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PARTONS IN SOFT HADRO-PRODUCTION*

By W. KITTEL
University of Nijmegen, Nijmegen**
( Received July 7, 1981)

Either partons are responsible for particle producticn in soft hadronic reactions or we-
shall have to reconsider deep inelastic lepton-hadron and e*e~ collisions. This is shown in
a comparison of data on soft hadron-hadron collisicns to each other and to deep inelastic-
lepton-hadron and e*e~ collisions in the light of quark-parton pictures. Three basic observa-
tions can be made. They are the success of quark combinatorics to explain hadron yields.
of various quantum numbers, the reflection of the valence quark structure function in hadro-
nic pion production, and the similarity of jets in hadron-hadron, deep inelastic lepton-.
-hadron and e*e” collisions. The mcdels evolving from these observations help to illuminate
various aspects of the data. Quark and diquark fragmentation functicns extracted from
hadron-hadron collisions agree with those frcm neutrino-hadron collisicns. Kaon and pion
structure functions agree with those obtained frem muon-pair production. Hyperon polariza-
tion at large energies, not understandable frcm reggeology, follows naturally frem quark-
~fragmentation-recombination. While a new field has silenily evolved in these observations.
over the last years, the field will have to gain in depth. In a second approximation, devia--
tions from similarity will have to be shown to exist where expected.

PACS numbers: 14.80.Dg, 12.40.Cc

Solid irdication for the existence of quarks row comes from hadron spectroscopy
as well as from deep irelastic lepton-hadron scatterirg ard from e*e- annihilation into
jets. Apart from the discovery of the Q-, mair ly the states involvir g ¢- ard b-quarks have
lead to an ircreased irnterest in quark bourd state spectroscopy, at a time when in deep
irelastic scatterirg leptors appeared to irteract with poirnt-like fermions (partors) of
fractioral charge and the distribution of jets in e*e~ collisions turned out to be consistent
with that expected for spin 1/2 parent particles.

Furthermore, good eviderce now exists for the existerce of field particles (gluons)
expected to be resporsible for the irteraction between quarks. From deep irelastic scattering:
it is krown that quarks orly carry atout half of the ruclcon momer.tum, the remainder
is attributed to gluors. In e*e= arnihilation plarar everts with a three jet structure can
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be interpreted in terms of one of the produced quarks radiating a fast gluon. Finally, the

experimernital data on Y(9.46) decay are in agreement with a three gluon' decay mode.

In the context of quarks and gluons (partons), three observations have recently been
drawing increased attention to soft hadronic collisions:

1. Resorance and particle yields in central and fragmentation regions can be understood
from quark combiratorics.

2. Pion production in the nucleon fragmentation region of soft hadron-hadron collisions
seems to reflect the valer.ce quark distribution in the nucleon as observed in moderately
deep inelastic lepton-nucleon collisions.

3. Quark fragmentation jets from ete~ annihilation and deep inelastic collisions seem to
resemble soft hadronic production in longitudinal, transverse and multiplicity behaviour
of the produced hadrors.

These observatiors lead to the expectation that the parton structure of hadrors also
goverrs soft hadron-hadron collisions. To test this unifying corcept and to use its far-
-reachinig consequernces to illuminate not only the complicated hadron-hadron collisior.s,
but the (soft) quark fragmentation and recombination in general, is the basis of present
experimental and theoretical effort in this field. Before discussing the status of this effort
in the later section, we shall first review the three basic observations.

1. Basic observations

1.1. Quark combinatorics

Early data [1] give evider.ce for a two component picture of irclusive particle and
resonarce production. The fragmertation component depends on the produced particle
or resorance and on the fragmer.ting incoming particle. The shape of the central compohent
is universal, i.e. does neither deper.d on the incoming particles nor on the produced particle
or resonarnce.

In particular, the following experimental results have been obtained:

— suppression of mesors in the proton fragmentation region;

— a ratio g*:@%: ¢ =% 2:1:0 for n*p — @ in the n* fragmentation- region;

— suppression of K*° in n~ fragmentation, suppression of K*- in 7+ fragmentation;

— suppression of ¢ in proton or pion fragmentation;

— more © — @° than K — 09;

— a ratio of (3+31): (31) ~ 4-8 for K*+ produced from K+ and =+ beams (or charge
corjugate).

Furthermore, it has been noted that only of the order of 109 of the pions are produced

directly. The largest pion sources are 9% and «°.

An interesting approach to understand these observations is an extension of the
additive quérk model [2a] for multiparticle production to inclusive resonance production
by Arisovich and Shekhter [2b] and Bjorken and Farrar [2c]. According to this probably
too simple model, ore quark of the beam particle reacts with one quark of the target to.
produce a large quark-antiquark (qq) sea in the center. Qne or more quarks (or anti-
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quarks) from the center join respectively the beam spectator and the target spectator
quarks to produce hadrons in the fragmentation regions. The remaining quarks and anti-
quarks join to produce hadrons in the central region. SU(6) symmetry is assumed to be
broken only by a relative suppression (1 & 1/3) of strange quark production. The proba-
bility of quark production in the sea does not depend on spin projection ard charge. Further-
more, due to the large quark multiplicity at high energy, the probability of central quark
production does not depend on the nature of the ircoming quarks. In meson production
in the fragmentation region, on the other hand, one spectator is joined by one quark from
the sea, so that there the distribution deperds on the nature of the spectator.

One of the main assumptions is that a “gas’ of quarks and ar.tiquarks with non-
-correlated spin projections is formed. As a corsequerce, the number of qq pairs with
total spin s is proportional to the statistical weight 2s+1. This gives an expected ratio
3:1 for g/n or K*(890)/K, more generally for mesons containing the same quarks and
belonging to the same SU(6) multiplet. The actually observed ratio depends on the contami-
nation from decays of unobserved resonances. The ratio 3 : 1 has been verified [3] on K,
K*(890)‘ and K**(1420) mesons (which appear in decay processes to a smaller extent
and in a better controlled way than n and @) from pp ard K-p data.

The probability for a spectator quark to pick up an antiquark (rather than a quark)
from the sea has been estimated [4] to § ~ 80 %, consisteritly from A/K? and A/K¢ multipli-
city ratios in n~ and K- fragmentation.

The most detailed application of quark statistics is a systematic study of baryon
production in the proton fragmentation region [5]. The data [5b] suggest that antibaryons
can be attributed dominantly to the non-fragmertation type BB pair production with local
compensation of quantum numbers. In that case, each valence quark of the incident
proton either recombines with an antiquark to give an outgoing meson or recombines
with other quarks, to give an outgoing baryon. From a corsistent description of proton,
A, Z, E and Q- production in proton fragmentation [5b], these two possibilities turn out
to occur in an uncorrelated way for each valerce quark of the incident proton, with the
respective probabilities of about 409 and 609 [5c].

Furthermore, the probabilities @; (i = 0, ... 3) for the produced baryon to coitain
i valence spectator quarks can be consistently deduced from the same data to be

a, = 0.05£0.03, a, = 0.2040.04,
az = 0.30i0.16, a3 = 0-45i0.17.

We can conclude that pure quark combinatorics can give a consistent description
of relative particle yields in central and fragmerntation regions. This description is global,
but'it can be taken as a first hirt that quarks may play a role also in soft hadroaic reactiors.
If we warnt to krow how, we have to go to more differential distributions.

1.2. Reflection of the valence quark distribution

The analysis of lepton induced reactions has shown that'onh‘/‘ about half of the mo-
mentum of the proton is carried by quarks (q) and antiquarks (q) and a small fraction
by antiquarks alone. As g(x) = §(x) at.x = 0, the antiquark distribution is concentrated
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at small x (say x <C 0.2, the “sea” region) and the same is expected for gluons which could
dissociate into a qq pair. The presence of an q component in the proton structure function
implies that the proton, which primarily consists of three quarks, has dissociated into
a state with qq pairs if hit by the electron.

The suggestion of Ochs [6] is that the same process of dissociation into partons occurs
if the ‘proton fragments into hadrons in the field of another hadron at high energies. The

10°
a2 7
W10
1]
(&3
S
KN 1 4
10
i)
ol S
W
10° )
- .
-1 J U I D X
0 04050607 080910 ol }
(a) 0405 06 07 08 0.910
b)
{c) § pp,19GeV/c, p <033Gevc [ f a
R ,19GeWe, p,=055Gevec | | - * R6(7 V5:447GeV
2 pnceve,s, el - (D Reor =62 3geV !
817 pp,High Energy y B o Singhetals=44.7Gev
- 4
7r . / LM ‘ é
¥ n’p, 16 GeV/e 4 41 Sk ) ‘.,Eaﬁ; &
- J .
6r 4 np, 16 GeWe . - “g.--EM
! 2+ aDUUOBE. ¢
f o
O H i 1 1
0 0.7 0.4 0.6 0.8 i
X"-—)
0 L T 1 L I L L
00 01 02 03 04 05 06 07 Q8

-X

Fig. 1(2)-(b). Comparison of the invariant =+ and =~ cross section from pp coillsions at 4/5 = 45 GeV

to the u and d quark distribution functions #(x) and d(x), respectively, [7]; (c). m*/m= ratio [8] in the

proton fragmentation region of 16 GeV/c n*p collisions (crosses) 16 GeV/c np collisions (triangles) and

pp collisions (shaded area and circles) (a)=*t/n~ ratio at fixed polar angle in pp collisions at
4/s = 44.7 and 62.3 GeV [7b]
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longitudinal momenta of partons will be approximately conserved during the interaction
and there is a corresponderice between the hadron state and the partoa state in the following
way: A quark in the parton state outside the sea-region (x > 0.3) is a valence quark of
a hadron of the final hadron state, and the momentum of the quark contributes to the
momentum of the hadron.

In the fragmentation region of the proton, the n* can be assumed to be composed
of a u valence and a d sea quark. Since the latter carries very little momentum, we expect
to find a n* = jud) with similar momentum to that of the u- quark. The same holds for
a - = |du) and the d-quark. As a consequence, the x-distribution of a pion in the frag-
mentation region of an incident proton is expected to be similar to that of the valence
quark which it shares with the proton. Fig. 1a-b shows that the x-distribution of n* is indeed
similar te the u-quark distribution u(x) derived from SLAC data on electron-nucleon deep
inelastic scattering [7]. The =~ distribution agrees with d(x) up to x ~ 0.7, and is only
slightly above d(x) for larger x-values.

We conclude that the quantum numbers and the distribution of the target proton
valence quarks can be found back in the particles produced in the target fragmentation
region.

What is the role of the beam quantum numbers? Fig. Ic gives a comparison [8] of the
ratio of the inclusive invariant cross sectiors for n+ and n~ production as a furction of x in
the target fragmentation region for the reactions n¥p — n*X at 16 GeV/c to that for
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Fig. 2. The rt*/=~ ratio in the proton fragmentation region for n#p collisions as a function of s~ ¥, for different
x-intervals, as indicated [9]

pp — n*X (scaling between 19 and 2000 GeV/c). The ratio R is considerably larger for
16 GeV/c n*p than for pp reactions. On the other hand, R falls below the proton curve
for 7 p collisions.

At higher energies, however, the n™p ratios tend to converge. The approach of R to
a high energy limit is given in Fig. 2 for a®p collisiors [9], as a fur.ction of s~ /2, for several
x intervals. The energy dependence agrees with an s~ /2 termi, the asymptotic limit is consis-
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tent with the ratio R for pp reactions. A similar conclusion can be drawn for Kp collisions.
This means that at py,, = 200 GeV/c, the ir.fluence of the proton valence quarks alone is
observed to govern proton fragmerntation in soft hadronic collisions.

A particular significance [6] may be attributed to the value of the ratio R for x — 1.
In a model in which quarks interact by the exchange of vector gluons, the helicity of 4 fast
quark (x ~ 1) is the same as the helicity of the proton. Therefore, by examining the wave
function of the proton

[p(1)> = 2fu(Mu(Nd()> — u(Md(Du(l)> +perm.

one finds u/d — 5 for x — 1. Early pp data [7a] were in agreement with this expectation.
More recent data [7b] show that R &~ 5 is reached from below at x &~ 0.8, but that R then
suddenly decreases again at highest x values, so that another regime seems to hold there.

The second basic observation of valence quark reflection in proton fragmentation
supports the quark recombination picture [10] of hadron production in the fragmentation
region. In the framework of this picture a fast meson with small p, is formed by a two
step process

(i) a quark-antiquark pair is picked out from a proton,

(ii) this pair recombines to form the meson.
Neglecting many-body recombination (expected to contribute at x — 1, see Fig. 1d) the
inclusive x distribution of a meson M is therefore given by

x do

T X, X,
— o= fv;(xv! xs)R(xv’ xs)a —+ — -1 dxvdxs,
g, dx j (x x >
where f,:(x,, x;) is the probability- dersity of findirg simultareously within the proton
two partoans v and s with respective momentum fractiors x, and x, (the two-quark structure
function) and R(x,, x,) is the recombiration probability for the v and s quarks to form
the meson M. The J3-function assures momertum conservation for the process.
Justification [11] for the particular form of f,; and R(x,, x,) comes from the so-called
“valons” (kind of dressed quarks). The distribution of quarks in a valon ard of the valons
in the proten can be completely determined in shape and normalization by ensurirg that
they reproduce the quark distribution from not so high Q2 lepton-nucleon collisions.
In the same quark-picture, the influence of the beam quantum numbers at lower
energies and the convergence to a common wt/n~ ratio above py,, ~ 200 GeV/e can be
understood from valence quark-antiquark annihilation followed by recombination [8].

1.3 Jet universality

The decrease in average sphericity {(S), thrust {(1—-T) and spherocity {(S") with
increasing energy, generally interpreted as evidence for jet produgtion, is rot orly a feature
of reactions in which single quark effects are expected to dominate [12], but also of low
p.hadron-hadron collisions [13]. As is shown in Fig. 3a-c, the average shape of the hadronic
system is the same in all three types of collision at given hadronic energy, as is its change
with energy.
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The energy dependence of the shape of the sphericity distribution itself [13a, ¢] is shown
in Fig. 3d, e. As for e*e~ collisions, one observes a change from a dip at S = 0 at low
energy to a sharp peak at § = 0 at higher energies. Very good agreement is observed
between the S distribution in K-p at 110 GeV/c (/s = 14.8 GeV) with the PLUTO result
at 17 GeV, and the K*p data at 70 GeV/c (\/ s = 11.5 GeV) with the TASSO distribution
at 13 GeV (for the curves LPS and FF see below). Diffractive events contribute only at

™77 7 1 177 5y ] T v
(a) 3 NE, (c)
oe’e™ o e'e” 'y
g4+ 4020+ 1 L .
08s V4 aUN ## a UNe 04t t . ‘ZNe
. e hp
o3} *he. lass| e chP lo3l 4 -
P I~ o~ 4
= T { AR
S~
0.2\ -azojl L a2-+ | 1
01t *™ Joost { arp ¥
[ T | 1 e doal i 1 ) 1
0 0 20 30 0 10 20 30 0 10 20 30
V5 (GeV) Vs (GeV) Vs (GeV)

() k3 iNveracTioNs a1 16 AND 110 Gewie (@) T S
50 b—— T T T T T T 4 . ¢ fhis expericnent
vol *KP € =5 8Gev ] R \;\ .jlnps.sgpw:iicev

kP Eim:S 6 GeV D1 Rag TION REMOVEL 3-§ 8 Y W05y
Lok x €€ E -6 2GeV SPEAR ; o, i

315 o

30t 4 2k % i -
.

of bepeg e '4}

oA Fooob

3 ’.‘v ®e

Ot tlg‘ o % %'%' Syt

. “ cig Obt T S e o |

e } 4 4 } } + ,th-. 1
5G ‘ + + T - ¥ 1 Y T i
_ oKP E 1 8 Gev a . ¢ this exper:ment
50 _ tm - — LPS
* KPE =14 B GeVorsrraction remavis

<oy 3 76 =1TGev PLUTO

s |'f,
30t 1 e

- Zb ‘ &

2o} 8% } :
1ot ‘ .
., . ? )
[¢] f L 4 Lfl"xﬂkuﬂ‘h 1 i PPNPSE
P 050 Q 0.2 0.4 06 0.8 Ko}

10
S SPHERICITY

S { Sphenicity )
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and hadron-hadron interactions; (d). Sphericity distribution for K-p at 16 and 110 GeV/¢ compared
to e*e~ at corresponding energies [13a); (e). Same for h*p at 147 GeV/c [13b]
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the most “jet-like”” values, i.e. low S. The agreement between the shape of the K~p and
the leptonic-distributions is improved when the diffractive events are removed. The only
difference in the shape of S distributions in K~p and in leptonic data is a peaking at lower
S values in the K—p data at 16 GeV/c, when compared with the SPEAR data. This probably
results from the problems in- defining the sphericity axis in low /s e*e~ events.

The normalized 70 GeV/c K*p rapidity distribution, evaluated with respect to the
thrust axis [13c] is compared to ete~ results at 13 GeV/c (TASSO) [14] in Fig. 4a. At similar
energy, the two rapidity distributions agree remarkably well and it can be expected from
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Fig.-4(a). Rapidity distribution 1/a; - do/dy for non-diffractive K*p events at 70 GeV/c (using thrust

axis). Only charged particles produced in the c.m. forward hemisphere are used. In the insert, rapidity

distribution 1/o - do/dy averaged over 0.2 < y << 1 as a function of the ¢.m. efiergy [13c]; (b). Yoy - do/dp?

as a function of p? relative to the sphericity axis for K+p collisions at 70 GeV/c. The superimposed curves

are the pZ distributions for FF (dashed line) and for LPS (continuous line) [13c); (c). Energy dependence
of {p> and {p}> relative to the thrust axis for hadron proton and e‘e~ reactions [13]

the insert (and from-old results on hadronic rapidity plateaus) that hadron-hadron and
e*e” data show a similar In / s increase of the plateau hight and, above all, the same plateau
hight at the same energy!

Also the normalized p? distributions relative to the sphericity axis (Fig. 4b) show
agreement at 13 GeV/c, even though there may be a small indication of a larger cross
section in the high p, tail for the ete~ results (for LPS and FF see below).

The conclusion of jet universality is further supported from a comparison [13] of the
energy dependence of {n), as well as of {p,> and {p;> relative to the thrust axis (Fig. 4c).
Again, the hp and e*e~ data have essentially the same values and the same energy behav-
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iour. In particular, the rise in (p?> with E_, felt to be a characteristic feature of single
quark jets is in fact also a feature of hadronic low p, particle production.

At this stage we may ask whether the agreement between the data is e.g. due to longi~
tudiral phase space, or has any more fundamental dynamical origin. In Ref. [13¢] the
sphericity, thrust, spherocity and other distributions are compared to mere Longitudinal
Phase Space (LPS) [15a] and the Field and Feynman (FF) parametrization of quark-
-parton jets [15b]. In all cases, both the FF parametrization as well as LPS more or less
describe the data. Furthermore, for hadronic reactions sphericity, thrust and sphericity
axes agree with the beam direction. One may conclude that

() FF is a somewhat complicated way to parametrize longitudinal phase space,

(ii) jet universality may well turn out to reduce to equal p, distributions and the
equal average multiplicities, the rest may follow from independent emission + conserva-
tion laws.

The point is, if this will turn out to be the case, it will hold equally for hadronic, deeply
inelastic and ete~ hadron production. In all cases the same mechanism is at work, governing
mubltiplicities and transverse momenta in an identical way.

If quark fragmentation is irdeed governed by longitudinal phase space, it will be
interesting to look for the trivial differences expected from the quantum numbers or excita-
tion modes of the fragmenting quarks, as well as for (non-trivial) flavour correlations
within the fragmentation jet.

Ore differerice of the hadron system produced in ete~ annihilation and pp collisions
is that the baryon number is zero in the first case and two in the secord. In other words,
there are more interacting valence quarks in pp collisions than in e*e~ hadron production.
A CERN-Bologna-Frascati Collaboration [16] using the CERN Split-Ficld Magnet at
/s = 62 GeV has attempted to remove the expected effects of baryon-number conservation
by selecting events with a leading proton and redefining the fractional variables of the
particle after removal of that proton.

The pp data (normalized to the mean charge multiplicity) are compared to (normalized)
e*e~ data from the Tasso Collaboration [17] at three different energies Ej 4. The agreement
between the two distributions at all three E, 4 values, both in shape and absolute value
(meau charged multiplicity), sudgests that the mechanism for transforming energy into
particles in these two processes must be the same. This would be surprisirg if the fragmenta-
tion process would not be governed by longitudinal phase space, sir.ce excluding the leading
proton means excluding the leading parton plus its companion. To be fair, one would
have to cxclude the leading quark and its companion in ete~ anuihilation, as well.

The 147 GeV/c hip collaboration studied the effect of (S) and (T") when removing
the leading particle. As expected, (S) and 1T increase, but the available hadron
energy Ey.q decreases. Both values are compared to the ete~ and vN data at the correspond-
ing values of Ey 4. Removing the proton does 1ot improve the agreement. I would suggest
to forget this approach and to look for expected differences rather than to exclude them
before they are shown to exist.

The better approach seems to me to select certain events where the jet is expected to
derive from qq separation as in ete~ jet production. A possible laboratory for this study
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is meson or photon diffraction dissociation [18]. The diffractive dissociation can be assumed
to be a two-step process. First, the meson dissociates into a qq pair, then this qq system
hadronizes in the same manner as hadronization takes place of neutral quark-artiquark
pairs during e*e~ annihilation to two jets of hadrons. Diffraction dissociation may have
the enormous advantage over e+e~ annihilation that the qq pair is known and not a mixture
of uu, dd, ss, cc or bb. This may provide the unique opportunity to investigate jets of known
flavour!

The fact that jets produced in e*e~ annihilation and deep inelastic lepto-production
are very similar to these produced along the beam direction in ordinary hadron-hadron
collisions has led to the assumption of parton fragmentation as a common underlying
dynamical mechanism. In the quark fragmentation view [19], inelastic (non diffrative)
scattering is dominated by events where one valence quark of the baryon with low mo-
mentum interacts with the other hadron and is fixed in the central region. The remaining
diquark system will carry almost all the original baryon momentum and subsequently
fragment irto hadrons in the baryon fragmentation region. The rapidity density of the
fragmentation chain is universal, i.e. it depends only on the nature of the system at the
chain end and not on the nature (hard or soft) of the process which produces them. The
inclusive one-particle distribution of hadron H in the fragmentation region of hadron h is
given by the convolution integral

1 do = z J dydzf:(y)Dg(Z)é(yZ‘x)

o, dx

between the probability distribution f, ,’,’(x) of the constituents of h to carry momentum
fraction x and the fragmentation D.(z) of constituent q into the hadron H, as obtained
from leptonic reactions.

The important assumption is that the mechanism responsible for hadronic interactions
favours configurations of valence quarks different from those measured in lepto-production.
Only configurations in which the diquark carries almost all the momentum are assumed
to be responsible for pion production in the proton fragmentation region. This amounts to

fa(x) = kgd(x=xo)

with &k being a statistical factor corresponding to the additive quark model and x, ~ 1.

So, hadronic spectra are given by the fx:agmcntation functions D:’(x) in a parameter free
form.

2. Selected applications

The recombination and fragmentation pictures have been designed to describe single
particle distributions from two different points of view. Attempts to show the duality or
complementarity of the two views have been started and should be continued. Rather
than try to prove one of the pictures and disprove the other, we shall here use their
complementarity to illuminate different aspects of the data.
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2.1. Target fragmentation

According to the fragmentation model [19], pion production in the proton fragmenta-
tion region can be written in terms of the diquark fragmentation functions Dj, as

1 d pont

o't

(x) & § Diu(x)+% Dia(x).

From isospin 1nvarlar‘ce follows D%; = D73, so that three independent functions remain:
H, =D, H, = D'; = D%; and H, = D",. One can expect H, > H, > H, for large
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Fig. 5. Diquark fragmentation function Hi(x) = D"*(x) obtained in K—p collisions at 70 GeV/c [20].
Data on H;(x), H,(x) = D d(x), Hi(x) = Dh (x) from v(¥)p experiments are also reported

x since in H, both u-quarks can contribute to the creation of a n+, while in H, only one
quark contributes, and in H; none of the two u-quarks contributes to m— production.
Furthermore, if baryon production is dominant in diquark fragmentation, the approxi-
mate relation 2H, ~ H, + H, is valid [19]. For the pion cross section in proton fragmenta-
tion then follows
1 de®*" P

1
o dx (x) ® $ H,(x)+% Hy(x) and ;:——dx

() = 5 H(x)+% H(x)-

K‘p data at 70 GeV/c [20] are compared to vp and vp data [21}in Fig. 5. The following
observations can be made:
— H,(x) from vp data indeed agrees with H,(x) from K-p data.
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— 2H,(x) from vp data agrees with H,(x), giving support to the above approximation.
— Hj(x) from vp data is much smaller than H,(x). It is compatible with zero for the Kp
data (not shown).
Of particular interest in connection with the influence of the valence spectators are
various types of quantum number correlations between the two different fragmentation
regions and within one fragmentation region itself. Long range correlation of pions, each

X 71°/7" untriggered
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Fig. 6. The nt/n ratio as a function of X, in the proton fragmentanon region of 32 and 70 GeV/c K*p
collisions, associated with a = or =* trigger, for sevdral trigger momentum intervals [23a, b)

coming from a different one of the two ircident protons, has been measured [22,7b]
in the form of the two pion correlation furction R(x,, x,) = eN(m;7,)/N(xn,) - N(x,)
for pp —» nnX at \/E = 44.7 and 62.3 GeV. Over most of the x range, the n*n*, ntn—
and n-n~ data are essentially ur.correlated (R &~ 1), in agreement with factorization of the
two fragmertation processes, as is expected for gluon exchange.

For comparison to sir.gle particle production in the proton fragmentation region,
the ratio R of n+ to m— production can be studied in association with various triggers.
With a =+ trigger, the spectator system (u,d.d,) should produce equal' amounts of n+’s
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and n~’s at fixed X, = x,/(1 —x,). This is confirmed by the data {23] in Fig. 6: Whereas
the untriggered n*/n ratio rises with increasing x, the ratio for a w* trigger is compatible
with unity for x > 0.4. In comparing this associated ratio to the w*/n~ ratio measured in
charged current vp collisions where the spectator system is the same, the agreement is
indeed striking.

For a m~ trigger, the spectator system is (u,u,u,) and a strong increase of the ratio
R is expected with increasing x. Also this is indeed observed in Fig. 6.

We conclude that proton fragmentation is well behaved and understood, so that one

can go further and apply the same ideas to extract new information from meson fragmen-
tation.

2.2. Meson fragmentation

The 70 GeV/c Kp data were used to extract DI and D* from the n*, n~ and n°
distribution in the K~ fragmentation region [20] (see Fig. 7). The contamination from
charged kaons has been estimated from K" production and has been removed. The study
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Fig. 7. Quark fragmentation functions D"‘L(x) and D“'(x) obtained from K-p collisions at 70 GeV/c [20].
Data on' Db* and Dh* from v(v)p experiments are also reported

of n~ production is restricted to the region x < 0.7 to avoid contamination from leading K~.
The authors claim rather good agreement with the v(v)p data with W > 4 GeV and ‘with
the Field ard Feynman D** fur.ctions [15]. This is certainly true for the comparison of D,
Note that the difference between vp and hp data for D}~ is smaller than between (the
isospin symmetric) D%~ and D" from v(v)p data. D*" seems consistently flatter for hp
collisiors, but one has to take into account that
— in the v(v)p data it is or: ly at high values of z (where the contribution of the sea is negli-
gible) that the functions D represent the fragmentation of a pure u(d) quark (in addition
they represent productlon of hadrons h* rather than just n¥);



1106

— it is not clear that diffraction dissociation (Q, L ...) has been sufficiently removed.
There may be a contribution K~ — n~ ... below x = 0.7.
With these limitations in mind, one can conclude that one can extract the single quark
fragmentation function to a very good approximation from hadronic collisions.
Alternatively, the recombination picture [10, 11] can be used to determine [24] the
valence quark distribution in mesons, for which there is no direct information from deep
inelastic lepton interactions. The results can be given in terms of the power n of the (1 —x)
distribution of the valence quarks. For a pion it follows from charge conjugation and
isospin invariance that the quark distribution function is the same for both valence quarks.
For a kaon the situation is expected to be non-symmetric. A value of n = 1.010.1 has
been obtained for the pion structure function. Furthermore, the power n is indeed larger
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Fig. 8(a). The @/p° ratio as a function of x for K-p collisions at 32 GeV/c, compared to ratio of the strange

to non-strange valence distribution functions [26b]; (b). The (1—x) dependence of ¢° production in
the pion fragmentation region of w#*p collisions at 147 GeV/c [28]. The curves are explained in the text
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than unity for the non-strange valence quark in the kaon while it is smaller than unity for
the strange valence quark. These results are compatible with those extracted via the Drell-
-Yan model from p-pair production [25]. One can conclude that meson valence quarks
are harder than those in the nucleon and that strange valence quarks are harder than non-
-strange ones.

2.3. Meson resonances

Of particular interest in connection with partons is inclusive production of resonances.
Ore can assume that resonances are more aburdantly and more directly produced than
pions and kaors, represent a larger variety of quantum numbers and allow for conclusions
about their production from their decay density matrix.

t-chonnel density matrix elements t-channel density matrix elements
It < 1.2 (Gev/e)® M 0.4
S ,

Kp = K*" (892) +x"
T T T
1.oF — K'p 70Gevk A ' L ’
i K 32Gev 1O - —+ K'p 70 Gewke A

0.8 4 -+- Kp 32 GeVk

K'p —= K**rgo2) + x*

3 BTY
Fig. 9. Density matrix elements in the ¢-channel for K*+ production from K+p collisions at 32 and 70 GeV/ec,
as functions of M?/s and r {30c]
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In the quark picture the ¢ is of central interest because of its hidden strangeness
quantum rnumbers. In particular, it has a valerice quark in common with an incoming
kaon, but not with an incoming pion, proton or antiproton. The x-distribution is therefore
flatter for kaon induced production than in the other cases [26].

Furthermore, K-p - X*2, K*p —» K*? and Kp — ¢ all have the same x dependence
[27] and are definitely more forward peaked than Kp — @° This is a direct consequence
of the fact that the strange quark in the ir.cident kaon is harder than the nonstrange quark.
The ratio of ¢ and @ is plotted ip Fig. 8a for Kp at 32 GeV/c [26b] and compares well
to the ratio of s and u distribution functions.

Fig. 8b gives the forward @° distribution from n¥p collisions at 147 GeV/c [28].
The curves shown correspond to a power law fit [29] (DCR), a recombination fit (QRM)
and fragmentation predictions (QFM) with Field and Feynman [15] (dashed) and Lund
[19] (dot-dashed) parametrizations of the fragmentation functions. The Lund prediction
works very well, so do DCR and QRM. In the latter two cases, the distribution furction
comes out consistently slightly flatter than for pions. This observation does not change
after exclusion of diffractive events and should be checked with good statistics.

Fig. 9 shows the results for the dersity matrix for K*p — K**X at 32 and 70 GeV/c
[30] as a function of t and M?/s. Distributions like these should be a challenge to the
quark pictures.

24. Hyperon polarization

Non-zero A polarization is known to persist up to high energies since 1976 from pBe
collisions at 400 GeV/c [31a] and has-been observed in n—p collisions at NAL [31b] and
pp collisions at ISR [31c]. This observation cannot be explained from the Regge model
since at these energies RPR terms dominate and these terms do not give rise to polarization.
Non-zero polarization has also been observed in ep scattering [32]. In Fig. 10a the pp and ep
points show an increasing polarization for p, > 0. Furthermore, from scattering off deute-
rium and other nuclgi, no difference is found in polarization between proton and neutron
targets [33]. )

The best recent data come from the Michigan-Minnesota-Rutgers-Wisconsin Collabo-
ration [34] (see Fig. 10b, c). One can conclude that:

— A%s produced in hh, hA and ep scattering are polarized transverse to the production
plane, along the (p, X p,) axis.

— This polarization is probably independent of the beam energy, the projectile type and
largely also of the x value of the A°.

— The polarization increases linearly with the transverse momentum of the A°.

— A and protors are not polarized.

— B0 =- have the same polarization as the A°.

— X+ has the same polarization as A® in magnitude, but with opposite sign.

A semi-classical model for basically soft A%-production able to explain the observed
polarization effect is suggested in the quark fragmentation picture [35]. In this picture,
a diquark continues forward as a unit after the collision and a string-shaped colour dipole
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field is stretched between the diquark and the central collision region. This field can break
up by the production of quark-antiquark pairs (as in e*e~ hadron production). A A°-particle
can be formed if an ss-pair is produced in the field of a (ud)-diquark (of isospin and spin
I =8 = 0), so that the spin of the A? is determined by the spin of the s-quark.

The transverse momentum p, of the A® with respect to the beam direction is made
up of two contributions, the transverse momentum ¢, of the diquark (the direction of the
field string) and the (locally conserved) transverse momentum %, of the s quark with respect.
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Fig. 10(a). A polarization as a function of p, for pp collisions at4/5 = 53 and 62 GeV [31c] and ep collisions

at pap = 11.5 GeV [32]. The lines are the expectation and its limits from the fragmentation model [35];

(b). Hyperon polarization for pp and pBe collisions at 400 GeV/e, as a function of the hyperon
lab momentum [34}

to the string direction. A pair of massless quark-antiquarks can be produced point-like,.
but massive quarks have to be produced at a certain distar.ce from each other. Therefore,
the pair will obtain an orbital angular momertum perperdicular to the string; this is
assumed to be compensated by the spin of the ss-pair. In a A sample of definite p,, we-
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obtain an enhanced number of events where k, and P, point in the same direction. So
the observed effect is explained by a sort of trigger bias. The curves in Fig. 10a show the
model prediction and its upper and lower limits (without inclusion of the effect of A pro-
duction via X° and X¥).

A somewhat similar picture has recently been developéd [36] in the framework of the
recombination model. Here, the polarization arises via Thomas precession of the quarks”™
spin in the recombination process. The description accounts for all presently known qualita-
tive features of the baryon and antibaryon polarization as stated above. Also this picture
can be extended to ete~ annihilation and deep inelastic scattering. Of special interest in
this context is further the prediction for polarization of baryons (and vector mesons) in
ete~ annihilation by Bartl et al. [37] and the explanation of hyperon polarization by multiple
scattering of the strange quark by Szwed [38].

We conclude that hyperon polarization, which cannot be explained by the triple Regge
model, may find an explanation from the quark composition of incident and produced
particles.

3. Conclusions

With the help of quark combinatorics one can get to a consistent understanding of
various particle yields. This first basic observation is taken as a hint that partons may play
a role also in soft hadronic reactions.

The similarity of pion production in the nucleon fragmentation region to the valence
-quark distribution in the nucleon as measured from deep inelastic collisions suggests that
valence quarks are governing pion production in nucleon fragmentation. This observation
has led to a recombination and valon picture of hadron-hadron collisions.

Particle production in soft hadronic collisions shows jet features very similar to those
in ete~ and lepton-hadron collisions. This third observation has led to the quark fragmenta-
tion picture.

Particle production and correlation in proton fragmentation is well understood in
terms of these two pictures: Extracted di-quark fragmen:tation functions are identical to
those from deep inelastic neutrino scattering.

Application of the two pictures to meson fragmentation allows to extract meson
structure functions similar to those obtained from p-pair production on one hand, and
quark fragmentation functions similar to those obtained from deep inelastic neutrino
scattering on the other.

Differential distributions for resonances start to become available at high energies.
They allow to check the results on more directly produced particles, to compare a larger
variety of quantum numbers and to challenge models on their decay density
matrix.

Hyperon polarization at high energies, not understood from triple Regge exchanges,
-seems to be explained from both the recombination and fragmentation pictures of hadron
production..

We conclude that a new field has evolved in the last 3 years and that partons either:
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do play a role in soft hadronic reactions or we have to reconsider the conclusions drawn
from ete~ annihilation and neutrino reactions. Work to be done on the theoretical side
is on a solid foundation of the two pictures as well as on an explanation of the apparent
complementarity of the two views. On the experimental side, high statistics is needed on
bydrogen and on higher nuclei at p,, > 200 GeV/c in combination with good momentum
resolution and particle identification. This will allow to study flavor correlations and
resonance production more conclusively than was possible until now and, in particular,
to isolate the influence of longitudinal phase space in quark fragmentation.
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