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INTRODUCTION 

The field of e+e- interactions has provided a great deal of excitement in 

the past few years. 1-9 Primarily, interest has centered around the reaction 
+- ee - hadrons . This reaction is particularly attractive because we believe in 

electromagnetic perturbation theory, which implies that the cross section for 

hadron production is dominated by one photon annihilation of the electron and 

positron. As a consequence of the single photon intermediate state the quantum 

numbers of the hadronic system are well defined, a nearly unique situation in 

hadron physics. The hadronic state must share the spin, parity, and charge 

conjugation assignment of the photon, J PC = I-- . A unique property of e+e- 

physics with a storage ring is that the experiment is performed in the center of 

mass. This means that the total energy and momentum are known as well. A 

particular advantage over pp experiments is that the baryon number is zero, 

resulting in a considerable simplification of the final state. Thus the e+e- sys- 

tem is a particularly convenient probe to study photon-hadron coupling. 

In the first two lectures we shall discuss the total cross section for hadron 

production and scale invariance as applied to e+e- annihilation. The second 

two lectures will concentrate on the narrow Z) resonances at 3.095 and 3.684 

GeV; the general properties as well as specific decay modes will be discussed,, 

Please note that I shall discuss mainly results from SLAC and DESY since Dr. 

Paoluzi will discuss results from Frascati. Also, where possible, reliance 

will be placed upon parallel lectures given by Drs. M. K. Gaillard, Sijding, 

Nachtmann, and Appelquist to develop some subjects more thoroughly than 

these lectures allow. The bibliography is not intended to be exhaustive but 

rather should provide good background material, which in turn will have ref- 

erences for further study. Lastly, these lectures are frankly tutorial and are 

not intended to be a definitive review for specialists. 
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TOTAL CROSS SECTION 

The photon propagator enters into very many forms of physics. The ac- 

curacy which is required for knowledge of the propagator sometimes is beyond 

the lowest order result. The fact that the photon interacts with the rest of the 

world can produce subtle or even dramatic effects on its propagator. The 

coupling between the photon’s interactions and the effect on the propagator may 

be expressed through a dispersion relation. 

D(s) = (l/s)/(l-n(s)) . (1) 

Eq. (1) describes the photon propagator D as a function of s , the square of the 

photon’s four-momentum. The factor l/s describes the lowest order propaga- 

tor, and the factor l/@-II(s)) sums all intermediate states; the imaginary part 

of D is related to the total cross section for e+e- - y - anything: 

Im(D) = - o;r/(47rcr) , (2) 

or Imp) = -fRT(S) , (3) 

where RT(S) =+s)/q(s) , (4) 

and qs) = (4na2/3s)/(l-n(s)) * (5) 

The quantity cm represents the total cross section for e+e- - y - n+I?-, i.e. , 

producing a pair of point-like leptons whose mass is much less than w -& . A 

once-subtracted dispersion relation for IImay be written, taking advantage of 

the fact that II(O) = 0. 

‘tS) = ‘to) - z 
/ 

RT(s’) ds’ 
sf(sT-s-iE) (6) 

We shall refer to the effects of II on D as vacuum polarization corrections 

mainly in connection with the resonances, zjO 10 The effects in principle are 

important to precision tests of Quantum Electrodynamics (QED). 
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Since the pair production of leptons is presumably well understood, a 

quantity of more direct interest than aT is oh, the total cross section for 

hadron production by e+e- annihilation. This is the simplest property of the 

hadronic system we can study, and likewise something which has the best 

chance of being understood theoretically. The most fundamental theoretical 

idea in e+e- - hadrons is that of scaling. 11 This means that oh should behave 

like l/s for large s. Just what “large” means is not quantitatively addressed in 

most theoretical pictures; rather “large” means with respect to any character- 

istic energies or masses in the problem. Stated differently, the quantity R 

R =o/a 
h P 

- 47W2 
ql 3s 

(7) 

(8) 

is expected to approach a constant for large s. The quantity gP is the lowest 
+- 

order electromagnetic cross section for e e - y -p+p- (cf. Eq. (5)); this is 

a convenient reference cross section for the production of point particles. A 

compilation of data from Orsay, Frascati, CEA, and SLAC on oh is shown in 

Figs. 1 and 2. One can see the production of the vector mesons, p , w , and $I, 

in the low energy region followed by a plateau of R - 2.5 extending up to 

w N 3.5 GeV. For the moment we shall ignore the two enormous peaks due to 

the narrow resonances! There is a broad enhancement at w - 4.1 GeV followed 

by another plateau where R N 5. 

There are numerous approaches to the relation R - constant: The simplest 

(although deceptively so) is one of dimensional analysis. This argument says 

that when w is large compared to all masses which may enter, the only unit of 

length remaining is s-$. , thus the cross section must behave like s -1 o The sim- 

plicity of this argument should not be taken too seriously, since historically the 
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physics community was profoundly shocked by the experimental discovery that 

R N 2 about six years ago, because dimensionless form factors were expected 

to drastically reduce the cross section, The dimensional argument has been 

sharpened by Wilson’s 12 operator product expansion indicating that form factors 

are not expected. Somewhat earlier some equally shocking results in deep in- 

elastic electron scattering I3 forced new directions in theoretical thinking. 

These data made clear that there was some kind of scale invariance in photon- 

hadron interactions. One of the most appealing physical pictures which 

emerged is the parton model. 

The parton model constructs hadrons out of point-like constituents. Ex- 

cept for the parton mass, this ansatz is manifestly a scale-invariant theory, 

for the dimensional argument is applicable. The identification of spin l/2 

quarks as partons is an extension which allows a very simple calculation of the 

constant R, viz. 

R =zQ; ; (9) 

that is to say, the total cross section for producing pairs of quarks is Q2cP , 

where Q is the quark charge in units of the positron charge. (It is assumed 

that w is large compared to the quark mass. ) In this picture the photon pair 

produces quarks with the characteristic point-like fermion cross section and 

the quarks eventually dress themselves as normal hadrons which can be ob- 

served. (We shall put aside the question of why the quarks or their end prod- 

ucts do not reach the laboratory carrying their fractional quantum numbers. ) 

An attractive feature of quark models is that they have a reason to exist besides 
+- 

simply explaining e e annihilation. Thus, for various reasons, different 

quark models have been construe ted to solve various problems ; as conse- 

quences they make predictions on R. The original C&R-Mann - Zweig model of 
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three quarks suffered a deficiency of requiring a new type of fermion statistics, 

where up to three fermions could occupy the same state; this had the result 

that a nucleon was made up of three fermions in a symmetric state. The intro- 

duction of a new SU(3) group of “color” has three times as many quarks with 

properties as before but with an extra quantum number of “color;” thus the 

statistical problem was solved. The original Gell-Mann - Zweig model pre- 

dicts R = 2/3 (=4/9 + l/9 + l/9), while the color model predicts R = 3(2/3)=2. 

(This result is not as obvious as it seems because the observed hadrons are 

supposed to be color singlets. ) Another variant of the quark model involves 

the introduction of “charm”. This extra type of quark having a charge of 2/3 

was a useful means of allowing strangeness conserving weak neutral hadronic 

currents such as vp - v + hadrons but forbidding strangeness changing weak 

neutral currents such as K” - p’p-. As with color the known hadrons are 

supposed to be charm singlets. The color-with-charm scheme predicts R = 

10/3. The Han-Nambu color scheme differs from the Gell-Mann color scheme 

by introducing more quarks but having integer rather than fractional charge. 

As a consequence this scheme predicts R = 4. Recently Harari 14 has proposed 

a model consisting of the usual three quarks plus a new antitriplet of “heavy” 

quarks having charges 2/3, 2/3, -l/3; all quarks also have the usual three 

“colors”. In this model R = 2 below threshold for heavy quark production and 

R = 5 above threshold. (Harari’s model was invented to describe the e+e- - 

hadrons data rather than for other reasons. Like the charm scheme, however, 

it permits strangeness conserving neutral currents and prohibits strangeness 

changing neutral currents. ) 

Returning to the data7 shown in Fig. 2, it is clear that a scaling prediction 

of R = 2 is not a good description for the whole range of w > 2.0 GeV, although 
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it is not a bad description of the data for 2.0 < w c 3.5 GeV. However, the 

enhancement at about 4.1 GeV clearly indicates that a new large mass scale is 

important, and R N 2 may or may not be fortuitous. There is a plateau of 

R- 5 which persists above that enhancement up to the maximum energy at 

which data are available, viz. , w = 7.4 GeV. Perhaps there is still hope for a 

scale invariance. The 4.1 GeV enhancement is broad, N 300 MeV, and thus 

is suggestive of normal hadronic resonances. Had the narrow Z# resonances 839 

at 3095 and 3684 MeV not been found this broad enhancement would be merely 

a curiosity like the p’. Given the existence of the Z/J’s one must explore the 

possibility that all three are related, and that perhaps kinematics alone (phase 

space) has distinguished the 4.1 GeV enhancement from the q’s in its width. 

Such would be the case if 4.1 GeV were just above the threshold for producing 

pairs of particles having a new quantum number such as charm. An important 

question is “How does the hadron production at the 4.1 GeV enhancement differ 

from hadron production nearby the enhancement?” At this time we have insuf- 

ficient data to make a definitive statement; this question must await future data 

taking in order to study exclusive channels. 

Much speculation has surrounded the 4.1 GeV enhancement trying to re- 

late it to the two rC, resonances or trying to relate it to the increase in R from 

2.5 to 5. Perhaps 4.1 GeV is the threshold for production of pairs of 

“charmed” particles; since charmed particles are expected to be long-lived, 

one might expect to find such states by studying various invariant mass com- 

binations , especially those involving strange particles. Using our large block 

of data at w = 4.8 GeV we have searched 15 for such states: For lack of any 

convincing signal (see Fig. 3) we have set upper limits for inclusive production 

of charmed states. These limits are shown in Table I. The list of decay 
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modes does not, of course, exhaust all possibilities. In particular,modes 

with more than three particles become difficult to study by this technique be- 

cause the combinatorial problem becomes formidable. (We cannot use time- 

of-flight particle identification because it severely limits the range of masses 

one can successfully search. The n-K separation is limited to momenta less 

than 700 MeV/c. ) In addition, it may be that “charmed” mesons preferentially 

decay with a missing neutral either by hadronic or semileptonic decays. 

It may be that some of the increase in R above 4 GeV is due to production 

of heavy leptons, which subsequently decay into multibody states. A single 

pair of such leptons would contribute less than 1 to R, however, since they 

should be produced with the same cross section as p pairs. Thus it seems un- 

likely that this is a good explanation for the entire increase in R. 

Finally, the opening of a new degree of freedom may be reflected in an in- 

crease in the charged multiplicity: Fig. 4 shows the corrected charged multi- 

plicity as a function of w, It rises gradually from about 3.3 at w = 2.5 to about 

4.9 at w = 7.4. This variation is consistent with many models of e+e- - 

hadrons. Incidentally, the charged multiplicity is similar to the annihilation 

part of pIj - pions. 
16 

In the recent past the assumption of single photon exchange has been ques- 

tioned 17 and a two-photon process proposed to explain the large value of R. 

Physically the process is shown in Fig. 5, where the e+ and e- each emit a 

photon; these in turn collide to produce hadrons. Even though such a process 

is higher order in a! there are log2 terms which tend to compensate the extra 

power of Q. Such a possibility considerably confuses the interpretation of an 

experiment on e+e- - hadrons because the final state electrons of the two- 

photon process will generally escape detection. Measurements made at 
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w = 4.8 GeV where a small fraction of those electrons are detected indicate 

that with the criteria used to define the hadronic events such a process does 
+- 

not seriously contaminate the measurement of e e - hadrons. In the next 

lecture we shall discuss evidence against this contamination at w = 7.4 GeV. 
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SPEAR DETECTOR 

Let me digress for a while into some experimental details because some 

fundamental facts are required to put the experiments into perspective. As an 

illustrative case, SPEAR and the magnetic detector in use there will be dis- 

cussed. 

An artist’s view of the detector is shown in Fig. 6. The detector consists 

of a large solenoidal magnet whose field is parallel to the e+e- beam direction. 

The interaction region is surrounded by a set of cylindrical spark chambers 

disposed at radii between 65 and 135 cm from the interaction point. These 

spark chambers allow track reconstruction over the range of polar angle 

- 0.7 < cos (e) < 0.7. Outside the spark chambers is a set of scintillation 

counters used as part of the trigger as well as for measuring time of flight for 

final state particles. In addition, but outside the magnet coil, there is a set of 

“shower” counters which also are a part of the trigger; these counters are 

sensitive to minimum ionizing particles but are also useful for identification of 

electrons or photons. These counters subtend the polar angle range 

- 0.65 < cos (0 ) < 0.65. 

The most important lesson to be learned from this description of the ap- 

paratus is that the event selection is biased: First, the trigger requires at 

least two charged particles having momenta > 200 MeV/c to record the event 

at all. This requirement was necessary in order to reduce the background 

rates to tolerable levels. Thus the apparatus is insensitive to final states con- 

sisting entirely of neutral particles; this is not so serious a shortcoming as it 

appears at first sight because a state of all no’s is excluded by charge con- 

jugation if the one photon approximation is applicable. Secondly, the trigger 

only covers about 65% of the total solid angle. Thirdly, event identification 
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can also introduce bias and thus the need for corrections. The identification 

of an e+e- pair in the final state uses the energy deposited in the shower 

counters and the topology of a two-body final state, viz. , the two particles 

must be nearly collinear. A pair of muons in the final state differs from an 

electron pair only by virtue of the energy deposited in the shower counters. 

(Thus we cannot exclude the possibility of two-body hadronic final states being 

included in this sample. Such a contamination, however, is expected to be 

very small. During part of the running the information from the muon 

chambers was available and more direct muon identification was possible. ) 

The hadron sample must exclude these QED processes; a hadron event is de- 

fined as one having three or more charged particles or, if there be two, their 

momenta must exceed 300 MeV/c and the plane formed by them must not con- 

tain the beam line. (The momentum cut reduces the background due to w re- 
+- 

actions and the coplanarity cut excludes e e - e+e- y, which produces a- 

collinear e pairs. ) Thus in the end one must compensate for the bias intro- 

duced by the trigger requirement and the event selection. This estimation of 

event losses is always model-dependent to some extent, and the larger the 

correction, the larger the uncertainty in the final answer due to this model- 

dependence. One must perform as many checks as possible on the model to 

assure that it accurately reflects the data. The net uncertainty is about 10 to 

15% for the overall detection efficiency, which itself ranges from 0.4 to 0. 7 as 

w ranges from 2.4 to 7.4 GeV. 
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INCLUSIVE SPECTRA AND SCALING 

Let us now turn to the subject of single particle inclusive spectra, 

e+e- - h + anything (10) 

where “h” is any hadron. If “h” is an antiproton this reaction is the 

complete analog of the deep inelastic electron scattering experiments in the 

annihilation region rather than the scattering region. Assuming the one- 

photon exchange approximation and that the beams are unpolarized we can 

write the most general form for the cross section for reaction (10). 

do= 
dxd Q 

where X = 2ph.q/s = 2Eh/w , 

and 8 is the angle between the outgoing hadron and the incident positron, 

q is the four-momentum of the photon, and ph and Eh are respectively the 

momentum and energy of the detected hadron; /3 is the velocity of the hadron. 

This particular decomposition is convenient because all possible physics ob- 

tainable from such a set of measurements about the hadronic system is con- 

tained in the two structure functions W1 and W. , which respectively describe 

helicity 1 and helicity 0 final states. For deep inelastic electron scattering a 

completely analogous decomposition of the cross section into two structure 

functions exists, where s is replaced by -q2 in the definition of x, and E h cor- 

responds to the target proton, rather than an exiting particle. The major re- 

sult of deep inelastic electron scattering was that the structure functions are 

really only functions of x rather than x and s. This is the manifestation of 

scaling. The similarity between e-p - e- + anything and e+e- - h + anything 
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is schematized in Fig. 7. The two reactions are related by crossing. (Be- 

ware, this is not to say that the structure functions are necessarily simply re- 

lated. ) The fundamental idea that the structure functions in both the space-like 

and time-like region are functions only of x is appealing, if not rigorously es- 

tablished theoretically. Carrying the same ideas to annihilation, the hypothesis 

that Wl and W. depend only on x means that s da/dx depends only on x, in the 

limit p - 1. Fig. 8 shows data 18 fromSPEARatw =3.0, 3.8, and4.8 CeV 

for s da/dx. (Higher energy data have not yet been adequately analyzed for this 

test. ) It is clear that as a whole the data disagree strongly with the scaling 

hypothesis o Note, however, that the data from the three energies overlap well 

for x > 0.5, i.e., scaling works at high x. That scaling fails in this plot should 

be no surprise, having seen that ah itself does not exhibit the expected scaling 

behavior : Recall that 

- (s)dx = <Nch>ah (12) 

(each charged particle of an event contributes to the plot of s do/dx). If R is 

constant (i.e. , s oh is constant) and s da/dx is independent of s, then the inte- 

gral of s do/dx det.ermines < Nch>O (Note that while formally the lower limit of 

integration is x = 0, in reality masses prevent particles from reaching x = 0; 

thus in the scaling model the s-dependence of < Nch> is allowed even though 

s da/dx is independent of so Furthermore some s-dependence is expected in 

s do/dx in the region where p is not near one. ) Since R changes by a factor of 

2 over the range 3.0 < w < 4.8 CeV and < Nch > changes only slightly, we must 

conclude that s da/dx should not scale. Conversely, for w > 4.8 CeV we should 

not be surprised to see scaling obtain in s do/dx since R is roughly constant and 

< NC,> is changing slowly. We must await the data to confirm this suggestion. 
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Another interesting way to look at the inclusive spectra is to plot 

da/d(invariant phase space) = do/(d3p/E). Fig. 9 shows the data at 3.0, 3.8, 

and 4.8 CeV. Curiously, this plot appears to be universal curve, independent 

of s. Superposed upon the SPEAR data are lines representing the shape of the 

invariant cross section for pp - R + anything at 90’ c. m. from Cronin et al. 19 

at 200 CeV. It is curious that the slope of the pp data is so similar to the e+e- 

data. Whether the relation will persist at higher e+e- energies will be inter- 

esting because such universality is ideally suited to statistical models. Except 

for the singular case s da/dx =x -3 it is not possible for both s do/dx and 

do/(d3p/E) to be independent of s. It is difficult to take the special case 

s da/dx =x -3 too seriously because it predicts a relatively large yield at x = 1. 

This would conflict with deep inelastic scattering data which span the region 

x > 1 but approach zero as (x-lg, where p is a power. While it is true that as 

a general case one cannot analytically continue the structure functions from the 

space-like region to the time-like region, various specific models have been 

made to es timate the time-like structure functions from the space-like strut - 

ture functions o In all cases there is continuity across x = 1. The scaling of the 

invariant cross section and of the structure functions are quite different de- 

scriptions of nature. Thus at least one of these two kinds of scale invariance 

will probably fail at higher energy. 

The relative yields of particles is another interesting number for various 

models 0 Fig. 10 shows the invariant cross section for Z, K, and p production 

at 4.8 CieV, It is interesting that all three kinds of particles appear to lie on a 

universal curve. That is to say that the number of particles produced at any 

given energy (not momentum) is roughly independent of the type of particle. A 

different question is how the relative fraction of charged particles which are 
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kaons varies with s. The suggestion of the opening of “charmed” channels 

above 4.1 CeV also suggests that there be a larger fraction of kaons above that 

threshold. Figure 11 shows that fraction as a function of momentum for 

w = 3.0 and 4.8 CeV. Clearly there is no dramatic change in the spectrum of 

events having kaons of momentum less than 700 MeV/c as the energy crosses 

this threshold. (Experimentally the identification of kaons at higher momenta 

becomes prohibitively difficult. ) We shall return to discuss the kaon yield at 

the resonances later. The featureless behavior of the nonresonant K produc- 

tion presents a challenge to models of the step in R. 

Let us return to the discussion of the structure functions of Eq. (11). 

Since those two functions contain all possible physics obtainable from the 

single particle inclusive experiment, we should like to separate the two. In 

principle this is possible because of the different angular dependence: WI 

goes with 1 + cos2(0 ) and W. goes with 1 - cos2(0)- In practice this is not 

easy with finite statistical samples in a limited angular coverage detec- 

tor. One can ask if any additional information may be obtained if the e+ and 

e- beams are polarized. The answer is yes, but for a surprising reason: 

There is no new physical information available but the gain is instrumental. 

To see this let me describe an elegant theorem due to J. D. Bjorken: Under 

the assumption of the single photon intermediate state the cross section for any 

specified final state f, no matter how complicated, for completely polarized 

beams may be calculated analytically from the unpolarized cross section. 

(Thus no new physics! ) The algorithm is simple: Suppose the e+ and e- 

beams travel along the z-axis in the unpolarized case and one knows the ana- 

lytical form for the cross section to find state f, of(z). Then the case where 

the beams are completely polarized vertically, along the y-axis, may be 
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calculated by adding to cf (z) the cross section when the beam direction is along 

the x-axis and subtracting the cross section for y-axis beam direction: 

cf (polarized) = uf (z) + af (x) - af (y) . (13) 

The result for an arbitrary polarization for each beam P is now easily obtained 

crf (P) = (1 - P2) gf (unpolarized) + P2 af (polarized) . (14) 

As an example, applying Eq. (13) and (14) to (11)) we obtain 

sin20cos 2~ (15) 1 
Thus by measuring the azimuthal distribution and the beam polarization, one 

measures the difference between W1 and Wo. (Stated differently, this measure- 

ment determines the ratio (W1 - Wo)/(W1 + Wo). ) As a result, one can accurately 

calculate the entire cos 8 distribution from this knowledge even though one has 

limited cos 8 coverage. Some very recent results from SPEAR are shown in 

Fig. 12, where the azimuthal distribution of all hadrons having x > 0.3 are 

plotted at two different beam energies. The data taken at 6.18 GeV were taken 

on a spin depolarizing resonance where no polarization effects are expected, 

while the data at 7.38 GeV were taken where normal beam polarization could 

take place. The azimuthal non-uniformity in the latter case is quite striking 

and promises to be a very powerful tool in measuring angular distributions and 

separating form factors. It might also be noted that the amount of non-uniformity 

of the azimuthal distribution is quite compatible with the expected beam polar- 

ization. Furthermore, the observation of polarization effects speaks strongly 

in favor of the single photon intermediate state hypothesis, at least for those 

high energy prongs. 
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It is perhaps worthwhile to briefly discuss the process of beam polarization, 

since such effects are important. The emission of synchrotron radiation by the 

electron beams, in the absence of other depolarization effects, results in polar- 

ization of the beams parallel to the magnetic guide field. 20 The electrons and 

positrons are polarized in opposite directions. Although the question of what 

energies should produce beam polarization is complex, it is easy to see why 

w = 6.18 GeV should not have beam polarization. Recall that the spin of an 

electron precesses with respect to the orbit 1/ = i $ :I$?? = (E/me) (g - 2)/2 times 

the orbit frequency. Thus if the orbit frequency and the spin precession fre- 

quency are commensurate, slight field perturbations act coherently upon the 

spin resulting in depolarization. The width of such a resonance is also com- 

plicated, but it is at least as wide as the beam resolution, m 0.1%. In principle, 

one could imagine an ultimate calibration of the storage ring against g - 2 of 

the electron. 
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$ RESONANCES (GENERAL) 

The world of e+e- physics took a sharp turn with the discovery of the two 

resonances, JI (3095)8’ 21 and $ (3684). 9 Figures 13 and 14 summarize the 

cross sections for e+e- -) hadrons, /J+P-, and e+e- near the two resonances. 

Important qualitative features of Fig. 13 and 14 are the magnitudes of the had- 

ronic cross section compared to the baseline (which was itself l’yesterdayfs” 

excitement), and widths which are consistent with the energy resolution alone. 

The effect in both the lepton channels is dramatic for the $ (3095) but much less 

so for the $ (3684). This means that the branching ratio of $ (3684) to leptons is 

substantially smaller than for J, (3095). Even so, the effect on the lepton rate 

compared to the QED rate is quite significant; thus the vacuum polarization 

effects discussed in the first lecture become large at the resonances (assuming 

no direct lepton coupling). The skewed shape of the curves is mostly due to 

radiative effects which spread the beam energy asymmetrically. As we shall 

soon see, the widths of these resonances, respectively 69 and 228 keV, are far 

narrower than the energy resolution of the storage ring, which is of the order 

of 1.1 to 1.5 MeV. 22 The high masses alone are exciting, but the great ex- 

citement stems from the very small widths. The widths suggest that either 

the decays are not hadronic, or some new quantum number dramatically re- 

tards the usual hadronic decays. Generally speaking, hadronic decay widths 

are of the order of 10 to 100 MeV. A notable exception to this guide is $ +K+K-, 

but this mode is severely inhibited by phase space. First-order electromag- 

netic decays have widths of the order of 0.1 to 1 MeV, and second-order electro- 

magnetic widths are of the order of a few keV. As we shall see, the $ ‘s share 

the quantum numbers of the photon pc = 1--, but photon coupling alone through 

second-order electromagnetic effects (i. e. , vacuum polarization) cannot account 

for a large fraction of hadronic final states. 
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As soon as the resonances were discovered the charm and color models 

were actively reexamined, 23-25 since they are logical possibilities for a new 

quantum number preventing decays to ordinary hadrons. Noting that the re- 

quired coupling to e+e- was of the order of magnitude for weak interactions, it 

was also suggested that the weak vector boson had been found (in spite of the 

rather low mass compared to expectations). Now, as much more information 

is available, the charm model shows much more promise than the others, but 

it too has difficulties. 

In the charm model the two resonances are viewed as pure charmed quark 

pairs, CC, and the decay to hadrons should be strong but inhibited by Zweig’s 

rule. This empirical rule says that two ends of the same quark line cannot 

belong to the same hadron. This means that no disconnected graphs are al- 

lowed. The decay of the C$ to hadrons proceeds mainly through KI? states be- 

cause @ consists of a nearly pure ss state; the decay rate would be much less 

if the strange particle states were not kinematically accessible. Thus for the 

z,!J’s the model supposes that these resonances are below threshold for charmed 

meson pair production and the 4.1 GeV enhancement fits into the same scheme 

if it is above the threshold for charmed meson pairs. The charm model pre- 

dicts a large number of possible cc states, however not all are expected to be 

narrow, and not all are natural parity vector states. 

The study of the general properties of the resonances such as the decay 

widths, spin, and parity is a nice exercise in quantum mechanics. 26 Let us 

begin by recalling some nuclear physics. A general description for the cross 

section for e+e- - zj - f, where f is any final state, is the Breit-Wigner for- 

mula, 
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n(2J+l) rerf 
u,(w) = s 

(w-m)2 + r2/4 
(16) 

where J is the spin of the resonance, m is its mass, and I? is its total width. 

The quantities re and If are respectively the partial widths of the resonance to 

electron pairs and the final state f. This formula is mainly an expression of 

unitarity and time reversal invariance. Because the experimental resolution 

is large compared to I’, a,@) behaves nearly like a delta function and the ex- 

periment is mainly sensitive only to the integral of af(w) 

I 

27r2 rerf cf(w)dw =-- 
m2 r l 

(17) 

We shall see that the $ resonances interfere with photons and therefore have 

J PC = 1--; one can then fit the excitation curves of Figs. 13 and 14 to obtain 

rep r , To do this 
P 

and lYh for the electron, muon, and hadron partial widths. 

we must also assume that the total width I? = Fe + IP + IhO Intuitively one can 

see how to extract re and the branching ratios into hadrons, muons, and elec- 

trons simply by comparing the integrated cross sections for the three chan- 

nels. The sum of the three directly determines Ie alone. Then the ratios of 

the three channel integrals to the sum determines the branching ratios. (Nat- 

urally to obtain the integrals one must subtract the nonresonant backgrounds. ) 

Statistically one can do better by making a simultaneous fit to the three distri- 

butions, fitting m, Fe, l? , 
I-L 

rh, the background hadron cross section, and the 

beam resolution. (The QED cross sections are fixed. ) The fitting must take 

into account the interference of the Breit-Wigner amplitude with the non- 

resonant amplitude. For the lepton channels this process is well understood; 

the relative phases can be seen by use of the dispersion integrals discussed in 

the first lecture if there is no direct lepton-+ coupling, but only via a photon; 
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the phases, however, are more general than this argument indicates. A way 

to see the phases is to refer to Fig. 15, which is an Argand plot for the sum 

of the QED amplitude and the Breit-Wigner resonance amplitude. The QED 

amplitude is real and negative; p-e universality plus causality fix the direction 

of travel around the resonance. Thus the relative phases of the two amplitudes 

are fixed, and the sign of interference effects is unambiguously fixed., The 

hadron channel is not clear because direct hadron-+ coupling will be shown to 

be important in channels which do not significantly couple to the photon; thus 

there are channels which may contribute incoherently; fortunately the final 

answer is almost independent of such interference in the hadron channel. (The 

mechanics of the fitting also involves a number of details regarding the in- 

trinsic beam resolution and radiative effects; these details do not interest us 

here. ) The results of such fits to data for both resonances are shown in Table 

II. 

It is interesting to compare some of the properties of the well-known vec- 

tor mesons (as of a year ago) with the two new ones which have been added. 

Table III shows the mass, the total width, the partial width to electrons, and 

the coupling constant f, where f is related to Fe by 

47r02 m 
re =-- 3 f2 

(18) 

In addition to the $(3095) and $(3684) the 4.1 GeV enhancement has also been 

included, although the case for its being a vector meson is not proven. (Of 

course the suspicion is strong since we believe that it results from single 

photon e+e- annihilation. ) Even though the total widths span over three orders 

of magnitude, their partial widths to electrons do not span a factor of 10. The 

SU(3) prediction for the relative magnitudes of the coupling constants for p, 
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w, and $ is known to work fairly well, viz. , f -2 p : fW2w :f-2$=9:1:2. 

The extension of this prediction to a cc model says 23 f-2 p : f-20 : f-2ql : 

f-2111(3095) = 9 : 1 : 2 : 8 . In the color mode124 the zJ(3684) is also predicted 

and fm2p : fV2w : fW2$ : f-2$(3O95) : fm2$(3684) = 9 : 1 : 2 : 8 : 4 0 As can be 

seen from the table the relative magnitude of $(3095) and $(3684) is roughly 

correct, but the coupling of the two does not match well with the other vector 

mesons, Perhaps one should not be too concerned by this failure because the 

mass differences are so large. It has been pointed out 27 that this SU(3) rela- 

tion works better for re than for (f2/4n)-l; perhaps this is the preferred com- 

parison. 

It is easy to see that the decay of the resonances to hadrons cannot all be 

due to vacuum polarization effects. If this were so, and there are no direct 

couplings of p pairs to the resonance, then the enhancement of the p pair rate 

over QED at the resonance is a direct measurement of those second order 

electromagnetic effects; defining Bh = Fh/F, etc. , 

~(resonant) = BP (reson~t)rh(nonresonant)/rp (nOnreSOnant) . (19) 

For $(3095) this relation predicts Bh = 0.17 f 0.03 while the branching ratio is 

0.86 f 0.02. For the +(3684) the numbers are Bh = 0.029 f 0.004 vs. 

0.981 f 0.003. Clearly the vacuum polarization enhancement is only a small 

part of the total width and therefore the decays to hadrons must be direct. 

One clear prediction of the charm model is that besides the two low-lying 

states of relative angular momentum L = 0,2 there are other vector states in- 

volving radial excitations. This argument notwithstanding, it is an obvious 

experiment to see if there be any other narrow resonances which couple to 

+ -* Such experiments were carried out at SLAC28 and Frascati, 29 ee but no 

new narrow resonances have been found. Figure 16 shows data from the SLAC 
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experiment which covered the range 3.2 < w < 5.9 CeV. Later data, not 

shown, extended this search up to 7.6 CeV. Table IV shows the upper limits 

which are placed on the integrated cross sections from the SLAC data. 

In the analysis of Fe, etc. , we have assumed spin 1 for the q’s, promising 

to justify this assumption. Before doing so let us briefly examine the implica- 

tions of J # 1. The “law of least amazement” says that e+e- must couple to 

one photon and thus the e’s must share the quantum numbers of the photon. 

Another possibility is that the q’s are the result of two photon annihilation. 

This is not very attractive and the value of IYe is the right order of magnitude 

for a single photon coupling like the vector mesons. Perhaps e+e- could couple 

through weak interactions, but not through the usual V-A mixture or for that 

matter, any mixture of V and A. The hypothesis of weak interaction coupling 

is attractive since the magnitude of re of few keV is about right, but we shall 

see that there is little else to support this conjecture. The last possibility is 

the discovery of a new force in elementary particle physics. 

The establishment of the J PC assignment for the two resonances rests 

upon study of the lepton channels. Primary evidence comes from interference 

between the resonant amplitude and the QED amplitude. For the purpose of 

minimizing systematic errors due to normalization, the ratio of p pair yield 

to e pair yield is shown in Fig. 17 for each resonance. Interference effects in 

the e+e- channel are small compared to the p’p- channel because the e+e- QED 

amplitude is dominated by space-like photon exchange. Likewise the sign of 

the interference in the electron channel integrated over the detector is opposite 

that of the 1-1 pairs. Figure 17 shows fits with and without interference effects 

included: For both resonances the interference fits are quite acceptable while 

the no interference fits are incompatible by 2.7 and 4.9 standard deviations, 
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respectively. Assuming conservation of P and C, the observation of this in- 

terference implies that the resonances must have the same quantum numbers 

as the photon, via. J PC = 1--. (Strictly speaking the conclusion requires 

more justification because the detector does not cover the full solid angle; 

thus different J states are not orthogonal. Spin 0 can show no interference, 

but spins 2 and 3 can show interference, but the sign is opposite that of J = 1 

when integrated over lcos 0 I < 0.6. Spins higher than 3 will show no signifi- 

cant interference. The symmetries of the detector make the orthogonality of 

different P and C states persist in spite of limited solid angle., ) Confirmatory 

evidence for the spin assignment comes from the angular distributions of the 

leptonic decays of the resonance. Data from SLAC are shown in Figs. 18 and 

19. A J = 1 state is expected to result in an angular distribution of 

1 + cos2(0); the data from this experiment and from DESY3’ are consistent 

with this hypothesis, although not compelling., (Technically, a spin 2 state can 

exactly reproduce 1 + cos2(0) and a spin 3 state can well approximate that 

distribution over the range of cos 8 measured if both helicity states 0 and 1 

are available o Conservation of CP, 31 however, forbids helicity 0 states for 

J = 2. ) Having established the existence of an interference effect one can use 

the angular distributions to turn the argument the other way and obtain a test 

of the relative sign of the p-e coupling to the resonances. The observation of 

interference with QED implies that a major part of the lepton coupling must be 

through helicity one states. Such states have angular distributions for spins 2 

and 3 which are completely incompatible with the observations. Thus we can 

exclude the possibilities of J = 2 or 3 with opposite sign e+ and p-$ coupling. 

The assignment J = 1 immediately excludes the suggestion that the +‘s are 

Higgs scalars 0 
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Additional information is available from DESY, where the channel 

e+e- - 33/ was sought; 32 they found an upper limit of 3.4 x low3 for the 

branching ratio in this mode. This decay mode is strictly forbidden for a 

spin 1 state. To see this, observe that a two real photon final state can only 

have helicities -2, 0, +2, while a spin 1 state can only contribute to helicity 

states -1, 0, +l. The only overlap is a helicity = 0 state; this state, however, 

is antisymmetric for J = 1, which violates the requirement of Bose-Einstein 

statistics. 

The asymmetries of the angular distributions shown in Fig. 20 allow tests 

of parity conservation. An admixture of positive parity will interfere with the 

negative parity amplitude resulting in an angular asymmetry at the resonance. 

For both resonances the asymmetries are consistent with zero throughout. 

(Radiative corrections imply that an asymmetry of the order of 2% should be 

observed; the data have not been corrected for this effect. ) Thus we conclude 

that the resonances are rather pure states of negative parity. The purity of 

the parity of the $‘s strongly argues against the suggestion that they be weak 

vector bosons, since those would be expected to have V-A coupling, which is 

the strongest possible parity violation. 

An interesting question is whether the decay of the tj has a larger number 

of K’s than the nonresonant hadron production, Figure 21 shows the fraction 

of charged particles identified by time of flight which are r, K, and p, re- 

spectively, as a function of momentum. This figure should be compared with 

Fig. 11 for the equivalent plot near the resonance. There is no dramatic dif- 

ference between $(3095) and w = 3.0 GeV, although there is perhaps a small 

excess at w = 3.0 compared to $(3095). The equivalent plot for $(3684) is not 

given because it would be heavily contaminated by the large fraction of 

$(3684) - $(3095) + anything decays, 
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$ RESONANCES (SPECIFIC CHANNELS) 

As with all studies of resonances the details of the decay modes which are 

seen and which are not seen give valuable information. Such a study turned up 

some surprising differences between the +(3095) and the $(3684). 

Let us begin with the decay modes of the $(3095). This has proven to be a 

rich field where many channels have been isolated, allowing determination of 

the G parity and exploration of the SU(3) structure. The most obvious channels 

to study are all pion states; these are easily treated and are copious. Clear 

signals are seen in the states of 3, 4, 5, 6, 7, and 9 pions , while DESY 33 has 

presented an upper limit for 2 pions. Table V summarizes the branching 

ratios of these modes. Clearly those states having an odd number of pions are 

favored. What is not immediately clear is just how strongly they are favored. 

Indeed the branching ratios into an even number of pions can be completely ac- 

counted for by second order electromagnetic effects. To see this it is con- 

venient to study the ratios of the hadron cross section to the measured p pair 

cross section both on and off the resonance; these are analogous to RTof Eq. (4). 

Define 

o! = Ron’Roff (20) 

as the ratio of these two ratios respectively on the resonance and off at w = 

3. 0 GeV; this ratio should be unity for any decay mode proceeding entirely 

through electromagnetic decay; conversely a! will exceed unity for direct decays 

to hadr ons 0 Figure 22 shows such a comparison for 3, 4,. . 0 ,7 pion states. 

Clearly the odd number of pion states are incompatible with purely electro- 

magnetic decays, while the even pion states are well explained by such vacuum 

polarization effects. Off resonance the odd number of pion states are scarce, 

resulting in the error bars which go up off the page; the limits shown are 



- 27 - 

conservative. Figure 23 shows missing mass spectra for the hypothesis of 

four charged pions seen at w = 3.0 GeV and at the $(3095). The signal in 

27r+2a-no for the resonance is dramatic, but there is no clear signal at 

w = 3.0 GeV. The purity of the G parity selection is striking and argues that 

the +(3095) decay is hadronic, since strong interactions are the only ones known 

to conserve G parity. We can now conclude that the G parity of the Ji(3095) must 

be -1. This fact implies that the isospin of #(3095) must be even, since 

G = C(-1)‘. 

We have three pieces of evidence indicating that I = 0: 

(1) The three pion state is dominantly px. Figure 24 shows the Dalitz plot 

for the three pion state; there are three distinct bands corresponding to p+, p- , 

and p ‘. The branching ratios into the three states are roughly equal, and 

B(p’n’)/(B(pfn-) + B(p-r+)) = 0.59 f 0.17. An isospin zero state should pro- 

duce the relative branching ratios B(p”so) : B(p+r-) : B(p-7r+) of 1 : 1 : 1 while 

an isospin 2 state should have 4 : 1 : 1, Thus I = 0 is clearly favored. 

(2) Both DESY33 and SPEAR have observed +(3095) - pp. Figure 25 shows 

the reconstructed mass of each of a pair of particles obtained from kinematics 

alone; a clear proton signal is seen. By comparison with data taken away from 

the resonance (at w = 3.0 GeV where no events are observed) we know that 

these decays are not due to a vacuum polarization enhancement. Since a pp 

state can only be I = 0 or 1, we must select I = 0. 

(3) We have also seen z/(3095) - Ax. Figure 26 shows the momentum of 

the A vs. that of the ii; there is a clear cluster at 1.07 GeV/c, which is correct 

for A pair production. Such an observation selects I = 0. 

Returning to Fig. 22 we observe a bonus. We can turn the argument around 

and say that since the 4 and 6 pion events are really consistent with vacuum 
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polarization enhancement, then this is evidence that the lepton pairs must 

couple through a photon rather than having some direct interaction with the #. 

Since the question of radiative decays is so crucial to the color model it is 

important that the observation of n(r’r-fi” states be clearly distinguished from 

n(7r+7r-)y states. The technique used distinguishes the 7r” only by missing mass 

and is subject to some uncertainty. Assuming the 7r” hypothesis, however, 

gives a clear p signal in the three pion state. (Cf. Table V. ) Likewise clear p 

and w signals are seen in the five pion state; thus it seems unlikely that the r” 

could be a y in disguise. 

The study of other decay modes provides additional information on the 

SU(3) structure of the $(3095). In particular a cc state would be a SU(3) 

singlet and should not decay into a pair of pseudoscalar mesons. DESY33 has 

established an upper limit of the branching ratios B@+n-) < 3.2 X 10 
-4 and 

B(K+K-) < 5.8 X 10 -4 (using the SPEAR value of B(u+p-)). SPEAR data set an 

upper limit on B(KsKL) < 2 X 10 -4 . Similar arguments based on an extended 

charge conjugation 34 say that K*E* is forbidden; limits have been set which 

are significantly below the observed rates for KE* states, which are allowed, 

and should offer a characteristic scale against which to compare the upper 

limits. Another prediction is that an SU(3) singlet should have the same decay 

rate into p”no as K°K*‘(892). This prediction fails by about a factor of three 

so the picture is not perfect. 

The search for radiative decays can give some evidence for nearby states 

of even C. DESY has established a limit on $(3095) - y X0, where the mass of 

the X0 exceeds 2.6 GeV, viz. , B($ - yX”)B(Xo - n/) < 0.02 (using the SLAC 

value of B(ee)). 
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An obvious question is “How large a fraction of the $ decays can be clearly 

ret ons true ted as exclusive channels ?” From Table V we have 14% for the lep- 

tonic decays , 17% for the second order electromagnetic hadronic states, 10% 

for direct pion decays, and about 3% for miscellaneous other states., Isospin 

arguments sugges t34 the multipion decays involving more than one neutral are 

15%. This total is about 60% The rest must consist of complicated states 

which do not satisfy the selection criteria our simple minds can make. 35 

The decays of the $(3684) have proven to be quite different in character 

from the #(3095). Table VI shows the known modes. Apart from the leptonic 

mode, which has already been discussed, and an expected vacuum polarization 

enhancement, the only measured decay of the $(3684) involves a cascade to the 

+(3095). Fig. 27 shows a pretty example of q(3684) - +(3095) r’+n-, where the 

+(3095) decays into two electrons. The mode $(3684) - $(3095) =+r- suggests 

that the $(3684) should also have negative G parity. The total cascade rate, 

$(3684) - $(3095) + anything suggests that the #(3684) is I = 0 because a dipion 

state of I = 0 should have twice the rate for 7rIT+r- as nor0 (which are not directly 

observed in our experiment). The small amount not so accounted may be 

explained by the observation of $(3684) - $(3095)n , which again confirms I = 0. 

Hilger et al. 36 report a value for B(q(3684) - $(3095)n0n0) which is in agree- 

ment. 

I had intended to discuss limits on monoenergetic gamma ray production as 

tests for intermediate states as predicted in the charm model, As we have 

learned two days ago from Professor Swing’s announcement of the discovery at 

DESY37 of an intermediate state having y coupling to both $(3684) and +(3095), 

any discussion of upper limits on such processes is hopelessly obsolete. The 

study of these states will be a rapidly expanding field. 38 
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It is interesting to see how different the q(3095) and +(3684) are in their 

exclusive channel decay. As we have seen, the three pion mode of $(3095) is a 

strong signal and it is dominated by pr. Figure 28 shows the distribution of 

total energy reconstructed for two prong events under the hypothesis that the 

missing momentum is taken by a TO. For the +(3095) there is a clear peak at 

the resonance energy where such events should appear. The remainder of the 

events represent more missing particles. For the $(3684), however, the char- 

acter is quite different. There is hardly a suggestion of a peak at the resonance 

energy : the pn branching ratio is dramatically smaller than for $(3095), with 

an upper limit of 0.1%. 

The four prong events are equally dramatic in this disparity. Figure 29 

shows the missing momentum vs. the observed energy assuming that the four 

charged particles having total charge = 0 are pions. For $(3095) there are 

three clear clusters along the line of zero missing momentum; these corre- 

spond to 27~+27r-, and n+r-K+K- and ?rfir-pp, where in the latter cases the 

wrong mass hypothesis causes the energy to be less than the $ mass. There is 

a clear band extending up from the 27r+27~- cluster corresponding to 27rf27r-7r0. 

The decay of +(3684) is quite different. (Cf. Fig. 29 b-d. ) In fact, once the 

$(3684) - $(3095) 71’~~ cascade decays are removed there is hardly any clus- 

tering anywhere. Understanding the difference between $(3095) and $(3684) 

decays may be a valuable step in understanding their nature. 

The above arguments for the $(3684) apply equally well to modes if a no is 

replaced by a y, since the kinematics are nearly the same. Thus these results 

plus the limits on 7r”y or n y decays from DESY 39 place severe constraints 

upon color models, which strongly favor radiative decays. 

As with the $(3095) one can ask what fraction of the total width we can 
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clearly reconstruct for the $(3684). The leptonic modes are 20/c, vacuum po- 

larization enhancement is 3% and the cascade decay is 57%. Again one reaches 

about 60% for the total. 40 The character of what we do see, however, is quite 

different. Besides the cascade the only normal hadronic decays seen are com- 

patible with just vacuum polarization enhancement. Thus there may be some 

new dynamical principle yet to be discovered which will explain this anomaly. 

CONCLUSION 

Our understanding of e+e- annihilation has grown dramatically in the past 

two years although many new questions have also arisen. We have seen that 

scaling in the total hadronic cross section has gone through two stages: There 

is a plateau between 2.0 and 3.5 GeV where the ideas of scaling seem to work, 

but a new scale of energy becomes important at around 4 GeV. Above 5 GeV 

there may be a new scaling region which persists up to 7.4 GeV. 

The two narrow resonances are now well-established vector mesons but 

their widths are unusually small, while their partial widths to leptons are com- 

parable to the other vector mesons. The absence of first order radiative 

decays is a serious problem for the color model. The charm model has several 

successes, viz. , the SU(3) related predictions of I = 0, G = -1, and SU(3) 

singlet structure. On the other hand, the absence of other narrow states is 

puzzling; however, the announcement of states between +(3684) and +(3095) 

having single y transitions adds considerably to the charm picture. The absence 

of charmed states above the threshold expected for pair production may be a 

fundamental problem for the charm model, but limits so far established are not 

decisive. 
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FIGURE CAPTIONS 

1. Total cross section for e+e- - hadrons as a function of center-of-mass 

energy. Data are taken from references l-7. 

2. Ratio of the total cross section for e+e- -+ hadrons to the QED cross sec- 

tion for pair production as a function of center-of-mass energy from ref- 

erences 2-7. 

3. Invariant mass distributions for various particle hypotheses at w = 4.8 GeV. 

4. Mean charged multiplicity corrected for acceptance vs. center-of-mass 

energy. 

5. Diagram for production of hadrons by two photons., 

6. Artist’s view of SLAC-LBL magnetic detector showing major components. 

7. (a) Diagram for e-p - e- + anything by exchange of a space-like photon. 

(b) Diagram for e+e- - hadron + anything by single time-like photon an- 

nihilation. 

8. s da/dx vs. x for center-of-mass energies = 3.0, 3.8, and 4.8 GeV. 

9. do/(d3p/E) for center-of-mass energies = 3.0, 3.8, and 4.8 GeV. The 

lines represent the slope of the data on pp - ?r + anything at 90’ center of 

mass and 200 GeV lab energy. 

10. dg/(d3p/E) vs. hadron energy for hadrons identified by time of flight. 

11. The relative fractions of 7r, K, and p yields vs. momentum (a) at w = 

3.0 GeV and (b)atw =4.8 GeV. 

12. Azimuthal distribution of hadrons for x > 0.3 at w = 7.38 and 6.18 GeV. 

No beam polarization is expected at 6.18 GeV. 

13. Cross sections for e+e- + hadrons, p+p-, and e+e- vs. center-of-mass 

energy near the $(3095). 
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14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. Dalitz plot for $(3095) - n+r-r’. 

Cross sections for e+e- - hadrons, p$-, and e+e- vs. center-of-mass 

energy near $(3684). 

Argand plot of the two amplitudes contributing to p pair yield near the 

resonance. 

Total hadronic cross section (in arbitrary units) vs. center-of-mass 

energy in fine steps. The only clear peak is the $(3684). 

Ratio of p pair cross section to e pair cross section as a function of center- 

of-mass energy near the $(3095) and $(3684) resonances. 

Polar angle distribution for e pairs and ~1 pairs near the peak of the $(3095J 

The solid points represent the measured cross sections, while the open 

points represent the cross sections after subtracting the QED cross sec- 

tion. 

Polar angle distribution for e pairs and p pairs near the peak of the 

$(3684). The solid line is the expected angular distribution for QED plus 

the resonance, while the dotted line represents QED alone. 

Front-back polar angle asymmetry for p pairs vs. center-of-mass energy 

near the $(3095) and $(3684) resonances. 

The relative fractions of 7r, K, and p yields vs. momentum at the $(3095), 

(Cf. Fig. 11. ) 

Test for direct decays of $(3095) to all pions. The ratio, CL, plotted should 

be unity for pure second order electromagnetic decays, greater than unity 

for direct decays. 

Missing mass to hypothesis e+e- +-+- -7r 7T 7T 7r X (a) for w = 3.0 CeV and 

(b) for q(3095). The dotted line is an estimate of the background under the 

peak. 
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25. Single particle mass for pairs of particles as reconstructed by kinematics. 

26. Momentum of reconstructed A vs. momentum of reconstructed x* Peak at 

1.07 CeV/c shows elastic production. 

27. Cascade $(3684) - r+7r-$(3095), where the $(3095) decays into an e+e- 

pair. 

28. Total energy distribution for two prong events under the hypothesis of pi 

(a) for $(3095) and (b) for $(3684). 

29. Scatter plot of missing momentum vs. observed total energy assuming pion 

masses, (a) #(3095) - anything, (b) $(3684) - anything, (c) $(3684) - 

$(3095) + *++n-, and (d) +(3684) -c anything but with cascade decays re- 

moved. 
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TABLE I 

Largest upper limits at the 90% confidence level for 
inclusive production cross section times branching ratio (nb). 

Mass Region (GeV/c2) 

Decay lMode 1.50 to 1.85 1.85 to 2.40 2.40 to 4.00 

K- nc and K+a- 

K“K- 

KSf , i?‘?r+r- and K’lr+r- 

K+K- and n+n- 

K%*f , R”$ and Kolr* 

R”K* , K°K* and ~r+?r-lr* 

0.25 0.18 0.08 

0.57 

0.13 

0.23 

0.40 

0.13 

0.12 

0.29 

0.09 

0.10 

0.51 

0.26 

0.54 

0.48 

1.16 0.90 0.58 

0.23 0.16 0.15 

0.64 0.51 

1.10 0.76 

0.49 0.19 

0.27 0.09 

0.33 0.09 

0.38 0.18 

0.30 

0.29 
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TABLE II 

Properties of the $-particle as obtained from fit to cross sections 

9r ’ ulw’ 
and u ee, and reconstruction of multihadron final states. 

#(3095) $(3684) 

Mass 

Jpc IG 

re=r 
CL 

rH 

r 

re/r 
rH/r 
rp/r e 

ryH’r 

3.095 f 0.004 Gev 
-- 

1 0- 

4.8 f 0.6 keV 

59 f 14 keV 

69 f 15 keV 

0.069 f 0.009 

0.86 f 0.02 

1.00 f 0.05 

0.17 f 0.03 

3.684 f 0.005 GeV 
-- 

1 0- 

2.1 f 0.3 keV 

224 f 56 keV 

228 * 56 keV 

0.0093 f 0.0016 

0.981 -f 0.003 

0.89 f 0.16 

0.029 f 0.004 

Errors accounted for 

(a) statistic al 
(b) 15% uncertainty on hadron efficiency 

(c) 100 keV setting error in EC m 
(d) 2% point-to-point errors, uhco\related 

(e) 3% luminosity normalization 
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TABLE III 

Comparison of Vector Mesons 

Particle Mass r r f2 -1 
GeV MeV ke$ ( ) G 

P 0.770 f 0.010 150 f 10 6.5 f 0.5 0.48 f 0.04 

w 0.7827 f 0.0006 10 f 0.4 0.76 f 0.17 0.055 f 0.012 

4J 1.0197 f 0.0003 4.2 f 0.2 1.34 f 0.08 0.074 f 0.004 

$(3095) 3.095 f 0.004 0.069 f 0.015 4.8 f 0.6 0.09 f 0.01 

H3684) 3.684 f 0.005 0.228 f 0.056 2.1 f 0.3 0.032 f 0.005 

? (4100) 4.15 f 0.1 250 - 300 4 +1 0,05 * 0.02 

TABLE IV 

Results of the search for narrow resonances. Upper limits 
(90% confidence level) for the radiatively corrected integrated 
cross section of a possible narrow resonance. The width of 
this resonance is assumed to be small compared to the mass 
resolution. 

Mass Range Limit on JuII dw 

WV) (nb MeV) 

3.20 - 3.50 970 

3.50 -3.69 780 

3.72 - 4.00 850 

4.00 44.40 620 

4.40 --4.90 580 

4. 90 - 5.40 780 

5.40 - 5.90 800 

5.90 -7.60 450 
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TABLE V 

Decay Modes of $(3095) 

Mode 
Branching Ratio 

t-%1 
Reference or Note 

+- ee 
P+P- 
YY 

w” 

m 
+- *n 

2x+2*- 

3*+3x- 

PT 
2x+2*-no 

3n+3r-x0 

4*+4*-r0 

K+K- 

KSKL 

K*‘(892)K*o(892) 

K*0(1420)K*0(1420) 

K°K”0(892) + pK”(892) 

K+K*-(892) + K-K*+(892) 

K°K*0(1420) + pK*‘(l420) 

K+K*-(1420) + K-K*+(1420) 

K*‘(892)&1420) + K*0(892)K*(l420) 

K+K-x+x- 

K+K-2r+2n- 

PP 

Aii 

pp7ro + pii*- + i;mr 
+ 

6.9 f 0.9 

6.9 f 0.9 

c 0.34 

< 0.9 

0.7;; 6 . 

< 0.032 

0.4 l 0.1 

0.4 l 0.2 

1.3 f 0.3 

4.0 f 1.0 

2.9 f 0.7 

0.9 f 0.3 

< 0.06 

< 0.02 

< 0.06 

< 0.18 

0.24 f 0.05 

0.31 LIE 0.07 

< 0.19 

< 0.19 

0.37 + 0.10 

0.4 l 0.2 

0.3 * 0.1 

0.21 * 0.04 

0.16 * 0.08 

0.37 * 0.19 

32 

32 

39 

33* 

Compatible with vacuum polarization 

Compatible with vacuum polarization 

> 700/C of x+x-A0 

33” 

Excluding K*(892) and K*(1420) 

Incompatible with vacuum polarization 

Upper limits are 90% confidence 

* Using B(e+e-) = 0.069 
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TABLE VI 

Decay Modes of the #(3684) 

Mode Branching Ratio 
fi) 

Reference or Note 

ee + - =p+p- 0.97 f 0.16 

w c 1. 

v” cl. 

VI co.4 

$(3095) + anything 57 *8 

$(3095) + n+n- 32 i4 

l/$(3095) + non0 

$(3095) + 77 4*2 

POT0 co. 1 

2?7+ 27r-7r0 co.7 

PG < 0.03 

33 

33 

33 

36* 

Upper limits are 90% confidence 

* Using B(q(3684) - $(3095) + n+n-) = 0.32 
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