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I. INTRODUCTION

It is now nearly three years since the first e*e” collisions were observed at PETRA, which opened

a new energy range for experimental investigation. In the meantime a total luminosity of about

30 pb'1 has been accumulated in each of the four interaction regions at center-of-mass energies be-
tween 12 and 36.8 GeV (Fig. 1),and important new insights into the production of hadrons by e'e” -
annihilation have been obtained by the experiments CELLO, JADE, MARK J, PLUTO and TASSO.

In the following recent results from these experiments concerning the gross features of the hadronic
final state produced by e*e -annihilation are reported:

a) the total cross section for hadron production

b) the energy fractions of charged and neutral hadrons

c) the charged hadron multiplicities

d) inclusive hadron spectra.
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11. (e"e™ + hadrons)

Itot

Hadron production by e*e -annihilation is generally attributed to the diagram shown in Fig. 2a),
and the measured data are corrected for higher order electromagnetic processes including hadronic
vacuum po]arisation1). The process is identified by the momentum balance of the final state particles

and the well defined center-of-mass energy.

Fig. 2: First order diagram for hadron production
by e*e -annihilation (a) and lepton pair

e production (b); (c) shows the diagram for
o Y, 2° hadron production by two-photon collisions.
(a) The main background processes are the production of
lepton pairs (Fig. 2b), which at PETRA energies are
e* easy to identify and to reject, and the production of
et hadrons by the collision of two almost real photons
e (Fig. 2c¢). The hadronic system produced by yy-collision
(b) is in general of low mass and has a large momentum along

the beam direction, which allows for discrimination from
annihilation events. For details we refer to refs. 2.

One is of course aiming for a precise measurement of
a quantity of such fundamental importance as Otot” At
(c) present the PETRA experiments quote systematic uncer-
tainties ranging from #5%(PLUTO) to +10% (MARK J). The main
sources of these uncertainties are in the measurement

of the Tuminosity and in the precise knowledge of the
acceptance of the apparatus and of the radiative corrections.
Fig. 3 shows the recent results on R = Otot/cuu (ouu = 3%%1) from PETRA and some representative
data at lower energies. In the energy ranges 29.9 - 31.6 GeV and 33.0 - 36.6 GeV data have been
taken in a scanning mode, in order to search for narrow resonances. Since no evidence for such re-
sonances has been founds), we show in Fig. 3 the results averaged over larger energy intervals. The
data of the five PETRA experiments agree well within the quoted systematic uncertainties (the errors
shown in Fig. 3 are statistical only) and are consistent with a constant value of R.

The simple quark-parton-model.prediction
R =330z =0t (1)
0 ; f 3

(f runs over the quark flavours u, d, s, ¢, b with electric charges Qf), which is also shown in
Fig. 3, describes the high energy data reasonably well. This fact constitutes clear evidence for the
colour degree of freedom and for the pointlike structure of quarks. Introducing a quark farm

factor F which modifies (1) R =R, - F2 (2)

53




R. Felst

T T T T T T T T T T T T T T | T T T T T T T T T | L ] T 1 1 T ] L]
. E“’" Iy vy o ORSAY o CELLO
1 s FRASCATI 1 JADE )
L ¢ NOVOSIBIRSK + MARK T
x SLAC-LBL v PLUTO T
o DASP a TASSO
6 k * CLEO .
. g a DHHM
| -M!N t% |
8 4r ﬁ%t 1 #¢4§}4. U l 1 # #ﬁj 1?4“&__ ]
c + “+ ; { ﬁ. T T # LR
W
1"
g s e -
. u,d,s.c,b
L & -
o'....l..;-I-_L‘lll|11||1|4L4111Jl|||51]||||
0 5 10 15 20 25 30 35 40

¥s [GeV)

Fig. 3: Compilation of R values from the different PETRA
experiments together with data from lower energies.
Only statistical errors are shown. The quark-parton
model prediction is also indicated.

‘Wolf. and Sﬁding4) (using last year's data) and the MARK J group (using all their data) obtained
upper limits for a possible quark substructure as listed in Table 1.

F 95% CL Timit author
I eecoecaooin_(GeV) _____ -
___________________ =p== ==
s -1
1-—=) M > 124 ref. 4
MZ
s -2
(1 --M—) M > 176 ref. 4
2 .
A, > 185
- S +
(1+S_A2) A > 280 MARK J
t
TABLE 1

Upper 1imits for possible spatial structure of quarks, obtained from comparison with
the quark parton model prediction for R.
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The quark partonmodel predictions are refined by QCD in leading order to5)
o
R = R (1+——)
0 kit (3)
127

Q
s
(33-2Nf) . 1n(s/A6CD)
with Nf being the number of active flavours and AQCD the scale parameter of QCD. Second order QCD
corrections to R were found to be sma116 and eq, (3) allows in principle a clear determination

of Og - However the QCD correction term is small and the effects of the weak neutral current are
expected to be of similar size at the highest PETRA energies.

Including the neutral weak current in the standard way, one obtains the following modification of

the quark parton model prediction7):

Ry >3 % Ry
R - o2 2spQe vg Vg (4)
£ = 0% - 3
T
/ s-M2

A

2 2 2
szpz(v; + ae) (vf + af)
TZ

- NP+
M5 7

+

with MZ and FZ being the mass and the width of the 7° and a and v its axial and vector coupling
constants, and p = GF/(B/?-n-a). First order QCD corrections for eq. (4) have been calculated
for heavy quarks by Jersak et a18). The result of their calculation for AQCD = 0.3 GeV and dif-
ferent values of sin29w is shown in Fig. 4.

R} cOmbm;;:;nafnxn PETBA Fig. 4: The PETRA data of Fig. 3 averaged
| (statistical errors only) 4

over the different experiments,

| considering statistical errors on-
40

ly. The full curves are the first
t S order OCD ] order QCD predictions of Jersak et
RN ) S P al. for AQCD = 0.3 GeV and values
sl of sin?6 as indicated. The broken
i . ] curves represent the predictions
partoh model 1 without neutral weak currents.
L QED only )
30: llo 2? 3‘0 AID
V= [oed
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Apart from the general increase of R (eq. (3)), the QCD corrections yield a considerable enhance-
ment of R close above the threshold for b-quark production. Also shown-in Fig. 4 are the experimen-
tal data from PETRA averaged over the different experiments. The averaging procedure, however, is
questionable, since systematic uncertainties have been ignored.

The curves and data of Fig. 4 enable one, in principle, to determine two fundamental parameters,
AQCD and sinzew. At present, however, the accuracy of the data is not sufficient to measure both
numbers independently. Considering only the data for /S > 20 GeV and assuming sinzew = 0.23 and an
energy independent ag we obtain values of ag as listed in table 2. The error of og depends strongly
on the normalization uncertainty, which remains after averaging the data. A + 4% remaining uncer-
tainty is probably a realistic number. Also listed in table 2 are similar results from the PLUTO
and TASSO groups based on their data only. These values are in accord with the numbers obtained
from lepton nucleon scattering, but one has to aim for systematic uncertainties in R of the order
of 2% in order to obtain a significant measurement of g o
The determination of sinzew from R yields two solutions. Taking the one which agrees with the lep-
ton data we obtain from the data of Fig. 4, assuming A D = 0.1 GeV and 4% normalization uncer-
tainty, the results listed in Table 3. Also shown there are results from the JADEQ) and MARK J1
groups. These values of sinzew agree well with those obtained from low 02 processes involving light
quarks only, whereas at PETRA energies c- and b-quarks contribute more than 40% to ¢

0)

tot”®

data normalization og C.L.
uncertainty
all + 8% 0.15 + 0.15 68%
< 0.4 95%
all . 2% 0.16 + 0.07 68%
0.16 + 0.15 95%
PLUTO 0.30 + 0.06 (stat.) + 0.14 (system.)
TASSO 0.30 + 0.04 (stat.) + 0.22 (system.)
TABLE 2

Values of og deduced from the measurement of R assuming sinzew = 0.23,
except for the PLUTO value, which was obtained ignoring the weak contri-
bution, Errors corresponding to 68% and 95% confidence levels are given.
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IO A s
+0.06
a1 0.2 -9 68%
0.2470-38 95%
JADE 0.22} 318 68%
0.2773-38 68%
MARK 9
+0.39 95%
0.27%5-33
TABLE 3

Values of sinaew deduced from the measurements of R assuming

AQCD = 0.1 GeV and 4% normalization uncertainty.

ITI. NEUTRAL ENERGY FRACTION

Further information about the gross features of the hadronic final state is provided by a measure-
ment of the fraction of the energy carried by gamma rays and by all neutral particles.

The gamma ray energy ffaction o. has been obtained by the CELLO and JADE groups from measurements
of the energy deposited in a photon detector surrounding the interaction region, whereas the
neutral energy fraction N has been determined by the JADE-group as the complement of the charged

energy fraction oy = 1 - The resulting values of oy and PN for the multihadron events,

pcharged'

. . . . . + -
i.e. those events passing the selection criteria of the o (e’e - hadrons) measurement, are

tot
shown in Fig. 5.

Both fractions Py and py are independent, within the experimental errors, of the center-of-mass
energy. Similar values of PN have been obtained by the Crystal Ball experiment at SPEAR12), which
indicates practically constant fractions N from the charm threshold up to 35 GeV.

The difference oN T pY provides an upper limit on the amount of energy carried by neutrinos. The
JADE-group obtains a 95% C.L. upper limit of about 10% on the fraction of energy carried away by
neutrinos. This upper 1imit strongly disfavours the Pati-Salam mode113) with free integer charged
quarks, which predicts a neutrino energy fraction between 18% and 28%. The observed number is how-
ever 1?4§ccord with models based on perturbative QCD including standard quark and gluon fragmen-
tation /.
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IV. CHARGED HADRON MULTIPLICITIES

More details of hadronic final state and its produc-
0c0 |- tion mechanism are revealed by the hadron multiplicity
distribution <Nch>. The mean multiplicity of charged
{ { particles, including particles from Kg decays, is

4
g 030 % plotted in Fig. 6. Data from a recent more refined
é % evaluation by JADE are shown together with published
> data from PLUT015) and TASSO16) and from measurements
& 020 | — at Tower energies17).
&
The PETRA data of <Nch> rise faster with increasing
010 = |,pg ™ NEUTRAL ENERGY FRACTION — energy than expected from an extrapolation linear in
O GAMMA ENERGY FRACTION
CELLO® o . . Ins of1§he low energy data, as expected from Feynman
0 (wﬂﬁjmwl I . scaling ). Models based on first order perturbative
0 10 2 10 QCD, however, with subsequent fragmentation of quarks
Vs GeV and gluons into hadrons according to the prescription

of Field and Feynman14), describe the data above

10 GeV rather well, as indicated in Fig. 6. The inclu-
sion of gluon bremsstrahlung alters the qq prediction
only slightly. One might, therefore, argue that there
is only at /s = 10 GeV enough energy available for the
full cascade mechanism to develop. Next-to-leading-or-
der QCD ca]cu]ations19) indicate a parton multiplicity rising at very high energies according to
<Nparton> ~ exp (1.77 /In(s7R7)). Fitting the data of Fig. 6 with an expression of the form

N> =N, +a- exp(b-/Tn(s7/RZ))we obtain for A = 0.3 GeV (curve A in Fig.g ) the parameters

Ny = 2.0 £ 0.2, a=0.027 £ 0.01, b=1.9z0.2. Also the simple dependence <N, > ~s'/*
(curve B in Fig. 6 ), predicted by the statistical model of Fermi?u) for hadron collisions and by
some hydrodynamical mode1521) for e'e -annihilation, reproduces the data rather well.

Fig. 5: Mean gamma ray and neutral energy
fractions versus center-of-mass
energy.

The simple statistical model, however, does not describe the dispersion Dch = JZNE;;—:_ZNE;;F

of multiplicities, which was found to increase like <Nch>.

The ratio <Nch>/Dch plotted in Fig. 7 shows within the experimental errors no significant energy
dependence and does not follow /?Nzgg » which would be predicted for a Poisson-1ike distribution.
The charged particle multiplicity distribution is shown in Fig. 8 on an KNO-p]otZZ) in which
<Nch> . PN h is plotted versus Nch/<NCh>, where PNc is the probability of observing the charged
multip]icigy Nch‘ The multiplicity distribution at gifferent energies coincides within errors and

has a shape similar to the one -observed in pE‘annihi]ation23).
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Fig. 6: Mean charged multiplicity versus center-of-mass energy. The straight Tine labelled qgq
is a typical prediction for qq production with subsequent fragmentation of quarks into
mesons. The line labelled gggincludes gluon bremsstrahlung. The curve labelled (A) is
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is the probability of observing the charged
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V. INCLUSIVE HADRON SPECTRA

Charged particle momentum spectra have recently been measured with increased precision and mesons
(n*, ° andl(? as well as baryons (A-particles) have been identified over a large momentum range.

Charged particle inclusive momentum distributions s . g% s xp = p/pbeam’ are shown in Fig. 9.
The data of the CELLO, JADE, and TASSO experiment are inPreasonable agreement and satisfy within
about 20% the relation

S s s T8 dxy =R N ()

Hy p P .

The cross section s g% rises at small x strongly with increasing center-of-mass energy, and is for
the PETRA experiments P for x_ > 0.2 independent of s to within about 50%. Significant scaling
violations at large x are only visible in comparison to the SLAC-LBL24) data measured at 7.4 GeV
which are also shown in Fig. 9, together with the data from the DASPZS) group measured at 5.0 GeV.

Charged pions have been identified by the TASSO group within essentially the full momentum range
using time-of-flight measurement and Cerenkov counter techniques and within a 1imited momentum range
by the JADE group by means of dE/dx measurements. Neutral pions were measured by the TASSO group
using a lead-liquid-Argon calorimeter. The results are plotted in Fig. 10 in form of the scaling
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Fig. 10: The cross section s/ do/dx for charged

'005 LIRS AR A S R B B and neutral pion prodl]ction versus X.
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versus X.

(a) shows the data from PLUTO and TASSO

and (b) the data from JADE.
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Proton and

Tambda momentum
spectra do/dp
versus p are
shown in (a) and
the cross section
s/B do/dx for
lambda particles
in (b).

A cross section do/dp amounts to about 1/3 of the proton cross section. Fig. 12b shows the scaling
cross section for A production.

It is striking that the scaling cross sections for m, K and A production have roughly the same
shape for x > 0.2. This is demonstrated in Fig. 13 where the TASSO 7, K and A data are plotted to-
gether. It might seem somewhat surprising that the x-dependence for baryon production is similar ta

o
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-
-
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Scaling cross sections

s-do/dx together for 7,

K and A production. The lines, which are only
drawn to guide the eye, represent curves

~oexp (-8:x).

the one for mesons. Mode]s31

, however, which treat

diquark pairs similarly to quark pairs in the fragmen-
tation cascade process are able to reproduce this beha-

viour.

The baryon production rate seems also to be rather high.
At 33 GeV one finds <Nch> =13 + 1’<NK°+K°> =1.5+0.3
and <NA+K> = 0.28 + 0.06. The A production alone amounts
to about 20% of the K° production. Similar ratios
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32) 33)

<NA>/<NK0> have been observed in ﬂ*p reactions.

and vp

VI. SUMMARY

The total cross section Stot (e » hadrons) measured by the PETRA experiments CELLO, JADE, PLUTO
MARK J and TASSO shows 1/s dependence within the energy range covered, 144 GeV2 < s < 1340 GeV2.
Its size agrees to within about 10% with the parton model prediction for pointlike coloured quarks
with flavours u, d, s, ¢, and b. There is evidence for the small QCD correction term but its clear
confirmation needs measurements to an accuracy of about 2%. Weak neutral currents, even at the
highest PETRA energies, do not contribute significantly to Oiot? which implies within the frame-
work of the standard model sinzew = 0.24 + 0.06.

The fraction of the total available energy carried by photons and the fraction carried by neutral
particles of all types show no strong dependence on center-of-mass energy. The neutrino energy
fraction is less than 10% at the 95% confidence level.

The charged particle multiplicity rises faster thanh expected from an extrapolation, linear in 1Ins,
of the Tow energy data, the dispersion of the multiplicity is roughly proportional to <Nch>
and KNO-scaling holds within the errors. )

The inclusive cross sections s/8 %% for =, K° and A production show roughly the same x-depen-

dence for x > 0.2. Baryon production is not negligible. The A production alone amounts to
about 20% of the K° production.
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Discussion

H. Montgomory, CERN: Do the TASSO data which showed good scaling at high x
contradict the PEP data shown by Hollebeek?

R. Felst: Not directly, since the TASSO data range only from Vs = 14 GeV to
34 GeV whereas the PEP data over the range from Vs = 5 GeV to 29 GeV, if I re-
member right. But somebody from TASSO may better answer this question.

G. Wolf, DESY: The inclusive data on s %%(e+e_-*hix) as measured by TASSO at
14, 22 and 30-36 GeV do allow a scale breaking at x 2 0.3 of the order of 30 §&.

W. Selove, Univ. of Pennsylvania: Can one give the neutral-energy fraction in
jets, non-1° plus neutrinos, and give the distribution as well as the average
value?

R. Felst: Yes, the average value is (pneutral - pphotons

) and you can read it
from the graphs I showed. For the distribution of this quantity, I believe, one

has to look through the data again.

S. D. Drell, SLAC: You emphasized quite correctly the importance of measuring

ROot
accuracy in the near future?

) to 2 % accuracy. What are the prospects for actually achieving that

R. Felst: The statistical errors of the individual experiments are at this level
now. The systematic uncertainties are more difficult to judge. There have been
experiments performed on QED-processes at e+e——storage rings and also total cross
section measurements at the ISR, which claim this precision and judging from
there I see no reason why a similar precision should not be achieved for
ctot(e+e_-+hadrons). I personally believe, that a 4 % systematic uncertainty of
an individual experiment is achievable in the near future.
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