'.

Feymman diagrams for (a) the direct V¥ decay to hadrons,

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

and (c) the ¥ decay to u pairs.
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