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1. Introduction

Hadrons produced in ete” annihilation are emitted into two back-to-
back cones which become narrower as the c.m. energy increases.
This two-jet structure was first observed in 1975 by the SLAC-LBL
groupl) studying charged particles produced in eTe” collisions
between 3.0 and 7.4 GeV at SPEAR. Subsequent experiments done in
1978 by the PLUTO group2 at DORIS confirmed this behaviour and ex-
tended the measurements up to 10 GeV c.m. energy.In the latter
experiments also the neutral component was analyzed and the jet
axis of the neutral component was found to coincide with the axis
determined with charged particles,.

A marked deviation from two-jet production was observed at the

position of the T by several DBORIS eXperiment53'5.

The analysis
presented by the PLUTO group6 strongly suggested that the direct
decays of the T proceed via a three-gluon intermediate state

leading to three hadronic jets in the final state’ . Furthermore,

the data preferred spin one for the g]uonsg.

The commissioning of PETRA in 1978 opened the possibility to push
the e'e” experiments to much higher energies. Studying nonresonant
hadron production at energies around 30 GeV in 1879 the TASSO
group9 found a new process which Teads to three-jet élents. This
310, prutot?
groups working also at PETRA. The properties of the

observation was confirmed - by the MARK
and JADELZ
*

Talk given at the XI International Symposium on Multiparticle
Dynamics, Bruges, Belgium, June 22-27, 1980



three jet events matched well the warrant given by theorists for

hard gluon bremsstrah]ungl3.

A careful study of particle distributions between jet axes made

by JADE suggestsa difference between quark and aluon fragmentation.
Two particle angular correlations measured by PLUTO indicate the
importance of multiple and soft aluon emission for near back-to-

back jets. _
This report will review the experimental knowledge of jet formation

+ - .
in e e annihilation at high energies. Apart from the published
. . . . . 14,15
material more information can be found in recent reviews .

2. Jet formation in the quark model

The guark model views e'e” annihilation into hadrons as a two step
process (see Fig. 1l); first a pair of quarks is produced (a)
which then fragment into hadrons (b). |

q

+
€ 9 hadron

a) b)

Fig. 1 ete” annihilation in the quark model

The occurence of jets is natural in this model. If the hadron
momenta transverse to the quark direction of flight are 1Timited
and the number of produced hadrons grows only slowly with energy,
the emitted hadrons will be more and more collimated around the
primary quark direction as the total energy increases. Let W be
the total ¢.m. energy, <n> be the average particle multiplicity,
<PT
hadron momenta, then the mean half angle <é&> of the jet cones can

> and <Pj> ~ <P> ~ HW/<n> the average transverse and longitudnal

be estimated:

p <P_.>-<n>
<§> = < ﬁ%> ~ m—lw—wmp ~ % (1)

The jet cones shrink  roughly ~ Ww™l. (Actually, in a realistic

calculation of the quark model using the fragmentation functions

of Field and Feynman16 one finds <&§> ~ w-l/Z).



This simple picture of efe  annihilation into hadrons is strongly
supported by the data. Besides the jet structure of the events
important tests in favour of the quark model are provided by the
angular distribution of the jet axis and the size and energy de-
pendence of the total cross section.

The angular distribution of the jet axis with respect to the beam
direction was found to be of the forml

W{cose) ~ 1 + c052®

which is what is expected if the primary partons have spin 1/2.
For comparison, partons with spin zero would lead to W ~ 1 - cosze.

The total cross section is readily calculated. The cross section
- - . . . + -
for producing a free qg pair is the same as for producing a u u

pair (¢ - 4 =Y except that the quark charge e_ replaces the
3,2 q
muon charge 1. Assuming that the produced gq pair turns into
hadrons with unit probability the total cross section with respect
to Ouu is found by summing the square of the guark charges,
R = o(ete” » hadrons)/o =3 J e (2)
HU q=u,d

v N

where the factor 3 is the colour factor.

Fig. 2 summarizes the R measurements. The outstanding features of

R are the spikes due to the excitation of vector states {o,w,...)
and the fact that in between the families of vector states (p...,
J/v..., T...) R is almost constant. The quark model, prediction (2),
is in striking agreement (to within 30 %) with the data. Up to

3 GeV only u,d and s contribute and therefore R = 2. Above charm
threshold (near 4 GeV) R should rise to a Tevel of 3.3. Beyond the
T family in.addition the b quark contribution has to be included
raising R to 3.7 in accord with the data.
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3. Jet measures

The jet axis and the amount of collimation is commonly determined

in terms of sphericitylg, S and thrustzo, T;

(%5 ]
t

= 3/2 (IPR/(IPS) s T = TIPS I/TP, (3)
< 5 <1 0.5 s T <1

[
Fas

where PTi’ PHi are the transverse and longitudinal momenta relative
to the jet axis which is chosen such that ZP%i (ZlPHij) is mini-
mal (maximal) for sphericity (thrust). Sphericity measures approxi-
mately the square of the jet cone half opening angle

S~ 3/2 <%

2

R

and lTikewise T 1 - <é&>
Extreme jettiness (§ = 0) Teads to S = 0 and T = 1 while for
spherical events S >~ 1 and T - 0.5,

4. Two-jet production

Fig. 3 shows the energy dependence of the average sphericity as
measured at DORIS and PETRA. At Jow energies, W s 4 GeV, the
observed <S> values are close to those predicted by phase space,
<S> ~ 0.4. Above 5 GeV <S> decreases rapidly with increasing W
i.e. the particles become more and more collimated in clear disti-
tinctionto a phase space behaviour. A power law, <S5> = 0.8 N_l/z
describes the data well. The jet cone half opening angle as in-
ferred from <S> shrinks from ~ 31° at W = 4 GeV to 17° near 36 ceV.
Fig.4 shows the sphericity distribution measured near 30 GeV. The
strong preference for small S values is clearly seen. 80% of the
events have S < 0.25 or <§> =~ 23%. An analysis of the data in terms

of thrust leads to the same conclusions {see Fig.5).

Despite the narrowness of the jet cone the spread of the particles
around the jet axis is appreciable,in particular of the low energetic
ones. This is illustrated by Fig.6 which shows the fraction of

energy f for charged plus neutrals observed outside a.jet cone with
half opening angle &. The measurement was done by PLUTO at W=9.4 GeV,
where <&> 2 24%. The energy flow around the jet axis has along tail
reaching out to the limit (& = $0°).
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5. Transverse momentum distributions and jet broadening

The transverse momentum distribution of hadrons produced in hadron
scattering suggested .a Gaussian Py distribution for quark fragmen-
tation into hadrons:

2
P1
-—
do e 2oq‘ (4)

de
The parameter Gq e.g. for pions was found to be of the ¢rder of
250 MeV/c almost independent of the reaction energy. Deviations
from a simp1e'Gaussian behavicor - a flattening of the Py g;stri-
. The

e"e” annihitation data at energies up to 7.4 GeV were found to be
1

bution - were observed in pp collisions at high Pr vailues

consistent with an energy independent Uq around 300 MeV/c
However, when comparing data taken at 13, 17 GeV with those near
30 GeV the TASSO agroup found a large broadening o? the Pr distri-
bution with increasing energyg. The broadening was correlated with
the appearance of planar events, some of which had a definite
three jet structure. The properties of these events as well as
their production rate agreed well with the predictions for gluon

bremsstrahlung by ElTis, Gaillard and Rossl3,_

We now discuss the experimental evidence for tﬁree jet events.
Fig. 7 shows the normalized transverse momentum distribution
1/0tot do/dp% evaluated with respect to the sphericity axis for
12, 13 - 17 and 27 - 32 and 35 - 36 GeV as measured by TASSO. The
measurements for the three eneraies are in reasdnab]e agreement
for p% < 0.2 (GeV/c)z,-but the high engrgy data are well above the
low energy data for larger values of PT in contradiction to the
naive parton model which assumes the quark to fragment with an
energy independént transverse momentum distribution. The low

energy data were fitted for p& < 1 (GeV/c)? with the 43 model

24

16

including ¢ and b quarks
from its original value of 0.25 GeV/c to 0.30 GeV/c gave a good
fit to the 12 and 13 - 17 GeV data. To fit the higher

energy data with the same model oq had to be increased to

Increasing the parameter I (eg.11.9}

0.45 GeV/c. Fig. 8 shows the average p% as a function of W: it is
seen to rise rapidly for W 2 12 GeV.
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The widening of the transverse momentum distribution can have
different origins:

1. the production of a new quark flavor. The data do not show any
evidence for the production of a new heavy quark and we can
dismiss that as a possible explanation.

2. the Pt distribution for guark fragmentation into hadrons is
energy dependent: the average p; grows as the energy increases.
In this case the hadrons are still produced in two jets but the
diameter of the "cigar" in terms of p% increases with energy
(see sketch). Note also that both jets will grow in the same

manner.

Schematic diagram for gluon emission

The radiated gluon carrying colour will turn into a Jjet of
hadrons. The energy and angular distribution of the gluon is
similar to that of a photon emitted by an electron.

Denoting by X%y the fractional energies of the quarks,

X; = 2Ei/w, the cross section for gluon emission is given by
2 2
do(9499) _ 20 5 X1 T Xe (5)
dx dx2 37 o} (1-x1)(1—x2)

where o is the parton model cross section for auark pair production,

_ 2" . . '
0, = 3Uuu Zeq » and a  1s the strong {running) coupling constant,

ag(s) = L (6)
(33-2K)Tn s/4

1 g L ST I (L[] 1 085 AR |1 3N g4 Y S s ] ot L A



number of flavours (= 5 for u,d,...bh)
2
= W

A a constant

=
1l

A crude approximation of eq(5) yields for small @, ¥

do(qqg) . s
dx do T s7r5 %o (7)

where K is the energy and © the production angle of the gluon
measured with respect to the gquark. The average transverse momen-
tum of the (hard) gluon jet is

K sin®
ot v——— dKd&
<Ko S OIJK s1no

T o
o, (1 + = )

~ as-w (up to log terms)

{For the total cross section the first order QCD result,
s

=g 1+ F_) was inserted). The remarkable resuit is that

“tot o |
contrary to many other predictions of QCD which Tead to logarith-
mic deviations from the pure guark model and are therefore diffi-
cult to test experimentally, the transverse momentum is predicted
to rise linearly with energy. If KT is large compared to the
typical transverse momentum of 0.3 GeV/c, then the event will have

a three jet topology.

Detection of the gluon jet requires high c¢.m. energies for two
reasons. Firstly, at low energies gluon and quark jets are broad
and will overlap. Secdnd]y, at Tow energies where as(s) is of
order one, single as well as multigluon emission is important, and
besides, perturbative QCD may not be applicable. The additional
gluon jets agaravate the overlap nrcblem at low enercies. However,
as the eneray goes up the jets become narrower andCé(s)Zbecomes
smaller; e.a. at the highest PETRA eneraies, sx1000 GeV™, 0%(5) is
arcund 0.2 such that the emission of several hard aluons can be

nenlected.



&. Planar events

The event shapes were studied by TASSO, PLUTO and JADE using the
momentum tensor ellipsoid and by MARK J determining the oblate-
ness.

Momentum tensor eliipsocid

For each event one constructs the second rank tensor from the
hadron momenta19

N
M = E P. P. (D‘.,B=X, Y Z) (8)

summing over all N observed charged particles. Let'ﬁl,"ﬁ2 and ﬁ3
be the unit eigenvectors of this tensor associated with the eigen-
values Al’ A, and hq which are ordered such that.Al < Ay < Ag.
Note that

A1' = E(E 2

5ny) | (9)

The principal axis is the fi, direction which is identical to the

jet axis determined by sphericity; the event plane is the ﬁz, 33

plane and ﬁl defines the direction in which the sum of the square
of the momentum components is minimal.

Define the normalized eigenvalues

A (P ha?
0 = —3 = — =7 (10)
A

which satisfy'the relation
Q1+Q2 +Q3=1
Generally sﬁeaking the Qi measure the S
flatness (Q;)
width (Q,)
" length (Q3)
of an event.

LS O TR T TR LR T LIRR UL (TR



The events will be characterized by the two variables apla-
narity A and sphericity S

3
A=310

~ Lo

S =3 (0 + Q) =3 (1-0Qy) (11)

Since 0 < Ql < 02 < Q3 < 1 all events Tie inside a triangle.

Planar events

In Figs. 9-11 the distributions of

N
2 1 > a2 _ 2
prout> =N jzl (pj nl) (= lepj) (12)

(= square of the momentum component normal to the event plane
given by fi, and 33) are compared with that of

2

_ 2
“Prin” 7

(= 0,705) (13)

ne~12=2

> A
. (pj nz)

=Z| =

J
(= square of the momentum component in the event plane perpendi-
cular to the jet axis). The data from TASSOZS, PLUTO26 and JADE27
show Tittle increase in <p$ou€ from Tow to high energy data. The
distribution of <p$1n>, however, becomes much wider at high
energies; in particular there is a long tail of events with high
<p$1n>. The predictions of the qgq model are also shown. Hadrons
resulting from pure gqgq jets will on the average be distributed
uniformly around the jet axis. However, some asymmetry between
<p$out> and <p$1n> if caused by statistical fluctuations. Fair
agreement with the ggq model 1is found at the Tow energy point.
Thus the asymmetry observed at this energy can be explained by
statistical fluctuations alone.

At high energy, one finds fair agreement for <p$out> with tge qq
model with oq ? 0.3 GeV/c, however, the Tong tail of the Prin>
distribution is not reproduced by the model. This discrepancy can-
not be removed by increasing oq. The result with oq = 0.45 GeV/c
is also plotted in Fig. 9. The agreement is peoor. One therefore
must conclude that the data include a number of planar events

that are not reproduced by the qg model independent of the
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assumption on the average Pr in that model.

The same conclusion was reached by the MARK J28

group which studied
the energy distribution {"energy flow") in the events. The coordi-

nate system used is defined by the thrust axis (@1 = jet axis),

T

‘pi ell

Thrust = max.

=

N

] |_|

where P; is the energy flow detected by a counter; the major axis

(éz) which is perpendicular to él and which is the direction along
which the projected energy flow in that plane is maximized:

]

ij ezt

Major = max.

T S

{pjl
the minor axis which is orthogonal to @1 and éz.

The difference Major - Minor is a measure for the planarity of an

event and is called coblateness,
0 = Major - Minor

The distribution of the oblateness is plotted in Fig. 12 together

with the predictions of the qq and qqg models. The 17 GeV data are
reproduced by both models. At the higher energies (27.4-31.6 GeV)

an excess of events with large oblateness, i.e. planar events, is

observed. This conclusion is reached independently of the value

of Gq used for the quark model.

The excess of planar events is readily seen at the highest PETRA
energies from a plot of sphericity S versus aplanarity A (Fig.13).
In this kind of plot two jet events are found near S = 0, noncolli-
near planar events have S > 0 but small A while for spherical
events both S and A are large (Fig. 13a). For illustration Fig.13b
shows the prediction of theqag model (including u,d,s,c.b quarks)
with gluon emission. The event distribution expected from a
hypothetical t quark with a mass of 15 GeV which will lead to
spherical events is plotted in Fig. 13c. The data shown in Fig.13d
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cluster in the two-jet corner. In addition they populate a narrow
band near A = 0 out to the highest sphericity values. This band of
events is evidence far the presence of flat but wide = planar
events. '

7. Three jet structure

The data presented in the preceding paragraph demonstrated the
existence of planar events. In order to check whether the particle
momenta are distributed uniformly in the plane (disc like) or
collimated into three jets the TASSO group adopted the procedure

by Wu and Zobernigzg. Fach event is analysed as a three jet event.
The particles are grouped into three classes Cl’ 62 and 63 and for

each class the sphericity is determined:

2
97 .
_ J
s, =z 1
JECn pj

The qp, are transverse momentum components in the event plane
(defin%d by ﬁz, ﬁs) relative to the jet axis ﬁn for the group C_
which is chosen such as to minimize Sn' By considering all possibie
combinations one finds that grouping for which

S, + 52 -+ 53 = minimum.

1

This procedure was applied to planar noncollinear events selected
by requiring S > 0.25, A < 0.08: out of a total of 777 events

77 satisfied these conditions. Fig. 14 shows the distribution of
the squared transverse momenta p? of the charged hadrons for the

3 x 77 observed jets, where the Pr of each hadron is calculated
with respect to the associated jet axis. It 1is compared with the
corresponding distribution for events at 12 GeV analysed as two-
Jjets and, therefore, without cuts in S or A. The p% behaviour 1is
found to be the same in both cases, i.e., the particles from
planar events at high energies are as collimated around three axis
as particles from lower energy events around a single jet axis.
The JADE group used the following procedure to demonstrate the
existence of three-jet events. {See Fig. 15) For planar events
from W =~ 30 GeV selected by the condition 02 - Ql > 0.1 the thrust
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axis was determined. For the forward and backward (with respect to
the thrust axis) going particles the sum of the transverse momenta,
EpTi’ was computed separately; the jet with the smaller ZpT was
called the slim jet and the other one the broad jet. The particles
in the broad jet were Lorentz transformed into the rest system of
the broad jet. In this system the thrust TB of the broad jet

was determined. The distribution of TB is shown in Fig.l16 together
with the thrust distribution of low energy events (W = 12 GeV)
treated as two-jets. The two distributions are in good agreement
which Teads to the same conclusion drawn before from the similarity

of the p2 distributions of two- and three-jet events.,
T

LORENTZ TRAFg

_ —

slim jet

e o W s s —

broad jet
in broad cm.

Fig. 15 I[Tlustration of the procedure used by JADE
Fig. 17 shows a few typical three jet events.

8. Determination of o

The value of the quark gluon coupling strength, Ogs is directly
related to the number of three jet events (see eg.f{1)). In theory
the determination of o is straightforward: after choosing a mini-
mum angle between any pair of partons (g,q or g) the QCD cross
section, eq. (5), can be integrated and compared to the corre-
sponding observed three-jet cross section. In practise the ana-
lysis has to take into account the overlap between jets due to

the hadreonization, the omission of neutrals in the jet determina-
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tion (at least in some of the experiments) plus the effect of the
acceptance, the multijet contribution from semileptonic decays of
the b quarks, the corrections from higher order processes in o_.
To do this, elaborate Monte Carlo codes have been employed which
describe the fragmentation of the quarks and gluons into
hadronsw-32 and simulate the effects of the detector. The frag-
mentation parameters were fine tuned by comparison with the data.
Two Monte Carlo programs have played a major role in the results
obtained so far, that of Hoyer et a1.30 and an extension by Ali et

a1.31. The framework of Field and Feynman33 is used to describe
the fragmentation of quarks into hadrons. The fragmentation process

involves three parameters:

(1} ap. The primordial fragmentation function fh(z) of a quark
into a hadron h,

g>gq' +h

is taken to be
E)
h, . 2 eyt By 11

f(z) = l-ag+3ap (1-z}, zZ = P * E ] (14)
ap is taken to be the same for u,d and s quarks;
for ¢ and b: ap = 0

(i1) O The distribution of the transverse momentum ko of the

quarks in the jet cascade is assumed to be ~exp(—k$/203).

(1i1) P/(P + V). Only pseudoscalars (v,K...) and vector mesons
(p,K*,...) are assumed to be produced. P/V is the ratio of
pseudoscalar to vector mesons produced in the primordial
cascade.

qq pairs are generated from the vacuum with the probability

Ul : dd : ss =2 : 2 : 1. Field and Feynman obtained a fair re-
presentation of hadron data with 3 = 0.77, Gq = 0.3 GeV/c and
P/(P + V) = 0.5,



In the Hoyer et al. program the gluon imparts its whole momentum to
one of the two quarks {from g - qgq)}. Therefore gluon and quark jets
are the same., Ali et al. take the fragmentation function for gluons

into g,9, 9 > gq to be34

flzy = z= + (1 - z)°, z = Eg/Eq . (15)
The quarks then turn into hadron jets according to the receipe

given before.

Hoyer et al. consider only first order terms in Qg (diagrams a,b
in Fig.18):

D
e e etk

>v~<fm‘ + >‘~‘”§rmv +permutation
N
q) h}

Fig.18 QCD diagram for hadron production up to second order

in .
%g

Ali et al. include also all second order terms except for the
diagrams of type 18a,h. In addition to the QCD diagrams GQED correc-
tions, particularly with hard photons in the initial state are

important and have to be taken into account.35
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A first attempt to determine G at PETRA energies was made by the
MARK J group using data taken around W = 30 GeV.36 From the obla-
teness distribution of the broad jet (using the Ali et al. program)
a.value of o, = 0.23 + 0.02 (stat.) + 0.04 (syst.) was obtained.

A recent reanalysis with the inclusion of hard photon corrections
yielded a value of oy = 0.19 + 0.02 + 0.04 36.

The TASSO group37

pendently of the choice of parameter values describing the frag-

found that o can be determined almost inde-

mentation by considering the events with large sphericity,

S » 0.25. In this kinematical region three-jet events dominate and
perturbative effects play a lesser role. ATlowing ar, Gq’ P/ (P + V)
and o to vary,a . was found to be 0.16 * 0.04 independent of the
values of 3ps O or P/ (P + V).

In a second analysis the fragmentation parameters were determined
using the events with small sphericity, § <0.25. This region 1is
dominated by two-jets and is insensitive to o - A simultaneous fit
was made to _

the x distribution (x = 2p/W) - most sensitive to ar,

the <p$out> distribution - most sensitive to Gq’

the charge multiplicity distribution - most sensitive to

P/(P + V),
yielding

aF=O.57iO.20, Oq:0.32t0.04 GeV/c, P/(P+V)= 0.56+2.15

With these fragmentation parameters and turning again to the
events with S > 0.25 a more precise value for ag Was obtained
which is listed in Table 1.

The JADE group followed essentially the same procedure. Their
pre1iminary value 1538 given in Table 1. A different method was
developed by the PLUTO group39. The events were classified as

2-, 3-, 4-jet events according to the number of particle ciusters
observed. The value of o Was determined by comparing the ob-
served and Monte Carlo predicted number of three-jet events,

The result is also given in Table 1.



Table 1. Determination of o around W = 30 GeV.
First error is statistical, second systematic.

Jape3® 0.18 = 0.03 + 0.03*
MARK J3° 0.19 + 0.02 + 0.04%
pLUTO® 0.16 + 0.03 = 0.03*
TASS0S/ 0.17 + 0.02 + 0.03

* .
preliminary value.

A1l four experiments are seen to agree on the value of U

Several cautionary remarks are in order.

- Although the value of a g was found independently of the frag-
mentation parameters the analyses were based on a particular
way of describing the hadronization process, namely the Field-
Feynman model.

- The 4dinclusion of the second order corrections seems to have a
small effect on G- This may be seen from the TASSO results:

<
1]
+

0.19 + 0.02 with Hoyer et al., first order in G
0.17 = 0.02 with Ali et al., including second order

+

terms.
However the O(ag) calculation does not include diagrams 18 a,h, the
effect of which is unknown.

Next we estimate the QCD parameter A using the relation

2, _ 12w
a (Q7) = >
(33 - 2Nf)1n Q-/A
where Nf, the number of flavours, is taken to be Nf = 5,

It is theoretically an open question at which Q2 value o is

measured by the experiments discussed above. One possibility is to
takeQ2 equal to the mass squared of the virtual photon, Q2 = S = wz,
or 02 x 900 GeVZ. Another choice is the mass squared P of the

quark that emitted the hard gluon.



Fig. 19 shows the P2 for the TASSO events with S > 0.25 used to
determine a - The average P2 is 140 GeVZ. Hence we find for

o = 0.17 = 0.02 = 0.03
2 410 - 730

Q¢ = S A = 240 MeV
™S 130 > 30

% - p?: 4 - 95160~ 290 oy

=50 » 12

This range of A values may be confronted with the result from deep
inelastic up and vN scattering. The high Q2 data indicate

A 100 to 500 MeV.

We close this section with a few figures in order to demonstrate

2

how well the data are reproduced using the fragmentation parame-
ters and the value a . given above. Fig.20 shows the measured spheric-
ity, aplanarity and X distributions at W=12 and 30 GeV together with
curves calculated from the model. Note that only the W = 30 GeV

data were usedin the fit;at W = 12 GeV the curves are genuine pre-

dictions. Fig. 21 shows the fit to the <p$out> distribution.
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Fig. 19 Distribution of the square of the quark-gluon mass as computed
with the MonteCarlo of Ali et al for events with large sphericity.
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9. Is there a difference between quark and gluon fragmentation?

There are several qualitative arguments which say that quarks and
gluons fragment differently:

- A gluon before hadfonization has to turn into & 99 pair. Hence

there are at least two quarks (9=9) per gluon which then
fragment into hadrons.

-~ The ggg coupling is 9/4 times stronger than that for qqg (9/4 o
Versus as). Therefore gluon emission is more frequent for gluons
than for guarks.

Both arguments favour-a higher hadron multiplicity for gluon jets.

4
Andersson, Gustafson and coHaborators'D sugaested to study the

yields of low eneray particles emitted at large angles to the
jet axes. -

qgregion

The JADE group41 performéd the analysis using charged and neutral
particles. Like before, planar events with Q2 - Ql > 0.07 were
grouped into the slim jet {q) and the two subjets which make up

the broad jet. The subjet with the smaller ang1é relative to the
s1im jet was called the gluon jet (g), the other one the quark

jet (q). Monte Carlo studies indicate that in this way the gluon

is correctly assigned for ~70 % of the events. The particle yield

- was then measured as a function of the angle O between the particle
and the slim jet. In Fig. 22 the particle yield is shown as a
function of O/@max
significant difference { 4 s.d.) near ©/0 z 0.5: the particle

max.
density is two times larger in the qg compared to the gq region.

for the gq and the g regions. One observes a

Fig. 22 was determined with charged and neutral particles. Charged
particles alone reportedly give the same result. The Hoyer et al.
MC does not predict a difference if the quark and gluon fragmenta-
tions are treated identically. The Lund HC32aqrees with the data.
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This may be the first experimental indication that quarks and
gluons fragment differently.

10. Soft gluon emission

The previous section primarily dealt with effects due to the
emission of a single hard gluon. This section considers the emission
of soft gluons. For soft gluons O g is no longer small but of order
unity. Many (infinitely many) diagrams become important and should
be summed. No rigorous theofy does exist yet but a first step
towards understanding these processes theoretically as well as
studying them experimentally was made.

Consider again gluon bremsstrahlung in efe” - qqg.

. /qu
qe 2l
%ag_

The cross section diverges as the angle O between the -g and g
directions goes to zero,

do _ 1
dc ¢

This divergence is cancelled by multigluon emission (see sketch).

(aNTak
ola

\ Olag)
\\/

A\ .
\, allordersin ag
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The cross section approaches zero as € -+ 0: quark and antiquark
are never emitted exactly back-to-back.

Dokshitzer, D'Yakanov and Troyan42 proposed to relate the parton
angular distribution to the two particle differential cross
section:

1 d5

1 do
o do ) dea qxb *a *b T dx_dx,dO (16)

a,b a b

where a,b are any two particles emitted in the event with fractio-

nal momenta x ,Xp, X = P/E and angle (w-0) between them, and

beam
summation is performed over all two particle combinations.

b

6 < T

Through the factor X Xp the higher momentum particles which sup-
posedly know more about the primary quark directions are weighed
more heavily.

The PLUTO group determined the two particle differential cross
1 dZ 43 Fig. 23

section 5 do at energies between 9.4 and 31.6 GeV.
shows the result at 31.6 GeV for the small angle region. The cross
section tends to go to zero as © - 03 it goes through a maximum

and falls off towards large angles.

The curves shown in Fig. 23 were computed by Ref.44

at the quark level, i.e. hadronization was not considered. The
curve }abe11ed O(QS) illustrates what was said before: the first
order term diverges as & -+ 0. The curves Tabelled A = 0.2 and

A = 0.8 were computed in the leading log approximations to all
orders in O - They show explicitly the large cancelliation near

@ = 0 forcing the cross section to go to zero as © > 0. However,
the hadronization process, which was not included in the calcula-
tion and which affects particularly the small © regién, may change
the whole picture.

Refs. 45 and 46 made an attempt to include hadronization effects.
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In Ref.46 the PLUTO data at 9.4 GeV where hard gluon effects
are small were used to fix the parameters of hadronization.
Assuming that after hard gluon emission the partons transform
independently into hadrons the two particle differential cross
section was predicted at 30 GeV using the leading log approxi-
mation and a QCD evolution technique.

Fig. 24 shows the input data at 9.4 GeV and the 30 GeV data to-
gether with their prediction (solid curve) which describes the

data well. The dashed curve was computed without hadronization.

The difference between the dashed and the solid curves demonstrates
the importance of the hadronization process. -

Two particle correlations at large angles were studied theoreti-
cally in papers cited in Ref. 47.

11. Gross features of the final states

As we saw above the final states in high energy ete” annihilation
are a result of quark and gluon induced jet formation.
Correspondingly, by ana]ysing'the final state particles one should
be able to piece the jet fragments together and reconstruct the
properties of the primordial parton, such as charge, flavour, etc.
This section summarises briefly what is known on the final states
produced at high energies.

11.1 Energy carried by neutrals

The JADE group“’48 measured the fraction of energy carried by pho-
tons (eﬁther from n°,n.. decay or from direct production) and by

neutrals:
E
1ZY1

f =

Y W
and ZECHi

f =1 -

neutral W
E energy of charged particle i.

CH1



) 0 . . o
fneutra] includes K and A particles. The result is given in

Table 2 for energies between 12 and 35 GeV.

Table 2. Fraction of energy carried by photons and neutrals
W({GeV) fy(%) fneutra] (%)

12 21.3 = 7.0 31.2 = 4.1

30.4 26.1 + 5.9 37.5 = 3.7

34.9 30.7 = 6.0 43.8 £ 4.1

Furthermore, the fraction of energy carried by neutrinos, fv’ was
found tobeless than 15 % (2 s.d.) at all energies. If free quarks
of unit charge 3 la Pati-Salam exist fv should be equal to 20 to
30 %.

11.2 Charged particle multiplicity

In Fig. 25a the average charged particle mu]tip]icity* <Ney> is
plotted as a function of c.m. enerqug. Above ~7 GeV the multipli-
city is seen to rise (logarithmically) faster than at lower ener-

bies. The curves give the energy dependence for pp co1lision556

57

and pp annihilation They seem to bracket the e’e” data at high

kK
energies

The simplest form of scaling of charged particle production leads
to Ney> = a + b Tns. This is certainly at variance with the data
if the full energy range is considered. The observed rise of <Ney”
cannot be attributed to the onset of bb production which is found
to yield an increase by ~0.2 units. In QCD an increase of Ny
over the scaling curve is predicted due to the additional contri-
bution from gluon fragmentation. The exact form of the resulting

<ney> includes the 7% coming from Kg > nfn' decay. This contri-
bution amounts to 0.4 units at 7.4 GeV, 0.6 at 12 GeV and

1 unit at 30 GeV. In the pp and pp data shown by the curves
the K¢ contribution is not included.

*¥* An interesting comparison between ee” and pp data has been
performed in Ref. 58 where the leading protons have been sub-
tracted and the c.m. energy was rescaled. In this analysis a
tlose correspondence between pp and e e data is obtained,.
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energy dependence is not yet clear. If the result for infinitely

heavy quarks is taken for guidance, one expects Ney? to grow 1ike59

<Ney> = Ny t @ exp{bvIn(s/Ah=)) .

Fits of this form reproduce the trend of the data
"therefore be tempted to attribute the rapid rise to hard gluon effects,
However, Fig.25bcompares the LT data with the qg model,

54’55. One may

efe™ - qg - hadrons using the Field-Feynman fragmentation functions
but without hard gluon contributions. The model accounts well for

the rise seen above ~5 GeV (see dashed curve)f The inclusion of

hard gluon emission raises the prediction by a negligible amount
below 10 GeV: at 35 GeV it adds 0.8 units. We conclude therefore that
the rapid rise of Nep is mostly due to the growing phase space:

the particle masses matter less as the energy goes up.

In Fig.26a the PLUTO group55 has compared the efe” multiplicity
distributions in a KNO plot®® with pp and pp data. Plotted is
PeH
with NcH charged particles versus nCH/<nCH>. The e¥e” data obey KNO
scaling between 9.4 and 30 GeV. The distribution agrees well with
the pp data but disagrees with the pp data which have a larger

e<n., > where P is the probability for observing a final state
CH CH

dispersion (see also Fig.26b),

11.3 Inclusive particle spectra without particie identification

The differential cross section for producing a particle h with
momentum and energy P, E and angle © relative to the beam axis can
be expressed in terms of two structure functions ﬂl and WZ which are
closely related to wl and NZ measured in inelastic lepton hadron

scattering61
2 2 - - '
%}%ﬁ = 5 gx {miy + % B2 x vil, sin?o! (17)

where m is the mass of n, 8 = P/E, X = E/Ebeam = 2E/¥5 and v is the
energy of the virual photon as seen in the h rest system,

v = (E/m)vVs .

* . . .
At lTower energies the model is presumably less reliable because
of the approximations made for the fragmentation.
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Diagram for inclusive particle production.

At particle energies large enough that particle masses can be
nealected, x can be replaced by the normalized momentum x = P/Ebeam
and the scaling cross section reads

2 1 I
sdo/dx = 4ma” X {le + g X o, } (18)

The structure functions in aeneral depend on two variabtes, e.qa.
x and s. If scale invariance holds Wl and vﬂz are functions of
x alone and sdo/dx is energy independent.

Scaling behaviour is e.a. expected from the hypothesis of quark
fragmentation: at eneraies large enouah that particle masses can
be neglected, the number of hadrons h produced by a guark a with

fractional energy X, Dg(x), is independent of s. This leads to

2
d + - - h § 2
a%(e e =+ qq = h) = 045 2Dq(x) = 270 qu

h
o (X (19)
Fig. 27 displays the data on sdo/dx measured by TASSO62’63 at
energies between 12 and 36 GeV. For x > 0.2 they are the same with-
in errors and aaree with those measured at low energy by DASP

(Ref. 64, 5 GeV) and SLAC-LBL (Ref. 65, 7.4 GeV) to within 30 %.

At Tow x values the particle yield shows a dramatic rise when the
¢c.m. enerqy increases from 5 to 36 GeV. This rise is related to

the arowth of the multiplicity seen above.

Gluon emission will lead to scale breaking effects: the primary
momentum is now shared by auark and oluon resulting in a de-
pletion of particies at high x and an excess of particles at low

x values. The effect becomes more pronounced as the ehergy rises,
e.a. the 30 GeV data at x = 0.2 are predicted to be hiaher by ~10%,
and at x = 0.7 lower by ~20 % than the 5 GeV data66.
ments are not precise enough to test this prediction.

The measure-
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m, K and p,p cross sections

, and p,p cross sections were measured at

PETRA by the experiments Tisted in Table 3.

Table 3. Experiments measuring particle separated cross sections

type of experiment technicue momentum remark
particle range {GeV/c)
nt JADE dE/dx03 0.7, 2-7 preliminary
TASSO ToF®’ <1.1
' Cerenkov63 <b pre]iminary
Kt JADE dE/dx®3 <0.7 preliminary
TASSO Tor®’ <1.1
| Cérenkov63 <5 preliminary
) 0 + 63 L
K™, K PLUTO Ks - T 28 all P preliminary
TASSO ! .
p,p JADE dE/dx 63 <0.9 preliminary
TASSO ToF®’ <2.2
Cerenkov63 <4 preliminary

Fig. 28 shows the scaling cross section s/R do/dx for the sum of
7t + 7 production for enercies of 5.2 64 12 and 30 GeV as a
function of x = 2E/W. The 12 and 30 GeV points aaree with each
other but appear to be lower than the 5.2 GeV data by =30 % for

x » 0.2. There is a break in slope near Xx = 0.1. The data at 16wer

x values have a larger slovpe.

In Fig. 29 the same quantity is plotted for k¥ + k™ and K° + k©
production. Besides the PETRA data at 30 GeV also measurements from
7.4 GeV69 are shown. For W = 30 GeV and x < 0.1 where K* data are
available the K* and KO,KO yields appear to be the same. The K°
data indicate a hreak in slope similar to that seen for the n
data.
high energy n* data (Fig. 28). The K yield is roughly a factor of 2

The curve in Fig. 29 is a hand drawn average through the

to 4 lower than the wi yield. Towards high x values the difference
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Fig. 30 Same as Fig. 28 for p + p . production. (From Ref. 63).
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Fig. 31 Charged particle fractions as a function of momentum. (From Ref.63).



becomes smaller, i.e, the = and K yields approach each other.

In Fig. 30 the corresponding data are shown for p + p production.
The data are rather scanty. The curve shows again the average of
the = data. Within the large error bars the K°,k° and the p,bp
yields appear to be the same. This rather large yield for p,p seems
to be surprising.

Fig. 31 shows the relative fraction of w—, K° and p,p as a function
of particle momentum p at W = 30 GeV. The low momentum particles
are basically all piohs. As the momentum increases the fractions

of K* and p,p rise, and for p =~ 4 GeV/c there seem to be almost

as many K* as nf; An average event at W = 30 GeV has approximately
11 ﬁi, 1.4_K0,K0, 1.4 K and 0.4 p,p in the final state. Assuming
that the number of n,n equals that of p,57out of 5 events two have
a baryon antibaryon pair in the final state,

The number of K°,K® is a factor of 2 - 3 larger than observed in

pp final states: at a c.m. eneray of 24 GeV there are on the average
0.5 KO,KO per event70. The excess of kaons in e e” annihilation is
Tikely to be due to ¢ and b quark contributions. Hence we may have

had a first smell of the primary quark flavours.

12. Summary

The dominant feature of e+e' annihilation into hadrons is two jet
production with the particle collimation becoming more pronounced
as the energy increases. Concurrently with that a new phenomenon
shows up at high energies which produces three-jet events. At

30 GeV roughly 5 - 10 % of the events have three distinct Jets.
The dynamic properties of these events as well as their rate is
found to agree with hard gluon bremsstrahlung as predicted by QCD.
The strong coupling constant, G deduced from the data at 30 GeV
has a value of 0,17 + 0.02 # 0.3,

The particle yield at Targe angles to the jet axes provided a first
hint that quark and qluon may fraoment differently into hadrons.
An attempt was made to measure and interpret the accollinearity
distribution between jets. Soft aluon emission combined with the
effects of hadronization are able to describe the data.
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The final states show a rapidly (in logarithmic terms) rising
particle multiplicity above ~7 GeV. This 1is connected with a
strong increase of 1ow'momentum particles. The scaling cross sec-
tions for pion and kaons possess a similar behaviour. The expo-
nential slope shows a break near x = 0.1. The kaon data - as well
as the p,p data - lie below the 7° points by a factor of 2-4 de-
pending on x. At high momenta the pion and kaon yields tend to be-
come equal. The large fraction of kaons compared to pp collisions
is probably an indication of the different primary quark flavours.
The relatively large number of baryons produced in ete” annihilation
demands an explanation.
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