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Abstract: Results on the total cross section for production of multihadronic
events and inclustve distributions of the hadrona from ¢*e” annihilation in the
center-ef-mass energy range from 2.4 to 7.8 GeV are pfesan'od. Evidence for
jet structure in the multihadronic events and the angular distributions of the
hadrons and of the jet axis are reported. Inclusive distributions of hadrons in
Feynman x, transverse momentum, and rapidity relative to the jet axis are

‘presented.

1. INTRODUCTION

M ts of hadron produ by electron-positron annthilation for
center ~of-mass energies (Ec.m.) above 3 GeV have unearthed much exciting new
physics. First, the total cross section for producing hadrons was found to be
higher than expected. 1.2 Then the y and y' were di.neomed as sharp pesks in
tho: h;nl hadronic cross uecﬂon.a’4 The ' (ll;ﬂ ¥) !'verq.jfaund to decay to new

5.8,7 Evidence for a heavy lepton was found in the form ef

narrow states.
events containing an electron and ub muon with nothing else vlslbla.e And finally,
narrow states which may be the eagerly sought charmed mesons have been
seen. 9,10

In this talk I will discuss the properties of hadronic events produced in e+e-
annihilation at SPEAR at energies away from the resonance regions. These
events show evidence for jet structure, i.e., a limiting of transverse momentum
relative to. an axis. The jet axis has an angular distribution (meagured at
E_ _ =17.4 GeV) which is consistent with a 14 cos” ¢ distribution, the angular
distribution for a pair ef spin one-half particles. A quark-parton picture, with
the addition of at least one new heavy quark, seems to be generally consistent with
the data.

O. DETECTOR AND EVENT SELECTION

The data for this analysis were taken by the SLAC/LBL magnetic detector

11

collaboration™” at SPEAR. The SPEAR magnetic det: is shown sch

1y
'y

in Fig. 1. The d ef a 3 ter long, 3-meter diameter solenoid
magnet with a 4 kG magnetic field parallel to the beam direction and wire spark
chambers and scintillation countars for triggering and measuring events. The
detector axig is centafed on the beam direction at one ef two interaction regions
at SPEAR. Particles entering the detector from the interaction region can pass
through, in order: a thin-walled vacyum chamber, inner cylindrical scintillatton
counters used in the trigger to reduce background from cosmic rays, inner

1 wire spark chambers,

an array ef trigger tims-of-flight scintillation countsrs, the magnet coil, an

hamh

multiwire proportional s, & gy

of cyl

array ef lead-scintillator shower counters, the iron return yoke of the magnet,
and finally wire spark chamhers used for muon-hadron separation. The detector
extends over 85% of 4» ar solid angle with full acoeptance in azimuthal angle and
acceptance in polar angle from 50° to 130°. The apparatus is triggered by two

or more cherged particles which produce signals {n the inner scintillation counters
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Fig. 1. Schematic diagrams ef the SLAC/LBL magnetic detectar.
and in at lenst two outer~trigger h binat]

Eveats from the QED reactions
e'e” ~e’e” (Bhabha scattering) )
o' utu” @)

dronic events and provide a con-

were recorded si y with the tih.
venient narmnlizndpn. Of those events originating from the interactioa~region
fiducial volume, those with two oppositsly-charged prongs collinear within 10°
were candidates for the QED reactions. Those with three or more pronga were
classified as hadronic unless two prongs were colllneﬁ within 10° and had large
shower~counter pulse height (consistant with electrons). Events ir which there
were two prongs acoplanar with the incident beam direction by at least 20° and in
which both prongs had momenta greater than 300 MeV/o were also classified as
hadronfc. The_detector and selection of events are described more fully in
Refs. 2, 12, and 13,
. GENERAL PROPERTIES OF MULTIHADRONIC EVENTS
In this section I will discuss the total cross section for multihadronic events,

distr

the mean charged particle icity, and the incl Ll
of the hadrons. Jet structure and additional inclusive distributions ef the hadrons
will be discussed in Sections IV, V, and VI.

The total hadronic cross section was calculated from the total number ef

multlhadronic events detected at each centar-of-mass energy E , corrected

c.m.
for losges due to geometric acceptance, triggering efficiency, cuts, and contami-
pation from other gources. The cross section was normalized to the integrated
luminosity cbtained from Bhabha scattering events ocbserved in the magnetic

detector. A Monte Cario simulation ef the detector, described in more detail in
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Plicity distrfbution was then ob d as the yro-likelihood solution to an
overdetermined set of linear squations. The average detection efficiency was then
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duced events. The sversge detection efficiency varied from about $0% at the lowest
energies to 60% at the highest energles. Tbe increase in efficiency 18 due to the
increase in muitiplicity as the energy rises. Tha data were corrected for back.
ground from beam-gas acattering ( <8% for E,.m, 1ase than 5 GeV and <5% for
Eo.m. sbove 5 GeV) sad from two-photon pracesses (<2%). Radiative corrections
have also been applied.

The total hadromic eross section 9.y 88 & function of Ec.m. from 2.4 GeV to
7.8 GoV s shown in Fig2e). The errar bars include statistioal errors and our
estimats of point~to-paint systematio errors, The oversll normalization uncer-
tainty is £10% and & further, amopth varistion as large as 15% from the lowest
energy to the hl;hen energy coyld arise from systsmatic errors in the sgtimation
of the average detaction efficiency. The ¢ and y' peaks are not shown. As Ec.m'
increases, o falis except in the energy region aTound 4 GeV where st least two
peaks in Oy #re seen. A dscussion of the structure in the 4 GeV region is,
unfortungtely, not within the seope of this talk.

The vatio R of Ty to the theoretical total cross section for productien of muon

pairs is presented In Fig, 20). In quark models for e*s™ annihijatien into hadrons
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Fig. 2, () Toml badronic cross section 0y v8, Eq ry , () R i, Eem. -

n!-m-mdmemdﬂue&rﬂl of the expected spin-1/2 quarks. R
1s approximately conatant at about 2.5 for Ee-m. jess than 3.6 @V. A'Ee.m.
increases R rises or perhape goes through a stap at the structire in the 4 GeV
region. Abanmau.vnucom‘mlnn-muefmms.s, The spproxi-
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mate doubling of R for energies above the 4 GoV structure suggesta that the
4 GeV region may be s threshold region for production of new perticles, or, in
terma of the gquark~theoretical interpretation, new qwmrks,

We have carrled out s search for high~-mass rescnances which couple to ote”
hy looking for bumps in R. Figure 3(z) shows the resulte of the search, The
Eo.m. ranges covered were 5.65 to 6.45 GeV and 6.97 tn 7.45 GeV. The limiting
energy resolution i the epsrgy gpread of fPEAR, which is ~1 MeV r.m. 8. at
Egm, =3CeVand~4 MeVr.mn. B, . =6GeV. We thevefore scanned in
4 MoV steps. For the case of & resonance with an ivtrinsio width much narrower
than the energy resolution, we are to the partial decay width to electron

pairs l'ca

[rem @ - By annr,

and for & wide r we TP § e to the b ng ratio to elsctron paixs
B.:
L]
R‘Eo.m.sm -a% (mnne

Figure 3() shows the 90% confjdence upper limits for r, or B, for & J=1 reso-

oance as & function of E For & narrow regonance in the 8 GeV region oyr

G.m,"
upper limit {s T, < 150 eV and for s wide resonance B 5,10'5.
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Fig. 3. (8) Rvs. :;f m, in 10 MeV staps in the high energy region. (b) 90%

contidance upper Mmite for I, or B_ for & high-mass resonance decaying to

-
e'e”,

The mean wed partcle 1 ity <, > was b d as part of the
pracedure descyibed praviously for determining the average detection efficiency
and this {8 corrected for soceptance and trigger bias. Figure 4 shows <p, >

plotted versus the logarithm of E. m, <Bgy> rises from about 3 at the lowest
energies to about 5 at the highest energies and is consistent with & logarithmio

increase with energy.
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At this point in the pr of the muitihadronic dats only those mylti-
hadronic events with three or more detscted charged particles will be used. L

The two~prong events have so far been used only for the calculation of the total
particle mul

are pot used in further analyses because they are more subject to backgreund

y. The two-proag events

cross gection and the mean 3

contamination due to beam-~gas interactions and two~photon processes,
The mean energy of observed tracks assuming plon magses, <Em ck>‘ is

shown as a function of E in Fig. 5. There is a hint of a break in the distri-

c.m,
bution near 4 GeV which may be a sign that appreciably more low momentum
particles are helng produced at energies above 4 GeV,

The mean fraction of energy in charged particles as a function of Ec m is

shown in Fig. 6, Pion masses are assymed for the partcies. The data were
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Fig. 6. Average fraction of energy
appearing in charged particles va.
Eg m, for > three prong events,
apsuming plon masges.

Fig, 5. Mean epergy of chaerved tracks
assuming pion masges va. E, .. for >
three prong evente. !
corrected for loases due to acceptance and trigger bias using the Monte Carlo
simulation. The charged energy fraction decreases from 0.8 to 0.5 over the
measured range of E m.: This distribution presents the extension of the go-
called "energy crisis” to the date ghoye 5 GeV. If all the particles were pions,
the charged energy fraction would be 2/3, Monte Carlo calculations show that she
inclusion of kaons, etas, and nucieons should decrease the charged energy frao~
tion by only a few percent. Neutrinos from heavy lepton decays should not con~
tribute appreciably to the missing energy in this data sample (see Ref. 14).

Up to thie point the data pr d haye been id 1 to those pr at
the 1975 Lepton and Rhoton S8ymposium. 15 Since then a few minor problems with
the high-energy data have been found, At energies phove 7 GeV the photona from
synchrotron radiation cause extra sparks in the apark chambers which our track-
ing algorithms sometimeq used to form extra Jow-momentum tracka, The extra
tracks led to more contamination from electromagnetic pracesses in the three-
or~-more-prong hadronic events which had the effect of adding prongs to the very

lqw and high momentum ends of the inel tum di

Tighter
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cuts were employed in the tracking algorithma and the data were reanalyzed.
prong Bhabha
photons) still posed @ problem. The cut which removed qvents from the hadronic

g events (1.e,, those with delts rays or converted

class if they had two prongs collinear within 10° and large shower countey pulse
height wae meant to remove thede events, However, at high energies jet=-like
events were sometimes removed from the hadronic events by this cut. In addition,
t.hére wsre Bhabha acattering evants in which the two e}ectrona were gcollinear
which passed this cut. Ths tota]l number of events involved was small (~ a few
percent of the total) but they had a large effect on the high-momentum end of the

momentum distrihutions. For these r the colli

ity cut was changed to
a cyt which removed thode events which had fwo oppositely-charged prongs
coplanar within 5° with large shower counter pulse heights and momentn grester
than 40% of the incident heam energy. Additional cuts were uut_i on the three-,
four-, and flve-prong events to remove acoplanar multiprong Bhabha scattering
events (e.g., an event with two electrons and & converted photon was cousidered
to be electromagnetic). The cuts were checked by scanning the events affectad in
the 7.4 GeV data and were found to remove most Bhabha scattering events and

very few hadronic events. The dats pr d in the r inder of this talk
(except for Fig, 8) were analyzed using these new cuts.
Single particle L] it s have been studied for the

large samples of dats collected at Eo.m. =3.0, 3.8, 4,8, 6.2, and 7.4 GeV.
(Inclusive distributions for the 3,8 GeV data will not be presented here because
they have not been reanalyzod with the radiative tal from the ¢' removed.) The
raw mamentum distributions for events in which three or more charged particles
are detected are corrected for geomstrio acoeptance and trigger bias using the

Monte Carlo r Radiative corr have not been applied. InFig, 7
the fno} tum o
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Fig. 7. sdo/dx ve, xfor E, ;\ =3.0,
4.8, 6.2, and 7,4 GeV.

B<ach>, 80 the area under the curve
must increage as the energy increases. We see that these distributions roughly
Qa.\eicrxzo.s for the entire energy range. The 3.0 GeV data seem to be
syatematically high for x > 0.6; however, systamatic arrors in the Monte Carlo
corrections at the highest and lowest values of x could be as large ag 20%. In
addition, the detected two~prong events, which we do oot use but correct for using
form the larg
eyents (35%) at 3.0 GeV. The 4.8, 6.2, and 7,4 GeV data scale rather well for

the Monte Carle il fracilon of the total aumber of

x20.3.

We identify plons, kaons, and protons over a restricted momentum range
using the ime of filght measured by scintillation counters at 1.5 m from the
beam line. The time~of-flight resolytion is 0.4 nsec r.m.s, Kaons can be
separsted from piona for moments lass than 600 MeV/o, and pretons can be
separated from kaons and pions for momenta less than 1.1 GeV/c, Figure 8
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Fig. 8. Fractions of negative prongs

m,=3.0, 3.085

Eg m, =3.0 =¥, 3.8, 4.8,
6.4, and 7.4 GeV, :

over which we can separate particle typea
is quite limited. AtE  _ =7.4GeV,
600 MeV/c momentum corresponds to x=0..16. In the range of momenta scceasi-
ble to'us phase space effects probably dominate. In order to test parton model

predictions, for example, one needs to know the identity of the high-x Mcleu.

IV. JET STRUCTURE
The motivation for searching for jet structare in hadron production by ete”

dels of el

annfhilation comes from quark-parton tary particles.
In these models the e ande” annihilate to form a virtusl photon which subse-
quently produces a quark-parton pair, each of which decays into hadrons, as
lhpwn in Fig. 9. At sufficlently high energy a two-jet
J&WP is expected to arise due to the limlited trans-
verse mt‘)mntum of the hadrons with respect to the

origimal parton direction. 16-18

The spins of the con~
stituents can, in principle, be determined from the
angular distribution of the jets.

1 will now describe the method used to search for

ot [
301449

jets. For each three or more prong hadronic svent ) Fig. 9. Quark-parton
model pioture of pro-
duction of hadrons in

e*e~ annihilation,

we find that direction which minimizes the sum of
squares of transverse momenta. To do this, we

diagonalize the tensor

T (a0

where the swnmation ie over all detected charged particles and @ and 8 refer to
the three spatial components of each particle momentum 'p’i T?F i like 2 mo-
ment of inertia tensor, 8o what we are doing is finding principal moments In mo-
mentum space. We obtrin the eigenvalues ll. 12. and 13 which are tlie suma of
equares of tramsverse momenta with respect to the three eigenvector directions.

The smallest

ig 13 is the sum of sq of transverse momenta,

and the eig

direction d with it is the reconstrueted jet axig. This
method of calculating the jet axis is not perfect. It 18 impoasible to detarmine the
jet axis exactly, even with perfect deteotion, unless one knows precisely which

particle comes from which jet, in which case one could simply find the resultant
momenta of two groups of particles. The method described hers, which was sug-

gested in Ref. 18, ls the beat approximation known to ue.
In order to detarmlne bow jet-like an event 18, we calculate a quantity which
we call the sphericity 8:
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S approaches 0 for events with d transverse (Jet-like ¢ ) and

approaches 1 for events with large multiplicity.and isotropic phase space particle
distributions.

Since the magnetic detector covered only part of the total solid angle and
neutral particles were not detected, we needed to use a Monte Cario simulation
to determine how jet-like and isotropic hadronic events would differ in the detec~
tor. Evente were generated according to either Lorentz-invariant phase space or
a jet model in which phase apace was modified by a matrix slement squared of
the form

. (2 o2 ) /?
MZoe VT M ’ ()
where Py is_the momentum perpendicular to the jet axis. The jet axis angular

distribution was of the form

é‘-&mli'aeoszﬂ [44]

where ¢ is the poler angle relative to the e beam. This angular distribution will
be discussed in more detail when the measurement of the jet axis angular distri-
bution is described. In both models only charged and neutral pions were produced,
althbough some checks were performed using modeis which included knons and
etas, The total multiplicity was gives by a Poisson distribution. The simulation
included the geometric acceptance, trigger efficiency, momentym resolution,
conversion probability for photons from #° decay, and all other known character-
istios of the detector.
We used the large samples of data collected at 3.0, 3.8, 4.8, 6.2, and 7.4

GeV. At each energy the total multiplicity and ratio of charged pions to neutral

plons for both models were obtained by

10° P T T T T T T T T T
Ecm:T4GeY 2 3prongs fitting to the cbaerved charged particle
o o Oata _| mean momentum and mean multiplioity.
= Monte Cerlo,
§ Jet Moo:’lo The parameter b in the jet model was
2 === Monte Carlo, -
LT LY Phase Spoce _|  chossn by fitting to the observed mean P,
2
§ wlth Tespect te the jet axis. The cbserved
102 N .| distribution'of P at 7.4 GeV ls shown in
\,
\,
™ N\ Fig. 10 along with the predictions of the
\,
1ot FPTTIRIEA Y YL two maodels. The jet model reproduces
3} 0.5 1.0 15 )
p, (Gevkc) vy the data raiher well whereas phase space

predicts tco many particles at high p .
Fig. 10. Observed p, with respect to 1
Jet axis for 7.4 GeV éa'a. Ths pre-
dicted distributions for the jet model
(solid curve) and the phase-space
mode)] (dashed curve) are also shown.

‘The mean produced p | 1n the jot model
was found to be in the range 325 to 360
MeV/o with no pnrtlcuiu energy depend-
ence. From hadron interaction data we would haye expected the mean P o be ln.
the range 300 to 350 MeV/c,

The observed distributions of 8 can now be d with the predictions of
the two models, Figure 11 ghows thé obhserved S distributions for the lowest
energy, 3.0 GeV, and for the tyo highest energies, 6.2 and 7.4 GeV. At 3.0 GeV
the data agree with the predictions of either the jet model or the phase-space
model (Fig. 11(a)). At this energy the limiting of transverse momentum to an
average of 350 MeV/c has no effect on the phase~-space partiole distributions as
manifasted in the 8 distr:

since the predicti of the two models are the
same. At 8.2 and 7.4 GeV the 5 distributioris are peaked toward low § favoring

the jet model over the phase-space model (Figs, 11(b) and 11(c)).



Figure 12 shows the 8 distribution
at 7.4 GeV compared with the predic~
tions of both a jet model and a phase-
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SPHERICITY s mode] predicts that the mean 8 should

increase as E increases whereas

Fig. 11. Observed city distribu-
the jet model predicts that the mean S

tions for data, jet model (solid curves)
and model (dashed curves)
for (8) E¢ n =3.0GeV, ®) Eq. . =
6.2 eV and (0) Eq . =7.4 GoV.

should decrease. The data clearly
show a decressing mean 8 with increas-
ing Ec.m.’ in agreement with the jet model.

The agreement of the cbserved sphericity distributions with the jet mode] as
opposed to the phase-space model is evidence for jet structure in e'e~ hadron
production. Differences in the exact shape of the 8 distributions between the data
and the jet model can be caused by, among other things, differences in the exact
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o 0zs . ] particle inclusive x distribution for
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the phase_space mode! predicts too few
particles with x » 0.4. The agreement
of this distribution with the jet model

might be taken as further corroboration

Fig. 13. Observed mean sphericity
va. Eq m, for data, Jet model (solid
curve), aid phase-space model
(dashed curve).
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Fig. 15. Observed x distributions at
Eg,m, = 7.4 GeV for data, jet model
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Fig. 14. Distributions of the cosine of
diparticle uglu for data. jet model

{solid curves), and phase-space model
(dnshed curves) for (u)Ee m.=6.2GeV
and () Ec.m.= 7.4 GeV

{for the jet structure; however, events with a high~x particle tend to have low spher-
with the jet model is due

icity. It might be that the agreement of the S distr
to the fact that the jet model produces a large encugh number of high momentum par-~

of the 8 d 1is simply & conse-

ticles, To whether the agr

of the x d we d the 8 for

quence of the agr
those events in which no particie has x>0.4. For these events the x distributions for
both models agree with the data. Thasa-mmmm-mmulo_m.ﬂ.A

GeV are shown in Fig. 16(n). The jet model is still preferred over the phase-—space

model, The 8 distributions for events having a particle with x> 0.4 are shown in

Fig. 180). .
Although the agreement is not perfect,

T T T
600 Ecm746eV ()
Lorgest x <04 the data are definitely in better agree-
400 - P Ny 7 ment with the jet modsl, We therefore
s200-p N lude that the agr of the 8
£, - { L distributiona with the jet model is not
5 due simply to the agreement of the x
g 400 Eem:T4GeV (b) v
4 Lorgest x >0.4 distr and, furth e, the
g 300 1
2 agr of the x isa
200 R of the jet In
100 B fact, in the jet model the production of
- high-x particies is directly related to
o -
o 02 04 06 08

the limliting of transverse momentum
SPHERICITY ok
relative to the jet axis.

Fig. 16. Observed sphericity distribu-
tions at E¢, g, = 7.4 GeV for data, jet Another possible cause for the
model (sclid curves), and phase-space
model (dashed curves) for (a) events
with largest x < 0.4 and (b) events with
largest x > 0,47

of jet structure is the pro-

duction of resonances or new particles.
Jet structure begins to be differentiated from pbase space for energies above sbout
5 GeV, For these energies R is approximately constant and no structure has been
seen. In order to search for jets which are actually the decays of particles or
resonances we have plotted the distributions of observed masses of the jets as shown
= 7.4 GeV. The jet mass is the effective mass of all particlas

c.m.
in an event on one side of a plane through the interaction vertex and perpendicular

in Fig. 17 for E

to the jet axis. Pion masses are used for all particles. Figure 17(a) shows the
mass distribution for all jets. The spikes at masses of zero and the pien mass are
due to zero-particle and one-particle jets, respectively. Most jet masses are less
than 2 GeV/c2. Figure 17(5) shows the mass distriution for 2-prong, charge-0



jets. We see that some jets are K;'- and that there is a shoulder at the p° mess.
There ia no evidence for the {°, There is no evidencs for structure in the mass
distribution for 3-prong, charge-i1 jets, shown In Fig. 17(c). We conclude that

of r which could lead to jet

there is no evid for pr
structure for most events. Howsver, neutral particles are not detected and are
therefore not included in the mass calculations. We have also not determined the

effact of posaible charmed particle production.
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Fig. 17. Obssrved jot mass distributions
atEg o, =7.4 GeV for (a) all jets, (®) 2-
prong, charge=0 jets, and (c) S-prong,
charge=+l jets. Pion masses were used
for all particles. The arrows indicate the
masses of particles or resosances having
the indicated decay modes.

The sgreement of the cheerved sphericity distr

of the jot model as opposed to phase space is evidenoe for jet structure i hadron
" 20

with the predicti

prod by e*e~ A le 7.4 GeV event, which illustrates the

reconstruct~d jet axis and may illustrate a typical jet-like event, is shown in
Fig. 18. This event has eight prongs, two of which have x> 0.3, The other six
prougs have low momenta. The event has 5=0.081. The cbserved energy 1is less
than E

m. and the momenta do rot balance, so there are missing partioles.

-5 -0 -Qs
-05

-~ Lo

Fig. 18. M space repr

tion of a sample 7.4 GeV event. py, Py,
and py refer to the three spatial com-
ponents of the particle momenta. The
r-axis lies along the positron direction.
This event has 8 prongs, 2 with x> 0. 3.
The reconstructed jet axis is repre-
seated hy the dashed line. The event
bas 8=0.081.
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V. JET AXIS AND INCLUSIVE ANGULAR DISTRIBUTIONS
The angular distributions of the hadrons and of the jet axis at 7.4 GeV will be
presented in this section. At Ec.m‘ = 7.4 GeV the electron and positron beams at
SPEAR are transversely polarized due to synchrotron radiation. The most general
angular diatribution for praduction through a single virtual photon 182’

2

g-ax 1+a cos? 6 + Pla sin?s cos 2¢ , ()

where 8 is the polar angle with reapect to the incident et direction, ¢ is the azi-
muthal angle with respect to the plane of the storage ring, P is the iransverae
polarization of each beam, and a {8 given by

a= I L ™
0T+0L

where o and oy are the transverse (helicity + 1 along the particle direction) and
longitydinal (helicity 0 along the particle direction) production cross sectiona.

The transverse beam polarization allows us to

800
measure o from the ¢ distribution which is 600 |- Eem= -4 GoV tar |
quite useful b the mag dets has 400 Se, ..’.. 3
a small range of acceptance in colzc but full . 200 - S .."" -
scceptance in ¢. é o : ! y

For the QED renction e'e” — u’u' the § 200 T T T
angular disiribution is given by Eq. (6) with * +++++N+++H+H”+++*++
a=1, At Ec.m. = 7.4 GeV the muon pair data 100 + B
taken simultaneously with the hadronic data Eom=6.2 Gev (b)
were used to determine an average VIII\I. of o N ) .
P220.4720.05. Figure 19 shows the inclu- 0 % 180 270 380

+ (degrees) —

sive badron ¢ distributions for particles with

Fig. 19. Distributiona of hadran
prongs in azimuthal angle ¢ for
prongs with x > 0.3 and

lcos 81 < 0.6 for (&) Ec oy =7.4
GeV and ) E,  =8.2 GeV.

inclusive hadron ¢ asymmetry is observed, while at 6.2 GeV, where the beams

x>0.3 and |cos 8] <0.6 for Ec m =7.4 GeV

lndEc m =8.2 GeV. At 7.4 GeV a strong

are unpolarized, the ¢ disiribution 15 flat. The 6.2 GeV data wus used to deter-

mine that the magnetic d tor does not introdu At 7.4 GeV

2 ¢ asy try.

the measured value of P2 and the cos # and ¢ distributions of the particles as a

function of x were used to determine the inclusive badron o as a function of x.u

It was found that a is >0 and that @ increasee with increasing x. (The dependenos

of lnclusive @ on x at E = 7.4 GeV {s shown in Fig. 21 along with & compari-

c.m,

son with the Monte Carlo prediction.)

T T T

At 7.4 GeV a ¢ asymmetry was also 40 g 820 (0) ]
obaerved for the jet axia. The ¢ diatribu~ 300 "“o..o,b,p.*.o,.i
tions of the jet axis for jet axes with 200 - -
lcos 81<0.6 are shown In Fig. 20 for 6.2 g ol L) 1
and 7.4 GeV. (Since the jet axis is a sym- g 10901 Eemetaov (5)
metry axis, the angle ¢+ 180° 1s equivalent * 00 ;‘.‘ . o !
to the angle ¢.) At 6.2 GeV the beams are soof- * ‘..‘“u' +
unpolarized and the ¢ distribution is flat, 400 - B
as expocted. At 7.4 GeV the ¢ distribution 0z 4‘5 S 9‘0. " 315 o
of the jet axis shows an asymmetry with AZMUTHAL ANGLE OF JET AXIS
maxima and minima &t the same values of ¢  Fig, 20, Observed distributions of

jet axis azimuthal angles from the
plane of the storage ring for jet

axes with |cos 6| < 0.6 for (a) E, m.
~6.2GeVand B)E, p <7.4 GV

+ o + -
ssfore e —-pupu .
The observed jet axis ¢ distribution

2 were used to

and the measured vaiue of P
determine the parameter a for the jet axig angular distrihution given by Eq. (6).
The observed value of @ for the jet axis was «=0.50+0.97. From the jet model
distribution for the produced

Monte Carlo L , which included the

jet axis a8 given in Eq. (8), we found that the observed value of a will be less than

the true vaiue of a which deacribes the produ of the jets b of the




1 of the d: tor, the loss of peutral particles, and our method
of reconstructing the jst axis. The simulation was used to calculate a ratio of

observed to produced values of o of 0.52 at 7,4 GeV, Thia ratie was used to
correct the observed o to obtain @ = 0.971 0. 14 for the proguced jet axis angular

distributien. lnterm-mfa and oy, this value of & corresponds to o, /cr

axig. The jet axin lar digtrib is with that for a pair of spin-

1/2 particles. In the framework of the quark-parion model, the partons must have

spin~1/2 rather than spin 0.
V1. INCLUSIVE DISTRIBUTIONS IN VARIABLES RELATIVE TO THE JET AXIS

The limiting of transverse momentum relative to an axis for e'e” hadron pro-
duction suggests a similarity with hadron-hadron Interactions. In addition, if the

that the sy

errors in the observed a can be neglected. However, thers may be a systematic

0.02+0.07. The error ina is only; we

error in the correction factor relating the observed to the produced values of «
due to model dependence.

YT T
The jet model can be used to predict e Ec.m. = 7.4 Gev |

the gingle particle inclusive angular distri-
14 - —

butions for all values of secondary particle
momenta. In Fig. 21 values for the inclu-
sive hadron a as a function of x at

op=0,
Ir*oL

o
T T
1

E. ;. = 7.4 GeV are compared with the et~ °,° O-8
model calculation. The model assymed the 0.6 |~ -
value @ = 0.9720. 14 for the jet axis angu- 04— ~
lar distr{bution. The prediction agrees well Q.2 4
with the data for all values of x, ° | 1 { I

6 02 04 06 08 |0

At energies other than 7.4 GeV it is x=2p/€ m o

nat possible to determine the jet axip angu- Fig. 21. Observed inclusive o vs.
x {or particles with lwl 6l< 0.8
in hadronic events at E =17.4
GeV. The prediction of the jet

mode]l Monte Carlo llmulnuou fm- a
jet axis angular distribution with

@ 70,9710, 14 is represented by the
shaded band,

ler distribution with apy scourtcy because
of the small beam polarization and eubse-
quent shsence ef $ symmetry. The cos ¢
distribution of the jet axis is too strongly

affected by the amall acceptance of the detector in ces 6, We are shle, however, to
measure the inclusive o versus x by fitling the inclusive cos ¢ distributions. These

d are less precise than those using polarized beams. Figure 22 shows
P y valuss of i sl hadronavnnusxltEc m = 3.0, 3,8, 4.1, 4.8,
1.6 — 6.2 GeV. At3,
ﬁ:mflOGcV Eome 3.8 G8Y and A\ 3.0 GeV the
L2 - inclusive o distribution is con-

alstent with isotropy for all

0.8 - [—

g et

-Q.8 1 J 1 )

values of x. At 3.8 and 4.1

ala)

(=4

GeV there is some evidence for
2 ::ol2 6 dependence at the lsr-
ger values of x. At 4.8 and

T

24 [~ Eom: 4. Go¥ [E,.,,fuaov (Em;az Gev

20 L L 8.2 GeV a definitoly increasea

with increasing x ard is, in fact,
t with its

value of 1 at the higher values of
X. The jet model simulatien
with 4 jet axis angular distribu.
tion of 1+eol2 @ can repreduce
this dependence of o on x and

E, . including the isctropy at
3.0 GeV. Infact, we begin to

Fig. 22. Freliminary values for lnnl?ive a
va. X obtained from {its of 1+ a(x) coB48 for
lcos 01 < 0,6 tor Eg 1y, = 3.0, 3.8, 4.1, 4.8,
and 8. 2-00

observe nonzero values fer o

juat at energies where jot structure begina to be differentinted from phase space,
The datn strengly supp

8 jet bypotbesis for badron pr tnete”
annihilation. The jet model Monte Carlo simulation reproduces not only the spher-
icity distributions for whole events but alse the single particle inclusive momentum
and angulay distributions. The jet axis angular distribudon intagrated over azi-
muthal angle is proportions] to 14(0.9710.14) coczo at 7.4 GeV, giving
a-L/tr,r=0.02to.01. The jets are therefore produced with helicity +1 along the jet
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jot structure is related to quark-partons, then one should examine the components
ted to be the

of particle mementa relative to the parton direotion, which is
jet axis, ms is done in leptoproduction relative to the virtusl photon direction. The
might be ble into & func~

tion of momentum parallel to the jet axis and a f of per

inclusivs hadronic cross cted to be fa

lar to that axis. ,
Jet Awis—_ /
In order to investigate such ques- ~
tions, we have made a preliminary
attempt to measure inclusive dstribu-

tions of the hadrens in variables rela-

tive to the jet axis. For each hadronio et e
event we reconstruct a jet axis as des-

scribed in Section IV and calculate the

components of each particle momentum ’

parallel to (p") and perpendicular to (pl)

the jet axia, as shown in Fig. 23. Fig. 23. muatrlﬂon of a hadronic

event from et~ annihilation showing the
jet axis and the components of the mo-
mentum of & particle p

Since the inclusive quantity 8do/dx,
parallel to {p, )
and perpendicular m(p ) the jetull.

which was shown in Fig. 7, nearly
scales, we are led to examine the inclu-

sive distributions for ldr/dx", where x,, or Feynman x, is defined by

'S
= 2pll/!t:.m. : ®
shown in Fig. 24. Thess distributions have been oorrected for geometrie secept-
ance, triggor bias, and the method of reconstructing the jot axis by using the jet
model Monte Carlo simulation. (The Mouta Caxlo corrections used to produce
Fig. 7 were caloulated using the seéme jet model Monte Carlo simulation as was
used for Fig. 24 in order to eliminate systematic differences in the corrections
due to different models.) Figure 25 shows the observed (before Monte Carle

100 ey 3 10° 1y
® E 7408y 3 E Em; 7.4 Gev 3
O Ecm:6.2 G0 ] &> prongs y

O Ecm s 4.8 Gov * a""’ can

f a 3 —— Monte Carla
= 0 He . Eem,® 3.0 Gev Jet Madel 3
3 - F —== Monte Carlo, |
2 a e - r Phose Space

a =

i s : e m —i
I 2% 4 g 3
Y ae 3 4 4
X salo ] 8 T ]
8 a¥§ Z 0? 4
- .i 1 g 3
2] ] - F N o0 ]
E i X\ ]
] 10 N3
00t e b by 1y v ]

o 0.2 04 06 0.8 Lo 109 IS NSO SURTEN WV SV

8220, /E o . 0 02 04 06 08 LO

*y220,/Ee.m. et

Fig. 24. Bth/dx vl. x for E,

3.0, 4.8, 6.2, V. x,.-ﬂp.,/
Eg,m, wherep, in the component of
particle momentum parallel to the jet
axis.

Fi( 25. Observed x, distributions

= 7.4 GeV for data, jet
modacl I!‘lolld curve), and phuc-
space model (dashed ocurve).
corrections) inclusive X, distribution for hadronic events with three or more prongs
As wag the
case for the x distribution, the jet model represents the data well and the phage-
By eomparing Figs. 24 and
25 one can see that the Monte Carlo corrections do not make & large change in the

“Ec.m =17.4 GeV ed with the predi of the two models.

apace model produces too few particles at large Xy

shape of the x, distribution, Corrections due to finding the wrong jet axis are not



lngnfm-ﬁ-x' distribution mainly because the worst cases occur for events with
only low momentum particles which are nearly isotropic.

I we compare the distrbutions i.nldv/dxl with those in sdo/dx, we see that
as E increases the two distributions become more alike, prnumbly because

c.m.
pl is a decreasing fraction of p. Mﬂnlowo.tnn'yncm = 3.0 GeV the two

distributiona are quite different. When o'e™ inol entum distr are
or they should be
1. Unfort ly. we have not yet carried out

campared with those from hadr
ocompared in terms of the
mach comparisons with other data, 'l‘h--dv/ch' dt, are with

lnl.ﬂ(orx';o.sInhdr'mnmmamb'l.icov. The 3.0
G.vamhﬂmh-.ehq-m-mp-torxlmo.suo.e. Forxl<0.5~
the 3.0 GeV distribution has roughly tha same slope as at the higher energies but
1s smaller in magnitude. From 4.8 to 7.4 GeV the sdv/dx, distributions are con~
lh-nvl&-ahumn-ﬂyhdﬂx'nu‘w(nxl<o.l.

mmma-n—m«.mplunumquu.mmmmmm
the effects of finding the wrong jet axis. From Monte Carlo studies we have found
that, ul!.hthex' distribution, the produced and cbserved distributiona are quite
different if we use all events. For sxample, the jet model reproduces the cbserved
pl dmnmrnnwhnumm&ompl, as was shown in Fig. 10.
However, the observed mean P, at 7.4 GeV was about 250 MeV/c whereas the pro-
dlmdmplvu-boutasolnv/c. If we rostrict ourdelves to events which have
a particle with x> 0.5, we can find the jet axis with some coufidence and can use
the Monts Carlo simnlation to calculats correctionas. (We could actually use the
highest momentum particle as the jet axis in this case, but the reconstructed jet
axis is closer to the true jet axis.) Therefore, for all of the remaining inclusive
distributions we use only eveunts which have a particle with x> 0.5 and we do not
ﬂmhulhlunrﬂdowhh' lusive distr: Di for
the highest-x particle can be looked at separately but will not be presented here.
The inclusive distributions are normalized to the total corss sections for events
with a particle with x> 0.5 and are thus distributions of particle density in the var-
isbles used.

For comparison with the previous distributions we present digtributions in
(1/0) do/dx, shown in Fig. 26 and (llv)dv/dx', shown in Fig. 27, for events with

100 g 100
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Fig. 26. (1/0) do/dx ve. x for evente Fig. 27. (1/0)do/ax, events
WIh xoo, (the value of x for thabighest. sl o . o ngag T b
xparticle)> 0.5 for E;, . =3.0, 4.8, 6.2, and%.4 GeV. 2alls not plotted
5.2, and 7.4 GeV. xp .y 18 not plotted, The distributions are normalized to the
The distributions are normalized to the cross sections for events with
cross sections for events with x,;,,, >0.5. 0.5. H”?’/Ee m, Where .
component pnrﬁoio momen! Par-
allel to the jet axis.

X nax> 0.5. The inclusive (1/0) do/dx distributions are similar in shape to the

sdo/dx distributions for all events except that they have a steeper slope for large x
(orEe.m‘zt.EGeV. Theﬁhm(ﬂlzo.ZIﬂEcm 2 4.8 GeV as did the
distributions for all events. The 3.0 GeV data do not scale, even at large x. The

(1/0) do/dx distributiona also fall off more quickly for large x, than do the s dv/dx,
; for !I this statement also applies to the 3.0 GeV data.

distr for all

The data also appear to scale for the entire ensrgy range 3.0 to 7.4 GeV for

xy 2 0.2, except for one 3.0 GeV point at 0.G£x| <0.7. The change in slope for
the 3.0 Govahhumondmx' between 0.1and 0,2. Of course, we are now
looking at *'old” physics since "new’ physics (i.e., charm) appears only in events

withx o <0.5. o R
Figure 28 shows (1/0) dv/dp  ver- §j_,'ga.g' . zmn; Gov

sus p, for events with x . >0.5 for - 5:3252225‘ E ggizi%g E

E, .= 3.0, 4.8, 6.2, and 7.4 GeV, § b ézi

The highest-x particle is not tncluded = *

in the plots, We see that aa Ee.m.

L dg
o dp,
T lllapo..

—a—
(g gdarnl

increases the shape of the distribution

i

remains approximately the same. The

area under the curves increases as og b ot ba b4y
0 02 04 06 08 O L2
E. m. Incresses because of the b, {Gevrc)

increasing multiplicity. We have not

Fig. 28. (1/0)do/dp, vs. p; for events
with >0.5 for En_m = 3.0, 4.8,
6.2, .4 GeV. xp .y is not plotted.
The distributions are normalized to the
crose sections for events with xpmax >
distributions are about the same for 0.5. is the component of particla
momel perpendicular to the jet axis.

determined the functional dependence
of these distributions; the means of the

the entire range of energies. It would
certainly be interesting to be able to plot this distribution for all particles in all
events; however. we do not know at this point how to correct the distributions for
incorrect jet axis determinations for eventa with no high-momeatum particles. '

In Fig. 29 we present distributions in rapidity with respect to the jet axis for
eventa with X nax> 05 for Ec.x;z.= 3.0, 4.8, and 7.4 GeV. The rapidity is defined

by

1 * Py
y=3in 5, ®
where E is the energy of the particle with a pion mass agsumed and Py is the com-
ponent of particle momentum parallel to the jet axis. The distributions are plotted

in terms of (1/0) do/dy. The widths of the distributicns Increase logarithmically
with the energy. The magnitudes of the

\ quantity (1/0) do/dy at y~0 are approxi~

® Ecm =74 Gov mately the same for each of the three

L ai

O Ecm*48 GoV
. & Eem =30 Gev energies. , the distr
*
, .::.:;«:'o are normalized to the cross sectiona
3 AT . 3
F ¢ . 3 for eventa with x >0.5. We do not
- r “ o . ] max
EL‘: k 4 6 » j know whether this sort of scaling is true
L PR
s L] for all eventa. At 7.4 GeV the rapidity
o1} $

distribution appears to develop &

t
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O 05 10 15 20 25 30 35 tween the rapidity distributions relative

Y .

T

} +
T

P YN AR P PR A

A aaaangd

Figure 30 shows a comparison be-

to the jet axis for e*e™ and the rapidity

relative to the beam direction for
Fig. 28. (1/0)da/dy ve. y for eventa
with x, >0.5 for Eq m = 3.0, 4.8,
and 7. eV, is not plotted.
The distributions are normalized to
the cross sections for events with
Xmax> 0-5. ¥ is the rapidity of the
particle with respect to the jet axis.
Pion masses were assumed.

pp —~ 7' X and pp — rX. The pp data
were taken from Ref. 23. The data are
plotted in terms of Yiab for the pp sys-
tem. For pp the quantity plotted is
Edav/dap, whereas for e*e” we plot

(1/0) do/dy. We intend to show ouly a qualitative comparison of shapes, not a quan-

titative parison of mag The invariant cross sections are, of course,
very different in magnitude and (1/0) do/dy for pp data was not available. Also, the

pp data are plotted for pJ.=o" GeV/c, whereas the e'e™ data is integrated over P



A comparison with Fermi Lab pp daui“ integrated over P, is, however, essentlally
the game. Since in pp interactions the protons take part of the energy which is then
not aveilable to pions, we have plotted the e+e' dats in terms of Yiab for a pp sys-

b -
tem at a center-of~-mass energy higher by two proton masses than for thee e
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£ 3.0 GeV+2my ‘7.4 Gev+ 2my 3
[ e gpiht v ]
- L E SHR S ) E
< F w2 .0 et he”, Ky 0.5 3
-l Y Yem® 1
[t 48 GeV+2m, * Ecms 74 GeV
o et 0 Egm=48 Gev
& Egpm= 30 Gev
STV, Y s s, @ B 0
10 F e LE T
E Y o S
-
< 1 o ro s
S o E 9)“3‘.‘1‘“\‘ o 4 mace
< E ‘_"-l?-' p4p, b, = 0.8 Gewc
£k P BC CHLM BS SS
- ‘J o o > 23 Gev
b‘n, [ Pl . » = o 3 Gev
ST E . - . e o 45 Gev
A A A s 4 & & 53 Gev
E 4 ———— 68 Gev
/
y L1 ] J | ] 1 i i L
0 0.5 Lo 5 20 25 30 35 40
Yigy for pp ounn

Fig. 30. Comparison of rapidity distributions in yjap, for ete~ and pp — 1'X
or pp ~ " X. The pp data were taken from Ref. 23. The e*e~ data are those
shown in Fig. 29 plotted in terms of y)g), for a pp sys‘:ex_n at a center-of-mass
energy higher by 2 proton masses (m an for the ete™ system.
syatem. We then see that the ete” Y1ab distributions have ahout the same ghape as
thoge for pp — 1r+x, The plateau begins to appear at about the game value of Y1ab
for both the e+e' and pp — 1r+x data. If we compare the efe” rapidity distribution
with pp — 7 X in terms of Yiab for a pp system at a center-of-mass energy higher
by about four proton masses than for the ete” system, the shapes of the e'e” and
pp — 7 X rapidity dietributions are quite similar, Of course, for e¥e” the 1r+
and r~ rapidity distrihutions are the game and both charges of particles are
plotted together.
VI. CONCLUSIONS

The data from hadron production by e+e' annihilation discussed here were
taken by the SLAC/LBL magnetic detector collaboration at SPEAR at energies
away from the resonanoes.

1. Inthe Ec.m. range from 2.4 to 7.8 GeV, R shows the following behavior:
below 3,5 GeV, R is approximately constant at a value of 2.5; between 3.5 and 4.8
GeV, R shows structure which may indicate the opening up of new channele; above
4.8 GeV, R is approximately constant again at a value of about 5.5.

2. There is strong evidence for jet structure in hadronic events at energies
above about 5 GeV as shown by the agreement of the observed sphericity distribu-
tions with the jet model rather than the phase-space model predictions.

3. At Ec.m. = 7.4 GeV the jet axis angular dlstr!!_:uuon has been found to ba
proportional to 1+(0. 970, 14) t:os2 8, glving OL/0T= 0.02+0.07. The jet axis
angular distrlbution is consistent with that for a pair of spia-1/2 particles.

4. The quantltysrh/dx“, where X (Feynman x) = ZPD/Ec.m. and Py is the

p t of particle it

parallel to the jet axis, approximately ascales for
the Ec.m. range 4.8 to 7.4 GeV.

5. The distributions in pL with respect to the jet axis, measured for events
with a particle with x > 0.5, indicate that }:»L is approximately constant as Ec.m.
increages.

6. Distrihutions in rapidity with respect to the jet axis, measured for events
with a particle with x> 0.5, show the development of a plateau at Ec.m. =T7.4 GeV.
In the rapidity varfable the jet axis looks qualitatively like the beam direction in

PP collisions,
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The data seem to be in general agreement with quark-parton constituent mocels.
In order to explain the step in R, the models need at least one new heavy guark. It
should be interesting to see what effect the production of (poasibly) charmed parti-
cles will have on the conclusions drawn from the multivarticle properties of the

hadronic events,
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ON THE THREE~-COMPORENT PICTURE OF
e’ ¢ — HADRONS
V.A.Khoge, Ya.l.Asimovy L.L.Frankfurt
Leninfrad Nuclear Physios Institute, USSR

presented by V.A.Khoge)

l. For the last two~three years
annihilation has presented to us several
pleasant surprises. It seems sometimes, that
its main rule is to meet all our dreams,

Thus, we needed hadronie jets in &€ —-
hadrons to support the gquark-parton picture
C eege /1% ) and G.Eanson helped them to
reveal themselves in a mysterious way from the
surreunding ohaos, when energy increased /4/ o

We spoke muoch about leptons heavier than
/( and tried to search them in different
reactions ( e.g. 13/ ). And now it seems
that they have been really observed in e'e”
collistons with the mass M,_ ~ 1.8 Gev /&7/

To pay for hadrenio origin of ¥'s
we needed new hﬁn'f hadrons D, oonsisting from
the light quark t; (u,d/s) and a new
heavy one Q, i.e. (D-'—'?a(cb is a gemeric
name, V= Q@ ). Now papers submitted to the
Conference glve strong imdications in favour
of such partiocles, may de even in the simplest
charmed performanece 78,9/ .

It 1s possible, that in fuiure the nature
will eontimme to meet our reasonable wishes.
But the payment for all our oheok-—orders is
the complexity of e*e’ annihilation piloture.
It then possible oonsists of several ( at least
3) oomponents.

The purpose of this talk is to present
a naive kindergarten type desoription of &€~
annihilation and to propose some ways to
independent study of its component. Natuwrally,
both from the lack of space and lack of

cempetence we shall not present here a
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complete review of the existing theeretical

" appreaches,

The present situatien is such that we
put mere gquestions, than can answer. We hope
it may ohange to the next cenference.

2+ Let us bdbriefly enmmerate the main
hypotheses and oonsequences of the naive quark-
-parton pioture for &G  amnihilation ( g -
cemponent) 71=3/ | mis approach 1s almost an
orthodoxy now. The main assumptiens are:

1) Virtual photen converts inte the pair
of spin 1/2 point-like objeots ?; ?_.; ( quark
partons), which then evolve into the hadronio
states., Quark dees not appear as an individual
obJjeet.

11) An aotive gquark-parton evolves into
hadrons independently of its origin in deep
annihilstion,
or elsewhere ( parton fragmentation universali -
ty).

111) The hadron h fragmented from a
given quark of type 1 has a distribution ‘b;
which depends on ‘Pn)lu only thromgh Z= (P“)h/P‘V
The hadrons have limited momenta transversal to
the direotion of the guark momentum. Then at
suffielently high energies one should necessa-
ry expeot Jets ( at Ph>(fi) 2 0s3 = 04 GeV).

In e'e"~ amninilation the reasonable
variable instead of Z 18

W=2QP, /@ =28 /5 (o4

Although the guark parten ploture is
expeoted to be valid only at very high
energles, our experience in deep inelastic and

inelastie soattering, or e'e”

716,11/

hadronlo reaotions show that some ef its
properties could onset preeosiously.
The main predictions are /1=3/

0 R=glere—~hdz)BEepi)= )
==e;

b) Soaling behaviocur of the inclusive speotra

b )
) = AL /s otomaa " Vs 250)
f(&-) e /o(e*e——/«/c) at w > —r;s-'-



