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Hadron Production in e+e- Annihilation at PEP 

Werner Hofmann 

Lawrence Berkeley LabQratory, University of California 
Berkeley, California 94720 

+ _ Our present picture .of the proc~ss of hadron production in 
e e annihilation is outlined in fig. 1. A virtual photon creates 
the initial qij pair. At early ti~e~, these quarks are far 
off-shell and propagate according to perturbalive QCD. emitting 
radiative gluons. In the next stage of hadronizalion new qq pairs 
materialize. Ql+arks and antiqvarks then combine to form colorless 
hadronlc syslems (resonances or "clusters"). 

Two extreme models for this crucial step responsible for color 
confinement are the "string" picture [1] and parton shower mo'dels 
based on QCD [2-5]. The string model assumes the formation of an 
entirely nonperturbative, one-dimenslonal color force field between 
the initial quarks. This force field is discharged by production 
of qq pairs screening the field. In partpn shower models, the 
inilial quark cascades down to its mass-shell by successive gluon 
emission; the gluons in turn emit furlher gluons or convert into 
qq pairs, creating a parton shower. The parton ndecay· is governed 
by the familiar Alt.arelli-Parisi equations ~6]. The main 
difference between the two pictures is the Q scale where 
nonperturbative effects take over: in ahe slring 2model the 
perturbative evolution is cut o~f at l~rge Q ~10-100 GeV. whereas 
shower models use QCD down to Q ~1 GeV . 

In a final step. th~ color singlets formed in the confinement 
phase wi 11 decay to the stable hadrons ultimately observed in the 
detectors. Since each step requires a certain average 
the boundaries between the areas indicated in 
hyperbolas in space-lime. The result is an inside-out 
where the slowest hadrons are produced first. 

proper time, 
fig. 1 form 
cascade [7]. 

The major problem 
fragmentatiori from ihe 

in extracting the 
data is evident 

dynami cs 
from fig. 1: 

of quark 
the most. 

interesting regions of confinement and perturbative QCD.are veiled 
by the effects of resonance (or cluster) decays; the QCD phase is 
furthermore obscured by the confinement process . 

This paper is str~ctured in analogy to fig. 1. We will 
proceed in the direqtion of increasing complexity: first, stable 
particle production will be discussed. Next, we consider effects 
involving more than one final slate particle: resonance production 
and properties of jets and of particles in a jet environment. The 
study of heavy quark fragmentation and of flavor correlalions 
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between particles in jets will be discussed as a way to learn more 
about the confinement region. Finally, the problem of QCD-"tests" 
will be briefly addressed. Because of the limited space, this 
paper will concentrate on new, unpublished results. 

INCLUSIVE HADRON PRODUCTION. New data from the HRS on 

fig. 2a [~1' 
of 20 pb , 

inc I us i ve ·charged hadron product i on are shown in 
These results are based on an integrated luminosity 
corresponding to about one tenth of the total luminosity collected 
by the HRS up to now. The fragmentation function 
D(z) = (l/u)/(du/dz) is evaluated for all events (O~ and for 
two-jet events (0) which are selected by requiring sphericity and 
aplanarity values below 0.25 and 0.1, respectively. In the region 
of overlap, the agreement with earlier data from TASSO [36] is 
good. The momentum resolution of the HRS of O.l%.p (in CeV/c) 
allows for the first time at PEP or PETRA energies the measurement 
of fragmentation functions in the region z = 2p/vs~1. The behavior 
of D(z) for z~l is one of the elementary unsolved questions in the 
physics of quark fragmentation: perturbative calculations in the 
quark-part.on 2 m~de~ predict. a non-zero limit for D(z), 
zD(z) cc (l-z) +p. /Q [9], t.hereby supporting t.he old conjecture of 
Feynman and Field [10], whereas non-perturbative st.ring models seem 
to require that ~D(z) v~nishs li~~ a power of (1-z) for z~1 [1]. 
Fig. 2b displays zD(z) emphasizing the region z~l; a power law in 
(l-z) corresponds to a straight line in this plot.. (To be precise: 
the cross section F(x

F
) in fig. 2b refers to x

F 
= p /p ,where PL 

is the component. of momentum parallel to the jet ~xiW~x for xF~l, 
x and z are e qui 2alent for most practical purposes.) The data 
e~hibit a (l-z) dependence for 0.5 < z < 0.9; in this range the 
data are consist.ent. both with the "Counting Rules" [9] and the LUND 
st.ring-model. For the crucial regionz > 0.9, numerous sources of 
systematic errors such as minute contaminations of the event sample 
due to Bhabha or TT events make the analysis very difficult. To 
this date, no information on the behavior of D(z) for z > 0.9 is 
available. The data shown in fig. 2 prove however, that with the 
analysis of. their full data sample the HRS will be able to make 
definitive statements; 
and the study of the 
const.itut.e a 
fragment.ation. 

major 

from our point of view, such a measurement 
event.s with part.icles at z > 0.95 will 
contribution to our knowledge of quark 

In the region of moderate x = 2E/vs up to 0.4, the TPC group 
has recently published final result.s on inclusive ~±, k± and p,p 
production [11]; we will discuss here only the scaling behavior of 
cross-sect.ions at low z, related to searches for gluon-interference 
effects predicted by perturbative QeD [5.12]. The process of quark 
fragmentation into a shower of partons is usually considered as a 
st.ochastic branching process [13]. However, recent invest.igations 
have shown that interference effects are non-negligible, and lead 
to a strong suppression of soft. partons and consequently of soft. 
hadrons in. jets [5,12]. This mechanism can be visualized as 
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follows: a soft gluon. whose wavelength is large compared to the 
extension of the parton cascade in space-time, will not be able to 
resolve individual partous. Consequently, the soft-gluon 
cross-section is not given by ap incoherent sum over gluon emission 
from· the many parlons in the shower. Instead, the coupling is 
determined by the net sum of color charges in the shower, resulting 
in a much smaller cross section. This mechanism provides a very 
natural cut-off for the evolution of a parton shower. A specific 
prediction is that the inclusive cross section (z/a)(da/dz), 
z = 2p/vs, is described by a gaussian in In(z); the position of 
the maximum moves to higher In(z) with increasing mass of the 
object under study. Fig. 3 shows (z/u)(du/dz) for kaons and 
protons (pions are not very suilable for these lests, since the 
pion cross section at low momentum is dominated by pions from 
resonance decays [14], whereas kaons e.g. will more closely 
reflect the momentum distribution of strange quarks in the parton 
shower). The cross section is indeed consistent with a gaussian 
shape peaking approximately at the z-value predicted by a QeD 
shower Monte-Carlo simulation [5]. However, an equally good 
description is given by the LUND model [1] (solid lines), where the 
behavior of cross sections at small z is essentially governed by 
longitudinal phase space. We conclude that inclusive spectra alone 
do not pe~mit a dis~i~ction bet~~en ~~ose two models, especially 
since Monte Carlo studies show that their results not only do agree 
at one fixed cms energy, but also exhibit an almost identical 
energy dependence. 

The charged particle cross-sectbons from the TPC have been 
supplemented recently by data on n production (fig. 4); charged 
and neutral pion cross sections agree within errors, yielding 

0/ ± . 2n n = 0.92±O.14. 

Having measured essentially all stable-particle cross 
sections, an interesting cross-check is to see if the 
energy~weighted integrals f(Edu/dx)dx add up to the cms energy vs. 
The TPC obtains 12.1±O.7. 3.0±0.3 and 1.5±0.2 GeV for the energies 
used up to make n±, k± and P.P. respectively. Direct leptons 
correspond lo 0.5±0.1 GeV [37]. yAelding a lotal "charged energy" 
of 59±3%. Photons (including n) account for 7.8±.9 GeV 
(preliminary). All values are corrected for acceptance and effects 
of initial state radiation. Assuming that neutrons equal protons, 
and kL equal k+ (k

S 
decays are included in the pions). the energies 

sum up to 27.7±1.3 GeV, leaving 1.3±1.3 GeV for neutrinos. This 
number is in fair agreement with the prediction of the LUND model, 
E = 0.3 GeV. The TPC resull on the charged energy fraction agrees 

v 
with a similar result from the HRS. E = 62±4±2%. In their 

charfed case, momenta are measured and corrections or particle rest masses 
are obtained from Monle Carlo simulations. Fig. 5 [8] demonstrates 
that these charged energy fractions agree well with results from 
e+e-annihilation at PETRA and from hadronic interactions at ISR 
energies. 
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Finally. new data from the TPC are available on A and A 

production. A's are detected as usual by reconstruction of a 
secondary vertex for track pairs whose dE/dx is consistent with a n 
and p hypoth~sis. g candidates ~re s~lected_by requiring a~o~her 
verlex tormed by lhe A and an; the An mass distribution 
(fig. 6a) shows a clean Z signal above a small background which can 
be estimated using An+ combinalions (fig. 6b). Th~ p, A and : 
cross sections are summarized in fig. 6c. 

RESONANCE PRODUCTIO~. Given the fact that all models for 
hadron production in parton fra~mentation contain at leasl one free 
parameter determining the mean hadron multiplicity and therefore 
the general shape of inclusive spectra. one free parameter to 
adjust strange particle production - in general the mass of the 
strange quark or a related quantity - and one parameter to tune 
baryon production. it is obvious that the study of inclusive 
spectra of stable particles provides little distinctive power 
between different models. Non-trivial predictions are obtained 
only for very few quantities like lhe production rates ot A~ ~and 

~ as compared to kaon and proton rates. 

The study of resonance production opens a wide field of 
add*tional tests, such a~ the dependence of *~clusive cross 
sections on mass and spin of particles. Models like the string 
picture and the QCD shower ~pproach both make (vague) predictions 
for mass spectra of the produced objects; the hope is that 
exploring the realm of resonance production brings us one step 
closer to the "mysterious" region of color confinement (fig. 1). 

For this c6nference. new resUlts on resonance production have 
been reported by the DELCO. MARK II and TPC groups. Figs: 7a-d 
illustrate an analysis of k 0 and p production by MARK II. + - - + 
Without using any particle identification. n n 0 and k01l' mass 
speclr:Oare formed. Slructures are visible in the k and p and in 
the k regions, respectively. The nn distributionOis tben fitted 
by a quartic polynomial and by contributions from k p. ~ and 

.U -
from k where the k has been mistaken as a 11'. The resonance 
shapes are taken from a Monte Carla simulation. Similarly. lae ~n 

spectruw is fitted as a sum of k . and of refleclions of k . P • 
~ and k due lo wrong assignmenls of particle types. It is assumed 
that u(~) = (1±.5)u(p). A simultaneous bit of the two spectra 
gives enough constraints to determine the p sP:8trum (fig. 7d. 
compared to TASSO data [26]). and an integrated k cross section. 
In the range p > 1 G8V/c the total cross sectl8ns are 
0.160±O.02~50.026 nb (p) and O.189±0.022±O.037 nb (k). The 
ratio of k (+c.c.) production to p production is 0.87±0.18±0.22. 

In contrast to the MARK II. both the TPC and DELCO detectors 
m:5e heavy use of their particle identificalion when searching for 
k . In the DELCO detector. kaons are identified in a threshold 
Cerenkov-counler. whereas the TPC idenlifies bolh decay kaons and 
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pions 
much 
lower 
keons 
clear 

by dE/dx measurements. Consequently, 
cleaner (fig. Ba,b). However the 
efficiency, which is especially true 
ab~ve 2:5 GeV/c can be ide~ti~~ed. 

evidence for _ production [15] (fig. 

those k· peaks look 
trade-off is a somewhat 

for DELCO, since on 1 y 
Bo~h detector:oalso see 

Bc.d). The k and_ 
cross sections are summarized in fig. Be. The cross sections from 
TPC and DELCO are consistent within errors. The agreement with 
predictions from the LUND model is quite good, although the model 
overestimates the _ cross section at large momentum slightly an 
interesttng feature since at high x the main source of "s are 
F decays, according to LUND. 

PARTICLE YIELDS. A summary of new results on inclusive 
particle yields is given in Table 1. 

Table 1 
-----------.----------------------------------------...;.---------------

Type 

~ 
P 
A 

Mu I tip I i cit y. 

10.7%0.6 
0.42±0.05±0.07 
(p > 1 G~V/c) 
1.35%0.13 
0.37%0.06±0.10 
(p > 1 GeV/c) 
0.39±0.09 
(x > 0.1) 
0.064±0.013%0.018 
0.60%0.08 
0.216±0.013±0.018 
0.025±0.009%0.006 

charged 13.1%0.05±0.6 

Ref. Comparison Ref. 

TPC [II) 10.3::0.4 TASSO 
MARK II 0.73±0.06 TASSO 

TPC [11 ] 2.0%0.2 
MARK II 

TPC 

TPC [15] 
TPC [11 ] O.B±.1 TASSO 
TPC 0.28±0.04 TASSO 
TPC 0.028±0.OO8±O.OOa TASSO 

HRS [8] 13.5%0.03 TASSO 

All particle yields include c.c. channels. Multiplicities refer 
to the entire momentum range 0 < x < I, unless otherwise specified. 

oJ! 
Except for k production, the agreement· between new results and 
existing numbers Ssee summary in [16] for refs.} is good. 

PARTICLES AND JETS. The HRS group has carried out an 
extensive study of properties of- jets and of particles in jets [a]. 
Because of space limitations only the results on longitudinal and 
transverse distributions ·of particles in jets will be presented 
here. 

One characteristic property of longitudinal phase space which 
is shared by string-models for hadronization is the existence of a 
plateau in the rapidity distribution of particles. The rapidity 
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distribution of charged hadrons, (l/u)(da/dy),.is shown in fig. 9 
for all annihilation events and for 2-jet events only. A rapidity 
plateau is seen extending over 4 units in rapidity; in the 2-jet 
s~mple there is ~n in~i~ati~n of a ~ip in du/dy at yaO. Although 
this is expected in QeD models with gluon interference [5,12], the 
effect is more likely to be due to an enhancement at y=2 due to 
decay products from charmed hadrons. For comparison, rapidity 
distributions of hadrons produced in pp interactions at 27 and 52 
GeV [17,18] are included. 

The distribution of particles in transverse momentum Pi with 
respect to the thrust axis is shown in fig. lOa, and is c~mpared 
with t.he p distribution of particles in jets at similar Q from 
the pp colIider [19] in fig. lOb. It is surprising that especially 
the tails of the two distributions agree so well - one would expect 
higher large-PT 

tails for the gluon
2

(?) jets in pp. Figs. l1a,b 
display the dependence of <PT> and <PT > on the scaled momentum Zj 

the plots exhibit the well-known "seagull"-effect: mean transverse 
momenta increase with z at low z; at zaO.4 the dependence levels 
off. Figs. llc,d,e offer a comp arison

2
0f this z-dependence with 

results from other reactions, like low-Q pp interactions [17], 
deep-inelastic ~p scattering [~1] and large-PT 

jets from the pp 
collider [19]. For the large-Q processes, typipal transverse 
momenta at large Z agree rather well, whereas beam jets in pp 
interactions exhibit smaller PT's. 

The p dist.ributions discussed above are 
particle flavors. The TPC group has studied 
cross sections for identified hadrons, notably 
identilied by dE/dx measurements [14]. 

averaged ovet all 
the PT dependence of 
protons., which .are 

As is well known, the proton fraction among charged hadrons, 
in the following called t , shows a pronounced dependence on the 
particle momentum p (fig. 12~). The dependence of f on transverse 
momentum p with respect to the spheriCity axVs is shown in 
fig. 12b-e Tor different ranges in total momentum p. For momenta 
below 1.5 GeV, a steep increase of f with P is observed, in 
agreement with results from deep-igelastic

T 
lepton-nucleon 

scattering [20]. At high momentum, the PT-dependence flattens out . 

. The high value of f at iarge momentum has stimulated 
speCUlations that proton ~roduction is related to gluon emission 
[22]; in this case one expects an increase of f with PT' There 
exists however an alternative explanation for thg effects displayed 
in fig. 12. Assume that the prodUction of primary mesons and 
baryons is described by simple longitudinal phase space, with a 
constant baryon fraction. Resonance decays will then soften both 
the baryon and meson spectra. This softening is more pronounced 
for mesons, since in a decay of a baryon resonance the decay 
nucleon will carry a large fraction of the initial momentum, 
whereas e.g. in a p~nn decay, the momentum is evenly shared. 
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Explicit calculations using the LUND model confirm indeed that the 
observed p and p dependence of f can be obtained from almost flal 
ratios for the pIimary hadrons before resonance decays; the dashed 
an~ full lines in fig. 12 sho~ the LUND predictions for ~ be~ore 

and after resonances decay. Hence all the striking variatYon of f 

with p and Pr can be explained as a consequence of resonance'deca~ 
kinematics There are different ways to check this model: in 
fig. 13 the fraction of protons among charged hadrons as a function 
of the hadron multiplicity in the event is shown for low-momentum 
particles. f decreases significantly with increasing 
multiplicity. PThis is expected, since high-multiplicit~ events 
typically conlain a larger fraclion of vector mesons, resulting in 
a strong increase in the number of low momentum decay pions and 
hence in a corresponding decrease in f. The effect is 
quanlitatively reproduced in the LUND model flull line). 

The same line of reasoning applies to any comparison of p and 
PT dislributions of light and heavy particles; the heavy particles 
wl1l be closer to what is primarily produced in the confinement 
process and will have less steep p and PT distributions. This is 
illustrated in fig. 14. where PT distributions for pions and ~'s 

are compared [15]. Again. the LUND model gives a very good 
description of the distributions. 

Obv,iously, many properties of hadron production can be 
explained in such a simple model, assuming essentially that all 
primary hadrons have similar momentum spectra (except for "leading" 
particle effects. of course), and a universal P

T 
distribrition. It 

is thus obvious that heavy particles are better, more direct probes 
of fragmentation phenomena than lighl mesons; they suffer less 
from the dilution of information due to resonance decays. 

HEAVY QUARK FRAGMENTATION. The physics of 
fragmentation combines several interesting aspects: 
explore the effects or conf inement forces, ideally one 

heavy quark 
in trying to 
would like 

to have a "test" parton whose momentum is known before and after it 
interacted with the forces of a confining color field. A heavy 
quark comes close to that ideal: its initial momentum is 
essentially given by the beam momentum. and it can be unambiguously 
identifi'ed in the final state. Apart from its role in 
fragmentation phenomenology. the study of heavy quark production 
serves to' explore properties of heavy quarks and their decays, and 
to study electroweak effects. 

Heavy quark fragmentation is clearly the domain of the HRS 
detector. which is where the bulk of new data originates. It's 

0-+ 
excellent momentum resolution enables the HRS' to detect D ~k n 
directly as a peak in the kn mass spectrum (fig. 158.). The peak is 
localized at a mass of 18al~2 MeV and has a width of 13 MeV. No 
parlicle identific.tion 
decay angle 8 , Icos(8 )1 

11" 11" 

is used; culs on z = 2E Ivs and on the 
< 0.7 reduce combinatoria~ backgrounds. 
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In fig. 15b-e the kn mass distribution is shown for different 
intervals in z: for the lowest z-bin, z < 0.5, only an upper limit 
for the cross section can be given. 

The HClas:Ece~H metftod_[231 to study D production concentrates 
on the dec8] D r.D n+, D ~k +nn. Since the mass resolution in the 
• D -D mass difference is dominated by the precision wjth which the n • momentum is measured, the resolution in the D -D mass is greatly 

improved as com~~~ed to the D mass resolution. Fig. 16 shows HRS 
_+ 0 . 

results ootha D -0 mass difference for the decay channels 
u - + - + - ~ - + 0 

D ~k n , k n n n , k n n. In the first two decay modes, the mass 
of the k-+nn:l:: sy~s.t8m is required to coincide with t~e+D mass. In 
the last mote, the n is not detected, and the k n satellite 
enhancemen tis. 
decay modes. a. 
is obtained! 
(fig. 17). 

- + used to select k n combinations. In the charged 
r~solution of less than 1 MeV on the mass diffe~ence 

+ + - + + 
r~e HRS also observes D directly via D ~k n n 

The accepta~c~ corrected D cross sections from the HRS are _+ U 
shown in fig. '119; here z is defined as 2E/vs. The D and D 

-+ agree within erro~s. and the D data are consistent with data from 
MARK I I [23] and! TASSO [24]. The D cross section peaks at 
~ ~ 0.5-0.6, confEnming that heavy mesons tend to carry a large 
tract ion 0 f th.e. heavy quarks momentum. as expected in the 
quark-parton model on the basis of kinematical arguments [25]. The 
integrals over t:ihe inclusive cross sections normalize8 to the ,,//.1.­
cross section gi~e (preliminary) R-values of R{D) = 1.65±O.6 

+ -R(D ) = 0.8±0.4 Bm~ R(D) = 2.0±0.2. These values include the ... _+.0 
charge conjugated channels; R(O) includes both D and D , 
assumin8 isospin s~etry. The errors include uncertainties in the 
D branching ratios~' This source of systematic error and most 

u - . acceptance effects cancel. if the ratio R(D )/R(D ) is considered. . 0 _ 
For the region z > D_4, the HRS obtains R(D )/R(D ) = 0.6±0.2. 

" The ra(io of D to direcl_O production provides an interesting 
test of the spin dE~endence of hadron cross sections. Naively. one 
expects a ratio of 3/1 for the relative rates of -vecior/pseudoscalars. In the case of pIn and k /k. the observed 
ratios are closer to 1 [16]. The 'string model [1] provides an 
explanation for the dEviation from spin counting: qq production in 
a string can be described as a tunneling process. and the 
wavefunctions ~f Desons favor tunneling into scalar states as 
compared to vector states. The suppression of vector particles is 
predicted to be of -the order of the vector/scalar mass ratio'oan~ 
should be virtually 2bsent for the D system .. Thi measured D /D 
ratio strongly con~trains the probaaility of D vs D productioDo 
Taking into account that obse5ved D 's are' fed by direct D 
production. by too~ 06 tte D- decays and by about 44% of the D-+ 
decays [27]. observed! D /D ratios of 1.2. 0.9 and 0.7 are expected • for ratios of direct D/D production of 1/1. 1,3' and 0/1, 
respectively. lzom lhe HRS data. one concludes that D pioduction 
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is strongly favored as compared to dire8t D production. Taking 
into account the uncertainties in the D·+~D branching ratio, a (1 • s.d.) upper limit for to ratio of direct D to D production of 
~bou~ 1/4 can be d~r~ved (in contradistinction to earlier results 
based on lower statistics, which were consistent with significant 
direct D production [1S]) 

• For the first time, results on 0 productioB became available 
from the TPC. Fig. 198 shows the 0-+-0 mass differenge 

0-+ - + - + - + u 
distribution for the decay channels 0 ~k ~ , k ~ ~ ~ and k ~ ~ . 
Oes~ite the limited momentum resolution of the TPC - ~3.5%.p - a 
good signal-to-background ratio is maintained since the decay 
particles are identified by dE/dx measurement, thereby reducing the 
combinatorial background by more than one order of magnitude . • Preliminary results on the shape of the D momentum spectrum are 
consistent with other detectors - the fragmentation function of 
charmed quarks into D- peaks at z~0.6, with <z> = O.5B±O.02 
(f i g. 19b). 

Using the s~e technique, and relying heavily on its good 
particle identification, the TPC has searched for other charmed -hadrons. Most interesting is the search for the F decaying into + - + • 
F7, F~k k ~. The F ~~ expecte4 t~ show Up' as ~ peak i~ the 
distribution of the mass difference AM = Mkk - Mkk displayed in 
fig. 19c (preliIriinary). The full 'curve repr~~ents dL with Mkk1l' in 
the F range, M = 1.96±0.12 GeV. An excess of 35±J2 events is 
observed at fh~150 MeV, which disappears if the M

kkn 
window is 

moved away from the F region (dashed line). ~he width of the peak 
is consistent with the detector resolution. Forming the Mkk~ 
distribution and selecting combinations in the dMpeak, a 3 s.d. 
signal at the F mass is observed. No clear evidence for a ;11' decay 
mode is seen, but upper limits on this mode are consistent with 
results from CLEO [2B]. Furt.her investigation and consistency 

. . 
• checks of this F candidate are in progress. 

FLAVOR CORRELATIONS. A powerf~l way to study the aclion of 
the forces leading to quark confinement is offered by the study of 
quantum number correlations. A parlicular quantum number is used 
to "label" a pair of quarks produced from the vacuum, and to find 
the final state particles containing these quarks. This technique 
has been used previously to investigate charge-correlations in 
hadronic interactions [29] and in e+e- annihilation [30]. New data 
on such "flavor-tagged" correlations are available from the TPC. 

The method is illustrated in fig. 20a using charge-weighted nn 
correlations,as an example. For each event, the sphericity axis is 
calculated and parlicle ·rapidities are calculated with respecl to 
this axis, using particle masses derived from dE/dx measurements. 
Events are chosen which have a ~ at large positive rapidities 
(1.5 < Y <4). Shown in fig. 20a is the net charge density of 
additional pions in the event, i.e. (l/u)(da Idy - du Idy) (the 

~+ n-
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a in the denominator is the total cross section to produce events 
with a "test" particle). This qualltity is most ea-sily understood 
as the answer to the following question: "Since we pick out a n 
at larg~ y, there must be an ~xcess o~ on~ unit of positive charge 
~ong the other particles in the event. How much of this excess is 
carried by other pions, and where in rapidity is it localized ?" 
Or, given 'our faith in the quark model, we might ask: "The test n 
contains two negative partons, a quark and an antiquark. Since 
quarks are produced pairwise, there has to be an excess of positive 
partons somewhere, and from the difference in rapidity between the 
n- and the p~rticle containing the positive parton we can estimate 
the size of the momentum transfers involved in the process !" As 
evident from fig. 20a, there are two different types of 
correlations: most of the charge of the n is compensated locally 
in rapidity. In addition there is a small, but significant 
long-range charge correlation. The strong short range correlation 
shows

2
that most of the quarks making up pions are produced in soft, 

low-Q processes. Such a process is e.g. quark-antiquark 
production in a color force field, another example is particle 
production in resonance decays. Indeed studies using the LUND 
model suggest that mosO o! the short-range correlation in fig. 20a 
is due to decays like p ~n n+. i.e. we are testing mainly the 
region o~ resonance decays' and not the region of confine~ent 
dynamic~ (fig. 1)! The long~range correlation is indicative of a 
large-Q process, the obvious candidate being the initial creatiol1 
of a quark-antiquark pair by the virtual photon. In this case one 
of the initial quarks is contained in the "test"-n , the other one 
appears at large rapidity in the opposite jet. Both color-string 
models (LUND [1]) and QeD branching models (Webber [5]) give an 
approximate description of these phenomena (fig. 20a). 

A more interesting case are kaon correlations, since there the 
contributions from resonance decays to the short-r~nge correlation 

+ - + -
are smaller (mainly from ~~k k and F~k k +x). Fig. 20b displays 
the charge density of additional kaons in events with ~ "test" k­
at large positive rapidity, i.e. (l/a)(du

k
+/dy - duk_/dy). This 

quantity shows where in rapidity the strangeness of the "test" k 
is compensated. All flavor correlations shown in fig. 20 are 
c~rrected for acceptance and particle misidentification (the 
typicaJ purity of the kaon s~ple is &l80%)i the systematic errors 
associated with these corrections are included in the error bars. 

As compared to the pion correlations, the pattern has now 
changed: long and short range correlations appear at approximately 
equal strength. The long range correlation is caus~d by events 
with initial charm and strange quarks, whereas the short range k-k+ 
correlation indicates the production of ss pairs from the vacuum by 
a soft process, Hence fig. 20b illustrates the two different 
scales of momentum transfers involved in the process e+e--+hadrons: 
the in~tial production of a quark pair from the large-Q2 virtual 
photon leads to a large separation of quantum numbers in rapidity 
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and to long-range corr~lations, whereas the basic confinement 
process operates at low Q and creates short-range correlations in 
rapidity. Both the LUND-model and QCD jet models incorporate these 
assumptio~s and giv~ yery good descriptions of the data. (It ~ay 
n~t be obvious that flavor creation in a QCD shower happens at low 
Q; the reason is that due to the large gluon-gluon coupling the 
shower proceeds mainly by gluonz production. Most quarks are 
produced at the very end from low Q gluons, which are forced to 
split intoquark-antiquark pairs.) 

Obviously the method of charge-weighted rapidity correlations 
can also be used to study nk correlations. Fig. 20c shows the net 
charge density among kaons in events with a high-rapidity n. The 
resulting pattern of correlations is quite surprising: apart from 
the familiar positive short-range correlation, a _negative 
long-range correlation is observed, i.e. events with a n at high 
rapidity in one jet have an excess of k at high rapidities in the 
opposite jet! This effect can be interpreted in term of cc 
production at the primary vertex: the c-quark fragments into an 

+ - -
anti-charm meson, like aD, which decays _e.g. into k 11' n ; 
therefore an excess of k+ is seen close to the n. The ~-quark in 
the opposite jet fonns a_c~anned meson decaying into a k +x, giving 
ri~e to the long-range n k correlation. Again the Monte-Carlo 
models provide a quantitative description. 

"QCD TESTSN: STRINGS OR NO BTRINGS? Testing the predictions 
of perturbative QeD concerning gluon bremsstrahlung from 
accelerated quarks has developed as one of the major goals in the 

+ -physics of e e annihilations. The experimental(~) problem is 
obvious from fig. 1: the region of int~rest - high Q QCD - is 
hidden behind the regions of low-Q color confinement and of 
resonance decays. Although the main predictions of QeD, like the 
angular distribution of gluon radiation, have been verified, 
Investigations by the CELLO group [31] and others [32] have shown 
that determinations of the strong coupling constant a depend 
strongly on the assumptions concerning the fragmentation ~rocess. 
Two models yielding extreme values of a are the LUND string-model 
and the so-called independent-fragmentatfon schemes like the Hoyer­
or Ali-models [33,34]. For events with a radiative gluon, the LUND 
model assumes that a kinked color force field is spanned from the 
quark to the gluon and then to the antiquark. The fragmentation is 
described in the local rest frame of the color string. 

+ -
Fragmentation products are then boosted back to the e e ems.' In 
contrast, independent-fragmentation models assume that each parton 
fragments independently of all others, and that the process is 
described in the overall ems. Two effects induce the need for 
different values of a when the two types of models are to 

a 
reproduce experimental data: In the LUND model, the lorentz-boost 
between the color-anticolor rest frame and the ems tends to smear 
the jet structure, making 3-jet events look more 2-jet like. On 
the other hand, independent-fragmentation schemes inherently don't 
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conserve energy and momentum, since each zero-mass parton fragments 
independently into a jet whose average mass cis non-zero. Some of 
t'he schemes used to palch up momentum conservation try to adjust 
the momentum of a gluon jet to' th!" mo~entum of ~he initial gluon, 
thereby systematically increasing the effective gluon energy. 

The obvious solution to this problem is lo try to distinguish 
experimentally between those two schemes. Or to put it clearly: 
can an obviously inconsistent (because it is not lorentz invarian~) 
scheme like the independent-fragmentation model be ruled out in 
favor, of string-like models, which at least exhibit intlernal 
consistency? 

In a recent analysiS by the TPC group. experimental data are 
compared to predictions from LUND Monte Carlo program. which was 
used either in its string-mode or in a mode emulating 
independent-fragmentation schemes. As a first step, the model 
parameters governing the longitudinal spectra ("Au,"B"). mean 
transverse momenta ("a ,,), and the 3-jet rate (Ra") were 
determined for each of theqtwo modes from multi-parameter Sfits of 
model predictions to the data. Experimental distributions were 
classified in three groups: .dala mainly sensitive to A and B. to 
~ and to a. respectively. The opt*mi~ation was performed ~9r 

d~fferent combYnat ions of one data set from each group; the 
constants A.B e.g. can be constrained either by fitting to 
inclusive spectra or to multiplicity distributions. The results of 
the fits for the two parameters a and u are summarized in fig. 
21. Wi thin each mode. the fit resul fs corr~sponding to di f ferent 
experimental data sets essentially agree within errors; the values 
for a obtained with the string- and with the independent-jet 

s 
version of the model differ significantly., These values agree with 
results from CELLO and TASSO obtained by similar methods. Both 
variants of the model give almost equally good fits to the data. 

In search for experimental evidence in favor of one or the 
other models. the TPC follows an analysis by the JADE group [35). 
Using a cluster algorithm. 3-jet events are selected. Particle 
momenta are then projected onto the event plane. and the angular 
distribution of particles is plotted. The jet with the highest 
"momentum is defined as ~ = OJ the jet with the second highest 
momentum has ~ <180 degr., and the jet with the lowest momentum 
typically the gluon jet - is between ¢ =180 and ¢ = 270 degr .. A 
~tring model. where particles are boosted into the regions between 
quark (or antiquark) and gluon jet. is characterized by a depletion 
of the particle density in the region between the quark and the 
antiquark jet. at ¢ ~ 90 degr.. Only relevant for non-relativistic. 
particles. the effect should be most pronounced for heavy hadrons 
like kaons or protons. The angular distribution of such particles 
is shown in fig. 22 in comparison wi·tll :Monte-Carlo predictions. In 
agreement with the string model. the valley between quark and 
antiquark jet is deeper than the valley between quark and gluon 
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(-enriched) jet, confirming earlier conclusions by the JADE group 
[35]. 

SUMMARY. The results reported from the detectors at PEP in 
this paper. and by other contributions to this conference, document 
that PEP provides an active and competetive environment for 
+ -e e physics. The special c~pabilities of PEP-detectors such as 

the HRS with it excellent momentum resolution, the TPC with its 
particle identification and the PEP-9 2-photon detector open new 
possibilities and areas of research even in a field as crowded as 
the physics of e+e- reactions at PEP and PETRA energies. 

Considerable progress has been made at PEP in the measurement 
of inclusive stable-particle and resonance production. 
Longitudinal and transverse distributions of particles in jets have 
been presented, both for inclusive charged hadron production, 
baryon prod~ctio~ and resonance production. Charme~ mes~n 

production has been investigated extensively by the HRS. The 
flavor-tagged particle correlations reported by the TPC group were 
discussed as a new tool to investigate fragmentation dynamics. It 
is observed that the study of heavy particle production in jets 
provides increased sensitivity to the basic fragmentation 
phenomena, as evidenced e.g. in a comparison of fragmentation 
schemes by the TPC. 

This work was supported by the Department of Energy under 
contract no. DE-AC03-76SF00098. 
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