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Abstract 
t 

A simple quark-antiquark recombination model is 

used to predict some features of two-particle inclusive 

cross sections in the fragmentation region in soft hadronic 

processes. We compare .+ cross sections observed at Feynman 

xb in.association with various "trigger" particles (at xa) 

and discuss the dependence of the cross sections on an 

approximate scaling variable xb • xb/(l-xa). Data from 360 

GeV/c w-p interactions are consistent with our predictions. 
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The quark-parton hypothesis has been used successfully to describe "hard" 

processes such as the production of high-mass meson and 1epton pa irs and of 

hadrons at large transverse momentum. These processes involve the hard 

scattering(l) of two elementary constituents (parlons). For example, these 

two partons may undergo elastic scattering, followed by quark "decay" (frag

mentation) q + h + X to produce a particular hadron h. 

It is natural to ask whether quark-parton effects also appear in "soft" 

(small momentum transfer) processes -- as one would hope if·perturbative 

Quantum Chromodynamics (QeD) is indeed appropriate for stron9 interactions. 

Recently, the relevance'of the parton model to low PT inclusive reactions has 

been demonstrated.(2-4) It has been shown (3) that in this reaion, the 

conventional quark fragmentation approach predicts a cross section which is too 

small in magnitude and which falls too fast with Feynman x, as a result of the 

convolution of the structure and fragmentation functions. However, a simple 

quark-antiqUark recombination model describes the data very well.(3) 

Here we show how two-particle inclusive reactions can be used to further 

probe the quark-parton structure of interacting hadrons. We consider the 

fragmentation process 

A+ B+ a + b + X, (1) 

where a and b are low Pr fragments of A, each carrying a finite fraction 

(x ' xb) of the longitudinal nun,clltum of A In the center of mass. Reaction (1) a 
can be thought of experimentally a.. follows: we "trl!lC1cr" on a fast hadron 

of a particular type at xa ' and study the cross sections, or ratios thereof, 

for hadrons of various types at xb' Since little has been done on two-particl~ 

correlations in the fragmentation region, we discuss the qualitative aspects such 

as particle ratios and scaling, which arise from the simplest possible assUMp

tions, rather than questions of detail. 
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fn the quark recombination model for single meSon production in the 

fragmentation region.(Z-4) a valence quark f~ A combines with a sea anti

quark to fonn the detected meson !. at. Feynman xa' Hence 

F~/A(xa)  • ~ *a • rjdll ldIl2fqij/A(Xl,X2h.(xItX2) 4(Xl+X2-X.), (2) 

where the sum runs over the permutations of qq with the quantum numbers of JIlt 

fqij/A(XItX2) is the probability to find a quar'X .t Xl and an antiquark .t Xu, 

and ta(Xl'Il2) is the probability for the qij system to fonn!. Multi-quark or 

quark-gluon components in the wave function are assumed to be negligible. or 

else to be included in an average way as two quasi-quarks. Since the sea 

quarks are concentrated near x-D. FaiA(Xa) will be approximately proportional 

to fq/A(x ), the probability of finding q at x. in A~5) An eauation similar toa
Eq. (2) can also be written for particles formed by the fusion of two sea partons. 

However this sea-sea contribution should be unimportant at large xa unless the 

valence-sea recombination mechanism is not allowed by the quantum numbers. 

The extension of the quark recombinatfon approach to double fragmentation 

processes is straightforward.(6) Assuming that A is a baryon, and its detected 

fragments! and ~ are mesons, we write 

Fab/A(xa,xb) ii ~  dX:~~b··l:JdXldX2dX3dX4fqijqii/A(Xl'X2,X3,x4}fa(Xl'X2) tb(X3,X4) 

a(xi + Xz - x ) a(x3 + x~ - xb) (3)a

Since the momentum fractions of the sea anti quarks are strongly concentrated near 

X• 0, the integrals over the sea anti quark momenta can be evaluated by setting 

Xz • X_ • O. Hence we can approxfmate Eq. (3) by 

Fab/A(xa,Xb) ~ fqQ/A(x.,xb)· (4a) 

In deriving Eq, (4a).'we assumed! and ~ to be mesons while Awas a baryon. 

Asimilar formula applies, if all three particles are mesons. If! and Aare 

baryons whfle ~ is a meson. an equatfon similar to Eq. (4a) again applies. 

but. second mechanism is .lso possible in which two valence quarks from A 

combine with a sea quark to form!. Hence 

(4b)F~b/A(xa'Xb) ~JdXldx2 fqqq/A(Xl,X2'Xb)a(XI + x2 - Xa)' 

Next we discuss a possible scaling varfable to describe the momentum 

distribution of particle ~  In the presence of a trigger particle! at xa ' 

Following the Kuti-Wefsskopf model (7) where the parton momentum distributions 

are determined by Regge behavior and phase space. one can derive a scaling 

relation of the form 

fqq/A(xa,Xb) - g(xa) h(xb), (5) 

with Xb • xb/(l-x ), the ratio of the longitudinal momentum of ~  to itsa
maximl.m value. Since the u and d dhtrlbutlons in the proton are known to be 

different, the Kuti-Weisskopf model mllst be modified. This makes Eq. (5), 

therefore. only approximate. 

We now use th?se resul ts to make some sped fi c predi ctions of thi s model. 

Consi der the incl usi ve two-partl cle (ragl",!n ta Unn of a proton. In particular. 

let the trigger particle be a KO (-ds), .~("'u;1)  or 11- (adu) and let the second 

particle be a 11+. Since in the proton fralJUlcntatlon re'llon the trigger hadrons 

are produced from the valence d or u quarks, according to Eq; (4a). the 

probability that the 1I~ is produced at xb fn association with a KO, II· or .

at x is ~fuq/p(xa.xb)  In all cases. The notludllHt.lon Is however differenta� 
for the various cases and dep~nds on th,1 n~ lilt Ive dbund,)flCe of s,ii and U� 

quarks in the sea. Since fn all cases the second (••) meson contains a valence 
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q quark which was part of a diquark pair, we predict that the average nll1lber of 

.+'5 a~ib  per trigger .- (n.-) at x fs equal to the average number of .+'5a 
per ..0 trigger (n..o ) and is twice the average nllllberof?'s per .+ trigger 

(n:). The last equatfty occurs because the valence diquark left over with • 

.+ trigger is ud rather than uu. 

'These.predictfons aSsume that the average number (m) of each species 

(u,a,u,d) of sea quarks available for recombination is large (m»l) so that 

the probability of a second valence quark pi eking up e1th.r a uor a: SII qUirk 

is independent of the quantum numbers of the trigger. In general however we 

"find from simple comblnatorics 

- 2ln (-) m (- ) " n - : "-"""" nKo ::::-T 2n + • (6)
11 WI-' m-. w 

Wherewe have ignored the (small) probability of recombination of a valence 

quark with an i sea antiquark and any "dispersion in the sea qUirk multiplicities. 

In fact we expect mto be ~2-3 on the basis of the average pion multiplicity 

in the central region or by considering the fractional contribution of each 

species to the nucleon's momentum in the center of mass. 

To test these predictions we, have used data obtained by exposing the 

Fermllab JO-inch hydrogen. bubble chamber·wlde gap spark chamber hybrid system to 

a 360 GeV/c 11- beam.(S) Secondary protons with laboratory momentum less than 

1.4 GeV/c are identified visually by ionization. This approximately corresponds 

to xp ~ -0.3. Outside this region secondary fragments are only distinguished 
0+by their charge and have been assigned the pion mass. In additi~n, K + •• 
s 

decays have also been identified. In the above model we can assume that the 

K; in the proton fragmentation region are predominantly KO rather than 1-. 
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In Fig. 1 we show" -, Zn + and "Ko as a function of i + for various ranges
11 11 w" 

of trigger x ' We see that each of these quantities is approximately independent a 
of xa so that our prediction of ~  scaling holds remarkably well. In addition 

we note that the shape of these distributions is independent of the choice of 

trigger particle IS indicated by the cOlJl11On 11nes drawn through the data. 

(This provides evidence that we are justified in using the no-resonance 

approximation~6) as the resonance spectra in the 'It'll- or /Ko systems are q"uite 

different from that in the (exotic) 'lI+II+ 5ystem.) 

The data shown 1n Fig. 1 agree with the prediction of Eq. (6) that 

AfI- > "Ko > ZA +. The statistical quality of the data is such that we cannot 
II 

quote a prec:fse value for the ratios; however. the average ratios for Ixai > 0.2 

are consistent with "w-/oK" ~1.3 and oll-/2ow+ ~1.7. These ratios yield values 

of m (Z.2 and 2.4) which are consistent with each other and with our above 

expectations. 

Finally it is interesting to note that 2n•• rises above the common line for 

small Ixai and pCb" This is exp~(;ted  becduse as the tr1g!:ler •• particle mov£:s into 

the sea region. two (rather than one) valence u quarks become available to 
aform a 11+. For the fI- and K triggers two u valence quarks are always available, 

independen t of x ' a 
We have al~o obtained the two particle inclusive cross sections for pion and 

proton production in the target fra9n~ntation  region. These enable us to 

measure the relative importance of Eq. 4(a) and (b). 1.e. the relative probability 

for a seconda~  nucleon to contain one or two valence quarks. In Table l(a) we 

give the two-particle cross sections for a .- at x and a proton at xb. Wea� 
note that these data extend out to the kinematic limit Ixai + !xbl : 1 and� 

that 'the probability of finding a proton and a trigger .- is about 18:.� 
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independent of x (,,"') for 0.5 > Ixal > 0.1. (The value fora proton and .+ '. Referencesa • . 
trigger is 121.) For comparison. for untriggered events we find that 341 of 1'. R. D.Field and R. P. Feynman. Phys. Rev. ill. 2590 (1977). 

the inelastic events have an identified fragmentation region proton. In 2. N. Och$. Nucl. P~s. 8118. 397 (1977). 

Table I(b). the 'two-pirtitle cross sections for ,,"'(xa) and ~+(xb) are given. 3. K. P. Das and R. C. Hwa. Phys. Letters 688. 459 (1977). 
+ . 

Here ....e note that the. are produced al~st entirely at Ixai .. Ixbl < 2/3. 4. T. A. DeGrand and H. I. Miettinen, Phys. Rev. Letters 40, 612 (1978); 

T~e  data of Table I are also consistent with scaling in (x + xb) for Ixal. D. N. Duke andF. E. Taylor. Phys. Rev. D17, 1788 (1978).a 
Ixbl > 0.1. which follows from the simple Kutl-Weisskopf model (Eq. 3)~ 5. By (10r9itudinal) Lorentz invariance • cannot depend on x .. XI + x2'a 

The interpretation of the above seems' straightforward: the dipions are Since we expect ,(Xl'XZ) to depend on the longitudinal momentum fractions 

produced from two valence quarks according to Eq. (4a) and so. for most of the Xl/(Xl + xz) and x2/(xl + X2)' with X2 - 0 the arguments of • become fixed 
data Ixai + Ixbl of the two pions is <2/3. For ,,-(xa) P(xb).it appears that near one and zero respectively. Hence .(Xl'XZ) can be taken to be constant. 

Eq. (4b) describes the data. The ,,- is created from one valence d-quark and 6. Refs. 2-4 hav~made the no-resonance approximation that each meson at large. 

one sea u-antiquark. Whenever a proton is created. it is formed by the x contains one valence quark and that no valence quark gives rise to more. . 
recombinatio~ of the other two valence quarks and a sea quark. There does not than one fast secondary. Our neglect of resonances is consistent with the� 

appear to be a large probability that a single valence q~ark picks up two sea observation that pO decays account for only a small fraction of pions at� 

quarks to become a proton. On the other hand. the low percentage of events x ~ 0.1, see MpO(770) Production in ,,-p Interactions at 100. 200 and 360 GeY/c".� 

with both a fast proton and a fast ,,± trigger suggests that when one valence P. D. Higgins et !l., paper in preparation (1978).� 

quark'is removed in the trigger. the remaining two quarks tend to separate and 7. J. ~uti  and V. F. Weisskopf. Phys. Rev. D4. 3418 (1971).� 

dissociate into two mesons rather than pick up another quark to fonn a nucleon. 8. A. Firestone!l !l., Phys. Rev. Q!1. 2~02 (1976).� 

(Of course. to conserve baryon null'ber a baryon has to appeal' near x-O.) Since 9. H. J. Lipkin. Phys. Letters .45B.. 267 (1973); O. W. Greenberg and C. A.� 

one of the original motivations for postulating colored vector gluons was to Nelson, Phys. Reports 32C. 69 (1917).� 

bind the qq but not th~ qq system, we have a result consistent with QCD.(9)� 

In su~ary. we have shown that the qq recombination rrx>del. when applied to 

two-particle inclusive cross sections In soft hadronic processes. provides some 

simple predictions which appear to be satisfied by the data. 

We thank H. I. "iettinen.for a discussion which stimulated this investigation. 

This research was supported in part by the National Science Foundation and the 

U.S. Department aHnergy• 
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Table I� 

Cross Sections (mb). d2o/dxadxb' for w·p + w·pX. ~·w+x at 360 GeVle� 

Ixa("·)1� 

0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 
(a) 

1.0 

'0.9 35' 

0.8 63
(p)l 

0.1 

0.6 

0.5 

0.4 

0.3 .. 0.3 1.2 

(b) 

1.0 

0.9 

0.8 

0.1� 2.1 

+ 0.6 3.8 ' 
:b( w ) I 

0.5� 24 

()'4 56 

0.3� 139 

0.2� 453 

0.1� 1417 

0.0 8106 

The solid lines are drawn for (x + xb) =1 and: 2/3. The statistical errorsa 
may be estimated from the normalization of 3 ~b/event. 

·9· 

Figure Caption 

Fig. 1� The average ,+ multiplicity per trigger particle as a function of 

xb • x.+ for various values of X of the ,., K· and,+ trigger. a 
Note that the ,+ trigger data have been multiplied by 2 (see text). 

A common line with the same absolute normalization has been drawn 

for purposes of comparison. 
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