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Abstract 

-We review and comment on some of the existing 

approaches to low-pT particle production based on 
ideas of quantum chromodynamics. We focus on the 
relationships between the various theories and, in 

particular, note the points of overlap between them. 
Constraints upon the models coming from deep inelastic 
and e+e- annihilation data are discussed. 

In the last eight years high energy physics has focused 

upon successfully understanding short distance physics using 
the theory of quantum chromodynamics (QCD). The use of QCD to 
understand low-p?, hadronic physics is, in contrast, plagued with 
many uncertainties. Nonetheless developments over the last few 
years suggest that many of the regularities of hadronic low-pT 
reactions can be related to the underlying presence of quarks 
and gluon induced reactions between them. It is the purpose of 
this talk to review some of the models proposed in the literature, 
to discuss the constraints imposed upon them by data from the 
short-distance,. deep-inelastic and efe- annihilation realm, and 
to comment upon their internal self-consistency as well as the 
relationship between various models. In particular considerable 
effort is devoted to pedagogical explanations of essential fea- 
tures and ingredients. 

The outline of the talk is as follows: 

* Work supported in part by the Department of Energy, contract 
DE-AC03-76SF00515 and in part by the Alfred P. Sloan Foundation. 
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Dynamics, Bruges, Belgium, June 22-27, 1980.) 
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The "Gluon Exchange with Point-Like QCD 
Emissions" Approach (pp + a) 
The "Valon" Model (pp + a) 
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I. Interactions Between Hadrons 

Al Elementary QCD Exchange Possibilities 
Before one can discuss the structure of the final state in 

a hadron-hadron collision it is, of course, necessary to have a 
relatively precise picture of the interaction mechanism 
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responsible for causing a collision at low-pT. Various pictures 
have been proposed over the years. The two most elementary QCD 
mechanisms which yield an approximately constant total cross 
section are: 1) gluon exchange1 and 2) slow or “wee” quark 
exchange.2 These are pictured in Fig. l(a) and (b). Both have 
many of the same features as the dual model cylinder diagram n- 
x -+---eB 
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Fig. 1. The interaction be- 
tween two meson states due 
to: a) gluon exchange; b) 
slow "sea" quark exchange; 
c) slow B-quark absorption 
of a valence quark in A- 
the reverse diagram also 
occurs; d) valence quark 
exchange. 

picture of the Pomeranchuk- 
Regge trajectory, which un- 
derlies many of the 10w-pT 

particle production theo- 
ries.3~4~5 In both cases 
the gluon(s) guarantee zero 
flavor quantum number ex- 

change and, because of their vector nature, a constant or loga- 
rithmically rising total cross section. Note that in Fig. l(b) 

based on "sea" quark exchange we have a slow "sea" quark in A 
interacting with a slow "sea" antiquark in B. A constant cross 

section is also obtained from Fig. l(c) in which a "sea" quark 
in B interacts with a valence quark in A. This diagram is not 

symmetric between its forward and backward fragmentation which 
is probably ruled out experimentally.ly6 More discussion will 

be given later in Sec. III. A valence-on-valence interaction as 

in Fig. l(d) cannot yield a constant cross section, and will be 
henceforth eliminated from discussion. It may play a subassymp- 
totic role in np and cp reactions. Of course more complicated 

versions of (a)-(c) are possible employing higher Fock states of 
the incoming hadrons A and B. Examples are given in Fig. 2(a)-(c). 

Fig. 2. Examples of a) gluon 
exchange; b) r’sea” quark ex- 
change ; and c) slow quark 
absorption of a valence quark, 
employing higher Fock states AT AZ ‘SB 
for A and/or B. -B-t--tB+-.-+- 

*.,n (a) -Y-T- ( c ) W4.1~ 
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In general there are clearly many such diagrams to consider. 
All contributions of type (a) and (b), however, yield two impor- 
tant general features.' 

11 Given a Fock state of A(B) with nt(nt) quarks (plus an- 
tiquarks) and ni(ni) gluons, we find‘that 

+?.A 
4 g 'AB (1.11 

states 

This is a generalization of quark counting. (The 9/4 represents 
the larger effective color "charge" squared of a constituent 
gluon, compared to a quark, as seen by the exchanged or brem- 
strahlunged gluon in mechanism (a) or (b), respectively.) It 
assumes a similar relative transverse momentum, kt, distribution 
for all quarks and gluons in a given Fock state; the constant, 

A 
'AB' is determined by a convolution of kt and k: distributions. 
In addition, gluon bremstrahlung models suggest that 

<+ = ntalence(l + 2~1 , <nt> = ntalence c' ; (1.2) 

that is the number of sea q4 pairs and the number of gluons in 
the Fock states are proportional to the original valence quark 
number. If this is true and if cAB is not rapidly varying be- 
tween Fock states then one obtains 

uT 0: n A 
valence "Zalence (1.3) 

as found to be approximately true experimentally. Quark count- 
ing also clearly holds for mechanism (c) in the same approxima- 
tion; however it does not generally hold for mechanism (d) due 
to the absence of antiquarks in the proton valence state. It is 
also true that the calculated size of c 

A AB 
and hence aT is reason- 

able for the expected forms of the k, and kf distributions and a 
moderate value ofas (es 2 .5) at low momentum transfer. 

21 Mechanisms (a) and (b) are sensitive to the size of the 
colliding bound states. Given a fixed target, B, the smaller the 
bounds state size of A, <r-i>, 

2 
the smaller the constant cAB. In 

the limit of <r A > + 0, c AB vanishes as <r-i>. Thus the sequence 

CPP > Qp > T aT up (1.4) 

can be understood semiquantitatively. The rapid decrease is due 
to the cancellations inherent for a color singlet bound state; 



-5- 

for instance if <ri> = 0 (a point-like bound state) and we 
consider the valence-qq Fock state of a meson, then the gluon 
attachment to the ';i yields an exactly equal but opposite sign 
contribution compared to that from the attachment to the q. 
(This is why there is no Pomeron in two-dimensional QCD.g) Note 

that the diagrams for mechanism (c) (and (d)) involving a valence 
quark from state A are not expected to yield this color cancela- 
tion effect; this is an argument against mechanism (c) (and (d)). 

Of course it is not necessarily legitimate to restrict our- 
selves to the exchange of a single quark or single gluon between 
the Fock states of A and B-multiple exchanges are possible. 
Multiple exchanges preserve the color singlet cancellation respon- 
sible for the size effect; indeed this cancellation guarantees 
that an infrared finite leading-log perturbative calculation of 
multiple gluon exchanges can be carried out. (This does not mean 
that there are no non-perturbative effects which we cannot calcu- 
late this way.) However, multiple exchanges generally violate 
quark counting. In addition the color structure of the final 
state becomes so complicated that no one has attempted to calcu- 
late particle production in such a case. Thus we will restrict 
ourselves to single quark or single gluon exchange. 

Finally, or course, these perturbative QCD models ignore the 
possible importance of unanticipated non-perturbative effects 
inherent in the confinement of the quarks within the bound states. 
Such effects cannot necessarily be factored away from the dynam- 
ics as they can be in the short distance physics realm. 

The existing QCD based models all fit into the simple pic- 
tures of Fig. 1 and Fig. 2 in which multiple exchanges and non- 
perturbative effects are ignored. We will see that these simple 

'models allow us to understand qualitatively and, in some cases, 
quantitatively the structure of multiparticle production in the 
final state of hadronic collisions. Multiparticle production will 
be presumed to occur as a result of the separation of color and 
the consequent gluon radiation10~11~12 or breaking apart of the 
stretching color flux tubes joining the two or more separating 
colors.r3 Each of the QCD models has its difficulties and SUC- 

cesses. The valence-sea exchange model of Figs. l(c) and 2(c) 
suffers moderately severe difficulties in the fragmentation re- 
gion and, as discussed, lacks the color size effect; this will 

lead us to favor models based on Fig. l(a)-(b) or Fig. Z(a)-(b). 
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Bl Dual Pomeron Diagram Mode13'4'5 

The perturbative color exchange model approaches to multi- 
particle production are different from the dual model approaches 
in the literature. A convenient visualization of the dual model 
Pomeron for nr collisions is shown in Fig. 3(a). One way to 
think about this picture is to imagine that the color flux tubes 

(i) (ii) (iii) (iv) 

(b) 39.lAI 

Fig. 3. The squared amplitudes for: a) The dual 
model Pomeron with multiparticle production indicated 
by 3 . b) The gluon exchange "Pomeron".l The final 
state gluon radiation diagrams which typically dominate 
in lowest order (in the Feynman gauge of the radiated 
gluon) are drawn. The radiated gluon (and associated 
multiparticle production) is indicated by 3 . 

which connect qA- ?iA and qB- ?iB become confused at the moment of 
interaction and afterwards attempt to connect qA- qB and ?iA- qB, 
(The colors of qA and qB must be the same for this to occur.) 
Since qA and qB (and GA and qB) are moving in opposite directions 
the flux tubes are stretched and multiparticle production takes 
place in these two color singlet channels. The Pomeron arises, 
through unitarity, as a reflection of this multiparticle 
production. 

Several points of comparison with the QCD approaches are 
noteworthy. First there is no underlying elementary spin 1 par- 
ticle exchange acting as a perturbative source of the constant 
total cross section; in particular, no color exchange takes 
place and there is no obvious mechanism for explaining the strong 
decrease of uT with decreasing beam hadron size. The purely 
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geometric effect (crudely oT = (r, + r,)') is not sufficient. 
However, quark counting is natural in the dual model approach.5 
The greatest distinction is in the visualization of final state 
particle production. In Fig. 3(b) we compare the picture of 
Fig. 3(a) to that appropriate for gluon exchange. The basic idea 
is the same as in the dual model picture; separating color 
charges radiate gluons or break the color string connecting them; 
this produces hadrons, eventually, as in e'e- annihilation. 
However, the radiation pattern is completely different in general. 
To see this consider lowest order single gluon radiation in the 
final state. In Feynman gauge for the radiated gluon all four 
diagrams of Fig. 3(b) contribute significantly. Only if we re- 
quire that the radiating subsystem be in a color singlet do we 
obtain a picture analogous to Fig. 3(a); using this restriction 
would imply that particle production in the "channels" qA- ?iB and 
qB - ?iA is possible but not in the qA- qB and qA- qB "channels". 
This, however, is not a gauge invariant prescription. In a ra- 
diation gauge one would obtain an entirely different radiation 
pattern than in Feynman gauge if only diagrams (iii) and (iv) are 
kept. Only a full set of diagrams, including still other dia- 
grams than those shown in Fig. 3(b), yields a gauge invariant 
answer. 

This difference is directly related to the fact that in the 
dual model picture, Fig. Sa,there is no actual color exchange 
between the colliding mesons as they pass one another. In the 
perturbative approach (i.e., imagine that the exchange "gluons" 
of Fig. 3(b) are color singlets) there would be no final state 
radiation of gluons and hence, little or no particle production. 
The diagrams i) and ii) would cancel the diagrams iii) and iv), 

-in Feynman gauge, due to the opposite sign coupling of the 
radiated gluon or color flux tube to the quark compared to the 
antiquark of the singlet meson. Retaining only qA- ?iB and CA- qB 
radiation would yield a completely wrong result. I have not seen 
an explanation in the literature of why the color structure of 
the dual model Pomeron is that illustrated in Fig. 3(a). None- 
theless, I will discuss in what follows the approach based upon 
assuming that multiplicity is produced only in the qA- qB and 
sA- qB subsystems and that this multiplicity or radiation is like 
that in e'e- annihilation resulting from qc color separation. 
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11. Multiplicities and Rapidity Distributions 

Al Comparison of QCD Exchange Models 
We have already referred to the idea that in a QCD based 

approach to multiparticle production in the final state of a 
hadron-hadron collision the final particles are produced in re- 
sponse to color separation in the final state just as in e+e- 
annihilation. In the gluon exchange model of Fig. l(a) the 
"meson" states after gluon exchange are no longer color singlets 
and can be expected to "radiate" gluons which in turn create qq 
pairs or gluon pairs through the standard branching processes of 
QCD.10~11~12 Ultimately these radiation products match together 
to form the final hadrons. An altenative picture is that the 
color flux tube joining the separating colored objects breaks 
apart, as it is stretched, and in so doing produces the observed 
final state particles.13 We will use the radiation language in 
much of what follows; the color structure of the two approaches 
is the same. (These approaches are completely different from the 
older multiperipheral approach in which the final particles are 
produced virtually over a long time prior to the actual colli- 
sion.) Exactly how much radiation or particle production takes 
place and how the radiated particles are distributed is con- 
trolled by the relative motion of the "initial" colored parti- 
cles in the final state. To illustrate the possibilities we 
will focus on Figs. l(a) and l(b). 

Let us focus for a moment on the "initial" final state, 
derived from Fig, l(a), in which color octet versions of the 
incoming hadrons' valence states are rapidly separating with 
essentially the full collision energy. In the center-of-mass 
the forward and backward moving octet states each have momentum 
G/2. However, this net momentum need not be equally distribu- 
ted among the particles comprising the octet jet. To illuminate 
the possibilities it is useful to consider"+ in detail the 
lowest order radiation of a gluon in the final state of Fig.l(a). 
The diagrams are shown in Fig. 4.where we have squared the 
amplitudes and shown the radiated gluon. A factor of two is 
indicated when there are two possible final state "cuts" to be 
made; this factor occurs whenever a gluon is emitted from one 
particle and absorbed by another. One can calculate the radia- 
tion in either the Feynman gauge or a radiation (transverse) 
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gluon is indicated by the 
angular zig-zag line. 

gauge. The various diagrams 
UU IL” 

t-t--- 
enter differently in the two 

3I$z=z gauges. Diagrams of class I 

ma IlIb’ +%-+ IEd 
and II are generally most im- 

.-so IN.... portant in the radiation gauge 
while diagrams of class III 

generally dominate in Feynman gauge. Denoting the photon energy 
by k and its rapidity by y (y = l/2 Rn[(l+ cose)/(l - cos~)])we 
obtain in either gauge the following results for the gluon mul- 
tiplicity distribution dn/dkdy. Consider two extremes: 

i> The momentum of A (PA) is shared equally by the 
constituent quark and antiquark (and similarly for B). Then 

Y 
dn 12 max = kn(PA/m) 

---ax dkdy (2.1) 
'min = Rn(pB/m) 

(m = quark mass) regardless of whether the interacting consti- 
tuents are quarks or antiquarks. 

ii) The momenta of the interacting quarks and/or 
antiquarks (one in A and one in B) are both much smaller than 
their mass. Then 

16 1 
T '- 2 ; co:h"y 

gluon exchange between q-q or q-4 
dncc 
dkdy 161 11 1 - -- gluon exchange between q-q --- 

3 k 3kcosh2y (2 - 21 

with rmax = Rn(2pA/m), Ymin = En (2pg/m). 

Several features of the results are noteworthy. 

1) If the quarks in the octet versions of the incoming 
bound states are both fast moving one obtains radiation which is 
indistinguishable from that of coherently moving octets. (Even 

the ymax and Ymin are the same if the octets have the same momen- 

ta PA and PB and have mass = 2m quark .) This similarity to octet 
radiation holds even if the constituent quarks do not share 
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equa11y PA (Or PB) so long as their fraction of the big momentum 
pA (or p,) is significant. 

2) If the scattering quarks have momenta significantly less 
than their masses, the radiation consists of a piece which is the 
same as radiation between a 3 and 3 of color moving with pA and 
pB respectively (i.e., the same as we find in e+e- annihilation) 
and a negative contribution which is important in the central 
region, y z 0. 

In all cases the dominant contribution yields a flat rapid- 
ity plateau with height given byJk2iy(dk/k). The lower limit of 
this integral is, of course, set by bound state sizes through the 
hadronization process in the final state. The upper limit is not 
well determined. One can obtain a gauge invariant calculation 
only if km, is the same for every graph in Fig. 4. The only 
consistent choices are to take k max as either a fixed number de- 
termined by the incoming bound states or as being some fraction 
of the total available center-of-mass energy, W = ,fS. The latter 
choice leads to a rising plateau at any fixed value of y. A 
rising plateau is observed in e'e- annihilation where the color 
configuration is sufficiently simple that only kmax = W could 
lead to the rising plateau. We will make this choice; further 
discussion will occur shortly. One then finds in all cases 

and 

= Rn W (2.3) 

<n> = a En2 W + b an W + c (2.4) 

In computing <n> the l/cosh2y terms, present when the ini- 
tiating gluon exchange is between slow quarks, contribute only 
to the Rn W term and would be hard to detect. On the other hand 
at y x 0 they lead to the following comparison. 

dn - 
dy y=o 

= Rn W 

12 gluon exchange between fast quarks 

16 e+e-annihilation 
3 or fast separating 3-5 in general 

(2.5) 
15 
3 

gluon exchange between a slow 
qA and slow qB or vice versa 

10 I - gluon exchange between a slow 
3 qA and a slow qB or qA and BB 
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Thus for pp collisions via gluon exchange the central plateau 
height could be 9/4 as high as that in e+e- annihilation if the 
interacting quarks are fast or S/8 as high if the interacting 
quarks are slow. 

In considering Fig. l(b) we examine the cases: 
I) The momenta of q' and q', the quarks left over from 

the gluon bremstrahlungs are smaller than their masses. This is 
the natural case since a constant total cross section is obtained 
only if at least one of the bremstrahlung gluons is soft. Then 

dn p:E-gl 1 
dkdy k 8 r; cosh2y (2.61 

The large y region is like that for separating octets; but at 
y z 0 the plateau height is smaller than for separating octets. 

2) The momenta of q' and S' are both a significant 
fraction of the respective bound state momenta-that is the 
triplet "jets", are in each case moving together more or less 
coherently. Not surprisingly the radiation is exactly that of 
separating color triplet states, 

dn 16 1 
dkdy=3 I; (2.7) 

with ymax and Ymin determined by details of momenta fractions 
and masses. This configuration probably requires that q' and S' 
reinteract with the other members of their corresponding colored 
spectator jets in order to be speeded up from their initially 
small momenta imparted by the soft gluon bremstrahlung. This 
coherent triplet picture will present difficulties when we con- 
sider fragmentation distributions. 

The central plateau heights are given below. 

75 
dn 8 slow q' and S' 

dy 
a RnW (2.81 

y= 0 16 - fast q' and S' 
3 

All of the above results for Fig. l(a) and l(b) are somewhat 
modified if we consider the higher Fock state pictures, 
Fig. Z(a)-(b), where the gluon which initiates the collision 
attaches to a gluon Fock state component. This will be discussed 
further later. 
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B) Constraints from the Data 

What does the data say? Two types of information are avail- 
able which bear on the above type of predictions; these are the 
average charged particle multiplicity'and the central plateau 
height. The data clearly shows that <n>e+e- ) <n> 

PP * 
Gluon 

exchange between fast quarks leaving effectively octet jets 
radiating in the final state would predict the opposite, as would 
quark exchange with slow q' and q'. Thus we are left with the 
two second type possibilities. The dataI are shown in Fig. 5, 

Fig. 5. Charged multiplicities 
in various types of reactions as 

I5 

a function of the total energy 
available for hadron production, 
w= LT. IO 

A 
where the PLUTO data for e'e- 

6 
; 

annihilation <n charged> are 
5 

compared to those for pp, pp and 
rrp collisions. Only the PLUTO 

I 
data have been plotted since, ., 
at the time of writing, it was 

5 IO 50 100 
-h (GeV) Y..., 

the only group to have corrected for Kg + 7~%- decaysIS---it is 
essential to plot only primary charmed quark multiplicities when 
comparing to data controlled by up and down quark radiation. The 
correction results in an average decrease of about .7 units in 

cnc$, Also shown on the graph is a fit to pp scattering multi- 
plicities corresponding to the form 

<rich> = a' In2 s + b' Rns + cl (2 * 91 

predicted as discussed on the basis of QED-like gluon radiation 
from separating color charges. More recently QCD calculations,12 
which include the gluon branching allowed by the three gluon 
coupling, have suggested a form in e+e- reactions 

<rich> = a + b exp [&77 ] (2.10) 

which provides an equally good fit to either e'e- or pp multi- 
plicity data; its use in pp reactions is not, however, perturba- 
tively justified.16 

Several cautions are necessary, however, in making a direct 
comparison between e+e- and other final states. First it should 
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be noted that, whereas e'e- annihilation need not have any 
baryons in the final state, pp collisions require two baryons in 
the final state and vp one. At least one attemptI has been 
made to correct for this effect; the procedure is to look at one 
hemisphere of a pp collision, measure the energy of the fastest 
proton in that hemisphere and define the available energy for 
remaining hadron production as 

E had ' Ebeam - Efastest proton (2.11) 

The multiplicity remaining in the one hemisphere is doubled and 
compared to e+e- data at 

2Ehad = G (2.12) 

These points are plotted in Fig. 5 as the pp-corrected points. 
Obviously there is considerable similarity between e+e- and pp- 
corrected <n,h> data. A similar analysis in vp scattering would 
be highly desireable. 

Returning to our discussion of models it is amusing to note 
that the simplest explanation of the similarity between e+e- and 
pp-corrected data would be to suppose that a picture such as 
Fig. 6(c) (in which a baryon fragment is added to a picture 
of the mechanism Fig. l(c) type) was controlling multipli- 
city production in the presence of a le,ading proton rather 
than Fig. 6(a) based on Fig. l(a) (gluon exchange). In Fig. 6(c) 

the remaining particle 
production in the 
leading proton hemi- 
sphere is controlled 
by quark-color triplet 
radiation, assuming q' 
is fast, and should be 
closely related to 

Fig. 6. Final states 
appropriate to fast 
baryon production 
in pp collisions 
following: a) gluon 
exchange; b) "sea" 
quark exchange; and c) 
sea quark absorption 
by a valence quark. 
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e+e- particle production. This should be compared to Fig. 6(a) 
in which a quark and antiquark in an octet state remain in the 
same hemisphere as the leading proton and similarity to radiation 
in e e + - annihilation requires that the quark interacting with the 
gluon be slow; the quark-antiquark octet state cannot radiate as 
a coherent unit because it would do so with an effective octet 
color "charge" which is higher than the triplet "charge" appro- 
priate to the e'e- annihilation final state. However, as dis- 
cussed with regard to the mechanism of Fig. l(c), the picture in 
Fig. 6(c) leads to forward-backward correlations in fragmentation 
which are not observed. Fig. 6(b) (analogous to Fig. l(b) could 
also lead to e+e--like color triplet radiation provided all the 
quarks in the spectator triplets act coherently, i.e., q' and S' 
are fast. Unfortunately, as discussed in Sect. III, in this same 
coherent approximation the backward and forward fragmentation 
distributions fail to factorize, in disagreement with experiment. 

Thus a seemingly simple experimental result requires a 
rather sophisticated explanation. In the. octet gluon-exchange 
model which agrees with the factorization and fragmentation dis- 
tributions (Sect. III) the interacting quark of the final state 
octet jets must be very slow moving. 

A similar experimental observation to that discussed above 
is that18p19 

<n> 
"P 

= i!j <n>e+e- + $- a> 
PP 

(2.13) 

all evaluated at the same W. This suggests that one of the pion's 
valence state quarks is absorbed by the collision with the proton 
target (analogously to Fig. l(c)) leaving a jet in the forward 
direction consisting of just a single quark as in e+e- annihila- 

.tion. Once again this picture predicts a violation of factoriza- 
tion for the forward backward fragmentation distributions. A *P 
mechanism analogous to that shown in Fig. l(b) with q' and ?i' 
fast would also yield the above type of formula, but this mechan- 
ism will be shown to disagree with fragmentation distributions in 
Sect. III. The only way to understand the fragmentation results 
is in terms of the gluon exchange approach, Fig. l(a). The above 
multiplicity result requires in the context of this mechanism 
that the interacting quarks in the pion and proton Fock states be 
very slow. 
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A more direct test of models is to look directly at dn/dy 
at y=O. This is done in Fig. 7(a). The only available high 
energy e+e- data is that from TASS020 and is uncorrected for 

K: 
+ - 

+-TIT. (In addition the raw (i.e., uncorrected) TASS0 data 
for <rich> appears to be above that from PLUTO and JADE.) 

4 
t 

l Thome et al pp a SLAC-LBL e+e- (a) 
0 Bell et 01 VP x TASS0 e’e- 

L 

20 

Bosile et 01 
.,‘F=63GeV 

TASS0 e’e‘ 

5 IO 15 

Ebeam Or Ehod I..,., 

Fig. 7. a) Plot of (dn/dy)ly=D, for various 
types of reactions20~21~22 as a function of W. 
b) Plot of dn/dxR at XR=O for pp-corrected and 
TASS0 distributions;17 xR is defined as 
xR=p/Ehad and xR=p/Ebeam, respectively. 

Nonetheless, it seems clear that the plateau in e+e- 
annihilation is higher than in pp collisions21 at the same &. 
This effect is reduced in size but still present even when one 
does the leading proton subtracti0n.l' This is illustrated in 
Fig. 7(b) where we plot dn/dxR at xR= 0 versus Ebeam (=Ehad). 
The TASS0 data rises more rapidly than the corrected pp points. 
If this persists after correction for Kg + ?r+?r- it is clear that 
models derived from Fig. l(b) type diagrams with q' and q' fast 
moving, so that the final state consists of radiating triplets 
of color, are in difficulty. A direct extraction of the dn/dy 
distribution in the pp-corrected case would be very helpful. 
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If dn/dy for the pp-corrected data persists in being lower than 
that seen in e+e- annihilation at the same Ehad value, then the 
simple explanations of the <n> similarity based on Fig. 6(b) or 
6(c) are clearly wrong. 

The observant reader will note immediately that the ratio 

[dnPP/dy] y=. / [dne+e-/dy] y=. = 5 (2.14) 

predicted for gluon exchange between slow quarks actually 
describes the raw (dn/dy)ly,6 data of Fig. 7(a) quite reasonably. 

Thus we seem to be led by a combination of experiment and 
theory to consider in pp collisions the gluon exchange picture 
analogous to Fig. 1 (a) in which the final state octet proton jets 
divide themselves into a slow moving triplet quark and a fast 
moving antitriplet diquark (plus possible gluons) ; each compo- 
nent radiates independently according to the discussion given 
earlier. This picture comes close to describing the <n> and 
dn/dy data. A particularly revealing prediction is that of a dip 
in dn/dy in the y near zero region once the plateau has expanded 
enough to reveal a l/cosh2y term (see Eq. (2.2)). Such a dip 
does appear to be developing in the Thome et al data,21 Fig. 8. 

t 
,53.2GeV 

In contrast the e+e- annihila- 
tion data should not develop a 
pronounced dip. In general, if 
a plateau does not show any 
structure as a function of y it 
is an indication that all the 
colored objects that form a 
given final state jet are moving 
with approximately the same 
speed. We will see another 

example of this when we discuss 
the dual model approaches. 

-lb 

. * OVl ’ ’ c’ 
012345 

P- 80 Y 1P.6.6 

Fig. 8. The dn/dy plots of 
Thome et a121 at various 
center-of-mass energies 
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C. Universality of the Particle Production Mechanism- 
Constraints from Deep Inelastic Scattering. 

Before proceeding further, I would like to return to the 
most important assumption underlying the preceding predictions. 
This regards the amount of color radiation or multiplicity pro- 
duction in a situation like e'e- annihilation, where the created 
q and q have the ability to be far off-shell, as compared to 
hadron-hadron collisions, where the final state quarks could con- 
ceivably be restrained from being far off-shell by the bound 
state wavefunction. In a naive radiation approach this off- 
shellness determines the upper limit, kmax, on the integral 
I dk/k. It is this upper limit which determines the plateau 

height. In the preceding we assumed that kmax grows as the 
total available energy in the system of separating color, 
k max= fW. In the naive radiation approach this requires that the 
exchange gluon, which establishes the initial color separation, 
carry a non-vanishing longitudinal momentum;2s even if the 
initial bound state quarks are on-shell this allows the final 
radiating quarks to be off-shell. While there is nothing to : 
disallow this it may be that this type of detail is taking the 
radiation model too seriously. Even if we have on-shell separa- 
ting colored systems it is clear that the gluon binding "string" 
or flux tube which joins them is being stretched and will break 
by creating q4 pairs. The number of such pairs is certainly 
proportional to the "charge" of the separating colored objects 
and is most naturally controlled by the amount of energy avail- 
able for stretching the "string". This non-perturbative picture 
would, thus, also predict that the plateau height is a function 
only of the available energy W of the separating colored systems, 
and that this function should be universal-independent of the 
reaction establishing the color separation. In the radiation 
terminology, the fraction f should be reaction independent. 

Fortunately experiment provides us with at least one testing 
ground for these ideas. This is deep inelastic scattering, e.g., 
vp scattering illustrated in Fig. 9. Here the quark struck by the 

W+ has the ability to be far off-shell prior to radiating (its off- 
shellness is generally a function of both W2 and Q2) whereas the 

7 Fig. 9. +Deep inelastic vp scattering 
Y.... in the W p center-of-mass frame. 
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diquark system (which includes, in general, possible gluons and 
qq pairs) is constrained by the bound state wavefunction to be 
essentially on-shell. As is well known this off-shell ability of 
the forward going quark (xF 
xF>O as W2 and Q2 

> 0) results in a rise in Cp$> for 
increase, whereas <p;> for xF< 0 is much more 

slowly varying,24 Fig. 10(a). In contrast the forward and back- 
ward multiplicities do not seem to exhibit such a marked differ- 
ence,24 Fig. 10(b). Instead they rise at about the same rate 

02 1 

o w 

< 0.24 - 
I/l/ I ,///’ 

al 0 - 
3 0 
/& 0.16 -o 0 O 0 0 0 
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. - 
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+ 
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- XF>O - XF<O - 

20 60 100 20 60 100 

W* (G&) 

4<W<lCJGeV 

..I w2 ‘“cGev21 
loo 0 IO 100 

0’ (GeV*) ,,~.,~ 

Fig. 10. We illustrate: a) the difference in 
<pT> in the forward and backward hemispheres 
of a 2p collision; b) the similarity of <nCh> 
in the x > 0 and x < 0 hemispheres; and 
c) the vgry weak d%pendence of <nCh> on Q2 
at fixed W2. 

with W2, the fixed finite difference undoubtedly attributable to 
the requirement that a baryon appear in the xFc 0 region. More 
importantly the plateau heights in the xF< 0 and xF> 0 target 
and current regions are the same22 and the average multiplicity 
and common plateau height are essentially independent of Q2 at 
fixed W2, despite the difference in the off-shell ability of the 
forward and backward systems. This is illustrated in Fig. 10(c). 
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Finally, the common plateau height22 is approximately the same as 
that seen in e+e- annihilation at the same W (see Fig. 7) imply- 
ing that the plateau height as a function of W is a universal 
function, independent of reaction-in the radiation model the 
fraction f is reaction independent. (Note that the separating 
colors are the same in the two reactions.) Note also that the 
complexity of the diquark system does not influence the produced 
multiplicity-as Q2 decreases at fixed W2, xBj decreases, the 
qS "sea" component of the proton becomes more important, but the 
produced multiplicity is unaltered at fixed W2. "Radiation" and 
resulting multiplicity are determined only by the color structure 
and available energy, W, in the final state. 

D) Comparisons between mp, pp and pp 

Turning for a moment to ap and pp reactions let us ask what 
the possibilities analogous to those considered in pp scattering 
would predict. If we employ gluon exchange and all final state 
jet quarks are fast moving there would be. little difference be- 
tween pp, np and pp predictions. In particular all dn/dy's would 
be the same at y= 0 (and 9/4 the dn/dy of e+e- annihilationlO) 
for the same available energy W. If the quarks which interact 
with the gluon are very slow then we predict that the Rn2W terms 
in <n> for 7~p, Ep and pp should all be the same but that the RnW 
terms would be different due to the differences in dn/dy at y= 0. 
Counting the number of qq or 49 vs qq interactions in the various 
cases we obtain from Eq. (2.2) 

dnPP dnmp dnpP 15 12.5 
dy : dy : dy 1 - 

v=o =-: 3 3 :10 3 
, 

(2.15) 

There is some experimental evidence25 for such differences; even 
the numerical factors are about correct. 

One may ask in the slow interacting quark approach whether 
the difference in pp, mp and pp plateau heights, as well as the 
smaller plateau height of, for example, pp relative to e+e-, 
should persist as the energy W increases beyond that presently 
available. The answer is model dependent. If the interacting 
quarks' momenta which are small at current W values become 
significantly bigger (as W increases) than their masses, then 
the picture would change completely; pp, ITP and pp plateau 
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heights all would become equal and 9/4 as high as the e+e- 
plateau height.10 

A legitimate question to ask is why the interacting quark 
should be expected to be slow. In general, it can be slow only 
if it has lost energy by gluon emission prior to the interaction. 
Thus the spectator system to the interaction must include gluons. 
These do not affect the total amount and distribution of radia- 
tion provided they are energetic. At present, however, there is 
no perturbative QCD argument that requires the softness of the 
interacting quark. Within the dual model approaches Regge theory 
predicts that the interacting quark should be soft and, as in the 
QCD model, this softness will be crucial to the phenomenological 
successes of the approach. Without further ado let us turn to 
the dual model picture. 

El The Dual Model Picture3~4~5726 

i> pp Collisions 
As reviewed in Sect. I, the QCD approach to multiplicities 

is rather different in spirit to that based on the dual Pomeron 
picture. To recall, the dual Pomeron approach views final state 
multiplicities as arising via the superposition of two color 
singlet 3-9 radiation channels. In this case it is most appro- 
priate to assume that it is the subenergy of each channel that 
determines the plateau height for that channel. Thus in pp col- 
lisions we have the final state picture of Fig. 11(a). 
collisions the picture is Fig. 11(b). (2q)a 

Fig. 11. Dual Pomeron model pictures 
for: a) the pp final state; and b) the 57 2 
mp final state. The momentum fractions + 

of the quarks in the forward and back- % 
ward moving bound state jets are indi- < z 
cated by x and z, respectively. 

(0) 
In pp collisions we superimpose (2q)B 

two deep inelastic (2q)-q type multi- < 
plicity patterns which, as we have seen, (I-2) -c 
are the same as the q-4 multiplicity 
pattern when W 2 2 2q-q = W q-9. The sub- e--- 
energies Wc2q),-q, and W(Z~),-~, are 

9-80 (b) 

GA > 
(I-x 1 

3948A11 

determined by the momentum distribution between quark and diquark 
in the incoming protons. A rough picture of dnjdy is given in 

For "p 

q A 

x > 

(2q)A 
> 

(1 -xl 

qA 

X 
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Fig. 12. To obtain a reason- 
able plateau height, 

(Wdy) pp < (dn/dyl e+e - , 

it is necessary that the di- 
quark carry significantly 
more momentum on the average 
than the quark. This has two 
effects : 1) the plateaus are 
then not centered on the ori- 
gin and their overlap is re- 
duced, and 2) the subenergies 

] 

yu-2) y(z) yw y(l-x) 

Fig. 12. A rough picture of the 
superposition of the two 2q-q 
plateaus. The rapidities of the 
source quarks and diquarks cor- 
responding to Fig. 11 are shown. 

and hence the plateau heights in each Zq-q channel are smaller 
than if the full W2 determined the plateau heights of each 
channel. Thus 

dnpp 
dy w2 

< 2 gJ-2q 
d y w2 <x(1 - - z>> 

Of course as W increases larger portions ‘of the two plateaus 
overlap and the inequality becomes an equality. This would cause 
a rise in the pp plateau height even if the e+e- plateau height 
were roughly energy independent. Including the observed rise in 
the e+e- plateau leads us to expect a very rapid rise in the pp 
plateau height at energies above those currently available; 
eventually the pp plateau height should be twice the ete- plateau 
height at the appropriate reduced W. 

Exactly how asymmetric the quark and diquark momenta are and 
how much energy is required to reach the asymptotic situation 
depends on the proton wave function. QCD analyses2? suggest that 
in the valence Fock state the distribution is 

G;,p (xl = x(1-x) 3 (2.17) 

The average value of x and other quantities would then be 

<x> = + 

<l-z> = 4 

<w2> q-2q = W2<x(1-z)> = $w’ . (2.18) 
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By reference to Fig. 7 we see that for ZO<W< 60 each q-2q pla- 
teau would have a height generally bigger than the pp plateau 
height. Even accounting for the lack of centering, it is not 
possible to make the superposition agree with the data. 

What has been done to achieve agreement is to take5 

G 
R 
q/P 

Q k (l-x)3 (2.19) 

i.e., to use a Regge-like form for the distribution function. 
As mentioned earlier the dual model picture suggests such a form 
and in QCD it could arise from the effects of radiating gluons 
from the interacting quarks prior to the collision. Let us ex- 
amine the consequences of Eq. (2.19). We find 

<x> = $ 

<l- z> = ; 

<W2> 8 w2 q-2q = 81 (2.20) 

Now the typical single q-2q plateau height (read off of the e+e- 
results) is roughly equal to the pp plateau height and the lack 
of overlap is much more extreme. Consistency is obtained in an 
"accidental" fashion. For numerical details see some of the 
other contributions to this conference. 

ii) TFP Collisions 
In -up collisions the use of the Regge form of G(x) becomes 

even more crucial. For a valence Fock state QCD predicts a sym- 
metric distribution such as 

G;,n (xl * x(1-x) 

whereas a Regge form would be 

GR 
q/r 

... $ (1 - x) 

(2.21) 

(2.22) 

Combining the valence forms of G 
4/P and Gq/lT yields a superposi- 

tion of the type shown in Fig. 13(a) (see Fig. 11(b)). This 

yields far too much overlap of the q-2q and qq plateaus and too 
high a ITS plateau height as well as a rather asymmetric dn/dy 
distribution. Employing Regge forms for the proton and pion 
wavefunctions creates the situation shown in Fig. 13(b) in which 
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y(l-z) Y(Z) \qe 6,Y(x) = y(l-x) 

c2I&,ex, lo) ;&; 

Fig. 13. Plateau pictures for mp collisions 
employing: a) valence distributions; and b) 
Regge distributions. In b) we must actually 
take the average of the pictures shown; in one 
%A is Regge behaved-in the other, qA. 

we average the results for a slowed-down Regge-like quark in the 
pion and for a slowed antiquark in the pion. This latter picture 
agrees approximately with experiment when the numerics are put 
in. One obtains (dn/dy)71p YEo l.2(dn/dy)pp at &= 20 in agree- 
ment with experiment. Asymptotically pp and mp plateaus have 
equal height. Using the valence forms for the pion and proton 
distributions would have produced a much larger ratio than seen 
for mp to pp plateau heights at current energies. For either 
the valence or Regge forms of the G's 

(2.23) 

with equality asymptotically approached. 
Like t& gluon exchange models, the above dual Pomeron ap- 

proach lacks naturalness in its explanation of the experimental 
similarity of the final multiplicity, when the leading proton is 
extracted, to that in eie- annihilation at the same Ehad, as 
discussed around Eq. (2.11). Extracting a forward leading proton 
converts the qB-(2q)A plateau to a reduced qB-qi plateau, see 
Fig. 14, but does not affect the other (2q),-qA plateau. It can 
only be accidental that the resulting multiplicity is the same as 
in a q?i e+e- final state at the appropriate EhadS There is a 
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WE 
< -+r e----- qa 

w* Fig. 14. The dual Pomeron 
-> proton final state in the presence 

of a leading proton. 

similar lack of naturalness in 
explaining the <n> 

TP 
observation of Eq. (2.13). 

Fl Points of Difference Between the QCD and Dual Pomeron 
Models and a Common Problem. 

It is worth emphasizing a few points of difference between 
the phenomenology of the dual Pomeron approach and that of the 

QCD "radiation" approach. At intermediate energies the pp pla- 
teau of the dual Pomeron model is typically characterized by a 
smoothed-out bump in the y=O region. Presumably this bump has 
not appeared at current energies because of the lack of overlap 
between the two plateaus of Fig. 12 and the fact that an integral 
over x and z is performed which smooths it out; but as the energy 
increases it should become apparent. In contrast the QCD 
"radiation" approach predicts that there should be a dip in the 
pp plateau in the y=O region so long as the interacting quarks 
are slow. If as the energy increases they eventually speed up, 
this dip should be filled in but a bump should not appear. 
Similar statements apply to ap and jYp collisions. Secondly, in 
boththe gluon exchange and dual Pomeron models at very high 
energies (when, presumably, the interacting quarks are fast in 
both approaches), the pp plateau height should be twice an ap- 
propriate e+e- plateau height. However, in the dual Pomeron 
model the appropriate e+e- plateau height to use is that evalua- 
ted at the reduced W as in Eq. (2.20) whereas in the gluon ex- 
change QCD "radiation" model the appropriate plateau height 
should be read off of e+e- data at the same total W. 

Before ending this section on multiplicity, I would like to 
return to the point that both the gluon exchange based models 
and the dual Pomeron models require that the interacting quark 
be much slower than the remaining spectator system (e.g., the 
"diquark" system in pp collisions). As already mentioned, the 
only way to obtain a slow interacting quark in QCD is if the 
typical Fock state of the colliding hadron is more complicated 
than the valence state; for example, a quark can slow down by 
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gluon emission-these gluons then become part of the spectator 
system. This presents a problem in both approaches. The gluons 
need not always be part of the spectator system. In the QCD ap- 
proach the diagrams such as shown in Fig. 2(a)-(c) where the ex- 
change or bremstrahlung gluon initiating the collision interacts 
with a gluon in the hadron Fock state should also be important.28 
In the dual Pomeron approach there seems to be nothing to prevent 
a hadron from separating itself into a gluon and an appropriate 
color octet spectator system. In either case the multiplicity 
patterns would, in general, be quite different than when a slow 
quark is controlling the radiation. In the dual model approach 
one would expect to have collisions in which the final state is 
a superposition of two color octet type plateaus, Fig. 15, with 
correspondingly larger plateau heights. The model's agreement 

Fig. 15. The final state struc- 
ture of the dual Pomeron model 
when the slowed down interacting gB 

(3qyt octet (%h=, 
gA 

particle is a gluon. e---J-----++-~ 
9 -00 > - 3948A11 

with experiment could easily be 
destroyed. Similar problems, though slightly less severe, arise 
in the QCD approach. These possible difficulties require further 
investigation. At the moment the models cannot be regarded as 
fully self-consistent; we simply assume that only the quark 
components of the colliding hadrons can be slowed down by the 
interaction. 

Finally, I would like to emphasize the great importance of 
attempting to demonstrate experimentally that radiation from a 
color octet actually is different from that of a color triplet. 
The only direct test requires the isolation of a gluon jet. 
There are a number of experimental situations in e+e- annihila- 
tion and high-pT jet production in which this may be possible. 
If a gluon jet does not produce substantially more multiplicity 
than a quark jet once its energy is large, then all the final 
state particle production approaches discussed here will need 
to be reconsidered. 
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111. Fragmentation Disturbutions 

A) Quark and Diquark Fragmentation 
We begin our discussion of fragmentation with a review of 

experiment and theory for quark and diquark fragmentation func- 
tions. A convenient experimental situation in which to examine 
them is 

vp + v-h+X 

The best data to date appear to be those from BEBC,22 Fig. 16. 
In the xF> 0 region where we have u 
quark fragmentation the standard 
result (xF measures the momentum 
fraction, x, of the hadron with 
respect to the u quark.) 

is apparent. Data from two other 
groups is shown in Fig. 17 22 for 
d-+n- which confirms this form for 
favored fragmentation from a quark. 
The same result is, of course, 
obtained in e'e- annihilation.30 

In the backward direction one 
has the fragmentation of a diquark 

; A ii Nucleus (b) 
,.o _ (20<W2s 100GeV2) 
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Fig. 16. The distributions of 
positive and negative hadrons in 
the current (u quark) and target 
(2u "diquark") fragmentation re- 
gions, xF > 0 and xF< 0, respec- 
tively of a vp collision. 

Fig. 17. Lorentz-invariant dis- 
tributions of negative hadrons 
in the xF > 0 and xF < 0 d-quark 
and ud-"diquayk" fragmentation 
regions of a vp collision. Also 
shown are corresponding 7 
nucleus results. These curves 
are from Ref. 29. 
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system. From Fig. 16. we obtain 

dNIUU) -+ n+ 
E - (1-x)2 (3.2) 

Fig. 17 shows a similar result for (ud)-+n-. Only the BEBC data 
allows a determination of unfavored fragmentation. From Fig. 16 

- (1:x)2 (3.3) 

and 
dNUU+ iT- 
aY - (1-x)3 (3.4) 

i.e., each is a single power higher than the favored fragmen- 
tation powers. 

il Point-Like QCD Fragmentation 

Before turning to the hadron collision situation it is 
worth reviewing our understanding of the above simple results. 
QCD makes specific predictions in all cases. From Fig. 18(a) 

lr+ 

// 

(a) 

lr- 

(b) 

(d) (e) 

” 

9-m (9) (h) 

Fig. 18. Various elementary QCD diagrams for: 
a) u+ri+; b) U+II-; C) U+IT- with only hadronic spectators; 
d) u-t TI- via p” decay; e) (uu)+IT+; f) (uu)+R+ via quark 
decay; g) (uu)-+T-; h) (UU)+IT- with only hadronic 
spectators; and i) UU+T- via p" decay. 
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we obtain31‘(without including spin effects) 

(3.5) 

Including spin yields an approximately similar form32 

(3.6) 

Fig. 18(b), the most elementary QCD diagram for a disfavored 
quark fragmentation,34 yields, in the spinless approximation, 

u+lT- 
% - (1-x)2 . (3.7) 

x+1 

The result including spin has not yet been computed. These two 
point-like QCD predictions are in substantial agreement with 
experiment. They can be summarized in terms of the counting 
ru1e33j34 

E- (1 - xl 
2nH + npL - 1 

(3.8) 

where n PL =the number of "point-like" spectators to the emission 
and nH =the number of "hadronic" spectators. Hadronic spectators 
are those quarks which are connected to other quarks in the emit- 
ted bound st,ate (or to quarks in an initial bound state, when 
present) by an explicit gluon exchange; in other words, hadronic 
spectators are spectator quarks which are internally connected to 
either an initial or a final bound state. In contrast, point- 
like spectators are those obtained by a bremstrahlung from an 
initial, incoming quark line. Thus in Fig. 18(a), nH=l, npL= 0; 
in Fig. 18(b), nH= 0, nPL= 3. A less elementary diagram for 
obtaining U+TT- is shown in Fig. 18(c). It employs a higher Fock 
state of the r- and has n H=3, npL = 0 yielding (1 - x) ' in disa- 
greement with experiment. This is the prediction of the earliest 
version of the spectator counting rules31 which did not take into 
account possible point-like emissions. The relative normaliza- 
tion of the contributions is not presently known but experiment 
clearly prefers the point-like emission diagram. A final mecha- 
nism for u+~- is via resonance decay u+p"+n-, Fig. 18(d), 
which also yields (l-x)', the same result as the point-like 
graph, Fig. 18(b). It is conceivable that the point-like 
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contribution is small and that all T- production comes from this 
source. Experimental attempts to resolve this question would be 
very useful. 

Turning to diquark fragmentation, the leading diagram for 
(uu) + IT + . is the point-like mechanism shown in Fig. 18(e), yield- 
ing (npL = 2,nH= 0) 

+ 
dN uu+ ll 

dx PL 
- (1 - x) . (3.9) 

A possibly important background diagram is given in Fig. 18(f), 
where a fast u quark decays to the observed n'; it yields 

(n H = 2,npL = 0) + 
dN uu-+v 
- 
dx H 

- (1 - x)3 . (3.10) 

Resonance o" production via the point-like mechanism followed by 
decay yields + 

dN uu+TT 

dx po - (l- x)2 . (3.11) 

The data appears to show some combination of these, but a precise 
determination of their relative weight is difficult. It should 
be noted that the possible presence of qij sea pairs and gluons 
in the fragmenting deep inelastic diquark system does not modify 
the leading power predictions above, provided these extra parti- 
cles participate in forming the TT'. On the other hand, if some 
are lost in radiation the uu-system which emits the IT' carries 
less momentum and finds it more difficult to make the 71'. This 
would result in contributions based on each of the above basic 
mechanisms with higher powers than for the leading diagrams. 
These contributions might be significant. As an example, suppose 
a complicated uu-system first emits a bare uu diquark which in 
turn fragments in point-like fashion to the observed v', Fig. 19. 
One must then compute dN/dx as 

Fig. 19. Fragmentation of a 
complicated uu-system to a 
bare uu diquark which in turn 
fragments to the observed v+. U" 

system 
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dN(uu-system) + r+ l dz 
dx 

= 
/ X 

zG uu/uu-system(zl GA+,UU(x/zl (3.12) 

The form of Gr+,uU(x/z) is taken from the point-like prediction 
of Eq. (3.9) as 

Gn+,UUWzl s., (1 - x/z) . (3.13) 

The form of G UU~UU-SyStem(~) depends upon the complexity of the 
uu-system; let us presume that it is z independent. Then 
Eq. (3.13) combined with Eq. (3.12) yields the observed spectrum, 
Eq. (3.2). Eventually as x+1 this mechanism must become less 
important than that in which all the gluons and q7j sea pairs 
participate in forming the pion, and we obtain the point-like 
answer of Eq. (3.9). 

For (uu)-+ TI- the point-like diagram is given in Fig. 18(g) 

(n H= 0, npL= 4) yielding3'+ 

dN uu+ IT- 

= PL 
- (1-x)3 (3.14) 

The diagram which yields the old spectator counting results31 
is shown in Fig. 18(h) (nH= 4, npL = 0) 

dN uu+ TT- 
- 
dx H 

- (l- x)7 . 

The possibility uu+p"+nr- of Fig. 18(i) yields 

(3.15) 

uu -+ ll- 

2 po 
- (1 -x)2 . (3.16) 

The data of Fig. 16. is most consistent with the point-like 
diagram result. In much of what follows we will adopt the point- 
like diagram approach for all fragmentations. One should, how- 
ever, keep in mind some of the above subtleties. 

Theoreticians should note that all diagrams shown in Fig. 18 
are actually the "Born" contributions. The theoretical analysis 
is done along the lines applied by Brodsky and Lepage35 to the 
pion form factor. The bound state ladder graph corrections to 
the "Born" expressions given above are inconsequential for semi- 
quantitative phenomenology. A bit more discussion will be given 
momentarily. 

ii) The Valon-Recombination Approach 
It is useful at this early stage to compare our x+1 QCD 

approach to the QCD based Valon apprach to fragmentation. The 
idea there is that the physics which dominates as x-+1, while 
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appropriate in the limit, does not correspond to the dominant 
physics at moderate x. Consider the example of u quark fragmen- 
tation to a rr+. The recombination approach is based on the dia- 
gram shown in Fig. 20. Here the initial quark (created by a 
momentum transfer Q2 probe) has its linear momentum degraded from 

Fig. 20. The basic diagram for 
quark fragmentation to a pion. 
Intermediate radiation occurs at 
locations 1, 2 and 3 which will 
be used to label distribution 
functions in the relevant 
equation, (3.17). 

I 

Q2 

P-80 

1 to y by gluon radiation. It then emits a hard gluon of momen- 

tum transfer k2 and linear momentum y-z leaving behind a quark 
with linear momentum z. The (y-z) gluon and z quark now radiate; 
the z quark yields a final quark of linear momentum x1 at momen- 
tum transfer scale Qi while the (y-z) gluon yields an antiquark 
of linear momentum x2 at momentum transfer scale Qi. The formu- 

la reads (x1+x2 is the TT momentum) 

x 
3 

(3.17) 

The subscripts refer to the various radiation blobs in Fig. 20. 
The radiation G's are the solutions to the standard evolution 
equations describing the quark content of a primary quark or 
gluon. The k2 variable of the hard gluon relative to the initial 
Q2 or final Qi momentum transfer scales sets the amount of evolu- 
tion allowed in each of the G's. The P q,q(z/y)a(k2)/k2 factor 

describes the emission of the hard "pair creating" gluon. The 

momentum of the final pion is x1 + x2. As (x1+ x2)+1 all three 

G’S are forced to their end points (y+l, xl+z, x2+y-z) and 
their are two integral convolutions in (3.17) each of which 
yields an additional single power suppression in the limit. 
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The ps/s 
distribution is not forced to its end point. Consider 

for example the particular k2 value of k2 = Qi. Only G qiq(~3 has 
any evolution. The other G's are given by their lowest order 
expressions. We have, roughly, 

G q,q(Yl 3 (1-x1-x2) 
t(Q2,a,2) - 1 

Gq,q(xl/~) => (1-x1-x2)-1 (3.18) 

where (A=the standard QCD parameter) 

E(Q’>Q;) = &q Rn Ln[Q2/A2] 

Rn [Q2,/n2] 

is the standard evolution parameter. Combining the above with 
the two extra powers of (1-x1-x2) coming from the two convolu- 
tions yields (with x= xl+ x2) 

dN q -+ TI x-+1 E(Q’,Q;> + 1 
dx - (l-x) 

For Q= 5, A = .5 GeV and Qo= .5 GeV, 5 is z 1 and 

dN 9+-r 
JY - (l-x>2 . 

(3119) 

(3.20) 

Thus all the convolutions and radiations combine to give reason- 
able agreement with experiment. 

It should be apparent that the diagram of Fig. 20 is not 
much different from the QCD "Born,' graph of Fig. 18(a), which 
yields the point-like counting rules. In fact if we merely 
neglect the evolution factor, 5, both approaches would yield 
(in the spinless approximation in which we are working) the same 
power law behavior 

dNq-+' 
a?? x;l (1-x) . (3.21) 

This phenomenological similarity does not mean that the physics 
is the same. To understand the relationship between the two 
approaches one first notes that if the x2 quark in the pion of 
Fig. 20 is more or less on-shell (as it must be in a bound state) 
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then as x2+ (y-z), as required in the xl + x2-+1 limit, the gluon 
k2 is actually not a free parameter but is determined by 
(1-x1-x2): 

kZzd&. k: 

l-y-z 
1-x1-x2 

(3.22) 

where k 1 is a typical constituent transverse momentum. As 
x,+x9+1. k2 eventually becomes as large as Q2 and radiation at 

The radiation at sites 2 and 3 is still 
obtain 

‘ ’ 

s;te 1 is suppressed. 
allowed and one would 

dN 
dx 

9-+T 
- (l-x) 1 + X(k',Q;) 

Valon 
(3.23) 

from the diagram of F ig. 20. That is, the damping as x+ 0 is 
stronger than that for the diagrams without any extra gluon 
radiation, Fig. 21, in which only internal bound state ladder 
graph corrections are allowed. These graphs yield the point-like 
result Eq. (3.21). Thus as x+1 the "exclusive" graphs of the 

Fig. 21. The general "exclusive" graph for XI 
q-fn in which no excess gluon radiation 71 
appears. .*' x2 
type shown in Fig. 21 d'ominate37 over graphs 
of the "inclusive" type considered in the 
Valon approach, Fig. 20, where extra gluon Q': ,-" lil8‘?. 

radiation (leading to extra 5's in the pow- 
er law) from the basic "Born" graph is allowed. Which type of 
graph dominates at moderate x is a matter of normalization; only 
as x+1 can it be definitively proven that "exclusive,, graphs 
dominate. Rough estimates suggest that at x= .5 the two types 
of graph contribute approximately equal amounts to the q+r dis- 
tribution. Other comparisons between the two approaches will ap- 
pear later.. The above q+-ir example is simplest as no possibly 
unknown "primordial,, distributions enter into the comparison. 
This will not be the case in considering hadron jet fragmentation. 

Bl Hadronic Collision Fragmentation 

i) The Dual Model Approach3,4,5 
It is now possible to discuss systematically the fragmenta- 

tion distributions for purely hadronic collisions. It is conve- 
nient to begin with the possibilities which arise in the dual 
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Pomeron model approaches. In the extreme first considered by 
Anderson et a1,3 the diquark in the proton carried all the momen- 
tum of the proton and the quark had none. The fragmentation 
spectrum of a meson from a proton would then be equal to that 
from a diquark (or more generally a diquark system including 
gluons, etc.) 

&,PP -+ TT 
5 

_ g2q+: (3.24) 

We have seen that deep inelastic scattering measures the fragmen- 
tation spectrum of a diquark-system with the result that 

dN(2q-system)-+r 
aF; - (l-x)2 (3.25) 

for a favored fragmentation; the power could be lower for a pure 
diquark. The proton data for pp-t~r + does not agree with this. 
Instead we find experimentally 

dNPP+'+ _ (l-x)3 
dx (3.26) 

Typical data is shown in Fig. 22. 38 A small mixture of a higher 
power is required to fit the data with complete precision, but 
certainly the lower power of Eq. (3.24) is ruled out. 

Of course, in a more realis- 
tic version of the dual model ap- 
proach, it is recognized3p435 that 
some penalty must be payed if the 
diquark is to carry all the momen- 
tum. In fact there is a distribu- 
tion of the diquark momentum rela- 
ted to the slowed-quark distribu- 
tion given earlier in Eq. (2.17) 
or (2.19). One must convolute the 
distribution of the diquark inside 
the proton with the fragmentation 
distribution for a pion inside a 
diquark, see Fig. 23(a). 

Fig. 22. Comparison of invariant 
cross section for pp+~', K-, K+, 
X-, from Ref. 38. Single power 
curves are drawn. 
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quark 

Fig. 23. Diagrams for the two stage 
picture of pion emission from a scat- 
tering proton. In a) all the momentum 
not carried by the slowed quark is 
carried by the diquark which in turn 
emits the pion. In b) the diquark does 
not carry all the left over momentum; 
some is lost in gluon radiation. 

The resulting pion distribution is 
given by 

dNP'T = 
s 

'dz 
ax TGZq/p(Z) GTr/2q (x/z) . (3.27) 

X 

By symmetry we have 

Gzq/,(z> = ~q,p(l-z) . (3.28) 

where 6 
q/P 

is the distribution of the quark left behind by the 
2q emission from the proton. If we assume that in a hadron col- 
lision there is no emission from the quark line after the diquark 
system, which radiates the pion, has been isolated then t 

q/P . 
should be identified with G q,p of Eq.- (2.17) or (2.19) describing 
the distribution of momentum for the slowed quark. This, however, 
is not generally true. The quark can in general radiate addi- 
tional gluons, subsequent to the proton's emitting the diquark 
system, and be further slowed down. This possibility is illus- 
trated in Fig. 23(b). Thus Gq,p is the quark distribution prior 
to the additional gluon radiation. Based on QCD, i 

9/P 
should be 

closely related to the valence Fock state quark distribution, 
Eq. (2.17), and 

G2q,p(~) = Gq,p(l-~) = G;,p(l-z) = z3(l-z) ; (3.29) 

whereas G 
9/P 

after the radiation could have the Regge or other 
x+0 singular behaviour of Eq. (2.19). 

Thus from a diagrammatic QCD point of view one should employ 
G ,/,,(x/z) as given by the point-like distribution Eq. (3.9) and 
use 

G2q/P 
as determined in QCD for the valence quark distribu- 

tion, Eq. (3.29). This yields a pion distribution, from 
Eq. (3.27), of 

gip+Y= I' g [(bz)z3] [(l- f)] 
(3.30) 

xtl (l-x)3 . 
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The convolution supplies the extra power. This result agrees with 
with the data. It could be argued that the experimental result 
for G 

r/2q' 
Eq. (3.2), as measured in deep inelastic scattering, 

should be employed yielding a phenomenologically less successful 
form 

P-CT 
E - (l-x)4 (3.31) 

h 

when combined with the valence form of G 
q/p' 

This is not ob- 
viously correct, however, as the 2q-system in deep inelastic 
scattering is, on the average, much more complicated than the 
simple diquark appearing here. The effect of this was discussed 
with regard to Eq. (3.12). 

In the literature the dual models5 have taken the Regge form 
for ^G 

4/P 
and the spectator counting rule form of G 

n/zq 
Eq. (3.10). This yields 

P-+T 
2 > 

3 
l-$ xtl (lmx)3-5 (3.32) 

which is also not in bad agreement with experiment. Using a 
Regge form for Gq,p might actually be appropriate if the radiated 
gluons of Fig. 23(b) were to be considered as part of the diquark 
system and if one used an appropriate form for G a/Zq-system (in 
place of GTF,2q in Eq. (3.27)) which accounted for the more com- 
plicated nature of the diquark system radiating the pion. Fur- 
ther theoretical analysis of this possibility is needed. The 
(l-z)-% behavior of G2q-system/p arises via a superposition of 
proton Fock states with different numbers of radiated gluons; 
as z+l the Zq-system which, in this alternative, is to include 
these gluons is growing in complexity and G r/Zq-system is chang- 
ing. The convolution analogous to Eq. (3.27) is thus very sub- 
tle. As x+1, QCD predicts that the point-like contribution 
based on Fig. 23(a) and discussed earlier should dominate but at 
moderate x contributions involving complicated diquark systems 
could be significant. 

ii) The Gluon Exchange with Point-Like QCD Emission 
Approach34 

The gluon exchange QCD model basically operates in the 
fragmentation region much like the dual Pomeron model. In proton 
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fragmentation to a pion one has a proton-like 3-quark state 
traveling in the forward direction which then emits a pion using 
a point-like QCD bremstrahlung process. The leading diagram is 
that given in Fig. 24. There are nH=l 
hadronic spectators and npL= 2 point-like 
spectators with the result 

dNp+= 
a5-c - (l-x)3 . (3.33) 

e - IO 1P.l.l. 

As we have seen in discussing Fig. 23(a) Fig. 24. Leading QCD 
this same result can be equivalently diagram for TT emission 

from a oroton state. 
viewed as a two stage process of: 1) 2q 
emission from the proton according to the QCD predicted valence 
distribution of Eq. (3.29), and 2) pion emission from the 2q 
according to the point-like QCD bremstrahlung prediction of 
Eq. (3.9). The nH,npL counting rules simply summarize the re- 
sults of such a calculation. Thus, in principle, the two 
approaches are completely equivalent as x+1. At moderate x 
the Regge behavior subtleties, as discussed previously, may lead 
to some differences in practice. 

iii) The Valon Mode13' 
The valon model is. also very closely related to the previous 

two approaches. The proton, as in the dual model and gluon ex- 
change theories, is viewed as be- 
ing essentially undistrubed by 
the hadron collision mechanism; 
fragmentation of the pion is 
viewed as the recombination of a 
quark and antiquark which are 
contained within the proton 
state. The dominant basic dia- 
gram is given in Fig. 25(a), a 
contribution to which is drawn 
in Fig. 25(b). The similarity 
to the point-like diagram of 

Fig. 25. The Valon picture of 
pion fragmentation from a proton 
The general diagram is drawn in 
a) and a specific contribution 
analogous to Fig. 24 is shown 
in b). 

(a 

9-m (b) 
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Fig. 24 should be obvious. One calculates the pion distribution 
predicted by Fig. 25(b) as a convolution of: 

a) the distribution of the three valons of 
momentum x1, x2 and x3 in the basic proton, i(x 1,x2,X3); 

b) the probability for valon 1 to have momentum 
yl after some QCD determined radiation, Gqjq(yl/xl); 

cl the probability for valon 2 to have momentum 
y2 after some QCD determined radiation G ,,,(y2/x2); 

dl the probability for hard pair creating gluon 
emission of momentum w, P g/q(w"/Y2); 

e) the probability G4,,(z2/w) for the hard gluon 
carrying w to radiate a < of momentum z2; 

f) the probability Rx(yl,z2) for the yl-quark and 
z2-antiquark to recombine to form a pion with momentum x. 

Each of the G's is taken to have a QCD evolved form and P g/q is 
taken to be given by the QCD Born expression. The only unknowns h 
are the original valon distribution G and the recombination 
function R which are adjusted to agree with deep inelastic and 
e+e- annihilation data. The x+1 behavior is not sensitive to R 
except as to normalization. The form of G is important. QCD 
predicts2' that as x3 is forced to 0 (required when x+1) 

h(x1,x2,x3) a x1x2x3 6(1-x1-x2-x3) (3.34) 

which is equivalent to the valence diquark distribution 

G2q/p(z) = Jdxldxz dx3 S(z-x1-x2) G"(xl,x2,x3) 

s 

2 
= 

0 
dxl xl(z-x1)(1-z) 

= 23(1-z) (3.35) 

quoted in Eq. (3.29). In fact if we neglected the evolution in 
each of the G's of (b), (c) and (e), above, and used this form 
of 6 one would obtain exactly'the point-like prediction for p+~, 
Eq. (3.33)/Eq. (3.30). This should be very reminiscent of the 
Valon vs. QCD comparison for q+n. If we turn on evolution in 
the G'S, as is done in the Valon approach, it is necessary to * 
weaken the damping contained in G(x1,x2,x3) in order to obtain 
agreement with experimental deep inelastic x+1 behavior and with 
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the p+" experimental distribution. The form 

G(Xl,X2,X3) z (x1x2)'08 x;12 6(1-x1-x2-x3) , (3.36) 

1 and x2 label the u-type valons and x3 the d-type valon, 
is used. This form has weaker damping than predicted in QCD, 
which compensates phenomenologically for the extra evolution in 
the G'S, yielding an excellent description of deep inelastic and 
pp+n data. As in the q+n discussion, in the strict limit of 
x+1, the "inclusive" radiation graphs of the type drawn in 
Fig. 25 and used in the Valon approach are suppressed3' relative 
to "exclusive" graphs in which no extra radiation occurs. The h 

where x 

weak damping form of G given in (3.36) would then yield 

dNP+nx+l 
dx - (1-x)2 (3.37) 

whereas the QCD form of 6 yields a prediction which connects 
smoothly to the observed data in the range .5 < x< .9. 

The slight differences between the three theoretical ap- 
proaches-dual model, QCD "exclusive" graphs, and Valon model 
("inclusive" QCD graphs)-should not obscure the fundamental 
similarity of all three,. In all three approaches a colliding 
hadron state is essentially undisturbed by the collision and 
then fragments according to QCD based graphs. As time progresses 
I expect more and more consensus concerning the exact numerical 
details of how to compute the various contributions represented 
by the above three models. 

iv) Summary of Gluon Exchange and Point-Like QCD 
Emission Results for all Fragmentations.34 

In the above model comparison I have, of course, focused on 
the single case of P+IT fragmentation. Each of the above models 
must address other fragmentations such as p+K-, K--+p, p-+K 
and IT-jr+, to name a few exotic cases. The phenomenology for 
the dual model and Valon approaches has been presented in other 
talks at this conference. Let me spend a few pages summarizing 
the status of the QCD "exclusive" diagram approach. As in the 
cases discussed so far one searches for the "exclusive" QCD 
diagram which predicts the minimum damping as the fragment momen- 
tum fraction, x, approaches 1. This power law, which can be 
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shown to dominate as x+1, is then compared to the data at large 

X, x>.5 . 
To illustrate let us consider the three cases mentioned 

above. The leading diagrams are shown in Fig. 26, along with 

, p 

n pL=4 “” =I ” PL=5 nH=O n pL=6 n,,=O npL=4 nH=O 

9-Y) (a) (b) (cl Cd) w.mm 

Fig. 26. Leading diagrams for the fragmentations: 
a) p+ K-; b) K-+p; c) p+x and d) rr-+~l~, respectively. 

the spectator numbers. Applying Eq. (3.8) we obtain 

(1-x)' p+K- 

(l-~)~ K- +p 

(l-x)5 p-tTi 

(l-x)3 TI--tlr+ 

Averaging the various experimental results40 we have 

(1-x)5*5 p+K- 

(&x)~ K-+p 
dN - 
dx Experimental (l-x)8 p+?L 

(l-x)3 Tr- +lT+ 

(3.38) 

(3.39) 

Except for p+ll the predictions of the leading QCD diagrams are 
remarkably similar to experiment. Particularly noteworthy is 
the predicted and observed difference between p-,K- and K--tp 
which would not be anticipated in the earlier multiperipheral 
and triple Regge theories where the controlling (exotic) tra- 
jectory should have been the same in the two cases. The p+?i 

failure should not, as we have learned, be taken as a failure of 
QCD but rather as a failure of the leading QCD diagram, which 
dominates as x+1, to dominate at moderate x where the measure- 
ments are performed. A failure of QCD requires observation of 
a weaker power law than that predicted by the leading diagram. 
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A global summary of data available prior to this confer- 
ence'+a together with the leading QCD diagram predictions is 
given in Fig. 27. In Fig. 28(a) I show sample data presented at 

GLUON EXCHANGE + POINT-LIKE SEA 

I I I I I I I 1 

a+-K+ 
K--K- 

K+-r+ 
K--r- 
K--K’ 
a--K’ 
rr+-v 
K+-K” 

P-A*hlbZa 
K+, K-- + 

7r+- P 
V---p 
K+- p 
K---F 
lr-- n 
lr -n,Ti 
K--h 

Tr-- p 
7r+--i 

P-B + 

F - 7r- 
P--V 
p - K+ 
s+- 7r- 
7r-- 7r+ 
r+- K- 
T-- K+ 
K+- r- 
K---r + 

T-+,77 +-4 

p - 7r- 

i - 7r+ 
P - K” 

P - K- 

K- - p 

p - K- 

P---b 

P--Z 

P-+ 

0 Cuttr 
0 Saudroix 

0 Edwords 

A Bockmann 

n Lockman 

V Singh 

A Bodier 

0 Hungerbuhlar 

0 Bourquin 

0 Johnson 

v Brurr*lr 

0 Aachm 

+ Alpsr 

A Ajinenko 

0 DoWolf 

0 I 2 3 4 5 6 7 8 9 

3 -80 "tr.wnm.twJn ,*05*9 

Fig. 27. A'summary of experimental results40 and theoretical 
predictions in the gluon exchange model for all available single 
particle fragmentations. Here solid lines indicate predictions 
for gluon exchange and point-like pair creation. Broken lines 
indicate that one unit has been added to the naive point-like 
prediction because a proton's d-quark is used in the fast 
fragmentation. 
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I 
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n n4T \ 1 

{ 0.: k K+-K” 
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Fig. 28(a). 
We show forward 
and backward 
fragmentation 
distributions 

: obtained in K+p 
interactions. 
The solid lines 
indicate the 

: range over 
which fits were 
actually per- 
formed to obtain 
n in (l-x)n. 
K-p interactions 
were also 
measured. 

9-m 0 0.5 0.8 0.95 0.99 0 0.5 0.8 0.95 0.99 
39.8128 -x x 
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Fig. 28(b). We show the comparison between the leading 
QCD diagram x+1 power law predictions and the above 
experimental determinations of n. The dotted lines 
indicate the theoretical predictions. 
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this conference'+l together with some power law fits and compare 
the fitted power law to the leading QCD predictions in 
Fig. 28(b). The over all agreement seems quite good. The 
slightly low powers for K fragmentation to a meson containing a 
strange quark can probably be attributed to mass effects related 
to the presence of one heavy and one light quark in the K meson. 
This leads to a distorted x distribution at moderate x which can 
explain the observations. 

VI Factorization and the Elimination of Various 
Alternative Models. 

So far we have focused only on three models in which back- 
ward and forward fragmentation regions factorize from one 
another. This is, of course, required by the experiment of 
Bobink et a1.6 They observe no correlation between two pion 
fragments, rl and n2, 
x;< 0. 

one observed with xi> 0 and the other with 
The experiment shows that in pp collisions 

; E1E2 da 

RF d3p1d3p2 =1 
1 El du 1 
0 - - 

d3pl ' 
E2 -F- 

d p2 

(3;40) 

to a good approximation. Let us compare this prediction of a 
gluon exchange model to expectations for a model of the Fig. l(c) 
type-valence quark absorption of a sea quark. If we produce 
'rrl and v2 fragments the leading diagram is illustrated in 
Fig. 29 for a pp collision. 'Assuming that q' is slow and should 
not be counted among the spectators, the nH and npL values are as 
shown. We obtain after symmetrizing (xl E Ix:], x2 z Ix:]) 

=2 Fig. 29. The leading diagram 
for pp collisions producing a 
forward and backward pion 
simultaneously when the 
collision mechanism is of the 
Fig. l(c) type. 
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R = (l-xd(l-x2 I3 + (l-xz>(l-xl)" 

P-x1) (l-x2> 

= (l-x2)2 (1-x1)2 (3.41) 

which violates factorization badly. Note that for the single 
variable cross sections we must use the leading result, given by 
the top half of Fig. 29, which yields (npL= 2) 

dNP+ = 
ax - (l-x) (3.42) 

which is also in disagreement with experiment. If the q' specta- 
tor were to be considered part of the backward jet, i.e., if it 
is speeded up so as to move with its neighbors before the frag- 
mentation occurs, nH would be increased by one unit in the back- 
ward direction and the violation of factorization would be even 
more severe. Thus the experimental observation of factorization 
appears to rule out this type of hadron interaction diagram 
which, as discussed in Sec. II, yields the most natural explana- 
tion of the leading proton and rrp multiplicity relationships 
discussed around Eqs. (2.11) and (2.13). 

The other interaction mechanism capable of explaining the 
multiplicity regularities, referred to above, in a natural way is 
illustrated in Fig. l(b). As discussed in Sec. II, in order to 
explain the regularities, the q' and c' quarks must both be fast 
so that the forward and backward jets are radiating as color 
triplets, see Eq. (2.7). In this case the fragmentation picture 
for pp collisions is shown in Fig. 30. From the leading top 

\ . 

P < nH=2 , 
kc 1 

Fig. 30. Fragmentation to a 
7 forward and backward pion when 

q' _ 
-t q the interaction mechanism is the 

\ exchange of a sea quark as in 
nH=2 > \ 

2 
Fig. l(b). \ 

\ 

YL T 

: P 
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half of the diagram we obtain 

PP+ 71 
;Edo dNP+' 

d3p 
=dx - (l-x>3 (3.43) 

in agreement with experiment; but for R one obtains (after 
symmetrizing) 

R = (1-x1)3 (1-x2)5 + (1-xl)5 (l-x2)3 
(3.44) 

(1-x1)3 (1-x2)3 

which, again, strongly violates factorization. Only if q' were 
slow and 4' fast would we obtain factorization; but this would 
destroy the desireable multiplicity pattern discussed in Sec. II. 

IV. Summary 

Thus, in final summary, the only QCD interaction mechanism 
capable of producing reasonable results for the multiplicity, 
correct power laws for fragmentation functions, and forward- 
backward fragmentation factorization is the gluon exchange 
mechanism illustrated in Fig. l(a). The other phenomenologically 
successful approaches to both.the multiplicity and the fragmenta- 
tion region have many features which are quite similar to the 
combination of this elementary QCD interaction mechanism with 
point-like emission diagrams for fragmentation. Theorists need 
to devote additional effort to justifying these simple pictures. 
The most nagging problems are: A) the role played by higher 
Fock states of the colliding hadron-these contain gluons which 
can scatter in a way which complicates the multiplicity pictures; 
and B) the role played by multiple exchanges in the elementary 
QCD exchange approach. 
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