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GENERAL FEATURES OF JETS IN e+e- - ANNIHILATION1 

P. MATTIG 

DESY , Hamburg, FRG 

It is hoped that general features of jets will enlighten a region in space-time 
which up to now is not well understood. Hadron production in e+e- -annihilation 
offers a simple and clear way to examine how quarks turn into hadrons. Space
time development of the process can be divided into four separate regions as is 
sketched in fig. 1. The measurement of the quark fonn factor shows that quarks 
are poiutlike down to distances of at least 7 · 10-17cm [1]. Resolving possible 
structures beyond this region will be one of tlie prime goals of the next generation 
of accelerators, especially the ep-collider HERA being built at DESY. Between 
0.001/m and"' 0.05/m (corresponding to masses of""' 4 GeV, the typical mass 
of an experimentally resolvable jet) the quarks can emit a hard gluon which is the 
origin of a separate jet. In this region perturbative QCD works remarkably well. At 
a distance of""' 1/m from the interaction point hadrons exist and are bundled into 
jets that can be seen in the detectors. Between these two regions fragmentation 

,_ ,-,,..- ".r---,, -,, -~"--

the general structure of jets in e+e- -annihilations is to obtain information on this 
region. 

Many facts have been gathered during the last years at PETRA and recently 
also at PEP. Jets occur in other types of reactions as ppfpp-collisions or deep 
inelastic lepton-nucleon scattering as well. However e+e- -annihilation has the 
special advantage that (a) no hadronic matter exists in the initial state that can 
in8uence quark fragmentation, and (b) the kinds of partons in the first stage of 
fragmentation are unique - all jets originate from quarks, no gluons or diquarks 
are around at the very first stage. One important result is that the c.m. energy 
W effective in the partonic reaction is uniquely known. 

Data on fragmentation in e+ e- - annihilations have by now been accumulated 
at several energies W with rather high statistics allowing not only a thorough 
analysis of jet properties at fixed W but also of their variation with W, Most of 
the data presented in the following sections are corrected for detector effects and 
experimental cuts. 

Multiplicity distributions. 

We start with the discussion of results on multiplicity distributions per event 
and per jet 121. 

The dependence of the average number of charged particles < ncn > on 
the total c.m. energy W for both e+e-- and ppjpp..co1lisions can be seen in fig. 
2. The e+e- - multiplicities are systematically higher than those obtained in 
ppf p~ collisions at the same W. This is a well known feature and methods have 
been developed to define some 'effecti-ve'· W for pp-collisions, leading to a closer 
agreement between the distributions of these two reactions. Both distributions 
show a rise with W which is much stronger than a pure logarithmic dependence 

< ncn >= a +b·lns 

(with 8 = W2
) as was anticipated for Feynman scaling. More appropriate parametri

sations are 

a. < ncn >= a + b ·In 8 + c ·(In s) 2 which was found empirically to be 
well suited to describe the < ncH > dependence in pp-collisions [Sj. For 
e+ e- - data a fit leads to 

Fig. 1 a= 3.33 ± 0.11, b = -OAO ± 0.08 , c = 0.26 ± 0.01 
occurs and much work has been devoted to the questions of how the quarks convert 
into hadrons and what happens between 0.05 and 1 fm. No detailed theoretical 
prediction exists for this region, only models and phenomenological ideas based on 
soft QCD- effects or statistical assumptions. One of the prime goals in measuring 

1Invited talk at the First International Workshop on Local Equilibrium in Strong Interaction 
Physics (LESIP I} in Bad HonDef, Federal RepubUc of Germimy, September 3·6, 1984 

and its result is shown by the full curve in fig.2. 

b. < ncn >=a· s11• Such a distribution was suggested from phase space 
considerations [4J. The fit gives 

a = 2.18 ± 0.01 
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and leads to a prediction very similar to the (In B )
2-pa.rametrisation. 

c. From QCD-shower calculations a rise in the particle multiplicity of the 
form 

< nch >=a + b · ezp(c · .JiD;) 
is suggested [5]. The fit result is reproduced by the dashed-dotted curve 
in fig. 2 with 

a = 2.11 ± 0.08 , b = 0.068 ± 0.010 , c = 1.97 ± 0.06. 

This parametrisation predicts the largest multiplicities at the higher en
ergies. 

AU these parametrisations describe the data quite well1 
. None of these can 

1For there fits a systematic error of 6% for each individual measurement was assumed, however 
no correlatiow of these errors within the aame experiment were taken into aecoun1; bee3U8e they 
aJ"e not obtainable from the relevant pub6catiow. 
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be ruled out at the moment aud it seems that even at LEP-energies it will be very 
difficult to discriminate between these alternatives. 

In fig. 3 the charged multiplicity distribution at W=U, 22 and 34: GeV 
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is shown. For an uncorrelated production mechanism one expects a Poisson~ 
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distribution 

• .Xi 
p(•)=2·-··-' 

il 

where p(i) is the probability for an event to have the multiplicity i and .X is the 
average charged multiplicity. These distributions are represented by the dashed 
line in fig. 3. The curves are narrower than the data. Due to charge conservation 
the number of negative particles has to be the same as the number of positive 
particles suggesting instead of the formula above 

. (A/2);/, . • -'1' 
p(•) = (i/2)1 

The resulting distribution (full line) is wider than observed. This can be taken as 
an indication that further constraints (e.g. energy-momentum conservation) still 
affect the shape of the multiplicity distribution. 

From Feynman-scaling Koba, Nielsen and Oleson !OJ derived that for s --t oo, 
< n > p(n) should be a function of <:> only, independent of W. This property 
is known as KNO-scaling. Remarkable agreement with these predictions has been 
found in pp-collisions for J8 up to"' 60 GeV. Fig. 4 shows a compilation of the 
KNO-distributions measured in e+e--annihilations for c.m. energies W between 
5 and 34 GeV1 . The data at these difi'erent energies agree well with each other so 
that KNO-sealing is fulfilled to within "' 20 %. 

The scaling behaviour can be more easily examined by using moments of the 
multiplicity distribution. In ftg. 5 <n'i/> , D = y'< n~8 > < nca >~ is 
displayed for different W both for e+e- and pp,pp-reactions. ~ for e+e-

1SimilM fesults have also been folllld by the JADE· collaboration (f) and the HRS-collaboration 
(8]. 
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is about y2 higher than for ppfpp showing that not only the average value, but 
also the shape of the multiplicity distribution is different in both reactions. The 
data from e+e--annihilation seem to rise with Wand may indicate a violation of 
KNO-scaling of"' 10% between W;;;;;5 and 34 GeV. However Since the statistical 
and systematic errors are of the order 7 - 10% , this rise is not signifteant. 

Up to now the multipliety distribution of the whole event was considered. Fig. 
6 reproduces the multiplicity per ~et for different energies. For this analysis 'jet' 
was set equal to all particles within a hemisphere with respect to the jet axis, no 
attempt was made e.g. to separate quark jets from gluon jets. Again the KNO
scaling is fullftlled to a high degree. In comparison with the KNO-distribution for 
the whole event the distribution for a single jet has a smaller maximum value and 
is narrower. 

The width can be taken as an indication of how far the multiplicities in a jet 
are uncorrelated. Assume a Gaussian behaviour for the multiplicities 

/( ) 
__ 1_ ( (<noH > -noH)') 

nee - .;2iD e:ep . 2D~ 

If the multiplication of the two jets are uncorrelated· 

Dev = -/2Djd 

and trivially 
< nca >ev 7 2 < nca >jet 

Thus 
( <noH>) = r.(<noH>). 

D ev y2 D Jet 
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which is in rough agreement with the data yielding (~)ev = 3and (~)jet= 
2.3. 

This result is in contrast to ppjpp-collisions, where correlations between the 
multiplicities in the two jet hemispheres have been found. It is interesting to study 
the corresponding results for e+c -annihilation in more detail . 

A more direct check of multiplicity correlations has been presented by W. 
Koch of the TASSO-collaboration some time ago [9]; a recent analysis from the 
HRS [8] and the TPC collaboration [10] has since confirmed his conclusions. Here 
we will discuss the TASSO-results. Fig. 7a shows the average uncorrected charged 
multiplicity in one jet (arbitrarily chosen per event) < nF > as a function of 
the charged multiplicity n8 of the other jet. For uncorrelated jet multiplicities 
< nr > should be independent of n8 . For the raw data this is obviously not 
the case. To study the reasons for the correlations in the data it is necessary-to 
compare the measurement with the outcome of a model-calculation which includes 
fragmentation jllj, decays and detector-effects. The result of this calculation is 
shown by the fullliue- it agrees well with the measurement. As in the model the 
quarks fragment independently from each other, this can be taken as evidence that 
only trivial effects lead to the correlations in the data and we can use the Monte
Carlo to examine what they are. For this analysis step by step certain features of 
the Model have been switched off and the resulting changes can be seen in fig.7b. •+•- · Y$ • 34Gev TASSO Full occ•ptanc• Mont• Corto,ft·.l'Sa34G•V 
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Fig.7 
The full curve (a) reproduce!! the full Monte-Carlo calculation shown in fig. 7a. 

The jets from e+e- -annihilation stem from dilferent quark flavours and 
include a fraction of events with hard gluon emission. Events with differ
ent Oavours and with gluon bremsstrahlung have different average multi-

8 
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plicities each j12J. To get rid of this mixture of seVelal.average multiplic· 
ities, the Monte--Carlo--calculation was restricted to produce only u and 
d quarks as primary partons, hard QCD corrections were omitted (curve 
b). The average multiplicity < nr > is reduced with respect to curve 
a and the curve becomes flatter for n8 > 6. Both effects indicate that 
gluon bremsstrahlung and the mixture of several flavours contribute to 
multiplicity correlations. 

For experimental reasons only events with more than five particles were 
considered in the data. Omitting this restriction in the Monte--Carlo 
calculation reduces the correlation for small n8 -values (~urve c). Still 
there is a considerable na - nrcorrelation. 

This residual correlation vanishes if in addition only stable particles are 
generated in the Monte-Carlo (curve d). Doing this, nr is seen to be 
independent of na. Decays can induce a correlation in the two hemi· 
spheres if e.g. a p0 decays into a 1r+ belonging to one hemisphere and a 
11'- belonging to the other. 

This exercise shows that multiplicity correlations do not originate from the 
fragmentation process itself. Turning the argument around it indicates that frag
mentation in one hemisphere is independent from the fragmentation in the other 
hemisphere, e.g. one of the two primary quarks fragment without 'knowing' what 
the other one does (as realised in the Independent Jet Model) or the string between 
quarks breaks up randomly in one· or the other hemisphere (as in the Stringo-model 
llSJ). 

The momentum apeetrum Inside jets. 

More about the dynamics of jet evolution can be learnt from the examination 
of the momentum distribution inside jets. 

The long plateau in the rapidity y = ! In(!~:)) ) has been known for some 

time to be one of the most striking features of jets. Here E is the energy of the 
particle, Pll its parallel component with respect to the jet axis, 1 The rapidity 
distribution for different c.m. energies W is shown in fig. Sa. The distributions 
are nearly constant up to about y = 1Jma:c - 3, 1Jma:c = In !,. and then drop in a 
similar wa;y for the different energies. Two comments on the plateau can be made. 

a. At higher energies (W=34 GeV) the particle yield at y ~ 0 drops by 

1 For the data to be discm~ed the jet axis is the thrust axis : 
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10 - 20% with respect to the maximum particle yield. This is more 
clearly seen in flg. Sb where the ratio of the particle yield at y = Uo to 
the particle yield for 0.1 < y < 0.22 is plotted for three c.m. energies. 
At least for W=34 GeV a steady increase in the ratio is seen with a 
maximum at about 1.2. In contrast the low energy data at W::::U GeV 
are rather Oat. The general trend is reproduced by the QCD-LUND
model [13j"1 and predicted by QCD-shower calculations which take into 
account interference terms [14}. 

b. The height of the plateau (i.e. the yield for 0 < 1J < 1) rises with energy. 
This is more clearly seen in fig Sc where the height of the plateau is 
shown for different c.m. energies and for e+e--annihilation 88 well as· 
ppfpp-collision1 • The rise can be parametrized by a + bin W where b 
is about the same for e+ e- and pp, a is however "' 1.5 units higher in 
e+e-. 

In the plateau region KNO-scaling is expected to hold in case of Feynman
scaling. For pP-collisions violations from scaling have been seen by the UA5-
collaboration [16]. Fig. 9a shows preliminary results from the TASSO-collaboration 
using e+e--annihilation data for intervals [11[ < 1,1 < [11[ < 2 and 2 < [11[ < 3 
at W=34 GeV. Note that the plateau extends up to about jy[ "'3. Consistent 
results are found for the two intervals between [11[ = 1 and [y[ = 3, however the 
distribution for [y] < 1 shows a long tail towards high <:~z> indicating appre
ciable violations of KNO-scaling. As was discussed before, this is a region where 
QCD-effects are important and again the model calculations lead us to some un
derstanding of the origin of this violation. Assuming fragmentation without hard 
QCD-bremsstrahlung leads to a particle yield in the plateau region independent 
of W and to a KNO-scaling for different rapidity intervals dy for the same and for 
different c.m. energies (see fl.g. 9bJ. Including hard QCD-bremsstrahlung breaks 
this scaling behaviour, the trend of the data is reproduced : at W = 34 GeV the 
lowest rapidity interval shows the broadest distribution, whereas the multipliicty 
distributions for the intervals between y = 1 and 11 = 3 are in good agreement 
with each other. Thus the long tail in the multiplicity distribution seems to be a 
result of hard gluon bremsstrahlung. / 

One of the most striking features of hadron production in e+e- -annihilation 
at W ""' 30GeV is the increasing broadness of the events within a plane. Fig . 
lOa displays the average values for the momentum p and its parallel (PJI) and 
transverse (Pr) component with respect to the jet axis. As can be seen PII increases 
'>• .. - u1. wu: n:~uu u "' ~ < 0.1 the systematic errors are subrl.antial, so this region is not considered 
in this ratio 
3Both the String· model without hard gluon emission and the Independent Jet Model with and 
without QCD·corrections fail to describe this efFed. 
1To match the conventions used in e+e-·annihilations the &urn of both hemispheres was used 
for the pp-case 
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by roughly a factor 2.5 going from W =14 GeV to W =41 GeV, while the trans-verse 

momentum increases only weakly ("' 30% ). These two features indicate that 
particles are collimated in jets. However s-imple two-jet production would not 
lead to the increase in < PT > as- is seen from the model calculations shown in 
fig. 10. Such an increas-e can be naturally explained by hard gluon emis-sion. 
This- interpretation is underlined by the behaviour of the second moment of PT : 

< p} > increases much s-tronger than < PT > indicating that the rising trans-verse 
momentum is due to high momentum particles. 

Motivated by findings in ppfpp -collisions (e.g. 116]) that the < PT > in 
minimum bias events increases with the multiplicity, the TASSO-collaboration 
made a similar s-tUdy for different c.m. energies W. The preliminary results- are 
shown in fig. 11. The < PT > rises with W for all multiplicities as expected 
from the QCD-correetion, however the dependence of < PT > on the multiplicity 
is more complicated : it decreases with non for W smaller and increases for W 

larger than than "' 30GeV. 

To understand this pattern we consider the various contributions to the PT

spectrum : 
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a. In the fragmentation process the particles get some 'intrinSic' PT which is 
of the order 360 MeV {fig. 12 a). This PT is assumed to be independent 
of the rank inside the fragmentation chain1 snd of the energy. 

b. Decays tend to decrease the PT of the measured particles. In the rest 
system of the decaying particle the decay products have aPT of typically 
,...., 250M eV, less than the intrinsic PT· 

c. Hard gluon emission leads to particles with a high PT {see discussion 
above} exceeding the intrinsic PT. 

These three eff'ects are generally believed to determine the PT-spectrum of 

a) Meson 

q
1 

.2JPr·360Mev 
q2 

Pr from gluon jet 

Fig.12 

jet axis 

particles. Their relative importance depends on the multiplicity and the c.m. 
energy. Schematically a small multiplicity is correlated with & small fraction of 
particles coming from decays or hard gluon emission, a high multiplicity is ex
pected for a high rate of decays and/or QCD-eff'ects. At low energies hard gluon 
emission is not important, at W > 30 GeV it is quite abundant. Combining these 
1Some ez:perimental support for this usu.m.ption comes from the analysh of charmed evenb and 
will be di8CUS8ed hl the last tedion of this repOrt 
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T 

arguments one is lead to a qualitative picture consistent with the measurement.1 

For low multiplicity, and low W, < PT > is goverened by the intrinsic pr, for high 
multiplicity and low W1 < PT >is reduced due to the large fraction of decays. For 
high W the gluon-bremsstrahlung becomes important, its fraction in the events 
increasing with multiplicity, so the < PT > should be generally larger than for W = U GeV and increasing with noH· The analysis shows that the PT-spectrum 
involves both kinematical and dynamical eft'ects, and it is therefore important for 
an interpretation of the measurements to consider both of them. 

Where fragmentation ends - Bose-Einstein correlations. 

Once the quarks have turned into mesons these have to obey bosonic sym .. 
metrisation properties. This leads to the Bose-Einstein eJfect [11J, which thus 
allows limits to be set on the space-time region of fragmentation and allows the 
pion source to be explored. The experimental results will be shown after a brief 
discussion of the Bose-Einstein eft'ect. 

Assume two pointlike pion sources A,B. In case of equal chargesand incoherent 

Source?X:.'K: 1 n1 . 
1t Observer 

Source 'Sr. ,.... 2 b•"b 

production the total wavefunction at the observer must be symmetric under the 
exchange of the two momenta 

1 
.P = v'2{¢(k.,ko) + .P(k,,k.)} 

which leads to the ratio in the production of like charged to unlike charged pions 
. N++,-- ... 

Rpomt = l\r..a._ -• o.:: 1 + cos(.dk.At) 

with 
ak = ka - hrn tl.£ = ia - ib, 

and N++,-- is the number of equal charged combinations, N+-,-+ the number 
of unequal charged pion pairs. The functional form depends on the shape of the 
pion source, e.g. a gaussian distribution of this source leads to 

N++--
R' .. " = .. ~ ' ~ "'1 + e.p{ -(<l.ko<l.:i)') 

1This argumentation is wppotted by model calculatiolll'l 
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and the· magnitude of the effect depends on the coherence [18] between the pion~ 
emission 

R = 1 + aexp{ -(Ll.k r 0 )
2

} 

where a is maximal for a completely chaotic source (n being the number of particles 
considered per combination) and a = 0 for complete coherence, r0 = fl.Z being 
the radius of the source. 

The prelimin8.1')' data to be presented here have been obtained with the 
TASSO~detector (10] for 34 GeV < W < 38 GeV. In the analysis all particles 
a.re treated as pions and no discrimination between prompt pions and pions from 
decays was attempted. 

Fig. 13 displays the measured R, the ratio of like charged to unlike charged 
particles, for two-particle combinations (a) and three-particle combinations (b). 
The distance between the particles is parametrised by the Lorentz~invariant quan~ 
tity 

Q2 = M2 - n2m~ 

where M is the invariant mass of a n~particle combination and m,.. the pion~mass. 
For n = 2 the data show a slight increase with Q2 above 1GeV2 , the dip around 
Q2 "'0.6 GeV 2 is due to the p0-resonance. Going lower in Q 2 R suddenly increases 
for Q2 < 0.1GeV2 , giving evidence for the Bose-Einstein effect. Also shown is the 
result of a fit 

Roc (1 + 7Q')(1 + ae-ftQ') 

which describes the data quite well; the values for a and (J are listed in table 1. 

Fig. 13b shows the data for n=3 particle combinations together with the fit 
result. The increase at low Q2 is clearly visible. 

n pions a fi(Gev-•) ro(lm) 
2 0.30±0.04 19.5±4. 0.86±0.10 

3 0.80±0.09 5.2±0.7 0.45±0.02 

Table 1. Fit results for Bose-Einstein effect 

As will be discussed later, quantum numbers are compensated in a small 
region in momentum space within e+e-~jets. This leads to a decrease of R for 

17 

p-IP'"'" p-/p+-

o p p ~ ~ p ,.. r"' 
0 ~ N W ~ 0 ~ ~ N ~ 

0 0 ;M"'T"TTTT'T'",..,.,..,..."T'TT'T'"M 

z a 
.... 1D !! 

n· II II -

oL~ e • P ~ ~ 
illl~ 01 c.n iJ1 n 

0 ,. •• c 

" f
~ ~ : " i 
0 ' ' ~ ~ ~~ ; z G'l-' E .. .,~ • 

190~ &M '=0 .,( 
§: ~ + (t N n .a _ 0 
~ .QI N .,!1 

: • a 
::n r- 1i= -1 u; r- lt_ .._ 

" i '"' -~ ,. 
"' lS 

1".1 I I I I I I I I I I I., I I I I I I I ~I I I I I I I I I I "'iii I I I I I I I I ,; 

0 0 ~ 

~· ~ 5 !. (p-/p++-)_11-lp++-)MC (p++/p_,_ /!p++/p+-)MC !l 
w ~ 

0 ~ ~ .... .... !" - In ... , 
0 Ut 0 c.n 0 l.n 0 Ul 0 b. 

0 0 ' 

"' n ViJ 
._ p - 1D A - '' 

II II II tl ~ 
oLi::: ';: p p; P• ~ u.r .• ::' c.n .... ~ ;::. ~ 

~ 0 I+ I+ 
~N !')P 
C'>N ,._o 

0 ~ " c;"' 
S-~ 6- '= ... b ..., .. ·b ;,; 
I ~ I ~ 
N ~ 

~ . ~ 

• * ... -~ --.... N 
0 b 

18 



~;;-+ 0. This feature was partly taken illto account by normalisillg the measured 
R to the R expected from Monte-Carlo calculations1 •. 

The corresponding results are shown in fLg. 13 c and d. The increase at low 
Q'J becomes more prominent. 

Table 2 lists the result of the fit for the case n=2 and n=3. 

n pions a ~(Gev 2 ) ro (fm) 
2 O.i6±0.04 ± 0.10 18.3±2. ± 6. 0.8H0.06 ± 0.15 
3 1.18±0.18 ± 0.20 7.1±0.8 ± 3. 0.52±0.03 ± 0.12 

Table 2. Fit results for Bose·Einstein effect. Data normalised to Monte·Carlo prediction 

The results coincide with the values in table 1. Within the statistical and 
systematical errors the radii for the two cases are in agreement and limit the 
space-time region of fragmentation to 0.5 • 1 fm. The coherence parameter a 
is less than the maximum allowed value, indicating substantial coherence. Note 
however that as no pion identification was attempted, the measured R·value is 
only a lower bound due to e.g. 1r+- K+-combinations included in the data; this 
should not account for more than """ 10% . 

It is interesting to compare the strength and radius of the Bose-Einstein effect 
for different data--samples. For example the coherence may be different for two-jet 
events and three-jet events, or the emission radius may depend on the multiplicity 
as was found for ISR-data /20J .. However, as can be seen from table 3 the selection 
of special types of events lead to consistent results - no dependence on the event 
sphericity1 (S < .1 enriches the two-jet fraction) or the multiplicity was found. 
Some difference seems to occur in the coherence of particles emitted along or 
perpendicular to the jet a.xi!:l: particles emitted transverse are more coherently 
produced. However the statistical significance is marginal. 

1N one of the standard fragmentation models includes the Bose·Ein:ttein elfect 
1The sphericity S measurea the jettineas of an event, 1 represents the jetaxis 

L:P~ s = rn:n( EP3} 

S = 0 corrMponds to extreme two-jets, S = 1 to isotropic events. 
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selection a P(Gev-') r0 (1m) 
all events,all pions 0.55±0.04 14.8±1.7 0.76±0.04 

S< 0.1 0.5H0.06 14.4±2.4 0.75±0.05 

ncH > 15 0.52±0.06 15.0±2.6 0.77±0.05 

~E1r < 0.3GeV 0.58±0.10 15.6±4.0 0.78±0.08 

S< 0.1, jcoa(t.k, S)l > 0.7 0.25±0.10 16.8±7.7 0.85±0.39 

S$ 0.1, jcoa(t.k, 5)1 $ 0.3 0.59±0.10 12.7±3.0 0.64±0.15 

Table 3. Fit resuhs for Bose-Einstein effect applying cuts on events and particles 

_ - ...----....(" aU~=O;q=-1.y1 

s:O, q=-1,y4 

F'ig. 14 

A look inside jet development. 

The Bose-Einstein effect is due to the interference of mesons, i.e. happens in a 
space-time region where the quarks have already turned into hadrons. Information 
on the developtpent of a jet can be obtained e.g. by isolating particles produced at 
a certain rank. The first measurement of this kind will be discussed at the end of 
this section. Another method is to study how quantum-numbers are compensated 
inside a jet. E.g. the Feynman-Field .idea j21] of fragmentation is sketched in fig. 
14. In this picture the produced meson picks up a certain fraction of the energy 
that is left over and statistically 

Yt>Y2>Y3> ..... 

This leads to the expectation that quantum numbers are conserved locally, i.e. a 
meson with strangeness +1 is found in the vicinity of a meson with strangeness -1. 
In addition to this short range effed the leading particles of the two-jets (at high 
iuJ} are expected to contain the primary produced quark and thus are expected to 
have opposite quantum numbers. 
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For the electric charge this leads to events which are schematically shown in 
ilg. 15&-c, where it is assumed that two particles with opposite charge are produced 
per rapidity intervals and only the leading particles are singly produced at high 
1111· To analyse the charge correlation one defines a 'test charge' at y', sums over 
all possible combinations with the other charged particles at any interval y and 
defines the charge~combination asymmetry 

A , _ N+-,-+(y',y)- N++·--(y',y) 
(11 111) - JH-1--.--1-/.,1 ,,\ 1 II.T-1--1-.--/ •• 1 ,,\ 

In the case of the schematic event this leads to an A(y' ,y)- distribution as shown 
in figs. 15 d and e: defining the test interval in the centre of an event, the short
range charge compensation induces a peak at 1J ~ V. Putting the test interval at 
the position of the leading particle in one hemisphere, a peak at 11 ~ -11' appears 
due to the emission of primary quarks. 

Fig. 16 shows a ~easurement [19J 1 , where the test intervals were taken to 
be 

0 2: 11' 2: -0.75, -0.75 2: 11' 2: -1.5, -1.5 2: y' 2: -2.5, -2.5 2: 11' 2: -5.5 

The data show qualitatively the same behaviour as the example. A broad maxi
mum is found for all test intervals in the region y ""' 11' giving evidence for. short 
range compensation. However it is not obvious how to interpret this effect. It 
can be caused either by abundant resonance decays or by the inherent fragmenta
tion mechanism. Both will lead to about the same width for the signal and it is 
experimentally very difficult to discriminate between these two cases from charge 
correlations. As will be discussed soon, other quantum numbers give a better 
handle on that problem. 

In addition to this short range effect the an10icipated long range charge com
pensation can also be seen. As the test interval y' is shifted towards high negative 
rapidities A becomes more positive for increasing y,. i.e. more oppositely charged 
particles are seen at a large distance from the test charge. This supplies further 
evidence for the production of primary produced oppositely charged partons. 

As was discussed above, the positive charge correlation in the vicinity of 
the trigger particle can either be due to decay products or due to the inherent 
mechanism of fragmentation itself. A better way to discriminate between these two 
efFects is offered by the compensation of baryon number. Resonance decays (into 
a baryon-antibaryon pair) are unimportant in this case. In ftg. 17 the correlations 
between pp pairs measured by the TASSO-collabora.tion [2S] are compared with 
model calculations. Used as vari3bles are (a.) the cosine of the angle (} in space 

1Similar results have been obtained by the PLUTO (22] ·collaboration 
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are randomly distributed in rapidity and a baryon is, formed if three quarks are 
closest to each other. The other two models by T.Meyer [26J (full curve) and the 
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LUND-group (dashed curve) are based on the Feynman-Field type fragmentation 
where instead of a pair of quarks a pair of diquarks is produced. These models lead 
to a short range baiyon number compensation. The prediction of the 'diquark' 
models agre~ Quite well with the measurement; however the statistical model 
fails to repr~duces th~ trend of the data. This supports the existence of a short 
range compensation in jet fragmentation. This result is confirmed by additional 
measurements on pj.)-pairs extending over a larger rapidity interval [26], on AA 
-pairs from several experiments I27,28,29J and on Ap-pairs [27]. Each of these 
experimental results on its own may only have a marginal sign~cance; however, 
putting them all together establishes short- range quantum number compensation 
on firmer ground. 

Note that the measurement of At/J should be sensitive to local transverse 
momentum compensation : if the trans-verse momentum of a hadron is balanced 
by the subsequently produced particle, an accumulation of pp-pairs at ArjJ "" 180 
degrees is to be expected. Such a behaviour is not seen in the data 

The detection of charmed particles ( D*) in e+ e- -jets has revealed new insights 
on the fundamental properties of quarks [SOJ. E.g. it allowed the weak couplings 
of char;med qu81'ks to be measured. In addition it oft'ers the possibility of analysing 
speeial features of fragmentation. Charmed quarks can only be produced in the 
first step of jet production, coupling directly to the photon (contributions from 
the b --t c-decay can be suppressed with cuts on~= En·/E~am)· 

This can be exploited to determine the PT-distribution of those particles which 
have not .decayed with respect to the parton axis. The measured distribution can 
be well parametrised by 

du '/ , -d 2 oc ezp-pT 20' n• 
Pr 

giving Un• = 0.36 ± 0.02GeV fc [SIJ. This result can be compared to trA = 0.38 ± 
0.04GeV fc [27] for A-production and a fit to the measured distribution summing 
over all charged particles and using a Monte-Carlo calculation to include effects 
from fragmentation and decays yielding U4n = 0.36 ± O.OlGeV fc [32]. Thus there 
is no dependence of the PT-distribution on the mass of the considered particle and 
the rank in the fragmentation chain. 
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The separation of the meson which contains the first produced quark allows to 
test one of the basic assumptions of the Feynman-Field -like fragmentation: quarks 
fragment with a scale set by the energy left over from the earlier fragmentation 
steps. 

For the analysis [30] the events with a tagged D* were seperated into two 
hemispheres, the D* -hemisphere and the unbiased charmed hemisphere1 with 

~ 

o" 

'\\ 
\ 

\ residual jet 
\ 

unbiased 
eharmjet 

respect to the jet axis [31]. All particles in the D* hemisphere with the exception 
of the D* itself were considered as the 'residual jet'. The energy of this residual 
jet is 

ERES = W/2 - Ev•. 

In the data-sample considered its average value is< E'RES >= 6.2 GeV. To test 
the cascade-like mechanism the distributions oft he residual jet were compared with 
the measured distributions of a jet produced at EJet = 17GeV and Eit.t = 7GeV, 
an energy close to that of the aVerage residual jet. The results are shown in Og 18. 
For all distributions z = EE"·', :l:r = EE"n" , rapidity y and p} with respect to the iof ·RES 
jet axis, the residual jet disagrees with the jet producE'd at 17 GeV. Partly this 
may be explainable by phase space, however pltase space should e.g. not. inOuence 
the particle yield at low rapidities, but also here the residual jet differs from the 17 
GeV-jet. In contrast to this, the comparison with a jet at 7 GeV gives a striking 
agreement with the residual jet and thus strongly supports the idea of a cascade 
like fragmentation. 

Summary. 

Measurements in e+e- -annihilation by now give precise and easily inter
pretable information on jets and offer the basis for an understanding of fragmenta
tion in general. Although no consistent theoretical description has been found for 
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fragnH'ntation, its basic features are in remarkable agreement with simple ideas 
deriwd from thf' quark model and QCD. 

It is obvious that thE' minimum bias jets in pp-collisions are different from 
t:+e--jets at the same nominal W. This can he seen from the comparison of mul
tiplkitics in both reactions. Scaling violation in the KNO-distribution within the 
region of t.he rapidity plateau has been found in pp-collissions as well as in e+ e-
;umihilation, the < PT > in both reactions depends on the multiplicity. In the 
ea<lf' of e+ C -annihilation both features can be well described by the standard 
fragmentation models if QCD-bremsstrahlung is include-d. 

Bose--Einstein correlations are also found in e+ e- -annihilations showing that 
particles are emitted with substantial coherence and that the fragmentation occurs 
within 0.5-1 fm. 

The new aspect of the recent analyses is the possibility to look into the de
velopment of a jet in more detail. Enough experimental data are now available 
to study the compensation of quantum numbers and D*-tagging allows a direct 
look into the space-time development of a jet. The measurements exclude a purely 
statistical distribution inside the jet but show short range quantum-number com
pensation and support the idea of a cascade-like fragmentation. 
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