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Strange particles provide an important tool for the study of 
the color confinement mechanisms involved in hadronization 
processes. We review data on inclusive strange-particle pro- 
duction and on correlations between strange particles in In 

high-energy reactions, and discuss phenomenological models 
for parton fragmentation. 

1. INTRODUCTION. 

Purpose of this paper is to review data and models on the pro-

duction of strange particles in high-energy reactions such as 

hadron-hadron collisions, deep-inelastic lepton-hadron scattering 

and electron-positron annihilation. For the cases discussed in the 

following, the center-of-mass energy of the reaction is typically 

much larger than strange-hadron masses, and the production rates of 

strange particles should reflect the dynamics of the strong inter-

action rather than phase space constraints. 

Since so far most talks at this conference have dealt with 

strangeness in nuclear physics, I would like to review briefly the 

phenomenology of high-energy reactions and point out some of the 

reasons why production rates and production characteristics of 

strange particles are of considerable interest. Probably the most 

typical feature of high-energy reactions is the formation of jets, 

i.e. the emission of particles in well-collimated bundles. In elec-

tron-positron annihilation into hadrons in the PEP/PETRA energy 

range, for example, one typically finds two jets recoiling against 

each other, as exemplified by the "typical" event shown in Fig. 1. 

Of course, the two jets reflect the production of a primary quark-

antiquark pair by a virtual photon; as the two quarks recede from 

each other, a confining color force field coupled to their 
14 

SU(3)color charges prevents them from escaping as asymptotic parti- 

cles and instead results in the production of jets of hadrons col-

limated around the parton directions. 

The mechanism of color confinement is one of the big open ques-

tions in particle physics and has attracted considerable attention, 

so far without complete success. The study of hadronization pro-

cesses in general, and of strange-particle production in particular 
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FIGURE 1 
A typical 2-jet event in ee annihilation at Is = 29 GeV, viewed 
along the e+e collision axis. 

FIGURE 2 
Particle production in the constant color force field between 
quark and antiquark: (a) production of a new quark-antiquark pair; 
(b) a complete annihilation event. Since the creation of a new 
quark pair will on average occur after a constant proper time, 
particle production points are scattered about a space-time hyper-
bola. 

3 



provides one of the handles towards a deeper understanding of the 

strong forces responsible for confinement: 

• It is presently believed that the confining potential between a 

quark and an antiquark rises linearly with distance, i.e. the 

force field can be pictured as a basically one-dimensional field, 

a "color flux tube" or "string", often compared to vortex lines 

in a superconductor. In such a model 15 , confinement arises since 

once the primary quarks are separated by a certain distance (of 

the order of one fermi), it is energetically favorable to form a 

new quark-antiquark pair which screens the color field (Fig. 

2 (a)) . At high energies, the process is repeated several times 

until the mass of each quark-antiquark system joined by a string 

piece is consistent with typical meson masses (Fig. 2 (b)) . In 

such a process, the rate of strange quark production as compared 

to production rates for light up or down quarks depends on the 

energy density in the color field 2 1
47 . The ratio of strange to 

up or down quark rates provides therefore a measurement of this 

energy density, the "string constant", or in other words of the 

typical scales of space, time and momentum transfer involved in 

confinement processes. 

• The strangeness quantum number can also be used as a tracer to 

explore reaction dynamics. In a typical high-energy reaction, 10 

or more pions are produced in the confinement process, but typi-

cally only one or two pairs of strange particles. The position in 

phase-space of a strange hadron with respect to its associated 

anti-strange partner provides clues to the momentum transfers in 

the confinement process (Fig. 3) . In this context, it is also 

helpful that there are few resonances decaying into pairs of 

strange particles, whereas the observed correlations between pi-

ons are largely caused by resonance decays. 

• In general strange particles, because of their larger masses, 

make a more reliable probe of the fragmentation process. Most pi-

ons stem from resonance decays. Since in a typical pion producing 

decay such as p —> icit the Q-value of the decay is larger than the 

pion mass, the momentum of the final-state pion is a very poor 
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FIGURE 3 
The strangeness quantum number can be used to label pairs of 
hadrons containing pair-produced quarks. The four-momentum dif-
ference of those hadrons measures the typical scale of momentum 
transfer in the confinement process. 

electron-positron 	3 

hadron-hadron 

3 3 a 

3b 	or 
lepton-hadron 	 current et 

X 
~3 	tar/get jet 

FIGURE 4 
Underlying partonic processes in high energy reactions and the 
resulting jet structures of the events: (a) e+e annihilation into 
two jets; (b) lepton-nucleon scattering with current jet and target 
jet; (c) hadron-hadron collisions.For large momenta of the 
exchanged gluon, a four-jet structure is visible, corresponding to 
the four color triplets created in the process. For small momenta, 
pairs of jets coalesce. (Another possible process is of course the 
scattering off gluons.) 
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estimator of its parent's momentum. This situation improves as we 

go to strange mesons. (E.g. consider K* - > Kit.) 

• Whereas meson production appears very natural in most models of 

the confinement mechanism, the mechanisms responsible for baryon 

production are by no means obvious 8 ' 9 . Baryon production rates, 

with the number of strange quarks in the baryon between 0 and 3, 

provide an excellent testing ground for models and allow sys-

tematic studies. 

•Finally, strange baryons enable us to study polarization effects 

in the hadronization process. In particular, the A baryon polar- 

ization is easy to measure and provides a direct measurement of 

the polarization of the s-quark. String models, for example, do 

predict a significant polarization of secondary quarks produced 

in the color field10 . 

It is believed that the separation of color charges, followed by 

a confinement process resulting in a two- or multijet structure is 

one of the fundamental mechanisms of particle production in high-

energyreactions. Fig. 4 indicates the underlying processes in 

various reactions: e+e  annihilation into quark and antiquark, re-

sulting usually in a two-jet event; deep-inelastic lepton nucleon 

scattering where a quark is scattered out of a nucleon and where 

the remaining diquark acts as a color-antitriplet, resulting in a 

current jet and a target jet; finally hadron-hadron collisions, 

where the underlying mechanism is not really known, but a reason-

able (somewhat simplified) guess is that a gluon is exchanged, giv-

ing rise to two triplet-antitriplet systems and hence four jets. 

For low momentum transfers, pairs of jet overlap and we are left 

with a beam and a target jet. For high momenta of the exchanged 

gluon, a four jet structure is predicted and indeed observed. 

The kinematics of particles within jets are typically described 

using a transverse variable, such as the transverse momentum with 

respect to the jet axis, and a longitudinal variable such as the 

rapidity y: 

1 	(E+pIJ
log y =  - 2 	~E-pllj* 



Rapidity is basically the relativistic equivalent of the veloc-

ity 0 in non-relativistic systems:. rapidity differences are invari- 
ant under longitudinal boosts, and particles from the decay of a 

common parent have the same average rapidity and typically a small 

rapidity difference of 0(1) . Furthermore, a small rapidity range dy 

corresponds to the volume element dp/E of Lorentz invariant longi-

tudinal phase space. It is therefore not surprising that particles 

in jets exhibit a basically flat distribution in rapidity, falling 

off near the kinematic limits. For example, in e+e  annihilation at 

PEP or PETRA energies, the kinematically allowed range for pions is 

±5 units in rapidity; one finds 12  a central plateau of ±2 units, 

followed by "fragmentation regions" at both ends (Fig. 5) . The 

fragmentation regions are populated mainly by particles containing 

the initial parton(s), i.e. either the primary quark or the anti-

quark in the case of e+e  annihilation. The central region contains 

mainly particles made of newly formed quarks. A very clear example 

for the distinction between central region and fragmentation region 

is given by pp interactions 13  (Fig. 6): in the central region of 

about ±2 units in rapidity, the average charge of hadrons is close 

to zero, indicating that they do not contain valence quarks of the 

incoming protons. At higher rapidity, we find the remnants of the 

beam protons, resulting in a positive average charge of the pro-

duced particles. Here, we will concentrate on the central region. 

With the exception of lepton-nucleon scattering, the fragmentation 

regions are of limited use for the study of strangeness production: 

in e+e  annihilation, strange particle production in these regions 

is dominated by decay products of charmed and bottom hadrons, and 

in hadronic reactions the fragmentation regions usually contain 

complicated multi-parton systems. 

In the main body of this paper, I will address the following 

topics: 

• Strangeness suppression in hadronization processes and its phe-

nomenological interpretation 

• Correlations between strange particles and study of particle 

production mechanisms 

• Production of strange baryons. 
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FIGURE 5 
Rapidity distribution of charged hadrons in ee annihilation at "is 
= 34 GeV-. The dip at y = 0 is largely due to a bias introduced by 
the algorithm used to define the jet axis (thrust axis) 
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(a) Rapidity distribution of charged hadrons in proton-proton 
collisions at "Is = 52 GeV13 . (b) Net charge density, i.e. number of 
positive hadrons minus number of negative hadrons per unit of 
rapidity. 
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2. STRANGENESS SUPPRESSION 

One of the first observations concerning the production of 

strange particles in hadronization processes was a breaking of 

SU(3) symmetry, as indicated by a reduction in the yields of 
It  strange hadrons as compared to non-strange particles. Figs. 7 (a) 

and (b) show the inclusive production cross sections for pions and 

for charged and neutral kaons (a) and for pions, protons, lambdas 

and xi's (b), for e+e annihilation at 34 GeV center-of-mass energy 

as a function of x = 2Ehadrofl/I5 14 Both for mesons and baryons it 

is obvious that production cross sections decrease with increasing 

number of strange quarks in a hadron. Phenomenologically, this be-

havior can be accounted for by introduction of a suppression factor 

2 for the production probability P(ss) of strange quark-antiquark 

pairs in the color field, as compared to light (up or down) pairs: 

= P(s) = P(ss) 	 (1) 
P(uu) 	P(dd) 

(As we shall see later, the energy density in the color field is 

too small to produce cc or bS pairs at any appreciable rate.) As-

suming that meson production can indeed be described as a two-step 

process - quark-antiquark pair production followed by a flavor-in-

dependent recombination into mesons - and neglecting leading-

particle effects, we can express the rate of primary mesons with 

open strangeness in terms of X: 

P(strange meson) 	- 	 (2) 
P(non-strange meson) - 4+22 

Note, however, that Eqn. (2) holds only for primary particles; 

the stable hadrons observed in the detector result largely from 

resonance decays which produce many new pions, but usually don't 

change the number of strange hadrons. Correspondingly, the ratio of 

final kaons to pions differs significantly from the prediction of 

Eqn. (2), and depends on assumptions concerning the primary 

hadrons, such as the ratio of vector mesons to pseudoscalar mesons. 

This fact complicates the experimental determination of ?tremen- 

dously. One now has to solve the matrix equation 
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(a) 	Scaled 	cross 
section (s/13) (d/dx) 
for production of 
charged pions and 
kaons and of neutral 
kaons 	in 	e+e 
annihilation at Js = 
34 GeV, as a function 
of x = 2E/"1s 14 . (b) 
Scaled cross section 
for production of 
pions, protons, 
lambdas and cascade 
particles. The curves 
show predictions of 
t h e L u n d 
fragmentation model, 
with parameters opti-
mized for best fit to 
the data. 
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observed strange rate( 	O 	prim, strange rate 
observed non-str. rate) 	a 13  ) prim. non-str. rate) 

the matrix element a gives the average number of stable non-strange 

hadrons generated in the decay chain of a strange primary hadron, 

and 13 gives the number from non-strange primary hadrons. Unfortu-

nately, the nature and composition of the primary hadrons are gen-

erally not well known, and one has to rely on assumptions. Often, 

the quark-model meson and baryon ground states are used to repre-

sent primary particles, i.e. pseudoscalar and vector mesons and 

octet and decuplet baryons are included. For the production rates 

SU(6) symmetry is assumed, broken by the additional strangeness 

suppression 7 (and sometimes by additional spin- and flavor-depen-

dent factors), and usually supplemented by a model for baryon pro-

duction. The range of models is enormous - at one end the simple 

one-parameter (2) statistical mode1 15  (which tends to overestimate 

vector meson rates, indicating the need for a spin-dependent SU(6) 

breaking); at the other end the Lund Monte Carlo mode1 5  with its 

about a dozen parameters related to the composition of primaries. 

Some authors include tensor mesons among primaries; nobody so far 

has consistently included jPC = Q++, l and 1 mesons, given that 

those multiplets are not even unambiguously established. Some re-

cent mode1s'- 619  of parton fragmentation postulate "clusters" (i.e. 

highly excited meson states in the 1-3 GeV mass region, somewhat 

along the lines of Hagedorn's statistical bootstrap 20 ) as the pri-

mary objects produced in the process of color confinement and yield 

quite different values of 2. 

Even once the definition of a primary particle is settled, there 

are still many choices. One can e.g. determine X by twiddling the 

corresponding parameter(s) in a Monte Carlo event generator or an 

analytical model, until agreement with the data is reached, or one 

can use the model to isolate channels or kinematic regions where 

the relation between measured rates and ?. is very direct and where 

corrections are believed to be small. For example, one should not 

have to worry about resonance decay products near the phase space 

limit Ehad ron -> 'f/2. In the analysis of data at lower cms ener- 

11 



gies, one has to decide whether the reduced phase space for strange 

particles should be included in the definition of 2 or not. Other 

uncertainties concern the data used - one can use production cross 

sections in the central region, inclusive cross sections as a func-

tion of momentum, or just total multiplicities, and one can rely on 

some selected particle ratios (e.g. K/it) or instead aim for a 

global description of all observed cross sections. 

Ideally, of course, all methods should yield the same A; in re- 

ality, however, no model describes the data perfectly, and the an-

swers do vary by ±20 to ±30%, depending on the analysis technique. 

Let me substantiate this statement with a few examples: Fig. 8 

shows the predicted 'K±/ir±  ratio as a function. of 2, for models 

based on SU(6) symmetry with an additional vector meson suppression 

factor. Baryon production follows the Lund scheme 5  and contains 

additional parameters. Curves shown are for vector/pseudoscalar = 

0, 1:1, 3:1 and 1. The 3:1 case is essentially equivalent to the 

one-parameter additive quark model 15 ; 1:1 is favored by data on p 

and K*  cross sections. We see that the ratio (d/dy)jç±/(d(Y7dy)± 

(9.9±1.0)% 34  observed in the central rapidity region of high-en-

ergy e+e  annihilation corresponds to X = 0.2-0.3, depending on the 

assumption concerning the vector/scalar ratio. 

Moreover, analytical calculations of particle rates often differ 

significantly from the results obtained by a full Monte-Carlo im-

plementation. Most fragmentation models predict that in the frag- 

mentation region of a d quark (e.g. from VP scattering) K°/11 = 

for large x = 2E/T. A Monte Carlo simulation however demonstrates 

that corrections are non-negligible, in particular at the low 

values typical for neutrino experiments (Fig. 9 (a)). 

An apparently less model-dependent technique was used in a sum-

mary by Wroblewski 21 : he simply counts the number of strange quarks 

observed in hadrons (assuming that no new strange quarks are cre-

ated by resonance decays), and, based on measured resonance rates 

and known decay multiplicities, estimates analytically the number 

of primary particles. The strange-hadron count includes charged and 

neutral kaons, lambdas, and eta's, the latter weighted by 0.5, to 

account for the 50% sb-component in their wave function. Small 

12 
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FIGURE 8 
Ratio of charged kaons to pions as a function of the strangeness- 
suppression 2., for different ratios v/p of vector mesons to 
pseudoscalar mesons among the primary hadrons. The v/p = 1 
predictions also shown for the assumption of occasional baryon 
production among primaries, implemented following the Lund diquark 
scheme 5  and using qq/q = 0.1. The results are derived analytically 
taking into account the known decay chains. The line indicates the 
ratio of strange to non-strange primary particles. 
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simulation used ? = 0.30. In the 
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corrections are applied for the strange baryons which have neither 

kaon nor lambda in their decay chains. When applied to uu events 

from a Monte-Carlo generator 22  (using 2. = 0.30 as input), the tech-
nique overestimates 2 considerably (Fig. 9 (b)) . The reason is 

simple: even though eta mesons contain strange quarks, they can be 

generated (via their ui and dd components) even for X=O. An eta 

meson is thus not necessarily equivalent to 0.5 produced ss pairs! 

A final problem in the case of e+e  annihilation is the large 

strangeness production in charm and bottom decays, which at present 

energies account for 30% of strange-particle yields. Except for 

the DTs, however, decay channels are not well known and the uncer-

tainty on this correction is big. Overestimates in the kaon rate 

from charm resulted in significant underestimates of 2 in some 

early measurements. 

Let us turn to measurements, and first consider strangeness pro-

duction in ee annihilation. Fig. 10 shows a compilation 23  of the 

average number of K°'s per event as a function of the cms energy 
Is, compared to predictions of the Lund mode1 5  for 2 = 0.3. Also 

indicated are the contributions from primary strange quarks and 

from decays of charmed and bottom hadrons, which are of course en-

ergy-independent, except for thresholds. We notice that the model 

represents the energy dependence of the K° rate reasonably well us-
ing 2 = 0.3. Various e+e  experiments 12 ' 2326  have measured X at 

fixed is; their 2 values are in most cases obtained from fits of 

Lund model predictions to K and it inclusive cross sections, and are 

summarized in Fig. 11(a) . Here as well as in the following figures, 

the error bars are of limited significance, since some experiments 

give just the statistical errors, whereas others include the ef-

fects of uncertainties in (some) other model parameters, which in-
fluence the measured X. Few analyses study the effects of varia- 

tions of all model parameters within experimental limits, or dis-

cuss the dependence of the measured 2. on the hadronization model. 

Realistic systematic errors for most results are in the neighbor-

hood of 20% or more. 

Strange-particle production has also been studied extensively in 

lepton-nucleon scattering 2732 . There, the identity of the frag- 
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menting quark is (at least approximately) known, and 7 is usually 

determined in the current fragmentation region. For fast hadrons, 

the ones most likely to contain the scattered quark plus another 

newly created quark, the strange/non-strange ratio provides a 

rather direct measurement of ? (see also Fig 9 (a)). Fig. 12 shows 

data from BEBC27 : the ratio R of the K° production rate to the rate 

of negative hadrons as a function of the minimum z above which 

particles are included in the analysis. z is defined as the ratio 

of hadron and scattered quark momentum; requiring high z should se- 

lect leading hadrons. In Fig. 12, R is compared with Lund model 

predictions for different 2 and the optimum value of 2 is derived 

by interpolation. Both the VP and \/p data point to X0.2; the ? 

values derived for the two data sets are consistent with each other 

and largely independent of the cut in z. Fig. 13 demonstrates fur- 

ther that the same 2 is obtained for samples with different 

Bjorken-x, momentum transfer Q2,  final-state mass W, charged multi- 

plicity, or transverse momentum PT  of a particle. This indicates 

that the Lund model does provide a consistent description of the 

data. As a final result, 2=0.203±0.014(stat)±0.010(syst) is quoted; 

the systematic error refers to acceptance uncertainties and varia- 

tions in some of the model parameters. The authors note that even 

at high z differences between the full Lund Monte Carlo simulation 

and simplified analytical models are of the order 30%, a fact ne- 

glected e.g. in the analysis of ref. 28, where a higher value 

?=0.27±0.04 is obtained, while measured particle ratios are consis- 

tent with the BEBC data. 

In deep-inelastic muon-proton scattering at somewhat higher av-

erage W, the EMC collaboration 29  finds ?0.30±0.O1 (stat) 

±0.07(syst), using basically the same Lund model and similar fit- 

ting techniques as for the BEBC data (Fig. 14) . The ?-values ob- 

tamed in lepton-nucleon scattering as a function of the invariant 

mass W of the hadronic system are summarized in Fig. 11(b). 

Finally, consider hadronic reactions. I will first try to demon-

strate in a rather model-independent way that there are no drastic 

differences in the strange-particle production rates between low -PT 
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hadronic reactions and large-q 2  processes such as e+e  anni-

hilation. We compare in Fig. 15 the K/It ratio in pp and ppinterac-

tions 33  and in ee annihilation at PEP 34 . In order to stay away 

from the highly process-specific fragmentation regions, data from 

the central region y0 is used. While the ee data point falls 

slightly above the pp data, it is consistent within errors, in par -

ticular given the discrepancies between different pp experiments --

an indication that their systematic errors might be underestimated. 

One should further note that in hadronic collisions about half of 

the incident energy is carried away by leading baryons and does not 

contribute to the production of new particles; particle production 

in pp collisions at a given \JSpp  should be compared to ee annihi-

lation at 'js/2. Wroblewski 21  has compiled data from hadronic 

reactions (using the hadron-counting technique discussed above) and 

has derived the 2 values shown in Fig. 11(c). His method (where 

phase-space effects are included in 2) yields 20.2, with little 

energy dependence once the cms energy exceeds 10 GeV (corresponding 

to 5 GeV or less actually available for particle production) . On 

the other hand, another compilation 38  derives 2 = 0.30±0.02 from 

basically the same data, albeit using somewhat oversimplified tech-

niques. The discrepancy between those analyses once more points to 

the fundamental crux of all 2 measurements -- the strong dependence 

on model assumptions. 

The totality of the data presented above points to a value of 2 

around 0.2-0.3, without unambiguous evidence for a dependence on 

reaction type or cms energy, given the systematic errors of order 

20-30%. 

The 2. value of about 0.2-0.3 has a quite natural interpretation 

in the flux-tube model 2 ' 47  discussed above. Its basic assumption - 

a quasi one-dimensional confinement force field - is consistent 

with spectroscopic data and supported by the attempts to simulate 

confinement on a lattice 35 . If in such a color force field a quark-

antiquark pair appears at one point along the string, energy con-

servation is violated by 2m q  and the system is in a short-lived, 

virtual state. If the quark pair has the right color to screen the 

initial color field, and if the quarks manage during their lifetime 
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Lt1/2mq  to separate far enough to screen an amount of field corre-

sponding to 2mq, the quarks may end up on-shell and the string is 

broken. The process is basically a tunneling phenomenon, and the 

quark production rate depends strongly on the size of the barrier, 

i.e. on the mass of the newly formed quarks. One finds: 

I m 2 
quark production rate 	expl -_ I 	 (4) 

L K) 

Since the quarks are confined within a color flux tube with 

transverse dimensions similar to typical hadron sizes, the general 

expectation is that constituent quark masses of about 350 MeV for 

up and down quarks and of 500 to 550 MeV for strange quarks should 

be used. With these masses, we can solve Eqn. (4) for the energy 

per unit length of the string, K. One finds a values of K around 1 

GeV/fm, well consistent with the nominal value of about 0.9 GeV/fm 

(corresponding to a confining force between quark and antiquark of 

about 10 tons) derived from the slope of Regge trajectories and 

other observations 2 . Given that value of K, charm and bottom quark 

rates are suppressed by many orders of magnitude compared to light 

quarks. 

At this point I should come back to an earlier remark, namely 

the question if the strange particle suppression can really be at-

tributed to a constant strangeness suppression factor at the quark 

level. In other words, do such models really give a consistent de-

scription of the data? We have already seen (Fig. 13) that within 

one experiment a fixed value of 2 describes the data over a wide 

range of kinematical variables. Further checks include 

• The comparison of 2. as determined from the K/It ratios, from the 

ratio of strange to non-strange charmed mesons and from the ratio 

of strange to non-strange bottom mesons. Such a comparison tests 

the flavor-independence of the recombination of quarks into 

mesons. Unfortunately, no experimental data is available so far. 

• Consistency between K/Ic and K*/p.  Within the experimental preci-

sion of about 15%, data on K,Ic,K*,p36  are indeed well described 

by models with a constant 2 (see Fig. 16) . (String models sug-

gest 5  that the ratio v/p of vector meson production to pseu- 
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doscalar meson production may be different for light and heavy 

quarks, complicating the interpretation of the data somewhat. 

However, the variation of v/p between u,d and s quark states 

should be insignificant compared to present experimental errors) 

Consistency between /K*  and  K*/p.  The suppression factor for the 

second strange quark should be the same as for the first one. 

Again models are indeed consistent with experiments 37  (Fig. 17), 

however the experimental errors are sizable. 

Consistency between A/p and K/IC. The same suppression factor 

should describe both the meson and the baryon sector. However, 

given our limited knowledge of mechanisms of baryon production, 

this test relies strongly on phenomenological models; we will 

return later to this subject. 

Let me try to summarize the results mentioned so far: 

• At the level of pseudoscalar mesons and vector mesons as primary 

particles, production of strange quarks in hadronization 

processes is suppressed compared to u quarks by a factor 0.2-0.3. 

• The precise value of ?. is quite model dependent; a perfect 

determination of X requires knowledge of the cross sections and 

decay modes of all resonances feeding into stable hadrons. 

Given all these problems, there is no evidence for a reaction 

dependence or an energy dependence of 2 (once one is well above 

threshold) 

The numerical value of 2finds a "natural" explanation in the 

framework of color string models. It should be obvious, however, 

that due to the somewhat arbitrary choice of the effective quark 

masses the significance of this observation is limited. 

Finally,. I want to mention some alternative approaches and one 

outstanding problem. As indicated before, it is not obvious that 

the primary objects produced in fragmentation processes are the fa-

miliar ground state mesons and baryons. Models 1619  with primary 

hadronic clusters of average mass around 2-3 GeV, decaying into two 

mesons, another cluster and a meson or two light clusters are capa-

ble of describing the experimental data quite well. Since a typical 

cluster will give rise to several mesons, the number of primary 

clusters in an event is significantly smaller than the equivalent 
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number of primary mesons e.g. in the Lund model. On the other hand, 

for cluster masses in the few-GeV range, strange-particle produc-

tion is still significantly suppressed by phase space, and the num-

ber of final strange hadrons is still close to the number of 

strange clusters. As a consequence, less strangeness suppression is 

needed at the cluster level; models typically use 70.6-0.8 in or-

der to describe the data. 

One may also question another assumption built into the models 

with a fixed strangeness suppression parameter X: in a quantum me-

chanical system such as a color string, it is hard to see why the 

particle production process can be factored into two stages, namely 

quark pair production in the color field and successive re-

combination. Both processes occur on similar time scales and inter-

ference effects should be significant. After all, the newly pro-

duced quarks "fall" immediately into a bound meson state. These 

arguments, which are used to justify e.g. the suppression of spin-i 

mesons 5 , are represented in Fig. 18. The figure shows the usual 

space-time diagram describing quark pair production in the string, 

propagation of quarks until they meet a partner, and then 

propagation in a "yoyo" mode as a bound meson (Fig. 18 (a)) . Equally 

well, one can however view the stage of propagation of the quark as 

part of the first oscillation of the meson "yoyo" (Fig. 18(b)); 

from this point of view it appears that the color flux tube as a 

whole undergoes a transition into meson states, without an 

intermediate quark stage. Of course, due to the uncertainty 

relation the two views cannot really be distinguished, but the 

question remains as to which (if any) is the more appropriate 

classical description. In the normal string models, the inclusive 

cross section for a hadron H1 is: 

dY  
dydpT2Jcentra1 region 	PT2) 	

q)P) <HIq>I 2 	(5). 

The PT  distribution g, the quark production probabilities P and 

the overlap integral between qq and hadron wavefunction contain ad-

hoc parameters such as X. In the spirit of Fig. 18(b), one might 
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speculate that hadron production rates might depend only on the en-

ergy (to be precise, on the transverse energy ET Jm2  + PT2  ) re-

quired to create the hadron (i.e., the length of string used up in 

the proces), and on SU(3) Clebsch-Gordan coefficients. String-

model arguments suggest an exp(-bET2)  dependence (the actual ex- 

pression is slightly more complicated) . One and the same constant 

accounts for the suppression of large transverse momenta, of vector 

mesons, of strange mesons and of baryons. Such a modification of 

the Lund string model has been studied in Ref. 40. More or less by 

construction, the model retains inclusive distributions predicted 

by the Lund model. Amazingly enough, it predicts hadron rates for 

non-strange and strange mesons and baryons correctly within about 

30-40%, over a range of more than 3 orders in magnitude between 

frequent (it) and very rare () particles (Fig. 19) . Transverse-mo- 

mentum spectra are also reproduced well. While there are certainly 

open questions as to the details of the implementation of this 

model, it demonstrates that present data cannot be used to prove 

conclusively that the suppression of strange hadrons actually oc-

curs at the quark level. Much more precise measurements of produc-

tion rates are needed for a better distinction! 

The open problem concerns the production rate of strange mesons 

from scattered valence quarks in proton-proton interactions. A SFM 

experiment 41  measured the K/it ratio at large-pr in a kinematic 

regime where the source of hadrons is almost certainly the large-

angle scattering of a valence quark. In this case, the K/it ratio 

is again directly related to X. However, the experiment finds a K/it 

value of 0.50 (Fig. 20), in agreement with earlier experiments at 

lower energies. The large K/it ratio can requires a 2 of 0.55±0.05, 

in disagreement with the results discussed above. We can only 

speculate about a source of this disagreement. Since in the TSR 

data ISR pions and kaons carry a large fraction (about 80%) of the 

quarks momentum (due to the "trigger bias"), one could assume a z-

dependence of X42. Since the production of large-z particles 

involves sizable momentum transfers, it is not unnatural to assume 

that the importance of mass effects is diminished. However, the 

neutrino experiment 27  discussed above finds no such dependence, and 
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the neutrino data and the ISR experiment appear to be inconsistent 

(Fig. 21) One remote possibility is that X does indeed increase 
with z,but that at the relatively low W of the VP data this rise 

is offset by phase space effects. Another explanation is that there 

is another source of kaons in the ISR high PT  data besides quark 

fragmentation. For example, it was recently pointed out 43  that 

higher twist contributions (i.e. direct meson production) play a 

significant role for some particle species (although at least for 

the calculation of ref. 43 and the kinematic region considered 

there, the increase in the kaon yield due to higher twists is rela-

tively small) . Precise measurements of particle fractions in e+e 

annihilation events at 29 GeV cms energy will soon be available 44  

and may help to solve this puzzle. 

3. STRANGENESS PRODUCTION MECHANISMS AND CORRELATIONS BETWEEN 

STRANGE PARTICLES. 

In the investigation of parton fragmentation, the study of par-

ticle correlations can give information beyond that obtainable from 

inclusive spectra. As discussed in the introduction, the 

strangeness quantum number can be used to label a specific quark 

pair and to study the effect of confinement forces on those quarks. 

Typically, correlations are studied in the following way: one se-

lects events with a "test particle", say a K, in a small, fixed 

rapidity interval, and then in those events considers the number of 

additional kaons produced as a function of their rapidity, or as a 

function of the rapidity difference to the "test" kaon. Fig. 22 

shows KK correlation functions in e+e  annihilation events 45  and in 

hadronic interactions 46 . In each case, the correlation function is 

defined as the measured number of additional kaons per event divid-

ed by the number of kaons found in the same kinematic interval in 

average events without the "test kaon" requirement: 
('1 	d2 cY 	(i d 	d 

C = 	dyKdytestj / 2 dyK dyt estJ 
 

This definition yields C=O for uncorrelated production. We observe 

a strong positive correlation of opposite-sign kaons at small ra- 

pidity differences. The positive correlation is simply a reflection 

27 



0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

'\ISeff 10-25 GeV 

His = 30 GeV 

D Electron-Positron 
• Lepton-Proton 

Proton-Proton 
• High-pr 

 

Is = .5 GeV 

 

F. 

u.'6.0 	
0.2 	0.4 	0.6 	0.8 	1.0 

minimum z = 2pt4s 

FIGURE 21 

Values of 2 as derived from K/it ratios, as a function of the 
minimum z 	Phadron/Pquark above which hadrons are used in the 

analysis. Data are shown for e+e 	annihilation (from several 
experiments), for neutrino-nucleon scattering, for low -PT pp 
reactions and for high-pr meson production in pp interactions. 

2. 

41. 
+ 

(_) 0.  

-1 

	

0- 
. 	i 

~44 

	

. 
. 	

I" ' 	- . F 
OKM 

3.0 

2.0 

1.0 

0.0 

(b) 

44 

-4 	-2 	0 	2 	4 	-4-3-2-10 1 23 4 

y 	 L\y 

FIGURE 22 
(a) Correlation function C for unlike-sign kaon production in e+e 
annihilation events at Is = 29 GeV 45,  as a function of the 
rapidity of one kaon, while the other one is fixed in the interval 
o < y < 1.5. (b) Correlation between neutral kaons produced in 
hadronic interactions, as a function of the rapidity difference 46 . 



of strangeness conservation; however the fact that the excess of 

opposite-sign kaons is localized at the same rapidity as the test 

particle indicates that confinement does indeed involve only small 

momentum transfers and does not separate quark pairs over large 

distances in phase space (i.e. rapidity) 

An interesting result is obtained if the test particle is moved 

towards high rapidity into the fragmentation region of ee events 

(Fig. 23) . Now there are indications of two peaks in the correla-

tion function, one local peak and one peak at large and opposite 

rapidity, indicating that two different mechanisms contribute to 

the production of strange-quark pairs: one low-q2  mechanism and one 

mechanism creating large rapidity separations, i.e. large momentum 

transfers. Of course, the latter mechanism is the initial hard pro-

cess creating the primary quark-antiquark pair from the virtual 

photon: ss or cc pair production result in events with particles of 

opposite strangeness in the two fragmentation regions. The low-q2  

process is then the color confinement; in this case the strange 

quarks are produced from the breakup of the color field. 

These kaon correlations are consistent with expectations based 

on the string model; however they do not prove conclusively that 

hadronization does indeed proceed along a quasi-onedimensional 

string. A correlation effect more characteristic for string models 

/ was observed recently 47  in a study on baryon correlations: in 

string models, the rapidity y of a particle is closely related to 

the position of the production points of its partons along the 

string. It is hence difficult to create particles with identical 

quantum numbers (such as charge, strangeness, or baryon number) at 

the same rapidity. Both along the string and in y the signs of 

quantum numbers tend to alternate; a strange particle is followed 

by an anti-strange particle, a baryon by an antibaryon etc. String 

models therefore predict an anticorrelation between two like-sign 

pions, kaons, or protons. Unfortunately, this anticorrelation is 

virtually unobservable for pions, since most it's result from 

resonance decays, and (anti-)correlations are washed out, and since 

Bose-Einstein correlations further enhance production of pion pairs 

with small momentum differences. The anticorrelation is observed 



for baryons 47 , where resonance smearing plays a negligible role 

(Fig. 24 (a)) . A similar (however somewhat weaker) anticorrelation 

shows up for like-sign kaons produced in 2-jet events (Fig. 24 (b)) 

For this analysis, 3-jet events with radiative gluons have been 

explicitly excluded, since an additional large-angle jet gives rise 

to very strong correlations, completely wiping out the weak 

anticorrelation. The like-sign "repulsion" is not as pronounced for 

kaons as as it is for protons (where it is visible without 

additional cuts); indeed string models predict the effect to 

increase with rising hadron mass 47 . 

In summary, string models provide a surprisingly good phe-

nomenology of not only of inclusive strange-particle production, 

but also of correlations between strange particles. 

4. BARYON PRODUCTION 

As outlined earlier, baryons offer additional degrees of free-

dom, which are valuable in a systematic study of confinement pro-

cesses. At this point, the only models of baryon production which 

have survived the experimental tests are the diquark model and its 

variants 4852 . These models assume that occasionally a diquark-an-

tidiquark pair is produced in the confinement process. Since a di-

quark can act as an effective color antitriplet, it may combine 

with a quark to form a baryon. So far, it is not completely clear 

if such diquarks represent tightly-bound objects or if two loosely-

interacting quarks merely act as some kind of "effective diquark". 

Diquark models predict 48 ' 49  a strong suppression of baryons with 

spin-i diquarks, or with strange diquarks, since diquark creation 

rates in a color field depend exponentially on the square of the 

diquark mass - see Eqn. 4. A strange diquark is hence more strongly 

suppressed (compared to a non-strange diquark) than a strange quark 

(compared to a non-strange quark) . While the notion of pointlike 

diquarks may seem far fetched, detailed mechanisms have been de-

scribed 3  of how effective diquarks can form. Baryôn production is 

best studied in processes without incident baryons, such as e+e 

annihilation. While many papers on proton and A production in high- 

energy e+e interactions at PEP and PETRA energies have been pub- 
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lished- 4 ' 5355 , the most concise data set on strange baryon produc-

tion comes from the ARGUS experiment 56  at the DORIS storage ring. 

In order to extract strangeness suppression etc., I fitted the 

ARGUS data using a diquark model with SU(6) symmetry broken by 

suppression factors for spin-i diquarks and for strange diquarks 58 . 

For ?-values in the range discussed before, ?=0.2-0.3, this model 

works quite well and yields a strange-diquark suppression 

considerably bigger than X: P(us0)/P(ud0)=0.10±0.04 (the index 0 

indicates the diquark spin) . As expected, all spin-i diquarks are 

found to be suppressed by at least a factor 50 compared to the 

lightest diquark, a spin-0 ud system. 

POLARIZATION 

Both string models and QCD calculations predict significant po-

larization effects in the hadronization process; basically, baryons 

should be polarized perpendicular to the transverse momentum of the 

hadron and to the direction of the color field 49 . Such polarization 

is indeed observed for leading baryons in hadronic collisions, and 

is consistent with the predictions 39 . A quite complete discussion 

of polarization effects in hadronic reactions can be found else-

where in these proceedings; I will not repeat the discussion here. 

Detection of baryon polarization in e+e  annihilation, where the 

configuration of the color field is (theoretically) much better 

known would provide a further excellent test of string models. Un-

fortunately, measurement of the polarization requires knowledge of 

the color field direction, i.e. knowledge as to which jet is the 

quark jet and which the antiquark jet. Algorithms to identify these 

jets have been developed, but so far only upper limits on A polar- 

ization have been given 52 . It is at this point not clear whether 

these limits are in contradiction with model predictions or not. 

SUMMARY 

In summary, one can state that the production of strange hadrons 

in high-energy reactions provides an extremely valuable and not yet 

fully exploited tool to study the dynamics of flavor production in 

confinement processes. So far, the one-dimensional color string 

a 
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provides a rather convincing phenomenology of hadron production in 

general, and of strange particle production in particular. Al-

though in typical implementations of the string model strangeness 

suppression factors are treated as f.ree parameters, the resulting 

values of the parameters can be explained in terms of quark mass 

effects. However, more and better measurements are needed to 

rigorously test model predictions beyond the present 10-20% level 

of accuracy. 

DISCLAIMER 

This paper is supposed to serve as an introduction to the topic, 

it is not exhaustive as far as the discussion of data and models or 

the list of references is concerned. Emphasis is placed on 

strangeness production in quark fragmentation and its description 

in the very popular framework of string models; because of length 

limitations, many interesting related topics, such as the discus-

sion of beam and target fragmentation in hadronic reactions, or of 

alternative models for hadron production are omitted or abbrevi-

ated. 
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