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ABSTRACT

Recent experimental tests of QED in high epergy ete” collisions, scans for
DArrow resonances, recent results in badron production below 1.4 GeV center-
of-mass energy, general properties of hadron production in the center-of-mass
energy range 2.5 GeV to 7.4 GeV, and new results in the 4 GeV center-of-mass
energy region are reviewed.

INTRODUCTION

Much has heen learned from the study of high energy e*e” interactions during
the two years since the London conference. ! In this report, a small part of that
work 18 reviewed; Bjtrn Wiik will review other aspects of this rapidly growing
fleld. Five topies to be covered here are: the current status of high epergy tests
of quantum electrodynamics in e'e” reactions , a summary of scans for narrow
resonances, recent results on hadron production at center-of-mass energies
Ee.m. below 1.4 GeV, general properties of hadron production for Ec.m. be-
tween 2.5 GeV and 7.4 GeV, and receat results on hadron production In the 4 GeV
region of E.m.

1. HIGH ENERGY TESTS OF QED

At present, there are no known discrepancies betweea experimeat and the
theoretical predicticns of QED that would invalidate the basic assumptions of the
theory, Indeed, QED is the most successful theory in physics. High precision
tests of QED were the subject of the fuvited paper of de Rafaei’ preseated at this
conference and will not be discussed here,

The short distance behavior of the theory may be tested® in e*e” interactions
because of the very large values of qz, the 4-momeatum transfer squared. that is
avallable with high energy o' storage rings. Geperally, these tests of QED in-
volve the ement of two pr differing from one another by either the
types of particles invoived, the range of kinematic variables covered, or both,
Often, one of the reactions is measured at small values of qz; this is termed the
Jcminosity monltor. Thbe tast resstion occurs with large values of °. The

confr and theory is then the comparisoa of the rel-
ative yleld ohserved for the two reactions to that expected from QED, where the
appropriate theoretical cross sections are folded with detector acceptances.
This is usually expressed as the ratio "EXP/QED" which is the ratio of the rel-
ative yleld of the two reactions to the relative QED cross sections corrected for

acceptances.
Since the QED cross sections of interest fali like powers of l/qz. alow qz
reaction will have high rates and exper 1 uncer in the lu-

minosity monitor oftea are domlaated by systematic errors ia acceptance. Coa-
versely, the test reaction usually will have relatively low counting rates and cor-
pondingly large 1 srrors,

In a paper submitted to this conlorenca.‘ a Stanford-Penn group has reported
new results on Bhabha scattering (e*e” — e'e”) and two-quantum annihflation
'e” ~mat E, m. D02r 7 GeV. Both reactions were studied ia the same ap-
parstus at SPEAR. Similar studies at lower Eu,m. have been pulﬂl.slmd5 by this
group. The luminosity monitoring react.on was Bhabha scattering at angles near
4 degrees; the authors clalm their systematic errors ia this monitor are less
than 0.5%. Note that this demands that the errors in determining the scatteriog
angle be less than 0.1 mr. Test reactions were observed in two aoamagnetic
spectrometers composed of trackiag chambers nond large Nal absorption counters
which were orieated perpendicular to the incident heam directioa. The theoretical

cross sections with radiative oorrections to order ua were computed using the

TABLE I

Stmmary of results on Bhabha scattering f¢*e” ~ e’e”) and two-
quantum annibiiation (¢*e” - yy) from the Stanford-Pennsylvania

experiment. 4

Ec m {GeV) 7.0 T.4
Bh;lin events obaerved ms i241
Bhabha events expected 1067 1300
EXP/QED for Bhabha scattering 1.05 & 0.04 0,96 + 0,03
vy events observed 177 297
¥y svents expected 163 333
EXP/QED for two—quantum

annibilotion 1.08 + 0,09 0.89 z 0,07

methods of Berends, Gaemers, and G.ast.mans.6 The resuits, presented in Table
I, are in excellent agreement with QED.

It is customary to use such results to set limits on breakdown purameters
A, wbich are a way to describe deviations from QED arising through modification
of propagators in lowest order Feynman diagrams. 3 Bhabha scattering tests the
photon propagator which is modified by:

v~ /b sa@?- Ay a

Two-quaatum annihilation is sensitive to modifications of the electron propagator
that can be parametrized by
1 1 4, 4
5 —~ 5 g 124/4)) @)
qz_mz q2_m2 *
m is the electron mass and A, are
TABLE I

Limits on possibie breakdown param-
eters A, determined by Ref. 4.

the breakdown parameters. Lower
limits for A obtained from the
Stanford-Pennsylvania experiment
are presented in Table I, "Notice
that the limits for A, are rather in-

Lower limits
(95% confidence level)

Reaction A, (GeV) A_ (GeV)
sensitive to experimantal errors, o +
but depend strongly on E, . For e oo 3.0 3.3
, if the systematic uncer- efe” ~ vy 10,9 8.9

tainty in luminosity monitoring for

this experiment is really 5%, the various limits on Ay in Table II decrease by 5%
to 20%, These limits are comparabie to or greater than those set in an earlier
e:rperiment" by the SLAC/LBL group using the magnetic detector at SPEAR and
indicate that QED is vaiid to scales of distance as small as 10-15 cm,

There are now several examples where the simple predictions of QED do not
describe experimental resuits, These occur at Ee. m
meson masses and are not interpreted as a2 breakdowa of QED, but as an inter-
ference b the r prod amplitude for some electrodynamic
final state and the normal QED amplitude. This iaterference effect was first ob-
served at AC 08 through the reaction e'e” ~ u+u- in the vieinity of the ¢ meson.
The most dramatic demonstrations of this effect have been seea within the last
two years at energies corresponding to the very narrow resonances y and ¢'. In-
terference data from the SLAC/LBL group™ are presented in Fig. 1, The radical
departures of these data from the simple predictions of QED are in complete
agr t with the d interference between a narrow resonance and QED,

corresponding to vector

In summary, QED well de-
scribes all 2-body electrodyaamic
processes measured to date in high
energy e*e collisions whea appro-
priate hadroaic and radiative correc-
tions are applied to the theory. The
future for QED experiments with
the new machines PEP aad PETRA
locks very bright because we may

r
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be able to measure weak-electro-

2 0.0 dynamic interference effects, rather
b\l ........... than only to set iimits on modifica-
6" aos tions of QED. The rapporteur at the

XXIT International Conference on
High Energy Physics should have
some very interesting things to say
on this subject.
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Fig. 1--Ratio of muon pair production to
Bhabba acattering in the vicinity of the

¥ (a) and y' (b) resonances. The solid
curves are the expected iaterference
patterns.

IL HADRON PRODUCTION -
SEARCHES FOR NARROW
RESONANCES

With the discovery of the very
narrow resounances y and y', several
groups at various laboratories initiated searches for additionsl narrow r
in the JFC =17~ channel by measuring the total badronic cross section o, In very
fine steps In Ec.m. [{ ily 2 MeV incr ). Since the step sizes were chosen
to be comparable to the energy spread of the beams, evea resonances very nar-
row compared to the energy resolution will show up as peaks over a few bins in
Ec.m. and the area under their production cross sections can be measured, This
area is related to the partial decay width of the resonance (J = 1 assumed) to elec-

tron pairs T, by

2
2a
Bh T, =5 RdE, @

resonance
where R = q.r/vw, g, (=86.8 nb/Ez m, (GeV)) is the pointlike muoa pair cross
section. Bh is the branching ratio of the resonance to hadrons and is usually as-

sumed to be close to one.



Fine scans for new resonances have now been reported from Novosibirsk,
Frascati, and SPEAR; a summary of these measurements and the approximate
upper limits which ¢an be set for ree are given in Table I, In most cases, the

TABLE 1I
Summary of searches for narrow vector states

Mass Range “Approx, 90% confidence level
upper limit on I‘ee Group (Ref, )
{GeV) V)
0.78 - 1.34 100 Novosibirsk 10)
1.9 -2.5 500 Frascati - yy  (11)
2.9 -3.1 - MEA (12)
2.5 ~3.0 500 Frascati (13)
3.2 -7.8 500 SLAC/LBL (14,15)
5.7 -86.4 100 SLAC/LBL (16)
Maryland,
Princeton, {7
Pavia, San Diego
7.0 -7.4 60 SLAC/LBL (16)

upper limits on ree are an order of magnitude smaller (or even less) than the ree
of the kmown vector mesons, iodicating that new narrow vector states are unlikely

to exist in the mass ranges covered,

II. HADRON PRODUCTION BELOW 1.4 GeV

Important new results on hadron production with Ec.m. below 1.4 GeV have
been reported to this conference by groups from 1‘40voall~:h-sk18 and Ovsay. 19
Using a new detector and the VEPP-2M storage ring, the Novosibirsk group has
been ahle to accumulate substantially more information on hadron production from
the ¢ mass to 1.34 GeV than previously existed. In Fig. 2, cross sections are
presented for the reactions e’e” — =*x"r*r" and e’e” — 7" x 1%, These new
Novosibirgk results are superior to the previous data in both the number of data
points and their statistical accuracy. In hoth reactions, the cross seotion shows
a smooth variation with Ec.m. from threshold to nearly 1.4 GeV. There is no
evidence for any structure in either reaction, Previously,zo it was conjectured
that a p'(1250) could be contributing to possible structure in the 7 x x°r® channel.
The present rssults would argue against such a state and seem to show the simple
threshold behavior expected for phase space production of the 4-pion channel, The
smooth curve in Fig. 2a shows the threshold behavior expected for 4 pions
produced in the state p°r*1” where the p

Preliminary

and pions are in relative s-waves, The & Novosibirsk o Orsay
* Frascoh-pr o § Novosibrrsk
smooth curve in Fig. 2b includes one- o Frascati- BCF VVEPP 2-M

half the p%r "1™ cross section determined T T T T T T

from the »'x"x'r fit and an additional b
contribution from «w°x° production, The
data are well described by these simple
thresheld models and do not indicate the

(nb])

o

pre of any new r in this _

region of Ec.m. . i
It is interesting to note that the total

4-plon oross sectionnear E, =~ = €0 [greremsmmome . B

1.3 GeV is very pearly equal to the muon o b (b) |

pair production oross seotion at this en-

ergy. As discussed below, the total 60 7

badronic cross section "scales” in the g% 1

Eg ., T20ge 2.5 GeV to 4 GeV witha :40 L 4

value appraximately 2.5 times the myon 20 N

pair cross section. Thus, we can al-

rendy account for roughly one-half of
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recently studied by groups at Orsay '

Fig. 2--Total cross sections for the

Our present knowledge of II-"IZ is summarized in Figs. 3 and 4. The Orsay
magnetic detectur"’l has measured IFnlz below the p peak and the vesults are in

excellent agreement with the formula of Gounaris and Sakurai, 2
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Fig. 3--The pion form factor va E¢ », in
the vicinity of the p meson. The daia in-
clude published points from Novosibirsk
and Orsay as well as recent data from
Ox'say.1 The smooth curve is the Gou-
naris-Sakuraf formula,

T T T T T T
X Novosibirsk & Orsay
i © Adone-BCF & Orsoy B
D Adone-um Novosibirsk _}
ot - v
IFrl? i
10° - m
107!
009 10 LI 2 L3 e

Ecm, (Gev) —

Fig. 4--The pion form factor above the p
meson. The solid points are recent data
from Novoeibirgkl® and Orsay. 19 The
lower curve is the Gounaris-Sakurai for-
mula. The upper curve shows the addi-
tional contribution possible from a
p'(1250).

calibrate the machine energy and, there-

fore, the ¢ mass, Their value is:

m¢ =1019.48 4 0,13 MeV/c? ®)

The sams group obtained a comparable
resuit by determining the range of
charged K mesons produced at the ¢
peak,

The n"x"x° final state has been
studied at values of Ec. m, ¥ay from the
w and ¢ masses in order to detect the
intarference of the w and ¢ ampiitudes,
As first reported by the Orsay grmp,zl
there exists an interference in this chan.
nel with the relative phase between the w
and ¢ amplitudes approximately equal to
180 degrees, This result is confirmed by

the large sample of data presented to this Conference by the Novosibirak group.

New results

from Ol'say19 above 900 MeV in-
dicated a systematic departure
above the Gounaris-Sakurai for-
mula, The new rvesults from No-
vosibirsk shown in Fig. 4 confirm
this excess of fare production
above 900 MeV. The two smooth
curves in Fig. 4 are the p-tail ex-
trapolated from the Gounaris-
Sakurai formula and the result of
the interference of a p'(1250) with
the p-tail. The data clearly prefer
an additional contribution to IF,IZ.
but cannot be sald to establish the
existence of a p'(1250). The ex-
cess of 7'x~ production is likely to
be simply related to the anset of 4-
pion production which occurs at
essentially the same energy, and
not to resonance production. More
experimental and theoretical work
is aeeded to clarify this situation,
The ¢ meson has been studied
extensively in e*e ™ collisions and
new resuits were reported to this
Conference from Novoaibirukls and
Orsay. 19 In connection with some
very interesting work on trans-
verse beam polarization (discussed
in the invited talk of Skrinsky), 2
the Novoaibirsk group produced the
remarkable excitation curve for
the ¢ shown in Fig. 5. They were
able to measure the g-2 spin pre-
cession frequency of a stored beam
in VEPP-2M and tbereby accurately
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Fig. 6--Excitation curve for the ¢
meson obtzined with the VEPP-2M
storage ring. 18

18

Finally, the Orsay gl'oup19 has studied the Dalitz plot for the decay ¢ — Patard
and ooncludes that greater than 80% of these decays proceed through the quasi-2-

body decay ¢ — pr.

In summary, badron production below 1.34 GeV is dominated by the well~

and Novosthirsk. '® Tbese experiments
yleld information on the pion form factor
F, for timelike values of qz. F, is re-
Iated to the 7'x” cross section by:

2
8¢ -2 pasm’uri(sg'mn’ @
ec.m.

reactions (&) e*e~ — x*r-r*x~ 2od
®)ete” — r*x~7x%2°, The solld
points are the new data from Novo-
sibirek pregented to this conference
by Sidorov, The solid curves are
threshold model fits to the data com-
puted by the Novostbirsk group.

where a is the fine structure constant, f§ is velocity of the pion, and the produc-
tion angle § is measured with respect to the lacident e+ direction.
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known resonances p, w, ¢ with interferences between these resonances occurring
in several channels. The production of four pions exhibits a simple threshold be-
havior with no evidence for a p'(1250) resonance, At 1,3 GeV, the 4-pion cross
section {s approximately equal to the muon peir cross section. There exists an
excess of o~ production over that expected from the Gounaris-Sakurai formula
for the p-tail at Ec.m. 2 900 MeV. While this excess may be due to & proposed
p'(1250) resonance, the data probably can be explained by inelastic effects arising
from the opening of the 4-pion channel at nearly the same energy.



GENERAL PROPERTIES OF HADRON PRODUCTION
BETWEEN 2,5 GeV AND 7.4 GeV

The general properties of multihadronic final states in ©%e ™ annihilation have
been discussed in detail at a number of confereaces 15,24 and will be reviewed
only briefly in this report. Through what must rank as oae of the major achieve~
meants in high energy physics over the past two years we now havs a vast body of
experimectal information on hadron production that can be described in general
terms by the quark-parton model whore hadrons are produced through the point-

v,

like coupling of spin-3 partons to the electromagnetic current,

One of tke most important experimental quantities in the study of multi-
hadron production is the ratio R of the total hadronic cross section to the point-
like cross section for producing muon pairs. In quark models, at sufficiently
bigh energies, R is related to the quark charges by:

2 2
R=2Q+1%Q ®)
s} s=0
where the two summations are over spin-i and spin-0 quarks, Tke Qi are the

quark charges in units of the electroa charge., Fig. 6 summarizes our present

experimental understanding of R from E = 2 GeV to Ec m ® 8§ GeV. New
results on R in the E range 2-3 CeV were presented to thls Conference by
15,25

the vy group at Fvascati,la the previous SLAC/LBL restlts
~ sented in Fig. 6.

are also pre-
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Flg. 6--The ratio R of the total hadronic cross section to the muon pair
oross section. Radiative tails from the y and y' resonacnces have been
removed.

Over this epargy range, R has three distinct regions aside from the ¢ aad y*
resopances ; Ec.m. % 3,8 GeV where R =~ 2.5, Ec.m. > 5 GeV whsre R « 5.5,
and the 4 GeV region where R exhibits a very comglicated transition zone. A
constant value of R is termed "acaling” and is expected in quark-proton models as
discussed above. The iow snergy region where R = 2.5 15 in reasonable agree-
ment with the predictions of quark models having three flayors of ordinary
quarks in three colors where R is expected to be 2, The transition region of R
near 4 GeV strongly suggests that new hadronic degrees of freedom are being
excited here. This region wlll be discussed in Section V.
5 GeV is too large to be nu;factorlly accounted for by only the excitation of
charmed particles (where R = 3—) and mny indicate the presence of additional
quarks beyond charm, a hsavy lepton, or both,

Presently available data on the mean charged multiplicity in multihadron
production are given in Fig. 7. Within the rather large errors, all the data are

J‘
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1
|
!

The value of R above

6 with a loga-
rithmic energy depen-
dence similar to that oh-
served in hadron produc-
tion by hadron beams at
comparable ¢. m. ener-
gles.28

An interesting inclu-

.

Adone vy -2 sive property of hadron
produetion that has been
known for gome time lwrwl
is the observation by the
i SLAC/LBL group that the
fraction of E m. appear-
ing ia char(ed particles
decreases from 0.6 near
Ec.m. =2.5 GeV to less
than 0.5 at E =74

c.m,
GeV, as shown in Fig. 8.
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Fig. 7--Mean cha.rged multiplicity in hadron events
producedlgy e*e” annihilation, Adome Yr-2 results
are new;'v a list of previous references may be
found in Ref, 27,

Eem
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Naively,me expects this fraction to be 0.67, but the production of particles
other than pions could reduce it samewhat, Why it decreases with increasing
Ec.m. is not understood,hawever. Presumably,this is related to the production
of new particles in the 4 GeV region. However, as pointed out Azimov,Frank-
furt and Khoze,zg it cannot be due entirely to a heavy lepton production be-
cause the data used only three or more charged prong events while haevy lep-
tons are expected to contribute primarily to events with only two charged
prongs.

Slagle particle inclusjve spectra for hadrons produced in ete” annihilation
can be described by the following simple [m'm:.llzl30

dg__ af

ddx - s

x F(x,Ec‘m‘)[l +ap,E, o Neos> 0+ sia2s cos 2¢)] m

where x = 2Eh/Ec.m. y Eh is the hadron
encrgy, 8 is its vslocity, 4, ¢ are the
polar ard azimuthal angles of the pro-
duced hadron measured from the " di-
rection and horizontal plane, s =

2
E

¢, m.
single beam polarization.
and a are functions of x ard Ec m {or
Eh); should F azd a depend only on x,

,aad P is the transverse (vertical)
In generai, F

the cross section is sald to scale and tks E“ ?G )5 v 8
v .
Quantity sdo/dx should depend oaly on x. em. (G
In Fig. 9, sdo/dx (measurcd by the Flg. 8--Mear fraction of visible
SLAC/LBL co‘.laboraﬁmw) is plotted energy in charged prongs to E.om-

Data are from the SLAC/LBL
group.

T T T

dﬂb Ecm-7409\/

Q%E:m*“ﬁﬁev

In these measurements the
hadron momentum rather than total ecergy

yersus x.

b aaal

v

— was uscd to comp x b are
&3‘ & K 1 the directly measured quantities. At low

é’: [ s %EW-*O Gev 1 values of x, sdg/dx depends strongly on

= , : ng Ec.rn. , while for x > 0.4, sdo/dx does not

s o4, 3 vary significaatly with E, . Thus scaling
Tt %o ] obtamsferxz 0.4fromE . =3GeVto
T § ¢ 9 7.4 GeV. A more critical study of scaliag
r ) é 1 is provided by Fig. 10, whore 8dg/dx is
ou N N | 1} plotted vs Ec.:n. for geveral hands of x.
o o2 Ol-:‘zp/‘éfm 08 '0 Aside from tho lowest x band, there is little
) variation with E for x> 0.4 except in
Fig. 9--sdo/dx vs x for three the vicinity of E ~ 4 GeV, where there
values of E, ., . seems to be a slight excess at intermediate
14~ o 25~ 038 <x<0.44 values of x. Above 4
12 | 20 : : GeV, scaling bolds for
10 * 15 ‘. x > 0.2 to about the 20%
8 1o ¢ * . level, which i8 consis~
gk i 05 - tent with probable sys-
b 0.08<x<0.12 ° 1 errors of this
T 2k . ¢ 05 experiment.
§ o La ol 048x<0.52 The scaling of
Aa8r X . Wt e e sdo/dx is expecteda in
6 «s * @ 05 - the parton model, 1
8= L olel 1 1 3 .1 1 where hadron production
2b by e’e” annihilation s
° viewed as the produc-
a tion of pairs of partons
3 . followed by ike subse~
b ® 10 072<x<0.88 mf,ent deoay of the par-
) 0.28<x<0.32 05 tons into "jets” of
olad L 1 1 1 1 o ? ®°e o ,* hadrons, The slow
0O 3 4 5 6 7 8 0O 3 4 5 6 7 8 multiplicity growth
Ecm  (GeV) Eem  (GeV e

nriges naturally in thig
picture as the mecha-
ailsm to fill the csntral
This picture is consistent with the obser-
of multiparticle correlations ln hadronic

Fig. 10--sdo/dx va Ec.m. for various bands of x.
region in rapidity between the two jets.
vation by the SLAC/LBL groupaz'“
events that have the appearance of back-to-back iets of hadrons,

In the SLAC/LBL analysis. a jet is defined as a multiparticle correlation
that leads to a preferred direction in a hadronic event about which the momenta
perpendicular to that direction are limitsd to values smaller than those expected



from phase space considerations alone, To search for jets, hadronic events with
three or more charged prongs are selected and the axis which minimizes the sum
of squares of charged particle momenta perpendicular to it is found. This axis is
called the jet axis for the event. A quantity called the sphericity (defined to be
proportional to the sum of squares of momenta perpendicular to the jet axis di-
vided by the sum of squares of the total momenta} is computed for sach event.
Small sphericity corresponds to very "jet-like" events. Sphericity distributions
at three values of Ec.m, are shown in Fig. 11 aleng with the distributions calcu-
lated from a Lorentz invarjant phase space model and a "jet" mode] of hadron

production. In the jet model, phase 20 T T (JJ
space is modified by a mat1 ix ele- &0 « * Eg m=3.0Gev
ment squared of the form: 50 - -
40}
2 2
- . 30
2 ()i:p“)/r
iMI® < e @) 20
0
wherep ,is the momentum aof the 3 0
i-th particle relative to the et axis £ 200 | b . 2‘6’:\’/ 4
and r is an adjustable parameter. é . e
As can be geen in Fig. 11, the 8 200 | # /) ) \\\ i
data are well described by the jet 3 {Q e R \\
model at all values of E, . while = // N 4
they systematically deviate from the 3 / N

phase space model as Ec.m. in-
creagses, Values for the parameter
r that are preferred by the data give
a mean p  of approximately 300
MeV/c for all Ee. m.* A stuc:lyz“’32

of effects arising from resonance

production and more complicated

phase space models failed to find ¢} 0.2 0.4 0.6 08

any satisfactory description of the SPHERICITY .

Fig. 11--Sphericity distributions for
multibadreon events, compared with
Meonte Carlo models of badron produc-
jet model, Fig. i2 shows the com- tion.

parison of the jet model and phase

space model with the observed inclusive momentum spectrum at E

observed sphericity and inclusive
momentum spectra, other than the

=17.4 GeV,
Again, the data prefer the jet model; the number of prongs with x ;.3.:‘5 cannot
sasily be accounted for by phase space alone.

The distribution of hadrons relative to the jet axis is reminiscent of hadron
distributions in hadron-hadron collisiong measured relative to the incident beam
direction, For example, Fig. 13 shows the distribution of hadrons in rapidity
relative to the jet axis at three values of Ec.m.
teau that grows in width, but not height, with increasing Ec

. We see the emergence of a pla-
m in a maoner very
similar to hadron-hadron collialons. As mentioned previously, the mean value of

momenta perpendicular to the jet axis is approximately 300 MeV/c.
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Fig. 13--Observed distribution of
hadron prongs in rapidity relative to
the jet axis,

Fig.12-~(bserved inclusive momentum
spectTum of hadron nrongs campared
with Monte Carlo models,

The most dramatic difference between the jets cbserved in e’e” colli-
sions and ordinary hadron collisions is in the angular distribution of the
jet axis. In e'e” annihilation, the angular distribution must have the form
of Eq.(7), while in ordinary hadron collisions the "jet” axis is the beam
direction, The azimuthal distribution of the jet axis measured by the SLAG/
LBL growp at two values of E_ ~is shewn in Fig.14. At E  p.76:2 Gev,
where the beam polarization P is very small, the distributien is flat;

at Ec.m.=7'4 Gev,where P 80%, there is a strong cos 2¢ term evident,
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Corrected for acceptance losses, the data of Fig.I4b indicate that the an-
gular distribution of the originally produced jet axis is given by:

e s;;:v——:: g—%jet « 1+(0.9740, 14)(cos>6 +P sin 9 cos 26)
4 ©)
’“QN‘.‘“"‘.‘.Q This distribution is consistent with a =1
200 } for the jet, the largest value of a possible.
1u the context of the parton model, such a
value of A suggests that the partons re-

1

1000
sponsible for jets are spin-3 ohjects
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rather than, say, spin-0 where a would be
-1.
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The simple jct model that was used in
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Q
[s]

the sphericity analysis is ahle to reproduce

° well the Inclusive angular distribution of
0 45  =0°  35°  180°

the produeed hadrons when the jet axis has
AZIMUTHAL ANGLE OF JET AXIS

the angular distribution of Eq. (9), In Fig,
15, the funetion a(x) from Eq. (7) for mul-
tihadropie data taken at Ee. m. =7,4 GeV is
plotted ve x. a(x)was determined®® from

Fig. 14--Azimuthal distributions o
of the jet axis. AtE =1.4 GeV,
the incident beams w8+ trans-
versely polarized.

a simultaneous fit to the ¢ and ¢ angular
Ec.m.= 7.4 Gev distributions; at this energy, the ineident
beams were transversely polarized. The
same quantity calculated with the jet model
lies within the shaded region of Fig. 15.
Once again, the simple limited transverse
momentum jet model represented hy Eq.
(8) is ahle to describe well an inclusive
property of multihadronic events - in this
cage, the inclusive angular distribution.

In summary, some of the important
general features of multihadron prod:ction
hetween E; m, =2.5GeV and Ec.m. ~
8 GeV are:

o 02 04 06 08 1.0 1. Aside from the very narrow resonances

x=20/Ec.m, s 3 and §', R scales in two regions of
Fig. 15--afx) (see Eq. (7)) vs x I':e.m. For 2,5 GeV g Ec.m. <4 Gev,
for charged tracks in multi- R e 2.5, while for 5 GeV ¢ E_ <

badronic events, The shaded area
is the jet model calculation.
errors on these valucs are approxinately +10% io overall normalization and

io highest.

8 GeV, R w5. Present systematic

from lowest Ec.m.

A complicated transition region joins thege two regicns of R,

a further +10% smooth variation wlth I-:c m

2. Within the experimental uncertainties of +20%, the inclusive momentum spec-
tra exhibit scaling for x > 0.4 over all energies studied and for x > 0,2 for
Eeom, 2 5 GeV.

3. The sphericity distribution of multihadronic events is peaked to lower values
of sphericity than would be expected from phase space production alone,
which implies that hadrons are produced in jets with <pL > @ 300 MeV for
hadrons relative to the jet axis,

4. The inclusive angular distribution of hadrons at E =17.4 GeV varies from

isotropic for hadrons with x > 0,1 to nearly 1+cos 'o f'or prongs with x > 0.6.

m while the

appearing in charged particles decreases in a manner that

5. The mean charged multiplicity grows slowly with increasing Ec‘
fraction of Ec.m.
cannot be explained hy heavy lepton production.

Mort of these features are remarkahly well described by the quark-parton
model with the partons having spin-4. A simple limited transverse momentum jet
model is able to quantitatively reproduce the shapes of the sphericity, inclusive
momentum, and Inclusive angular distributions. This has not been possihle in
phase space or resonance production models proposed to date, The value of R be-
low 4 GeV and the slow multiplieity growth are also features expected tn the quark-
parton model, The large value of R above 4 GeV is less easy to understand, how-
ever. Tbe four quarka of the charm mndel are, by themselves, not able to ac-
count for this value of R. The detailed understanding of the magnitude of R in this
energy region remains an outstanding question,

There is still cther experimental information we would like to have. For ex-
ample, studies of the correlstion in quantum numbers between the two "halves’ of

jets will praovide clues tn their origins. The lepton in muitihad

events awaits measurement, As the new hlgher epergy machines become avail-
able, the most burning issue wiil agnin be the measurement of R, Does it in~
crease, remain constant, or decrease?! If the simple sealing rules already ob-
served in jets continue to apply at higher energies, the jets at PEP and PETRA



should be spectacular, indeed. If we are lucky, we will caly have to wait until the
XX International Conference to find out.

V. THE 4 GeV REGION
Hadron production near Ec. =4 GeV exhibits a richness of structure that
we are just beginning to extract. Our present lmowledge of R in this region
comos from preliminary results of the SLAC/LBL collaboration shown in Fig.
16. The main features are the possible broad peak near 3,95 GeV, the very

L. Lol

410 420 430 440 450 460
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380 390 400

Ecm.

in the 4 GeV region,

Fig. 16--R vs Ee. m.

sharp rise from 4. 00 GeV to 4,03 GeV, a second possible broad peak near 4.12
GeV, and the resocnance-like lm-ucmre34 at 4.414 0. 007 GeV that has a width
T =33 + 10 MeV. The areas under all of theae structures correspond to partial
decay widths (see Eq. (3)) to electron pairs oo tbe order of 10% of the ¢ partial
width, The rise in R and appearaace of broad structures strongly suggest that
the 4 GeV region represents the threshold for new particle production, at least
some of which is likely related to the very narrow y and 3’ states. There have
been many attempts to understand the structure in the 4 GeV region in terms of
charmonium levels ahove charmed particle t.hmhuldas and collective "molec-
ular" states of charmed particles:,’6 but as yet there is no compelling and pre-
dictive theory of this structure.

The first direct observation of decays of new particles produced ln this re-
glon has been reported recently by the SLAC/LBL group. 37 in a sample of
29, 000 hadronic events collected between E, =3.90 GeV and E, =4.60
GBV they observed 110 + 24 decays of a new stnle to the final ntntes K* =~ and
K" . Inthe same sample of data, a signal of 124 + 21 neutral combinations of
the particles K**Tr't” was found at the same invariant mass. Both states ap-
pear to represent different decay modes of the same object; its mass is 1865215
Ml:V/c2 aod its decay width is less than 40 Mev/cz.

The evidence for this stste is presented In Fig. 17. In the top row cf this
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Fig. 17--Invariant mass spectra for neutral combinations of
chnrg:d particles, (a)t*r- aasigning = mass to all tracks,
M

#* assigning K and r masses to -ll tracks, ) K'K"
igning K mass to all tracks, () r*r~ weighted by time-of-
mm probability, ) Kir weighted. (t) K*K- wesmed @)
= I‘ I‘ ¥ wellhta:l by 4x tlmo-of-ﬂ.lght pruhnbilitz
Kir ghted by K37 probabil L F oo welghted
by xxn probability.

figure, invariant mass spectra are plotted for all possihle peutral combinations of
two charged prongs assuming both pion and K masses for the prongs. Through
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kinematic reflections, a signal appears near 1,74 GeV/c in the xx channel, 1,87
GeV/t':2 in the xK channel, and 1.98 (hV/c2 ia the KK channel. To establish the
correct choice of final-state particles, time-of-flight information was used. Be-
cause the typical time difference between a K and a 7 in the signal region was
comparahle to the measurement resolution, 25 Yt Ty

the two particle combinations were
weighted by their relative xx, »K, and KK
likelihoods to extract maximal information
on particle identity,
tra weighted in this manner are presented
in the second row of Fig, 17. The Kr hy-
pothesis for the peak near 1,87 (hv/cz is
clearly preferred over either rr or KK; the
residuzl peaks in the »x and KK channels
are consistent with the known time-of-
flight resolution. The third row of Fig, 17
shows eimilarly weighted spectra for neu-~
tral combinations of four charged particlea
Here, the K-r time-~of-flight separation is
greater and the only significant peak i8 in
the K3 channel near 1,86 GeV/c2,

The recoil mass spectra associated
with these peaks, Fig, 18, and the lack of 2
signal in the large body of data at the p*
maes indicate that this new state is pro~
duced with a threshold near 4 GeV in asso-
ciation with particles of comparable or
even greater mass,

To further study this new state and to
search for others, the SLAC/LBL group®®
subsequently collected 19,000 hadronic
events at the fixed Ec. . =4,03 GeV and
present preliminary results from the new
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Fig. 18--Recoil mass spectra for
combinatiouns in the Kr and K37

data at this Conference. Ec.m. =4,03 GeV peaks., Smonth curves are esti-

was ch b it corresponds to the mates of the background obtained
from whose

top of the very sharp rise in R mentioned are on either side of the peak mass

previously. in a preliminary analysis, region.

shown in Fig. 19, the Kr signal at 1,87

(hV/c2 stands out la the new data as an unmistakable feature above a small back-
ground. The recoil mass spectrum for events within this peak is presented in
Fig. 20. The most prominent features are two large peaks above a smooth
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Fig. 20--Recoil mass spectrum for
Kr events in the 1,87 GeV/c? peak at
=4,03 GeV.

background; one at a recoil mass near
2.01 GeV/cz and the second near 2,15
GeV/c®. The most natural interpreta-
ﬂm“ of this recoil mass spectrum is that the 2. 01 (hv/c2 pezk corresponds to
4 state produced in association with the 1,87 GeV/cZ state, while the 2. 15 GeV/c?
peak represents the linematic reflection due to pair production of the 2, 01
Gﬂi/l:2 object and the subsequent decay of one of these to the 1,87 (‘gv/c2 state
plus a pion with very small Q-value, Additional data at several values of Eom
are required to prove this conjecture, however.

To search for charged relatives of the new peutral state near 1.87 (hV/cz,
invariant mass spectra for systems of a charged K and two charged pions have
been atudied with net charge plus or minus one can be divid-

E
c.m,

K»r




ad into two classes: '"monexotic" combinations where the pions have opposite TABLE IV

electric charge (the usual K* channel), and "exotic' combinations where the Preliminary cross secq)ons timea branching ratios for the new
pions have the same electric charge. In terms of the standard 3-quark model, states near 1,87 GeV/c= in ms.g. op is the total hadronic
cross section.
exotic states cannot be formed from single quark-antiquark comhinations. ross sec
Therefore, the existence of exotic states would provide clues on new particle . BR (mb) for - g+.BR (nb) for
Decay Mode 3.9<E <4.6 GeV E =4,03 GeV
producton. . ) - "ec,m, — c.m.,
(0. =27+ 3 ob) (¢ =33+35nb)
100 T T T Preliminary invariant mass spec~ n n .
Pretiminary ta} | tra for Knm combinations are given in K "0.20 0,05 0.52 0,05
r o3z . . N .
KEmEa® (Exanc) Fig. 21. These data were obtained o
B8O Eem= 4.03 Gev - i Krnx -— 0.27 40,05
from the same sample of hadronic N
4 F 4~
r * * events atEc m =4.03 GeV that was Krr 0.67 %+ 0,11 0.72 £ 0,18
60 = + o discussed above. The Krt comhina- Note: Systematic errors on all values are +50% due to
b * H * | tons are weighted by their time-of- present uncertainty in detection efficiencies.
~ 40 + + + +++ + | flight likeliheod, but, in this cue,l the the 4 GeV region. In particular, a charged state of mass 1876 + 15 MeV/c2 and
) ;
i. L + + + +++ + average‘ momenta are sufficiently low a peutral state of mase 1865 + 15 MeV/c2 are by now well estahlirhed, It is mig-
[ + ++ ++ ++ to provide much cleaner K-r separa- nificant that the energies for pair producing these states lie in the small region
& = N .
P 2 tlon than in tho Kr case, Fig. 213 between the very narrow §'and the broader structures near 4 GeV, The yield of
z -
g I shows a significant (5 standard de the neutral 1.87 GeV/c2 objecé is strongly correlated with the structure in R,
g o0 S viations) peak in ;xom combinations Both states have narrow decay widths, consistent with the lifetimes expected of
g Prefiminary tb) near 1.87 GeV/c”, while no corre~ weakly decaying objects. In all cases abserved to date, the decays of these states
o o :- w‘:-otauug-\fxonc) spooding peak is present in nonexotic involve K mesons and the charged atate is seen only in the exotic combinations
o - m: 4. ! - .
=4 “ Kam combinations. A fit to the exotic Kr** and not ia the corresponding nonexotic binations or in comb {ong
I .
8 [ +§++ 1 mass spectrum .g”“ the zmass af the with electric charge greater than one. Ifind the evidence to be persuasive that
* 120 - %%’ | state as 1876 + 15 MeV/c” (systematic these states are the predic!ed40 isodouhlet of charmed mesons, (D+,D°). Their
% + | errors Included) and the fullzdecay preference for decays involving K mesons, particularly the exotic channel, is
%+ ++ + width is less than 40 MeV/c™ at the dramatic evidence for the charm-strangeness relationship proposed by Glashow,
80 - # 7| 90% confidence level. Preliminary TNliopoulos, and Matani 41
[ ¢ M%ééﬁ values for the cross section times Questions for the next generation of experiments abound, There is a whole
40 - ¢¢ -|  branching ratlo for this state are new worid of charmed particles ta discover and study, We would still like to un-
P given in Table IV along with values for derstand the structure in R. My question to this rapporteur at the next Inter-
o Lat | Lo the neutral “fte' national Conference on High Energy Physics is a simple one: What else is hap-
o 16 .8 20 2.2 The reccil mass spectrum far pening in the 4 GeV region?

vy

INVARIANT MASS  (Gevc?) events within the K7 peak is shown in

I want to thank our Soviet colleagues, members of the Organizing Committee,

Fig. 22. In this case, the background
Fig. 21--Invariant mass spectra for

time-of-flight weighted combinations of ~ €8a be estlmated accurately by using
the charged particles Krx. (a)the ex- the nonexotic Krr combinations in the

and particularly my sclentific secretaries for making my short stay ia the Soviet

Union such a pleasant ane.
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PARALLEL SESSION ON DEEP INELASTIC SCATTERING. .

HADRONS PRODUCED IN DEEP INELASTIC MUON
SCATPERING AT HIGH ENERGIES

A.L.Seasons

Harvard University

I will present data taken by tke Chicago—
Harvard-I1linois~-Oxford (CHIO) collaboration
et Perpilab &nd a rosult oz shadowing by a group
from tke Koseow Physical Bngiresring Institute.

cazo/ 24/,
Trhe process we will discuss is shown in Fig.l.

PeEF)  pLe(EF)

e¥n

(l: (\),-K’)
- Ph'-'(Eh‘l—Sh)

Px

3=E-E'
k=f-F

Pig. 1

A wuon of known momentum is scattered, suffe-
ring an energy leoss,Y , and transfering & vir-
tual photon of momentum g tos nucleon N . The
soattered muon and hadrom resulting from the

virtual photon-nuoleon interaction are detected

in the appu-stus shown in figure 2. The targct
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Fig. 2

was liquid hydrogen or liquid deuterium. The
incident muon energy was 150 GeV. The scattered
muon was identified by its ability to transverse
approximately 2% mcters of iron.



