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1. INTRODUCTION AND THEORETTICAL FRAMEWORK

1.1 Introduction

In this paper we review experimental results on hadron production
in electron-positron annihilations at center-of-mass energies above
2 GeV. Our purpose is to present as complete a picture as we can of
the current experimental situation in this field. Therefore where
necessary we shall present preliminary results if final results are not
avallable.

At present we have no fundamental theory of hadron production in
electron-positron annihilations which directly znd simply fits all the
existing data. And it would be unproductive for us to attempt to
squeeze all the data into an existing theory. Indeed, we hope that in
writing this paper we can stimulate the physicist, particularly the
young physicist, to take a fresh look at the overall experimental sit-
uation; and in doing so to perhaps find a new theoretical direction.

Therefore we do not discuss the details of any of the existing
theories nor do we attempt to carry out definitive tests of these
theories. We only present the existing thecries as a sort of framework
upon which to organize the experimental findings. And we only point
out in very general terms how particular theories agree or disagree
with the data.

1.2 General Dynamics and Kinematics

+
The most general process for the production of hadrons ine - e
annihilations is shown in Fig. la. Here the cross hatched region might

include a direct electron-hadron interaction. But existing data do
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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. 1lb. 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 @ =1/137 compared to the single photon exchange process there is
ne 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 hes been transferred to the photon-hadron vertex. The basic
problem is to find the correct dynamical description of that vertex.
Before discussing some models for this vertex, we consider some kinematics.

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 = hE ; (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 = aubH = aobo - a'b.
When the angle between the two beams, 7, is non-zero, Fig. 2b, we have

(ignoring the electron mass)

s = 2E2(l + cos 1) (1-3)



For the general reaction
et s e 1+ 2+ 3+ (1-4)
in which N particles designated by 1, 2, 3 ... N are produced, the cross

. . 1,2
section is™’

L N a’p
. oz M(—=2— Iz, 12 &'z, -2) (-5)

- 3 fi
e ,e spins =1\(2n)" 2By

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 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 Tfi has

the form
2
€ Je+e_ Jhad, H
T. = (1-6)
fi S
J + - is the leptonic transition current and Jhad 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
+7 axis and the beams to be unpolarized we obtain a useful simplification

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

the properties

0 0 v

k=(k,£),£=0, k=W , thad’v=o (1-72)

we obtain

Jhadx‘on,o =0 (1-To)



and
(en)® P 3 ]IEI dSpn t t
g = —_— J. + J J
S2 £inel =1 (Eﬂ)B eEn had,x “had,x had,y had,y
spins
X 5L*(P - P,) (1-8)
£ -
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
2

o, a= 1/137 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 6,
cos 6, sin2 8, cos2 8, sin 6 cos 6 with respect to 6; and to 1, sin @,
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.S’lL For the remainder of this paper we shall igncre
polarization effects.

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

two pseudoscalar particles in the final state, Fig. 3a, such as

N
e 4+ e o +x (1-9a)
or
+ - -
e re 5K £ X (1-9b)
Then for Eg. 1-9a
do 2 3 .2 2
+ -
e o~ B gin” 6 {Fﬂ(s)[

0 s (1-10)
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and 2 similar equ-tion holds for E. 1-9b. Here B = m/E where m is the mass

of the =. Fﬂ(s) is the pion form factor.l The total cross section is

xofB (7 _(s)]°
+ - 33 (1-11)

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

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

+ - -
e + e —>u+ + W (1-12)
Then
do 2
o 2 2
d%; = 3;? [fl + cos” ) + (1 -87) sin2 eJ (1-13a)

In the high energy limit of 8 —» 1

2

douH‘= azﬁl + cos~8) (1-13b)
an Ls
_ ol _ 2171 (1-13¢)
w38 g2

In the last equation E is in GeV. As a final example consider

et e o F 4 no (1-14)
Then<2)
do cxg 2 2 2
0.0 = — [1(s)" (p, x p_)° sin” 6
dp, dp_ d cos 6 (2n)” 16s " "

(1-15)

+ -
where‘p+, p_ are the four-vectors of the n and n respectively, H(s) is

a form factor and 6 is the angle between D, X p (the normal to the
) -
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production plane) and the +z axis.

We have already noted that the final state must have total angular

momentum 1, assuming one photon exchange. One-photon exchange leads to

additional 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 = Qor I=1
states.

(c) The final state charge conjugation number (C) is -1. This
prohibits the reaction e+ e —>ﬂo + no, although the reaction is
allowed in the two-photon exchange process Fig. Ll.c.

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

relation, G = C(—l)I, demands”
odd number of pions if I = O
even number of pions if I =1 (1-16)

(e) The total final state strangeness (S) is zero.

Of course if detectable hadron production can take place thru the
weak interactions, then restrictions (2) through (e) may not
apply. In this case the cross hatched area in Fig. la would represent
the weak interactions. Finally we note that for weak as well as electro-
magnetic production we believe:

(f) The total final state baryon number (B) is zero.

(g) The total final state charge (Q) is zero.

(h) The total final state electron lepton number (ne) is zero.

(i) The total final state muon lepton number (nu) is zero.
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We now turn to some models of multihadron production through

one-photon exchange.

1.3 The Parton Model

6
In the parton model of hadron production we think of the photon-

hadron vertex as a two step process, Fig. U,
et 4+ e” — parton + antiparton (1-172)

parton + antiparton — hadrons (1-17b)
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, (s), if we assume:

Ohad

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

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

3. TFree 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

B 4ﬂa2Q2
Opaqls) = =55

m <<.fs/k (1-18a)
If the parton mass m, is close to Vs/b we expect that threshold effects
will lead to a cross section less than that in Eq. 1-18a. When m is

much greater than v s/4, 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

2
bR
Opagls) = o (1-18b)
where (for spin 1/2 partons)
il 2
R=2 Q (1-19a)
n
n=1
For later use we note thet the numerical form of Eg. 1-18b is
_ 21.71R
0y aq(s) = -———-——E2 nb (1-18¢)

where E is the electron or positron energy in GeV.

The significance of Eq. 1-18 is simple. The O? 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 srgue 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 quanbity in its own right. It has
become conventional to note Eq. 1-18b is just R times the equation
for the cross section of the reaction e + e Sut s u (Eq. 1-13c¢)
when the muon mass is neglected. We define

g
R(s) = Uia—‘é?z (190)
Mt
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 only answer we can give at present is that the assumption of their
existence and the assignment of certain properties to them does explain
a great deal pf data.l’6 But their existence has not been proven. Indeed
the situation may be similar to nineteenth century views of the ether.
For a long time the existence of an ether seemed necessary to explain
phenomena; the ether was never found; and now we do without it. Perhaps
someday we shall do without partons.

The conventional phenomenclogy is that thére 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 partons with
specific spin and internal quantum numbers. If only these gquark-partons

exist
R = (2/3)7+ (1/3)7 + (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 = to 5. Some increase in R can
be obtained by accepting the existence of a fourth quark — the charm7’8

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

Rgse = 10/9 ; (1-20Db)

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.8’9

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

white, and blue — 1is postulated. Then there are three different u quarks,
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3 different d quarks and so forth. Thus

= = O -
Ruds,color 2 Rudsc,color 10/3 (1-20¢)

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

0 )
model.l This model contains 9 quarks, 4 have charge T 1 and 5 have

charge 0. Thus

RHan—Nambu =k (1-20d)

Even if we do not accept a parton model of e+ - e annihilations
very general 1light cone argumentsll’l2 lead to the same s dependence

for o, . as is given by Eq. 1-18b, namely

_ constant _
Oag(s) = = (1-21)

for sufficiently large s. To quote Drell12 "This [large s] behavior sets
in when no large masses are around to impede the approach to the light
cone, and it is important to keep in mind that it is not yet clear when
that will be." Thus the light cone arguments like the detailed quark-
parton model arguments do not tell us when to expect the constant/s
behavior. The advantage of the light cone argument is that we can
accept the constant/s behavior even if we cannot understand the size of
the constant.

To summarize, the parton model predicts that Uhad(s) will decrease
as 1/s; unless a threshold for production of higher mass partons is
being traversed. In that case there will be an upward step in the cross
section proportional tc the increase in R. After the step, the cross

section will again decrease as 1/s. The predictions of the model are
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not so elegant when it comes to a description of the final hadronic state —

the process in Eg. 1-17b and in the cross hatched area of Fig. 4. We

shall comment on these predictions in the course of discussing the data.

1.4 The Vector Meson Dominance Model

13-16 _,
In the vector meson dominance model, 3 Fig. 5, the photon couples at

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

p 5 ®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 G7V<s) we can calculate the total hadronic

cross section. Indeed we agsume G

W is a constant. Then Utot is

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

form is

lQnMi Pee TV

ie - BB ] eee)

here is the resonance mass, TI., is the full width, and T is the
? Ty 4 ee

Uhad(s) =

partial width for the decay

+
Voe + e

(1-23)
given by
2

r = —a—gM—V——— (1-24)
" 3(ey/b)

Finally gi/hﬁ is a measure of the y-V coupling; explicitly

2 o

Go = ——— 1-25)
(g ) (



Thus the larger &y the weaker the y-V coupling —- a rather unfortunate

convention. An alternative form for ghad is

h“agMgrv

Opaals) = (1-22b)
had (gs-/lm) s [(s - Mf,)2 + Mi rs,]
At s = M€
T
%nad,max liﬂ ’ pee kncl (1-22¢)

v (/e Ty

Values of MV, PV’ Pee and gi/hﬁ for the well known vector mesons are
given in Table IT.

We shall continue with this model in Sec. 3 where we consider the
total cross section data. However we comment now on the large s
dependence. If there is & mass MmaX such that all vector mesons have
MV < Mmax’ than unless the higher energy tails of the resocnance have a

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

() = constant/s3 ;  for s>€>Mma (1-26)

Ohad X

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) 2,constant/sn, n < 3 ; ag § o w (1-27)

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

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

1.5 The Staetistical 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. AHadron—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 morevdynamic point of view, the electron-positron
annihiliation may be regarded as the formetion of a single fireballl of
energy. The decay ofvthat fireball providing an excellent situation for
using statistical ideas.

Returning to Fig. 1b we apply the Fermi statisvical modell’18 first
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
agsume that the energy of the annihilation is contained in a volume .

The fundamental assumption is thet 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 AT AnUl(EEn.Q) : (1-28)

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

3
d P I
Qﬂ
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The N! appears in the denominator because there are N identical
particles. Following modern treatmentsl of the statistical model

we replace the term EnQ/<2ﬂ)3 by its average value, l/so, and we

retain the Lorentz invariant phase space factors dBPn/En' Hence
2ﬂ)6a2A 1 i d3pn by
o (s) = =1 J] s*(®. - p.) (1-30a)
N 2. N ) f i
s N 8 n=l\ n
0
and
ohad(s)==§: ON(S) | (1-300)

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 zero mass the multiple

integral in Eg. 1-30a can be evaluated analytically.l Then

3
Nodeg o -1 -2
E ( Enn>5 <Pf - Pi) = (N-l).’ (N-QT' (1_31)
and
o°B s N-L
GN(S) T NI(n-1)7 (N-2)! <gg> (1-32)

6 L
Here B = 2(2xn) A/(ﬂsé ) and 4 = so/n 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 > L, yet the data (sec. 3)

show that the total cross section ultimately decreases as s increases.



- 16 -
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

N3,
oy(s) = Cyls I ( = n> BM(Pf - P,) (1-33)
n=1 n

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

sctual data we have not a single type of particle, but many types --

nt, ﬂo, Kf, Kp, P, i 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. The Monte Carlo method

devised Lo fit the data from SPEAR is described in Appendix B.

2. COLLIDING BEAM FACILITY PARAMETERS

Colliding beams facilities are in many ways the most intricate
sccomplishment of the accelerator huilder. 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
facilitiesl9’20 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 crucizl 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 thét a bunch is a cylinder of length L
cross sechbional 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 e+ + e - X with cross section Oy is

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

second.

NgfoX

+ -
Number (e + e — X) events per second = T (2-1)
It is therefore useful to define the lumincsity, L, where
Ngf -2 -1
L = T cm o sec
Then
number (e' + e  — X) events per second = Lo (2-2)

X

9

Existing facilities have actual luminosities in the range of lO2

-2 -1
to 1&?2 cm  sec . Design goal luminosities for existing and proposed

accelerators go as high as lO33 cm—2 sec—l. To get some feeling

for these quantities note that the typical total h-~dronic production cross

section, %ad’ is 20 nb in the high energy region (Sec. 3). Effective

9 31 -2

2 -
luminosities of 10 7 to 10 e sec * 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 TITI.

3. TOTAL CROSS SECTION

3.1 Data

Figure 6 shows the total cross for hadronic production, o a

had
function of the total energy W (see Appendix C for higher energy data).
We observe several kinds of energy dependence.

(a) There are the very narrow resonances, the w, @, ¥(3100) and
W(37OO) with full widths of 10 MeV or less.

(b) There are the much broader po resonances and the broad reso-
nance-like structure at 4.1 GeV. Incidently, although the w and po appear
superimposed in this total cross section curve, they are easily separated
experimentally; the dominant decay modes being po —>ﬂ+ + 7 and
L 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 increases.

The higher energy data displayed in Fig. 6 are listed in Table IV
along with references. We cannot take tize space here to cdescribe the
various methods used to measure o — we can only make a few general

had

comments.
(a) There must be a particle detector in the interaction region
+ -
which can distinguish e + e - hadrons event from the very copilous

. + - + - + - + -
Bhabha scattering e + e —e + e, frome + e —u + pu events, and
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from background events produced by beam-gas or beam-vacuum pipe inter-
actions.

(b) The significance of measurements of multiplicity distributions
depends upon the solid angle subtended by the detector. The smaller the
solid angle the less certain are the multiplicity measurements.

(¢) To measure momentum distributions, the detector must have a
magnetic field and track chambers.

(d) To determine the particlé ratios, the detector must incorporate
devices such as scintillation counters for time-of-flight measurements,
shower counters, and Cerenkov counters.

These detector requirements cannot bé completely satisfied simultan-
eously. For example, 1f all the detected particles are to pass thru a
Cerenkov counter, the detector must have a relatively small solid angle.
Such a detector is illustrated by the DASP double arm spectrometer at
DORIS.

A different type of detector is the large solid angle magnetic de-
tector used by the SLAC-IBL collaboration at SPEAR. This detector subtends
a 2.8x sr. solid angle. Most of the higher energy data used in this paper
were taken with this detector; hence it is described in detail in Appendix A.

Closely connected to the properties of the detector is the question
of how the detector is triggered. That is, under what conditions is the
detector instructed to record the event? When studying reactions such as
e+ + e —>e+ +e or e+ + e —>p+ + u_ it is relatively easy to construct
a well understood trigger. For e+ + e ->hadrons events the trigger problem
is complex. Some hadronic events may have many charged particles entering the

detector and sc are easily detected with counters. Other hadronic event may
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have one or zero charged particles entering the detector. Then the event
is missed unless neutral particles are detected. Thus a trigger which uses
only charged particles will be biased against events with low charged
particle multiplicity. For our large magnetic detector at SPEAR we
describe the trigger method in Appendix A.

Total hadronic cross section data as well as other hadronic data
must be corrected for radiative effgcts. These effects are caused by the
emission of a photon by the incident e or e+, Fig. 7. Then the actual
total energy W of the hadronic system is less than 2E. This results in
events collected at an energy Wl being contaminated with events with W < Wl;
and chad(s) becomes distorted. A brief discussion of the radiative cor-

rections to %ad is given in Ref. 21.

3,2 Interpretation Below W = 1 GeV

Below W = 1 GeV, %had is clearly dominated by the production of
‘the po and ® mesons; and the fiﬁal states correspond to the known decay
modes of these vector mesons (Table IT). Thus the principle final states
are ' and nn x0. TIndeed very little is known about higher multiplicity
final states. One of the few measurements27 is 0(e+e- —>ﬂ+ﬁ—ﬂ0ﬁo) = 11 nb

at 990 MeV.

The vector meson dominance model (Sec. 1.4) provides an elegant
explanation of the energy dependence of S in this region. Consider
the p region where the dominant decay mode is

0 -
e++e -0 —>n’++ﬂ (3-1)

Then we can use Bg. 1-22b with V = p. Replace the Fp in the numerator by

g2 Mr33

_ Snmp p _
Tp Y r _—Té%;———- (3-2)
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where gﬂﬁp is the p ->ﬂ+ﬂ- coupling constant and B is the pion velocity.

Fquation 1-22b becomes

2 b
' a253 <gﬂﬂ > M

(s) = (s) = % - R (3-3)
LR 38 gi (s—Mi)2 + Miri

Fquation 3-3 is of course Just Eg. 1-11

cﬂ+ﬂ_ S 38 (3—1")
with
o I
g M
IF (s)]% = (ZZe g (3-5)
X gz (S_Me)e PR
P P PP

Figure 8a shows the experimental valuesl6 of IFﬂ(S)I2 extracted using
Eq. 3-4. Inserting Mp = 770 MeV, Pp =125 MeV into Eg. 3-5,
and setting gﬂﬂp = gp, we obtain the curve in Fig. 8a. This shows that
the vector meson dominance model works using Just the simple form
factor of Eq. 3-5. Figure 8b shows a better fitl6 to the data using the
Gounaris—Sakurai28 modification of the Breit-Wigner formula with the

+ -
interference of the n % decay mode of the w taken into account.

3.3 The Region of W = 1 to 2 GeV

The obvious fact in this region is that %ag decreases as W increases.
But further interpretation is difficult. First of all vector meson dominance
certainly makes some contribution to this region —= there are the tails of
the p, ® and ¢; and there is the p' centered at 1600 MeV. But other

mechanisms may also contribute. Therefore this region may be difficult

to understand using simple theory. Experimentally more data
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are needed. Also information is needed on the energy threshold
behavior of individual hadronic channels.

3.4  Interpretation for W Greater Than 2 GeV

To simplify the discussion of this region we postpone consideration
of the ¥ particles to Sec. 6. With the ¥ particles removed, %ad
(Figs. 6 and 9a) shows a roughly monotonic decrease from above 40 nb at
2 GeV to sbout 18 nb in the 5 GeV range. The only presently known ex-
ception to this decrease is a3 broad enhancement at 4.1 GeV. If we draw

a straight line between the 3.8 and 4.8 GeV data points, Fig. 9a, we

obtain for this object

Center ~ 4.1 GeV

Height ebove smooth o, . ~ 12 1b (3-6)

Full width at half maximum height ~ 240 MeV

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

is discussed in Sec. 6.12.3.

To study the enefgy dependence of Oag W€ use R defined in Eq. 1-18b.
R is listed in Table IV and shown in Fig. 9b. We recall that if R is a
constant, o

had varies as l/s. There is a sequence of observations which

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).
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(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. Average values of R are given in Table V. The increase

in the average value of R is

AR =<RDy 405 gev ~ $EP3 40 b gev T (3-7)

2.2 T 0.2 including 4.1 GeV enhancement
+

1.6 T 0.2 excluding 4.1 GeV enhancement

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. (See Appendix C

for a discussion of the behevior of R at higher energies. )

One possible explanation is that as W increases above L GeV, a new
set of higher mass quark-partons contributes to hadron production
through the diagram in Fig. 4. TLabeling these partons by n= N+ 1,

N+ 2 ... N' ; the increase in R, Eq. 1-19a, would simply come from

N!
AR = D Qfl- (3-8)

n=N+1

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

effect, or a resonance, or a combination of both.
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(c) The vector meson dominance model provides an alternative

method of explaining the s behavior of Ohad” Following Salm:r'a:i.lLL
15

and Greco™ we write a generalization of Egq. 1-22b as follows.

> : 3n
(s) = Lnof 7 My _
Prec ) = 2 (5/4) [(s - 16)° + 1]

~ lmo,’g <2ﬂM\27> _ MVFV PkMé) dMi (3-9)
S e - )% + 1r? |

5
&y

Here P(M\gr) is the density of vector meson states. By adjusting
P(Mé) one can obtaln; single resonance behavior such as the b1 GeV

enhancement; R increasing with s such as occurs in the W = 2 to 5 GeV

region; or a constant value of R.
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L. MULTIPLICITIES AND PARTICLE RATIOS

4.1 Charged Particle Multiplicities

Having studied the behavior of o we begin to investigate the

had
detailed properties of the hadronic states. And one of the simplest
" properties is the behavior of the average charged particle multiplicity
< Nch> ce 35 @ function of W. The data discussed here 1s taken from
Refs. 21, 25 and 26. Unfortunately“né direct measurements of neutral
particle multiplicities are available.

( Ncﬁ>ee as a function of W is given in Table IV and Fig. 10a.
The V's are excluded, except that the data at W = 3.8 GeV includes

the radiative tail of the ¥(3700). As shown in Fig. 10a we can fit

{N > by smooth curves of the form:
ch ee

N S + bW ; a

n 1 1 0. 4ok (4-1a)

1i
e8]
I
il

2.36, b,

<:Nd3 2

i
©
+
o’

n

5
=
1

|

= 1.86, b, = 1.56 (4-1b)

where W is in GeV.
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> as

There is no indication that any drastic change occurs in <Nch ce

W increases above 4 GeV to correlate with the change in R (Sec. 3.k4).

Nor are there drastic changes at other energies.

An immediate question is how does <Nch>ee for
+ -
e + e - hadrons (4-2)
compare with (Nch) for
+
i~ + p - hadrons
+
K~ + p — hadrons (k-3)
P + p — hadrons
or with proton-antiproton sanihilations?
p + p — hadrons (mesons only) (4-4)

29

The answer is given in Fig. 10b. As has been discussed by Whitmore,
<Nch> 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=\/s——ma-mb (k-5a)
for the reaction
a + b - hadrons (4-5p)

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

formula

(Nch) =2.45 + 0.32 1n Q + 0.53 1n° Q (4-6)

(curve A in Fig. 10b) using W, =Q, fits both 7 p and pp multiplicities

We see that <N§h>ee is very similer in magnitude and W behavior to
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<Nch>i‘p and <N§h>pp when we use W = Q.

It is hard to say whether or not we should be surprised at the
rasult. We start with very different initial states and the total cross
sections differ by a factor of 106! Yet it appears that once the electro-
magnetic energy converts into excited hadronic matter, the gross features
of the final states in e+e_ annihilations will be similar to the gross
features of the final states produced in hadron-hadron collisions. As
we go along this impression will be reinforced. Incidently the deviations
Cﬁ‘<N§h>ée from curve A are not much greater than the deviations from a
universal fit to <Nﬁh> for just hadron-hadron collisions; such deviationsSo
are less than T 0.3 units in <Nch> .

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

>

5o annihilation for the reaction in Eq. U4-L. Unfortunately in

<Néh
higher energy ip data it is difficult to separate that reaction from the

non-annihilation reaction

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

Hence <N§h>§p contains both reactions. From Abesalashvli gi.gi.sl we
take the empirical fit.
N.>. = 0.69 + 2.10 1n W_ 4.8
< ch”pp 7 op (4-8)
In comparing <N§h>ée with <N§h>§p in Fig. 10b we can either set

W = W. 1 curve B

ee  Dp (4-9a)

oxr

=
it
i

ee w@p gMproton 5 curve C (-
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Equation 4-9a would be the correct equivalence if only pp annihilation
occurred; Eg. 4=9b would be correct if no annihilation occurred. We
see that the truth falls in between.

In Fig. 11 we show a model for the <Néﬁ>ee multiplicity distributions

0N charged had (4-10)

c»jhad.

P(N) =

for W = 3.0 to 4.8 GeV based on data taken by our SIAC-LBL collaboration.
These are not the multiplicities seen in the detector, but they are corrected
as discussed in Appendix B. The corrections are quite model dependent and
the largest correction is for Né = 2. Therefore Fig. 11 is to be taken as

h

a model showing the characteristics decrease in P(N) at large and small N.

Recently the SLAC-LBL magnetic detector collaboration has acquired
preliminary data on <Nch‘>ee at higher energies, table 6, This enables us
to differentiate between the linear fit of eq.(4.12) and the logarithmic fit
of eq.(#.1b), Over the energy range

244w £7.4 Gev (4.11)

the logarithmic fit

Ny, Y =1.93+1.50 In W. , W in GeV, (412)

>
is satisfactory; 'X. = 18 for 20 degrees of freedom., But the linear fit is

a A
poor, yielding'x= 28 for 20 degrees of freedom,
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4.2 Particle Fractions

In the large magnetic detector used by the SLAC-LBL collaboration33

(Appendix A) n's, K's and p's or p's are separated using time of flight.
Therefore there is a momentum upper limit ~- about TOO MeV/c — above
which n's cannot be separated from K's. And there is a slightly higher
upper limit above which p's or ﬁ's“cénnot be separated from n's or K's.
Because of charge symmetry the production of positive or negative par-
ticles of the same type must be equal. However in presenting data we
use the negative particles because the proton sample is contaminated by
protons from beam-gas interactions.

To describe the relative abundance of m , K and p we define at a

particle momentum p the fractional abundance of type h particle as

(p) = number of particles h™ with momentum p (4-13)
Ah P number of all negative particles with momentum p

These fractional abundances are shown in Fig. 12. We observe that as
the momentum, p, of a charged particle increases, the probability of it

being a K increases roughly linearly. Also
AK_(.5 < p<.6 GeV/e)~ 0.25 (Lh-14)

gquite a high ratio. This fact and the general behavior of the particle
fraction is roughly independent of W in this energy range, Fig. 12. The

- b
antiproton fraction is a factor of 10 smaller than the K fractionz3 as

shown later in Fig. 16.
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We know much less about the particle fractions for larger values
of p. An intriguing question is whether the K fraction will continue
to increase with p. An experiment carried out last year at SPEAR by

O'Neill gidg;.35 reports

Ae(p>1.2GeV/c) = 0.25 L 0.08 5 W =148 GeV (4-15)

It has been known for some time that the particle fraction in
Fig. 12 are quite similar to the particle fractions found among particles
preduced near 9Oo in the center-of-mass in proton-proton collisions. In

+ -
making this comparison p in e - e annihilations is replaced by the

transverse momentum, P> in p-p collisions. Examples are given in Ref. 34,
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5. 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 pafticles,

z = /D, (5-1a)

2

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

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 p'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
1 d o

F(z,W) = had (5-2a)

dz
<N§h> Ghad

Thus

1
f F(z,W)dz = 1 (5-2b)
0
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These normalized distributions in z are shown in Fig. 13; and the average

value of p for charged particles

1
P> = [ oF(zu) a2 (5-3)
0
as well as {z), is shown in Fig. 1k.
We observe the following:

(a) <I%ﬁ1> 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 P, distributions found in the mulii-hadron final states of hadron~
hadron collisions. For example in p-p collisions,29’3o (for pions and
s <200 GeV-)

<p >~ (0.23 + .51 dn/s) GeV/c (5-1)

1,29

And dchad/dpl has a shape, except possibly for the high P, tails,
roughly like those in Fig. 13.

Thus the e+ - e annihilation single particle momentum distributions
bring us back to an old fundamental problem still unsolved in hadron-
hadron physics! Why in multi-particle final states produced in hadron-
hadron collisions is there a relatively sharp transverse momentum cutoff?
Why are small pl values favored? In our e+ - e data we have a similar

fundamental problem. Why are small values of p (Figs.13 and 14) favored?

Of course we do not know if the same fundamental mechanism causes the
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transverse momentum cutoff in hadron-hadron collisions and the relatively
low <pch> values in e'e” amihilation. If it is the same mechanism,
perhaps e+e— annihilations «—= free of peripheral and leading particle
effects = offer a better place to attack this problem.

We should point out an obvious difference between hadron-hadron
collisions and e - e amnihilations. In hadron-hadron collisions (pl)
is almost independent of s, and (Nch) increases as dn s. This can
occur because the energy in the \/—s_ is ‘taken up mostly by the longitudinal
momentum. Hence as s increases it is the longitudinal momentum which
increases drastically. We do not have this freedom in e+ - e annihilations.

Ignoring mass effects,

<Nall Pal‘tiCleS> <pall particles> s =W (5-5)

Hence if (N, Y increases as In W, {p > must

11 particles all particles

increase as W/'{’/n W. Over the W range being considered we cannot dis-

tinguish linear dependence from logarithmic dependence in { Pch> , Fig. 1L,

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 (Appendix B). To see how this occurs we rewrite Eq. 1-33

in the form

oy(s) = Cyls) Ry(s) (5-6a)

N dBPn "
RN(S) = n];ll < &} (Pf - Pi) (5-6b)

n
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Then for identical particles, the single particle distribution is

given by
% do, .(s) >
had -
5 2, Wyl (o) (5-7a)
- where
s, = (/s - B) - o (5-Tb)

As discussed in Sec. 5.6 the p distribution is roughly isotopic. Hence

for convenience and future use we define

E do
224 = b (s,p) (5-82)
pdp
do 2
had _ Wp G(s,p) -
W - T (5-8b)

A f£it to do(s)/dp at W = 4.8 GeV, using a phase space model with
just pions, is shown in Fig. L0. 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 dc/dp
means that we cannot hope to see incisive tests of dynamical theories

+

of e - e annihilation in the gross features of the momentum distribution.

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

1
in Eq. 5-8a immediately raises the question, is there Feynman scaling )31

+ - ’ R
in e - 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 dohad

d3

= H(s, pl;, p, ®) ~»H(x, p) (5-9)
P ,

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 1 there is additional s
37

dependence. Should there be Feynman scaling in e+ - ¢ annihilations?
If so, in Eq. 5-88, should G(s,p) —>G(p) or should G(s,p) —aG(p/pmaX) =

G(z)? As shown in Fig. 15 for charged particles

E do
—224 = c(s,p) > 6(p) (5-10)

d’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 Feymman scaling in p. Thus the
Feynman scaling in p here is analogous to the Feynman scaling in pl in

hadron-hadron collisions. Integrating Eg. 5-10 we obtain
3. - -
fG(S} p) d p "'<Wch> Uhad (5 ll)

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

expect from Fig. 15 this 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
scaling. Simple arguments such as the fragmentation modelf3 used in
hadron-hadron collisions do not apply here. Indeed as W ilncreases 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.

Figure 16 also shows an interesting COnnectiOHBM'between p and pl in
p-p collisions for lower p values. The solid lines are the data of
Cronin gz_g;?6 on w production at 900 C.M. in p-p collisions at 200 GeV.
Their data are plotted versus pl and have been renormalized tc show the
similarity in the slopes of the inclusive cross sections for pions pro-
duced in the two reactions. The e+e_ date seem 1o break away from the
p-p data at higher momentum.

To conclude this section we return to the question of the relative
abundances of K's and p. When a quantity proportional to (E/pg)(dc/dp)

is plotted versus E, Fig. 17, the n's, K's and p's show a remarkable

)
regularity.3 One observes a distribution

had

E do -E/EO
—= = constant e

, L. = 0.16k GeV (5-12)
2 0
p dp
This typically thermodynamic modell formulation emphasizes again that

+
statistical considerations are dominant in the gross features of the e - e

final hadronic states.
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5.4 Bjorken Scaling

1,39,40

It is well known that the differential cross section for

electron-nucleon or muon-nucleon inelastic scattering (Fig. 18a)

eor u+mn-eor u+ hadrons (5-13)

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

lepton mass

= I |2l°] W, (o, aP) £ (Emr - 1®]) W, (o7, q'P)}

(5-1k4)

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

nucleon (Fig. 18a) respectively. Thus W:L and W2 are in general functions

of the Lorentz scalars q2 and q-P. Also E and E' are the laboratory
energies of the incident and final lepton, v = E - E', and q2 is negative

in our metric. We note that

Prg = My (5-15)
where M is the nucleon mass. The total energy of the hadronic system

whad 18

Wiad = oMy + M+ o (5-16)

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

1,39-42
predicted by Bjorken and demonstrated experimentally )39

Mwl(qg, q-P) - Fl(w) (5-17a)

wiy(a°, a-P) = F,() © (5-17p)
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R (5-17¢)
la=| [a“]
1<® 5w (5-174d)
for
|6®] 2 1(cev/e)? (5-18)

w2
hag 2 2 GeV

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

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

et 4 e - hadrons (5-19)

11,43

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

2
Yna"R
Ohad(s) = 3s (5_20)

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

-+ - .
struct other analogies to Eg. 5-17. Consider the e - e annihilation



- 39 -
diagram in Fig. 18b in which
+ -
¢ +e —-h+ anything , h=gx or K or n, (5-21)

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

we define

P, = four-momentum of h (in Eq. 5-21) = (E,, p, ) (5-22)
h : h’ mh

Osgsx <1

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

to Eq. 5-1b is

7 >W2h(q2, a-P,) sin® 9} (5-23a)

Here we have used

O T T35 (5-23p)

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

is the wvelocity of h.
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The analogy to Egs. 5-17 islm
Mthh(qE, q-Ph) —>Flh(x) (5-2ka)
BVE\ o i
5 (a7, ar) =& (x) (5-24b)

. + - et .
We shall call this special Bjorken scaling in € e annihilations,
: s -
reserving the term Bjorken scaling in e e annihilations for Eq. 5-20.

Equation 5-23 becomes

2
dohad XBh

___hed _ 3 - .2 i
axd cos 8 2 %up By [Flh(x) L th(x) sin 9] (5-25)

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

not yet prepared to separate Flh and F2h' Therefore we ignore the low

x region and approximate

p~l , x~z=3/p (5-26a)

Also ag discussed in Sec. 5.6 the angular distribution of the charged
particle is almost uniform in cos . With these approximations, Eg. 5-25

reduces to

3%e

~oc z|3F +2F (z -
dz « K 3 lﬂ(z) 2 2n( ) (5-260)
This can also be written in a form to emphasize the scaling in x (now

called z)

do '
S <"T§l§'§> = f(z)ﬁ (5-26¢)
7
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We already know that special Bjorken scaling cannot be true for all

z because from Eq. 5-26c¢

ff(z)ﬂdz ~ S °had<Nch>= R(Nch> (5-27)

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

plot of sdo dz versus z is shown in Fig. 193 and 19b. There is

had/
perhaps crude special Bjorken scaling in the z 2 0.5 region. In this
region we can ignore the pion masé, and write Eq. 5-26c in the more

transparent form.

do

-a—gﬂ o 25—3/2 £(ep/y/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 Egq. 5-10

da
had _ .
—22% =~ lp G(p) ;3 P> m (5-29)

As s increases either Eq. 5-28, special Bjorken scaling, or Eq. 5-29,
Feymmen scaling, must fail. (Only G(p) having the very special form
G(p) = constant/pl* allows both predictions to be true.)

5.E The Neutral Energy Question

At present we know very little about the neutral particle — parti-

cularly the ﬁo — momentum distributions and multiplicities produced in
+ -
e - e annihilations. From the statistical picture we might expect
1
= = N = - hY -
N 4> =<0 _>=<N o> =350 1> (5-30a)

o+ > =<P - >=(P,0> (5-30p)



- 4o -

Here {N ) = (Nﬁ_,.) + (Nﬂ_) . The expectation in Eg. 5-30a is reinforced

- Iy
by experience in ® p and pp collisions. In these system 2 one
calculates (N 4+ ) from the measured <Nch> by
e
W ,.>=(N,>-05 , =p (5-31e)
s c
wxd = > -4 , op (5-31b)

Table VII shows that Eg. 5-30a2 is quite well satisfied in n p and pp
reactions.

However in e+ - e annihilations we are at present quite uncertain
as 1o whether Egs. 5-30 are satisfied Our doubts come from a study of

the charged energy ratio. We define

r (W) = total charged particle energy
ch total energy

(5-32)

where the total energy is of course W. If only pions are produced,

Egs. 5-30 predict

2
GRS (5-332)
But the data, Fig. 20, show
F (W) <2  (5-33b)
ch 3

This has led to a number of questions being raised about what appears to
be an excess of neutral energy.
(a) Are other neutral particles — as unexotic as the 1 or as
exotic as the neutrino — carrrying off substantial amounts of energy?
(b) Do the data seem surprising in view of isotopic spin con-

siderations or do they perhaps violate isotopic spin conservation with
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the photon being limited to I= 0 and 1?7 As discussed in Ref. 5 the

I = O state requires Eq. 5-30z be satisfied. But the I = 1 state

allows broad limits -~ (Nﬂo> can be larger than ((Nﬁ_,_) + (Nﬂ_) ).
Thereforerthe data do not violate isotopic spin conservation, although
they do seem to require a statistically somewhat unlikely distributions
in the I = 1 state.

These questions can only be decided with more data. .There is at
present no direct experimental méasurement of the total neutral energy,
nor are there measurement of the noor n production. This ignorance,
combined with our ignorance of the high momentum.ﬁ spectra, allows us
to adjust particle production ratios to fit the data in Fig. 20 without
violating isotopic spin conservation, and without introducing exotic
neutral particles.

5.6 Single Particle Angular Distributions

As discussed in Sec. 1.2, the single particle angular distribution
of the hadrons produced in e+ - e annihilation may have terms as
complex as sin? 6 or 0082 0; the distribution depending upon the dynemics.
(6 is the angle between the hadron's momentum and the e - e axis.) For
example, the simple phase space model, Sec. 1.5, predicts an isotopic
single particle distribution

ag

T oo = constant (5-34)

On the other hand, the parton model, Sec. 5.3 and Fig. 4, allows a
deviation from isotropy if the 1 + 0052 8 behavior of the spin 1/2 parton-
antiparton pair persists in the single particle angular distribution.

Assuming charge symmetry and unpolarized e+, e beams the most general
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single particle angular distribution is described by

do

2 )
————— (04 I -
T S 1+ & cos 6, lale 1 (5-35)

The task of the experimenter is to measure Q.
s ;121’ 3)4' 41
L

o 3 ot
N ind 0naw’

~ £ T~ o~ PN PN
wc 4

- P S ST LN =
Or 1aayons with 24 ~

0.5, & is roughly
with O. Since most hadrons have z£ 0.5, the entire single particle
angular distribution is roughly isotopic. We say roughly because the

data analysis 1s not completed, and the lack of perfect isotropy in our
apparatus (App. A) complicates the analysis. For hadrons with zR 0.5 the
the analysis is even more complicated because the statistics are poorer
and the triggering efficiency (App. A) is less well known. For the

z2 0.5 region @ differing from O is certainly allowed; and values of

@ of the order of 1/2 or 1 are as consistent with the preliminary data

as are values close to O.
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6. THE ¥ PARTICLES

Ly
The past few months since the discovery of V particles at SPEARM6’ 7

and BNLA8 have been the most exhilarating for particle physics in many
years. There were several ingredients:

(a) The ¥ particles are clearly something new. Very narrow resonances
at high energy cannot be accommodated in our conventional understanding of
hadronic physics. There must be a new guantum number, selection rule, or
dynamical principle.

(b) The experimental evidence for the existence of the ¥ particles is
unmistakable. There are no three standard deviation effects and no ifs
or buts.

(¢) The ¥ particles are relatively eaéj to produce in a variety of
ways. Already nine additional experimental groups at four laboratories
have produced and made measurements on the W's&9_58

(d) The opportunities for future study are great. The study of the
decay modes of the V¥'s is an experimenter?s dreem: in ete” annihilation
they are produced copiously, at rest, and with virtually no background.

And at 21l high energy laboratories experimenters are energetically searching
for other new particles related to the ¥'s.

59

(e) The theoretical community is in a state of chaos. Few theorists
could resist the temptation to drop their current problems and to begin
sketching out their speculations. In spite of this, it is not yet clear
what theoretical framework will eventually incorporate the ¥ particles.

In this section we will try to summarize the great amount of information
which has been gathered in this short period. As we write this report, we

realize that before it 1s printed new discoveries may clarify the situation,

or confuse it even further.
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6.1 Production in e’e” Annihilation

The ¥(3095) and ¥(3684), ( which we will hereafter simply call V

and ¥'), are produced copiously in the reactions

ete” =¥ — hadrons (6-1)
and
eTe” ¥ - hadrons (6-2)
Figures 21 and 22 show the apparent cross sections for reactions 6.1
and 6.2 as measured at SPEAR.6O These are only apparent cross sections

because in both cases the widths of the resonances are considerably
smaller than the experimental resclution.
To obbain apparatus-independent values for the cross sections we

integrate over energy to obtain

EW =foW(E)dE = 9900 T 1500 mb - MeV (6-3)

> =f cw,(E)dE = 3700 T 900 nb - MeV . (6-4)
w!

These integrated cross sections are corrected for the rather considerable
effect of initial state radiation 61 Results fromADONE5O’51 for ZILr are
about 30% lower than Eq. 6-3 after allowing for radiative corrections.
The masses of the ¥ and ¥' as determined at the various laboratories
are summarized in Table VIII. They are all in good agreement. The mass

difference is determined more accurately than either mass. TFrom the

agreement between SPFAR and DORIS, we can deduce

m, - m = 590 T Mev . (6-5)
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6.2 Total and Leptonic Widths of the ¥

Tn addition to decaying to hadrons, the ¥ has a sizeable decay mode

into lepton pairs:

voeel | 069 1 . o009 (6-6)
¥ —all -
and.
+ -
Y —opp + -
T .069 T 009 (6-3)

The measurement of these remarkable decays together with the measure-
ment of the total cross section (Eq. 6-3) allows us to calculate the true
¥ width in a simple way:

Assume that the ¥ has a Breit-Wigner shape.l Then for any decay mode,

f, the cross section o for the reaction

v, f

eTe B (6-8)

has an energy dependence similar to that in Eq. 1-22, namely

2
I (SN T T ' (6-9)
v, T S (s - m?)g + T

Here m is the mass of the ¥, J is its spin, I', is the partial decay width

f
to the state £, and T is the total decay width. Since I' is very small

compared to m, we can expand Eg. 6-9 in W-m to obtain the non-relativisitc

form,

5 _ x{2J + 1) Teels
V.t e (W—m)2 + FE/M

(6-10)

For simplicity, in Eq. 6-9 and 6-10 we have ignored radiative effects and
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interference between reaction 6.8 and the direct channel

+ -

ee —f (6-11)
These effects can be included in a straight forward way.

Finally, integrating Eq. 6-10 and using J = 1 (see Sec. 6.3), we

obtain

~ o = 6n° lee 'r (6-12)
2y AT s
2

m

We can now use Eq. 6-12 to obtain all of the widths. In particular,

2
m
1_‘ee - 6ﬂ2 2:wr,all (6-13)
and
Z\Lr all
T = -i-—:——- T, - (6-14)
V,ee
. . . 60 e
Table IX contains the ¥ widths 3s determined at SPEAR. Radiative

and interfefence effects have been included. Redundent quantities are
listed in Teble IX to Jisplay the proper error correlations. Phad is the
partial width to hadronic states.

The astonishing small width of the ¥, about 70 KeV, 1s, of course,
what makes this particle so remarkable. We will take up the question of
the significance of this very narrow width after completing our description

of the properties of the ¥ particles.

6.3 Quantum Numbers of the V¥

Since the ¥ is prduced in e+e— annihilation, our first guess is that,
like the vector mesons, it couples directly to the photon and thus has the

same quantum numbers, JP¢ = 177. This would not have to be the case,
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however, if the ¥ coupled directly to leptons.
We can determine the quantum numbers directly by observing the inter-

ference between the leptonic decays of the ¥,

ete =¥ Sete” (6-15)
and

e+e_ — ¥ —>p+p- (6—16)

and the direct production of lepton pairs,

e+e —9e+e (6—17)
and

eTe” Sup . (6-18)

The amplitude for reaction 6-18 is

1/2
A(e+e- - u+p_) = <-3w'g'> <— 22 >, (6-19)

and the amplitude for reaction 6-16 is

AleTe” oy = ) = <_(.2i_t_l_)£

/2 L.
w2 )l 2 T

e
i (6-20)

If the ¥ has the quantum numbers of the photon, the cross section will

have the form

2

T
do _ Ox 2 _ 200 ee _
i ———8W2 (1 + cos 6) T + Ry (6-21)

The sum of the amplitudes which go into Eq. 6-21 are shown graphically
in Pig. 23. As the resonance proceeds around the diagram, it is clear

that there will be destructive interference below the resonant energy.



- 50 -
The ratio of muon pairs to electron pairs as a function of energy is
shown in Fig. 24.60 This ratio is used because it is least sensitive
to normalization effects and because the electron pairs are expected
to have a small constructive interference below the resonance (due to
intereference with the spacelike diagram). The data are inconsistent with
no interference at the 98% confidence level. This is sufficient to
confirm our first guesss, that the quantum numbers are those of the
photon, 3FC = 177, (Since the SIAC-IBL magnetic detector at SPEAR does
not subtend the entire solid angle, there are some technical points to
consider which turn out not to matter.6o)

Figure 25 shows the angular distributions of lepton pairs at the

resonance energy. The muon pairs and the electron pairs after sub-
traction of the spacelike distribution are consistent with the 1 + cos2 6

60

distribution expected for J = 1. A gimilar result has been reported
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from DORIS for electron pairs. These distributions confirm the spin
assignment.

Figure 26 shows the front-back charge asymmetry measured as a
function of energy.6O The lack of any large asymmetry confirms the P
and C assignments and argues against the possibility of the ¥ not being
an eigenstate of P or C or of being degenerate with another nearby state

having even P or C.

6.4 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. 1-16). It turns out
that the V decays into both even and odd numbers of pions -~ a violation
of I spin. However, this violation occurs in precisely the wéy we expect

it to occur, and in the way it is required to occur, if the ¥ couples
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to a photon.

Consider the three diagrams in Fig. 27. Figures 27(a) shows the
direct decay of the ¥ into hadrons, (b) shows the decay of the ¥ into
hadrons via an intermediate photon, and (c) 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 the ratio between (b)
and (c) must be the same as it would be if the ¥ were not in the diagram,
about 2.5.2:L Thus, from the data in Table IX, we deduce that if the V¥
couples to a photon (a) contributes 68% to the width of the ¥, (b) con-
tributes 18%, 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-resonance. This is done
in Table X.62 The off-resonance data are from runs at 3.0 GeV. The
results are consistent with all of the even number of pien production
(I = 1) coming from the intermediate photon decay, Fige 27(b). Most of
the odd pion production comes from the direct ¥ decay, Fig. 27(a), and
the ¥ appears to decay directly into a pure IGr = 0  state.

The difference in five pion production on and off-resonance is quite
dramatic as shown in Fig. 28. At 3.0 GeV the missing mass recoiling
against four charged pions shows no structure while at the ¥ a very clear
7t~ peak is visible. Here the ¥ gives us an unexpected bonus -« by showing
us what an isoscalar state looks like, we see that non-resonant hadron

production is largely isovector.
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Figures 29 shows the ﬂ+ﬂ—ﬂo invariant mass for five pion decay of
the ¥. A peak at the w mass is visible. (This wnrw mode is actually
larger than it appears since each event is entered in the graph four
times. )

The study of the decays modes of the ¥ is just beginning. In
addition to giving us information ebout the ¥, these decays may be
useful in studying standard meson spectroscopy. For example, the =
state in the wnn decay is presumably in a pure I = O state.

The decays that have been identified so far are listed in Table XI.62_65

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.

6.5 Inclusive Momentum Spectrum ffom YV Decays
21 : - S
We are now studying the sSingle particle’inclusive distribtitions

in the hadronic decay mode§ of the \P to comp;re them w;th the single
particle inclusive distr?butions in the continuum (section 5.1). Although the
rough inclusive distributions are similar-~that’'is, the production of low
momentum particles is dominante~ there is the possibility that a detailed
comparison of the distributions on~and-off-resonance will reflect differences

in the production mechanisms,

6.6 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. 6.2). There are a few additional problems
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involved in determining the total width:

(a) The electron pair decay is much smaller than the non-resonant
electron-positron scattering, so it probably cannot be measured accurately.
Electron-muon universality mey have to be assumed.

(b) The interference between the direct production of lepton pairs
and the V' decay is more important. Thus the ¥' decay rate into leptons
as a function of energy must be understood, (See Sec. 6.7).

(¢) The ¥' — ¥ decays (Sec. 6:8) give approximately back to back
leptons from the ¥ decay. These must be separated and removed.

Preliminary results for the total and leptonic widths are given
in Table XII. More precise values should be available soon.

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

6.7 Quantum Numbers of the V'

Since the ¥'!' is produced in e+e_ annihilation, our first guess 1is
again that it has quantum numbers JPC =1 . This guess is further
bolstered by a study of the angular distributions in the Y' — ¥ decay
(Sec. 6.8).

Our guess could be confirmed by a study of the interference effects
in exactly the same way as was done for the ¥, (Sec. 6.3). In fact, the
interference effects are expected to be more visible at the ¥' because

the interfering amplitudes are of more comparable size. This study is

presently proceeding and results should be available soon.



6.8 V' — ¥ Decays

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

decay mode

¥ oo Y . (6-21)

7
These decays are visible in the data in two major ways.OO Figure 30

. + -
shows the missing mass recoiling against all combinations of = n . The V¥
is clearly visible and the branching ratio

+_
V! oyn w

‘ +
TR = 0.32 T 0.04 (6—22)

can be determined from it.

Alternatively one can search for inclusive ¥ decays by looking for
the leptonic decay of the ¥ in the V' data. Figure 31 shows the in-
variant mass distribution of the two highest momentum oppositely charged
particles in each V' decay. (The particles are assumed to be muons, and
electrons have been eliminated.) There are two well separated peaks, one
around 3.7 GeV corresponding to {' decays to p pairs plus the direct

production of p pairs and one around 3.1 GeV from

¥' > ¥ + anything . (6-23)
L, 4
= pu
These data yield
¥!' — ¥ + anything +
T S eIl = 0.57T T 0.08 (6-24)
64

A value of 0.5k f 0.10 for this ratio has been reported from DORIS.
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From Eqs. 6-22 and 6-24 we discover that

Yo enything - 178 T o.10 . (6-25)
Yo Yo

(The error in Eg. 6-25 is smaller than the combined errors of Egs. 6-23
-and 6-2L4 because of correlations in the errors.)
Since the ¥' decays via

¥t oy (6-26)

we also expect

¥ —>WnQTO . : (6-27)

It thesé are the only modes for ¥' — ¥ decays and the ¥' is in a definite

state of isospin then we expect Eq. 6-25 to have the values

1.52 for I =
LA aﬁyfhlng =  1.00 for I = (6-28)
LA i 3.10 for T =

(The Clebsch-Gordan coefficients have been corrected for phase space. )
Clearly I = O is preferred.
If we assume that the V', like the ¥, decays to a pure isoscaler
state, the difference between Egs. 6-28 and 6-25 indicates that there
are other ' — ¥ modes than just ¥' — ¥wn with branching ratios of about
8%. What can they be? There is no evidence for
¥ =¥y (C violating) (6-29)

or

¥' -0 (I violating) . (6-30)
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Since these modes would be visible in the missing mass recoiling against
the u pairs in reaction 6-23, they must have very small branching ratios
if they exist at all.

There is evidence for the mode

¥t - q (6-31)

and it probably has a branching ratio of a few per cent.

Another candidate mode is
VAR 57 (6-32)

which could occur directly or thrdugh an intermediate resonance

V! - Xy (6-33)

LW

This mode is predicted by models which identify the ¥ and V' as a bound
67

state of charmed quarks. The monochromatic photons from reaction 6-33
are presently being searched for (Sec. T7.2).

A preliminary study of the angular distributions of the decay

V' sy (6-34)

+ - + -
Bupu oree »

indicates that the data are consistent with the hypothesis that the dipion
state is a J = 0 state in an S-wave with respect to the ¥. If this is
confirmed, it will independently establish the quantum numbers of the V!

to be JPC =1 .

The dipion invariant mass distribution, shown in Fig. 32, is puzzling.
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There is a suppression of low mass pion pairs which does not seem con-

sistent with the usual parameterizations of the S-wave dipion phase
shifts. There is no apparent structure in the yn mass spectrum
which couldvcause this effect. A detailed study of the Dalitz plot
and angular distributions of this decay is in progress.
No review of the ¥ particles can be deemed to be complete without
a computer reconstruction of what reaction (6-34) looks like in the SIAC-

IBL magnetic detector. The obligatory picture is shown in Fig. 33.

6.9 Other Hadronic V' Decays

No other hadronic decays have been reported for the V'. This in
itself may be significant. We would expect the 42 + 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 XI). But apparently they go to
states with only one missing neutral a much smaller fraction of the time.

6.10 Hadroproduction of ¥ Particles

The ¥ was independently discovered at BNLu8 in the reaction

p + Be » ¥ + anything (6-34)
L, e

at 28.5 GeV. Iater the ¥ was produced at FNAI;6 in the reaction

n + Be » ¥ + anything (6-35)
L it
2 KK
at 250 GeV. The cross sections for these reactions are model dependent

but several things are clear:

(a) The cross section for ¥ production, corrected for branching

31

. . - 2
ratios, is of order 10 cm / nucleon at FNAL energiles.
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(b) The cross section drops around two orders magnitude as one
goes to BNL energies.

(c) Since the ratio of resonant to non-resonant cross sections for
the production of lepton pairs in these experiments is much higher than
those measured in e+e_ annihilation, the ¥ is not produced via an inter-
mediate virtual photon. This is not surprising since we know the ¥ has
direct decays to hadrons, (Sec. 6.4).

Hadroproduction of the ¥' has not been reported.69

6.11 Photoproduction of the ¥ Particles

Photoproduction of the ¥ and V' has been measured at SLA057’58 and

FNAL.56 At SIAC a preliminary measurement of the cross section for

¥y + Be — ¥ + anything (6-36)

L—-) W

+2.
per nucleon and corrected for branching ratios is 3.7 e.2

-1.5

At FNAL the same cross section corrected for coherent effects is about

‘nb at 18 GeV.57

13 nb at about 150 GeV. An upper limit of 1 nb at 11 GeV was set at
Cornell.7o Quantitative results on V' photoproduction are not yet available.
With the aid of vector dominance (Sec. 1L.4) we can use these results

to extract the values of the V-nucleon total cross section. In doing
this one has to assume that the y-y coupling, gw, is the same at q2 =0
and q2 = mi; this assumption could be wrong by a large factor. It is

also assumed that reaction 6-36 describes a diffractive guasi-elastic

reaction. The V¥-nucleon total cross section, ¢ (WN), is obtained



from the relation

dt

2
d2(YN) = 16x f%%%ﬂQ@L:iiﬁl} (6-37)

e £=0 .

The values for o(¥N) for both the SIAC and FNAL results are about 1 mb.

A comparison of vector meson and ¥ photoproduction cross sections, coupling
constants, and total nucleon cross sections is given in Table XIII.Tl’72

The V-nucleon total cross section is at least an order of magnitude smaller
than the other vector meson cross sections, but it still an order of magnitude
larger than the y-nucleon total cross section. The ¥~y coupling constant,

however, is comparable to those of the vector mesons.

6.12 Conclusions and Unanswered Questions

6.12.1 Are the ¥ Particles Hadrons?
Whether the ¥ particles participate in the strong interactions (as
we know them) is a question which cannot be answered yet. However,
except for their narrow widths, there is no evidence against the hypothesis
that they are hadrons and there are several bits of evidence in favor:
(a) P and C appear to be good quantum numbers.
(b) The ¥ does not appear to couple directly to leptons.
(¢) The V¥'s decay directly to hadrons in a definite state of isotopic
spin.
(d) The V-nucleon total cross section, as determined from diffractive
photoproduction measurements, is about 1 nmb.
6.12.2 Why are the ¥ Particles Long Lived?
If we assumé the ¥'s are hadrons, then there are two general classes

73,74

of theories which can suppress the decay widths. One possibility is
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that the V¥'s strong decay is exactly forbidden by its possession of a
new non-additive gquantum number. Various color models are examples of
this. The other possibility is that the ¥'s strong decay is inhibited.
by a dynamicél 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.

If the V¥'s are colored states then presumably they will decay pri-
marily through photon emission on tﬂe grounds "what the photon bringeth

the photon taketh away."75

So far we have not seen any strong evidence
for radiative decays. For example, the 2ﬂ+2ﬁ-ﬂo decay discussed in

Sec. 6.4 could contain some contamination from 2ﬂ+2n-7. However, the
observation of a large contribution from wmn and prnt and the position of
the missing mass peak in Fig. 28 indicate the 2ﬂ+2ﬁ-7 decay cannot be a
mnajor one.

In the charm model the V's are narrow because of a dynamical principle
known as Zweig's rule.73 This phenomenological rule states that processes
in which initial quark pairs cannot appear on different final state par-
ticles are suppressed. This is illustrated in Fig. 34%. The © meson decay
into 3w (Fig. 34a) is suppressed relative to the decay into KK (Fig. 34b).
In the case of the ¥ there are no decays like @ -» KK because the ¥ is
below threshold for charmed meson pair production. Decays such as ¢! —
yn (Fig. 3b4c) are also inhibited but presumably not as strongly as V'
decays to ordinary hadrons.

The verification of the charm model will probably require the dis-
covery of charmed hadrons with weak decays.76 In Sec. T we will discuss

the searches for these particles in e+e_ annihilation which have been

done or are in progress.
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6.12.3 What is the Enhancement Around b4.1 GeV?

The enhancement around 4.1 GeV (Sec. 3.4) could be either 2 resonance
or a threshold phenomena related to the increase in R. There is currently
no evidence that the enhancement is actually a resonance. To establish
it as a resonance it will probably be necessary to find at least one
channel with a clear resonant behavior.

If the entire enhancement is attributed to a resonance, then the
partial width to electron pairs, Fee’ is about 4 KeV, or about twice
that of the ¥'. Given this large leptonic width, an explanation which
assigns the ¥, ¥', and the 4.1 GeV enhancement all to be radial ex-
citations of a charmed quark pair seems unlikely.

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

(a) The ¥ particles,

(b) the broad enhancement around 4.1 GeV, and

(¢) the increase in R from around 2.5 to 5.

It would be even more extraordinary if these phenomena were not all

related. Thus, at first, we should seek explanations which explain all

three in a natural way.
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7. SEARCH FOR NEW PARTICLES

7.1 Narrow Vector Mesons
Narrow vector meson states like the ¥ can be discovered by raising the
energy of the colliding beams a few MeV every few minutes. This is precisely

i

how the V' was discovered. A systematic scan has been done at SPEAR, in
the region 3.2 to 5.9 GeV.78 The data in 1.88 MeV steps are shown in Fig. 35.
Other than the ¥' there is no evidence for resonances with integrated cross

sections greater than one-quarter that of the ¥'. The search at SPEAR will

eventually be extended to masses of about 8 GeV.
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A search in the region 1.9 GeV to 3.1 GeV is in progress by two

6
groups at ADONE. 2

In the regions which have been searched so far
(1.915 to 2.045, 2.205 to 2.54k4, and 2.966 to 3.090 GeV) there is no
significant structure at the level of one-sixth the cross section of
the V.
7.2 Monochromatic Photons

Charm particle models predict ﬁhgt there should be many different
angular momentum states of the charmed quark-anti-quark pair. Some of
these states should be reached by monochromatic photon emission from the

67

A The most likely transitions are shown in Fig. 36.

Several experiments which would be sensitive to these photons are in
progress. One experiment at SPEAR uses Nal crystals to measure the photon
energy and it is sensitive to photons with energies above 50 MeV. ‘Pre—
liminary results indicate that these are no monochromatic photons with
energies above 200 MeV with a branching ratio of more than h%.79

7.3 Charmed Mesons

An extensive search has been made for charmed mesons produced in
e+e- annihilation at 4.8 GeV.BO The search looked for narrow peaks in in
inclusive two and three body state invariant mass distributions in various
modes. No significant peaks were found. The results are shown in Table XIV.
The mass region 1.85 to 2.4 is the relevant one for charmed mesons.

To interpret these data we first have to estimate the amount of
expected charm meson production. From the usual quark 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,

(Sec. 1.3). This gives a cross section of about 15 nb for inclusive

charmed meson production. There are three types of charmed mesons which
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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 XIV range from about .1 to .5 nb or from about 2% to lO% in branching
ratio.

These limits do not rule out charm models but they meke <them un-

76

comfortable. Conventional models seem to predict branching ratios into
gome of these modes from 2 to 5 times higher than the limits.
7.4 Direct Lepton Production

Another way to search for charmed mesons (and also heavy leptonSBl)
is to look for "direct" muons or electrons produced in multihadronic
events. There are several problems, some of which are unique to e+e_
annihilation:

(a) There are backgrounds from ordinary hadron decays which must
be subtracted. For electrons, there are ﬂo Dalitz decays and electrons
produced by photons comverting in the beam pipe. For muons, there are
n and K decays.

(b) Iepton identification is difficult at low energy. Here is one
case where being in the center of mass does not help. For example if you
wish to reduce the pion punch-through background to 0.7% (5 absorption
lengths), then it is necessary to use enough absorber so that only muons
of over 1.2 GeV momentum will penetrate.

(¢) There are potential problems from highly radiative e and u pailr
production and from the two-photon processes e+e_ —>e+e_e+e_, e+e—-a
e+e_u+u_, and e'e” - e'e” + hadrons.

So far there has been no evidence for direct electron or muon

production at about the 5% level. Attempts are now in progress to
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increase the sensitivity of these searches to the 1 to 2% level.
Evidence has been seen for anomalous muon production in neutrino

7

interactions.
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APPENDIX A

The SIAC-IBL Magnetic Detector at SPEAR

The majority of data discussed in this report came from the SLAC-IBL
Magnetic Detector at SPEAR. We include here a description of this de-
tector and its trigger so that the reader can understand its capabilities
and limitations. In Appendix B, we will discuss the Monte Carlo techniques
which must be employed to interpret the data taken in this detector.

A.1l The Detector

A drawing of the detector is shown in Fig. 37. The magnetic
field is provided by a solenoidal coil 3.6 m long and 3.3 m in diameter.
The field of approximately U4 kG is longitudinal to the beam axis and is
uniform to about * 2%.

We will start at the interasction region and describe in turn each
element through which a produced particle passes. The beam pipe has a
mean radius of 8 cm and is made of .15 mm thick corrugated stainless
steel. The average effective thickness, due to the corrugations, is
.20 mm.

Originally there were two semi-cylindrical scintillators forming a
complete cylinder about the beam pipe at a radius of 13 em. These
"pipe counters" were 3 mm thick and 91 cm long. They were part of the
trigger and served primarily to reduce triggers from cosmic rays. In
September 197k, the original counters were replaced by four semi-
cylindrical scintillators forming two nesting cylinders at 11 and 13 cm
radii. The new counters are each 7 mm thick and 36 cm long. The
reduction in length was made possible by an increase in SPEAR rf from

51 to 358 MHz and a consequential reduction in the effective bunch length
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from typically 25 cm to 6 cm (fwhm).

There are two cylindrical proportional chambers around the beam pipe
at 17 and 22 cm radii. Each coﬁsists of 512 sense wires parallel to the
beam axis and cathode strips perpendicular to the beam axis. The chambers
are 51 and 81 cm long, respectively. The structural material is poly-

' styrene foam so that there is little material in the beam. These chambers
were installed in January 1975 and have not been used in the analysis of data
data presented in this report. Theirvmain use will be to help identify

weak decays of Kp, A, ete. They may eventually be used to obtain a more
general trigger.

The main tracking elements of the detector are four modules of con-
centric cylinderical magnetostrictive spark chambers at radil of 66, 91,
111 and 135 cm. FEach module consists of four cylinders of wires with the
wires get at +20, —20, +4° and —49 with respect to the heam axis. The
tracking algorithms require sparks in three of the four modules end thus
the angular acceptance is normally defined by the 2.68 m length of the
third chamber. Neglecting the finite length of the interaction regions
and the curvature of tracks in the magnetic field, these chambers track
particles over .70 X Lx sterrad solid angle. The rms momentum resolution
for a 1 GeV/c track is about 15 MeV/c. Because of the high degree of
redundancy (three out of four modules, two out of four wires per module
required) these chambers are highly efficient in tracking particles. The
inefficiency has been estimated at 1% per track or less. The structural
support for the chambers consist of six, 6 mm wall, 5 cm diemeter, aluminum
posts at a radius of 79 cm, and & 1.3 cm thick aluminum cylinder at a

radius of 1.49 m. These support posts can be major sources of multiple
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scattering; for this reason the analysis programs normally require that
at least two particles in each event do not pass through a support post
so that a good vertex for the event can be found. These posts subtend
about 6% of the solid angle so this requirement reduces the effective
solid angle of the detector somewhat.

Particles produced at angles from 16 to 42° relative to the positron
beam will be tracked by a set of four "end-cap chambers". These are
magnetostrictive wire spark chambers with the "wires" etched on printed
circuit boards. The traces are either radial or circular so that the
azimuthal and polar angle of the particle are read directly. These
chambers extend the solid angle for tracking particles to .83 X Mx sterrad.
They have been installed on only one side of the detector due to inter-
ference with the proportional chamber cables. They were first installed
in April 1974 and have not yet been extensively used in the data analysis.

Irmmediately beyond the aluminum cylinder supporting the spark chambers
are a cylindrical array of 48 2.5 cm thick plastic scintillator trigger
counters. They are 2.61 m long and are viewed by 5 cm photomultiplier
tubes from both ends. They are part of the trigger and provide time-of-
flight information with an rms resolution of about 0.5 ns. This is
sufficient to separate pions from kaons up to a momentum of 600 Mev/c and
keons from protons up to a momentum of 1100 MeV/c. The solid angle sub-
tended by these counters is .65 X U sterrad.

Next a particle will pass through the 9 cm aluminum solenoid coil
and enter a cylindrical array of 24 lead-plastic scintillator shower
counters. The 3.10 m long counters are made of five layers, each layer

containing 6.4 mm of lead and 6.4 mm of scintillator. The counters are
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viewed from each end by a 13 cm photomultiplier tube. They are part of
the trigger and have the primary function of discriminating between
electrons and hadrons. They also have been used to a limited extent to
detect photons. The plastic scintillators in the shower counters were
inadvertently scratched during assembly of the counters. As a result
the attenuation length was reduced from 145 cm to typically 75 cm and
consequently there has been some reduction in efficiency for minimum
ionizing particles near the center 5f the counters. Triggering effi-
cienciles will be discussed in more detail below.

Beyond the shower counters are a 20 cm thick iron flux return and,
until recently, two planar magnetostrictive wire spark chambers to detect
muons. The flux return is an adeqguate hadron filter for most purposes
but has limited sensitivity for searching for muon production in multi-
particle final states. For this reason we began ingstalling additional
hadron absorbers on top of the detector in January 1975. The absorbers
are 33 cm thick barite-loaded concrete slabs with a density of 3.28 g/cmB.
The original muon chambers have been rearranged so that there are chambers
after each set of two slabs. Four slabs have been installed %o data and
the fifth and sixth slabs are scheduled for installation in July 1975.

A.2 The Trigger

The trigger rate of the magnetic detector is limited to a few triggers
per second by the time required to recharge the spark chamber pulsing system.
To achieve this low a trigger rate, it has been found necessary to require
a pipe counter and two sets of trigger counters with assoclated shower
counters to fire. The shower counters are set to fire on minimum ionizing

particles.
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There are two problems with this trigger. First, almost all measure-
ments are biased by the trigger in a nontrivial way. For example, assume
one wishes to measure a single particle inclusive cross section. The
physical measurement one actually makes is that cross section times the
probability that another charged particle is detected in the detector. 1In
order to correct for such measurement biases, it is necessary to construct
models of the final state and perform Monte Carlo simulations. Thils pro-
cess will be discussed in Appendiva.

The second problem is that the shower counters are not fully efficient
for the detection of charged particles. There are two aspects to this
problem. First, the counters themselves are inefficient due to edge effects
where counters meet and due to the short attenuation length discussed above.
Second, low energy hadrons tend to interact or range out before reaching the
shower counters.

Figure 38 shows the efficiency for the shower counters to fire on cosmic
rays as a function of z, the distance from the center of the counter.83 At
large velues Qle[ the inefficiency is due to edgé effects; near z = O the
effects of light attenuation are apparent.

Figure 39 shows the apparent efficiency for low energy hadrons to fire
a shower counter as a function of momentum.83 These efficiencies are deter-
mined from the multi-hadronic data. Since a particle must pass through a
minimum of 4O g/cm2 of material before reaching an active element of the
shower counter, pions with momenta below 200 MeV/c will range out due to
jonization loss. This effect is apparent in Fig. 39. The non-zero
efficiency below 200 MeV/c is presumably due to nuclear interactions pro-
ducing ﬁo’s, gamma rays (from ﬂO'S produced in the e'e” interaction) firing

a counter toward which a charge particle is heading, and electrons in the
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multi-hadronic sample from ﬂo Dalitz decay and photon conversion

in the beam pipe and pipe counter. The apparent efficiency above 200

MeV/c is in reasonable agreement with a calculation of the effect of

nuclear interactions in the material in front of the shower counters.
Clearly, we can understand the triggering efficiency of the detector

only to the extent that we understand these shower counter efficiencies.
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APPENDIX B

Monte Carlo Simulations of the Hadronic Final State

As discussed in Appendix A.2, the two charged particle trigger re-
guirement and the limited solid angle of the SIAC-LBL magnetic detector
necessitates a Monte Carlo type simulation of the detector and hadronic
final state in order to determine the detector efficiency. In this
appendix we will take the determinaﬁiqn of the total hadronic cross
section as an example.gl We will first briefly sketch the analysis
procedure and then discuss the different models which have been used
and the sensitivity of the efficiency to them.

B.1l The Analysis Procedure

From the events which triggered the detector, a sample of hadronic
events was selected in such a way as to minimize backgrounds from other
processes. Events must have had at least two charge tracks which sat-
isfied the hardware trigger, missed the spark chamber support posts, and
formed a vertex in the fiducial region. If only two charged tracks were
present in the detector some additional requirements were applied: The
tracks must not have given large pulse heights in the shower counters,
must have had coplanarity angle with the beam of between 20 and 1600, and
must have had momenta greater than 300 MeV/c. These requirements were

++ -
imposed to reduce backgrounds from the leptonic processes e e —e € ,

+ - + -+ - + - + -+ - + - + -
ee 2UULL,ee —wee —seeee and ee —»eeup.

Monte Carlo simulations were then performed to obtain a sample of
simulated.events which resembled the observed events. This process will
be discussed in the next section.

One of the outputs of the Monte Carlo simulation was a matrix of

efficiencies, € for observing J charged particles given that 1 were

137
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produced. These efficiencies were used in an overdetermined set of
simultaneous equations which were solved to obtain multiplicities and
detection efficiencies. We will refer to this last step as the unfold.

Finally, corrections were made for events which failed to make a
vertex, for contamination from beam-gas interactions and the two-photon
leptonic processes, and for radilative effects.

B.2 The Monte Carlo Simulation

The Monte Carlo simulation is ﬁof straight forward in that we must
construct a complete model of the final state. This is clearly an
iterative process. In practice we never understand the final state
perfectly, so we construct a variety of models, all of which fit the
data reasonably, and study our sensitivity to the models. Fortunately,
the detector efficiencies are not very sensitive to the details of the
models.

We heve used three general models: an all-pion model, a Jet model,
and a heavy particle model. Below we will briefly indicate how each is
generated, how well they reproduce some aspects of the data, and how
efficiencies determined by these models differ. We will also investigate
how the unfold procedure modifies these results.

The all pion model assumes that only pions are produced in the final
state. To generate each event a total multiplicity is first selected
from a Poisson distribution. Then the distribution into charged and
neutral pions is selected from a bionomial distribution of n-1 particles
where n is the chosen multiplicity. The final particle is chosen to
conserve charge. States containing 21l neutral pions are discarded since
they are forbidden by charge conjugation invariance. Finally, the event

85

is generated according to invariant phase space.
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There are two free parameters, the mean of the Pcission distribution
and the charged to neutral ratio in the bincmial distribution. These
parameters are adjusted so that the simulation and the data agree on
the observed méan multiplicity and median charged particle momentum for
events in which three or more charged particles were detected.

The jet model is identical to the all pion model except for the

insertion of a matrix element squared of the form

]2 « e—pri/R (B-1)
where P, is the transverse momentum to a jet axis, the summation is over
all particles and R is a parameter which is set so that the average
transverse momentum is about 350 MeV/c. The jet axis 1s given an angular
momentum of the form 1 + & cos2 6 where 6 is the angle to incident beams.
This form is the most general allowed by one photon exchange. In a spin
1/2 parton model, @ = 1, and in a spin O parton model, & = -1. We have
studied both, although the data seem to prefer @ 3O (see Section 5.6 ).
The angular anisotropy generated by this model is mild enocugh to be con-
sistent with the data.

The heavy particle model is the same as the all pion model except that
in addition to pions, we include etas, kaons, and nucleons. The distributions
of the different types of particles are chosen according to multinomial dis-
tributions subject to the constraints of strangeness, baryon number, and
charge conservation. It was found that reasonable agreement with all of
the preliminary data was obtained by simply setting an equal probability
for each type of particle except that the ratio of ﬂo's and 1's to charged

n's was allowed to vary to fit the observed median charged momentum. The
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heavy particle production is thus inhibited only by the smaller volume
of available phase space. The resulting multiplicity distributions are

given in Table XV. ©Note that the values given in this table represent

something between an extreme case and a reasonable case calculatiocn and

should not be construed as measurements.

Figure 40 shows a comparison of the observed and simulated momentum
distributions for events with three or more detected charged particles
at center of mass energy 4.8 gev fof the all pion model. The distributions
are in reasconable agreement over the entire range except for the region
above 2 GeV/c. The discrepancy in this region is most likely due to long
tails of thé momenfum resolution function which are not included in the
simulation. The heavy particle model and the jet model give almost
identical spectra to that of the all pion model.

Figure 41 shows the detection efficiency as a function of the number
of produced charged particles. Results are shown for »/§_= 3.0 and 4.8 GeV
for the all pion model. (The other models given similar résults.) The most
important dependence 1s the relatively low efficiency for the defection of
two-prong events. Clearly, it is quite important to determine what fraction
of the events come from two-prongs. This is the function of the unfold
procedure.

In Fig. 42 we can see to what extent the Monte Carlo and the unfold
reproduce the observed multiplicity distribution. At 4.8 GeV the Monte
Carlo's Poisson total multiplicity distribution yields a charged multiplicity
which is in reasonably good agreement with the data; however, at 3.0 GeV
it tends to overestimate the number of observed two-prongs. In both cases,
the unfold improves the agreement, but still exhibits a systematic deviation

from the data: 1t overestimates the even prongs and underestimates the odd
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prongs. This means that the Monte Carlo is not properly simulating some
aspect of either the detector or the final state. Figure 42 shows results
for the all pion model, but all the models exhibit the same even-odd effect.

Finally Table XVI contains a comparison of the detection efficiency and
charged multiplicity as determined by the Monte Carlos and unfolds for the
different models. The efficiencies determined by the unfolds average 15%
higher than those determined by the Monte Carlos at 3.0 GeV and 4% higher at
4.8 GeV. Similarly, the multiplicities from the unfolds are 8% higher at
3.0 GeV and 4% higher at 4.8 GeV. Taking the unfolds alone, the efficiencies
differ among the various models by 10% at 3.0 GeV and by &% at 4.8 GeV. The
multiplicities differ by only 2 to 3%.

These results given some indication of the sensitivity of the cross
sections and multiplicities to assumed models of the final state. It should
be remembered, however, that this is not the only source of experimental

error.
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APPENDIX C. Higher Energy Total Cross Sections

After this paper was written, preliminary data from the SIAC-IBL

magnetic detector collaboration on % ad

energy was presented by C.C. Morehouse at the April, 1975 meeting of the

and R (see section 3.4) at higher

American Physical Society and by G.J. Feldman &t the International Con-
ference on High Energy Physiés, Pale?mb, June, 1975. This data is given
in Table 17 and shown in Fig. 43, an extension of Fig. 9. We emphasize
that it is preliminary. The outstanding characteristic of this higher
energy data is that R is roughly constant in the W region between 4.5 GeV
and 7.4 GeV; and that roughly constant value of R is between 5. and 6.
Thus there is no evidence that this high value of R, compared to the
qﬁark models discussed in Sec. 1.3, is an intermediate energy phenomena.
Thet is, there is no evidence that as W increases, R is about to decrease
and begin to approach a lower asymptotic value. Indeed, the data is

compatible with R still increasing in this region.
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TABLE T

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 uw, d or s. I, IZ, Qy, B, ¥, S and C
are the isotopic spin, z component of the isotopic spin, charge, baryon

number, hypercharge, strangeness and charm.

Name u T a s

! c
Other Name P n A : p'
I 1/2 1/2 0 E 0
I, +1/2 -1/2 0 : 0
Q +2/3 -1/3 -1/3 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



Name

Mass (MeV)
%(5")
T'(MeV)

Pee (KeV)

r /r
ee/

m
2
gyl

hadronic
decay modes

770
1 (1)
150
6.5

4.3 x 10
6.7 % 10—5

2.56 T .27
i 100%
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TABLE IT

: 1
Properties of Vector Mesons

783

0 (1)
10.0
0.76

7.6 x 10°

18.4 T 2.0
i n© 90. 0%
Ty 8.7%

o 1.3%

V]
1020
0 (17)
h.2
1.3h4

-l
3.2 X 10
2.5 x 1o'h
11.0 T 0.9
KK L6.6%
KiKs  34.6%
o x® 15.8%

ny 3.0%

1600
17(17)
Loo

by dominant
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TABLE IIT

Parameters of electron-positron colliding beams facilities.

Name

ACO

ADONE

DCI

CEA

VEPP-3

VEPP-k

SPEAR

DORTS

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)

L1

3.1

3.6

5.0

L.o

10. - 1k,

~ 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



Facllity

Ref.

(v,
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TABLE IV

Values of a .3 R (defined in 1.C) and‘ <Néh>

chad(nb)

Total
Energy
W(GeV)
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TABLE V

Average values of R = ¢ The 4.1 GeV enhancement is excluded

had %
by using the dashed line in Fig. %b.

W(GeV) Comment R
2.0 to 3.0 2.49 t .09
3.0 to 4.0 excludes V¥'s, includes 2.85 7 .11

4.1 GeV enhancement

3.0 to 4.0 excludes ¥'s, excludes 2. 77 T
k.1 GeV enhancement

4.0 to 5.0 includes 4.1 GeV 5.00 F 19
enhancement
4.0 to0 5.0 excludes 4.1 GeV .36t 16

enhancement
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Table 6

Preliminary measurements on <Nch>ee. at higher energies,

LC BN
6.0 - 4.‘6;* 0.2
6.2 © B,3%0.2
6.8 | k.71 0.3
7.4 - b,9+0,2
TABLE VII

#

. — \ ; . - -
{N i‘> = <N+/. + Nﬂ_> and <Nﬂ0> in 7 p and pp collisions

System Py /\N +> <N O> <N O> /(N +>
- b1 b n-
(Gev/e)
TP 9.9 3.11 Tt 0.06 1.48 t o.21 0.48
1P 18.5 3.90 T 0.06 1.80 * 0.08 0.46
1 p 40.0 5.12 % 0.0k 2,51t 0.06 0.49
D 19.0 2.62 t 0.02 1.36 T o.12 0.52
P 20.5 6.25 T 0.17 3.19 ¥ 0.3 0.51
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TABLE VIII

Masses of the ¥ Particles

Ieboratory Ref.
SIAC (SPEAR) 60
DESY (DORIS) 54
Frascati (ADONE) L9

mw(MeV)

305 T &

3090 T 31

3100 (error not given)

TABLE IX

Widths and Bfanching Ratios of the V¥

ee

ML

had

ree/r

T /T
uu/

1-‘had/r

ru/re

1.8 T 0.6 KeV
4.8 T 0.6 Kev
59 % 1k Kev

69 T 15 KeV

0.069 * 0.009
0.069 T 0.009
0.86 T o.02

1.00 * 0.5

m, . (MeV)

11['
684 T s

3680 T 37
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TABIE X

Comparison of all pion state production
to u pair production at 3.0 GeV and the V.

e [T
state _‘Jf— 3.0
g ol
Ty T
oxt on” 0.82 * 0.0
oxt o™ 0 > 5,2
t o - +
3 3w 1.10 T 0.54

3t 3r :ro > b5



- 90 -
TABIE 11

Decay modes of the y.
Date from the SIAC-LBL collaboration [62], if no other reference glven.

Decay modes identified

mode camment % ref,

e'e” 6.97% a.9

ahu” . | | 6.9% 0.9

o ~ 0.23 ¥ 0.05 62,64

AA seen

ny : > 0.15 6l
< 1.8 65

winx® . Dominantly pn (1.3 ?o0.% ) seen

ox on” Via intermediate 7 ok ¥ o1

KK 0.5 t 0.2

<P ' seen

ax 21" n° Tncluding amx (0.8 ¥ 0.3%) and omnx 4.0 % 1.0

(1.2 T 0.4%) I = O implies B. R.
(x*n=37°) = 1/2 B. R (2::"'2:1'::0)

x+x+:t-K K; seen
3 3x" Via intermediate 7 o.% ¥ o.2
axton KK 0.3% 01
it nol(:lf" : o seen
3 3 x° 2.9 ¥ o.7
b 2 ) 0.9 2 0.3

Decay modes searched for and not seen

mode : comment upper limit § ref

% G violating : : < 0.03 64
4.9 | < 0.06 64
x:x‘; < 0.02

124 . Forbidden for vector meson _ <0.%5 63
)

7 - . <055 63,6
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TABLE XII

Widths of the V¥*'

r =T 2.2 T 0.5 KeV
ee  pu

(equality assumed)

+ 400
- 200

TABLE XITI

Properties of the vector mesons and ¥ photoproduction
cross sections, do(yN — VN)dt = A exp(-b|t|). The

y-V coupling constants g%/ bx are obtained from e’e”
colliding beam measurements and the total cross sectionms,
o(VN), are obtained from Eq. 6-37. -

Particle Photon o(7yN - VN) b 5‘2/ by o(VN)
foe @) (erfe)? )
o° 9.3 13,500 F500 6.5%fo02 23703 23%3
w 9.3 1,800 ¥ 300 6.6*1.1 18.4t1.8 aut3
) 9.3 550 * 70 4.6 * 0.7 12.2%Ft10 9t

'

¥ 150 ~ 13 ~ b 11.5 T 1.4 ~ 1
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TABLE XIV

Iimits on narrow width resonance production at W = 4.8 GeV
The upper limits are for inclusive cross sections in nb and
are at the 90% confidence level.

Decay Mode Mass Region (GeV/c)

1.5 - 1.85 1.85 - 2.4 2.4 - k.0
-+ +
K n =« 0.51 0.549 0.19
; b ot
T oW X 0.48 0.38 0.18
o I
K, 0.26 0.27 0.09
o +
L K~ 0.54 0.33 0.09
2t
K n 0.25 0.18 0.08
K: a1 0.57 0.40 | 0.27
+ -
I ¢ 0.13 0.13 0.09

K K 0.23 0.12 0.10
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TABLE XV

Multiplicities generated by the heavy particle
Monte Carlo. The values given should not be construed
as measurements.

Particle Average Multiplicity

Ms = 3.0 GeV s = 4.8 Gev

T or w 1.26 1.48
x° 1. 2.25
1 | .36 64
K, 1, 0, or K° 17 .27
v, P, n, or n . 013 .03

total 5.05 7.05



Detection efficiencies and charged multiplicities
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TABLE XVI

determined by various Monte Carlo simulations and unfolds.

Mode

- All pion Monte

All pion unfold

Heavy particle
Heavy particle

Jet model (o
Jet model (&

Il

1l

Jet model (&
Jet model («

Preliminary data on % ad and R at higher energies
from SIAC-LBL magnetic detector collaboration.
Total Energy

1 Js = 3.0 GeV
€ nch
Carlo .382 3.38
43T 3.56
Monte Carlo . 386 3.32
unfold 6 3.51
1) Monte Carlo . 364 3.20
1) unfold . 420 3.50
-1) Monte Carlo .379 3.09
-1) unfold Iy 3.52

Table 17

W(GeV) naa (™)
5.6 147 £ 2.1
6.0 12.0 + 1.8
6.2 12.7 + 1.9
6.8 10.2 % 1.5
T.4 9.4 + 1.4

5.3
5.0
5.6
5.5
5.9

o+

I+

Vs = 4.8 Gev

€ nch
.558 4.19
.585 4. 39
.562 4. 32
571 4. 38
.533 4.10
.563 4. 34
.587 4,12
.606 4. 26

0.8

0.7
0.8
0.8

0.9
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Figure Captions

Hadron production by e+ - ¢  annihiletion: (a) the general
aiagram; (b) +the one-photon exchange diagram; (¢) the
two-photon exchange diagram.

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

Feynman diagrams for the reactions: (a) et reT o+ T,
e x e SK o+ K ; and (b) et s e —>u+ +u .

The parton model for e+ + e — hadrons.

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

The total cross section, % ad’ as a function of W = ,/s. 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, Ref. 21.

Radiative decay diagram.

Fits to o in p peak region. See text for explanation.

had

(a) Opag VETSUS w; () R= versus W. References

chad Uuu
give in caption of Fig. 6.
(a) The average charged particle multiplicity <'Nch:>ee for
-+ - . .
e + e - hadrons; (b) comparison of <Nch> e with <Nch>
for hadron-hadron collisions. See text for significance of
curves A, B, C. Data from Ref. 21.
+ -
A model for the multiplicity distribution.?“(Néﬁ) for e + e —

hadrons. For a discussion of the dependence of these models on

the data see the text and App. B.



Fig. 12
Fig. 13
Fig. 14
Fig. 15
Fig. 16
Fig. 17
Fig. 18
Fig. 19
Fig. 20
Fig. 21
Fig. 22
Fig. 23

e

Particle fractions for K (open circles) and n (closed
circles); Ref 33.
The single charged particle momentum distribution F(z) versus

z where z = p/p

.l
. F(z) is normalized to /f F(z)dz = 1.
max N

Data from Ref. 21.

(a) {p) for charged particles versus W; (b) < z) = <p/pmax>
for charged particles versus W. Data from Ref. 21.

E dc/dsp for charged particles versus p. Data from Ref. 21.

E do/d3p for charged particles versus p. The lines show

E dc/d3p versus p, for charged pions produced in p-p collisions

at 200 GeV. e - e data from Ref. 34, p-p data from Ref. 36.

(E/pe)(AN/A@) for =, X , and p versus the particle energy.
From Ref. 3k4.

Comparison of one-photon exchange diagrams for (a) e + n-—e +
hadrons and (b) e + e —hadron h + other hadrons.

s (do dz) for charged particles versus z. Data from Ref. 21.

/
had
< Wch) /W, the ratio of the average total charged particle
energy versus the total energy. Data from Ref. 21.

The total cross section for e+ e - hadrons in the region éf
the V.

The total cross section for e+ e — hadrons in the region of
the ¥?*.

Schematic drawing of the amplitude for production of p pairs
in the ¥ region assuming that the ¥ has the same gquantum
nunbers as the photon. AQED is the amplitude for direct pro-

duction of p pairs far below and far above the resonant energy.



Fig. 24
Fig. 25
Fig. 26
Fig. 27
Fig. 28
Fig. 29
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Amin is the amplitude at the point of maximum destructive
interference below the resonant energy.

The ratio of p pair yield to e pair yield in the region of

the ¥ for |cos 6] £ .6. The dashed line gives the expected
ratio for no interference while the solid line gives the
expected ratio for full interference. Radiative and resolution
effects are included.

(a) The angular distribution of electron pairs for the energy
range 3.0944 to 3.096 GeV. The open squares show the result
of subtracting the expected contribution from the direct pro-
duction and scattering of electron pairs. (b) The angular
distribution of muon pairs for the same energy region. The
lines represent 1 + 0032 o.

The front-back asymmetry for u pair production in the region
of the ¥. The asymmetry is defined as the number of positive
muons produced in the direction of the incident positron minus
the number of negative muons produced in the direction of the
incident positron all divided by the number of muon pairs.
Feymman diagrams for (a) +the direct ¥ decay to hadrons, (b). the
¥ decay to hadrons via an intermediate photon, and (¢) the ¥
decay to p pairs.

The invariant mass squared recoiling against four charged pions
at (a) 3 GeV and (b) the v.

The invariant mass of ﬂ+ T no combinations from the decay

+ - 0
¥ - 21t 2x xw . Each event is entered in the plot four times.
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The distribution of missing mass recoiling against all pairs
of oppositely charged particles at the ¥*'.

The distribution of the u+ u- invariant mass for the highest
momentum oppositely charged particle pair from each V' event.

Electron pairs are excluded.

The distribution of n' =  invariant mass from the decay V' —
¢ﬂ+ 7 . The curve shows the product of phase space times the
geometrical acceptance.

A computer reconstruction of the decay V' — Ynw where ¥ —

e+ e  from the SIAC-IBL magnetic detector at SPEAR. The event
is seen in the x-y projection where z is the beam and magnetic
field direction. The closed rectangles represent trigger and
‘shower counters which fired. (For a description of the detector
see Appendix A.)

Quark diagrams for the decays (a) ¢ — 3%, (b) ® —» KK, and

(c) ¥ - Yo .

The relative cross section for e e” - hadrons in 1.88 MeV steps.
The most likely gamma ray transitions in the charm model.

Cross sectional view of the SIAC-IBL magnetic detector at SPEAR.
The positron beam enters from the right and the electron beam

enters from the left.
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The efficiency for the shower counters o fire on cosmic ray
muons as a function of the distance from the center of the
counter.

The apparent efficiency of the shower counters to fire on
hadrons as a function of hadron momentum.

A comparison of the observed momentum spectrum for events with
three or more charged particles detected at 4.8 GeV to the all-
pion model Monte Carlo“simulation;

The efficiency for detecting a hadronic event as a function of
the charged mulitplicity of the event at 3.0 and 4.8 GeV.

A comparison of the observed charge particle multiplicity to
the Monte Carlo simulation and the unfold for the all-pion

model at (a) 3.0 GeV and (b) 4.8 GeV.
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