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ABSTRACT

Feynman x distributions for the inclusive reactions P + P =+ hadron
+ anything at 360 GeV/c are analyzed in terms of a quark-digquark
fragmentation model. The proton is assumed to be composed either of a
quark and a diquark or of three independent quarks. The model tested
jneludes a hadronization part for which we use the Field-Feynman and LUND
fragmentation functions. The model with diquarks gives a better
description of our experimental data; in particular for P + P A° 4

anything, the model without diquarks fails to reproduce the data.



INTRODUCTION

Precise measurements of the longitudinal momentum distributions in
low PT hadron-hadron collisions are available in the several hundred GeV
energy region [1-7)}. Using these data, one can study the reaction
mechanisms of soft hadronic processes. Most models succeed in describing
particular aspects of these processes, leaving others unexplained. It is
thus quite challenging to construct a model which can achieve an overall

description of low P multiparticle processes.

In this paper, we present a model based on a quark-diquark
configuration and compare its predictions with the single particle

distributions obtained in proton-proton collisions at 360 GeV/c [8,9,10].

Recently several experimental observations have brought some support
to the diquark picture of the nucleon. For instance, the ABCDHW
collaboration has observed a high production rate of protons with large
P (3.5 - 4.4 GeV/c) at the ISR [1l1]. They have pointed out that a
quark-diquark model could well reproduce the angular distributions of the
protons, and that a model without diquarks gave a cross section far
smaller than the observed one. WNot only in large P hadron-hadron [12]
and deep inelastic lepton-hadron collisions {13,14] but also in ete”
annihilations, one has obtained larger production cross sections of
baryons [15,16] than expected from ordinary models in which no specific
diquark systems are taken into account. Assuming 14% of a diquark system
directly coupled to the virtual photon in e+e— annihilations (17,181},

+ -
one could reach a good agreement with the dats i.e. e e - A.

As mentioned above, experimental data indicating the existence of a
diquark system are mainly obtained in hard processes where the point-like
treatment of a quark is sllowed; thus perturbative QCD is applied to

describe the scattering processes.

On the other hand, in soft processes, quarks or diquarks in a nucleon
should be regarded as extended objects, so-called dressed valence quarks,
in which effects of gluons and sea quarks are included. As illustrated in

fig. 1, we assume for soft hadronic processes that one of the dressed



quarks (or diquarks) "i" is knocked out from the proton "a" and then
hadronizes into hadron "e¢"™. A knowledge of the dressed quark (diquark)
distributions in the nucleon "a" and their hadronization mechanisms is

needed for this analysis.

For the hadronization mechanism, we have used both the Field-Feynman
model (denoted FF) [19,20] and the Lund string model (LUND) {21,22]. Here
the "LUND" model does not mean the full model to describe the complete
process of hadron production in hadron-hadron collisions, but only the
fundamental mechanism of producing hadrons through breaks of strings
stretched between quarks or diguarks. Using various distributions from
e+e” > hadrons obtained by the TASSO group [23), we could fix all the
parameters introduced by these models. Then we studied the dressed quark
(diguark) distributions in the nucleon using the parameterization provided
by the Dual Regge framework. Here the diquark means an object which does
not break into two quarks in the hadronization process. We assumed two
types of distribution functions i.e., with or without a dressed diquark in

the proton.

In order to predict single particle distributions, we combined in a
Monte-Csrlo program the distribution functions with the hadronization
models (FF or LUND). In this analysis we concentrate on the longitudinal
distribution of a single hadron (charged hadrons, «0, K: Ao, A%) in

proton-proton collisions.

Data reduction is described in sect. 2. We derive the quark and
diquark distribntion functions in sect. 3 and try to fix the model (FF and
LUND) parameters in sect. 4. Paying particular attention to the diquark
system, we make a detailed comparison between the data and the model
predictions in sect. S. Sect. 6 presents a discussion of our results and

our conclusions.

EXPERIMENTAL PROCEDURE AND DATA REDUCTION

The data used in this analysis were obtained from an experiment
performed at CERN with the European Hybrid Spectrometer (EHS) including
the 80 cm Rapid Cycling Bubble Chamber (RCBC) exposed to a beam of
360 GeV/c protons. A detailed description of the experimental set-up hasg

been presented in ref. [8].



The inclusive «° distribution used in the present analysis has

been discussed in a previous publication [9].

The bubble chamber pictures have been scanned and measured for
inelastic interactions with at least one associated V° or Y seen in
the bubble chamber. Detailed information on this analysis can be found in
[10). This sample corresponds to a sensitivity of 1.6 events/ub. We
selected events with good measurement quality by imposing that Ap/p < 20%
where Ap and p are the error on the momentum measurement and the magnitude
of this momentum, respectively, for charged particles. We treated all
charged particles as wi, except the slow protons identified by
ionigation in RCBC. We have checked that the residual n/p/K ambiguity
does not affect the results in a significant way. It should be noted that
the ht distributions presented later correspond to single particle
distributions for interactions associated with V° observed in the bubble

chamber.

QUARK-DIQUARK DISTRIBUTIONS IN THE NUCLEON

According to the iliustration given in fig. 1, the inclusive

distribution of & hadron "¢" coming from hadron "a" can be written as

1 dg 1 dx’ .
o = IJ G i(x ) D,

X_
dx i x x' a (X') (1

2 cC
where the function Ga 5 i(x') denotes the dressed quark "i* distribution
inside the hadron "a" and the function Di N c(z) the fragmentation
function of the dressed quark "i" to hadron "c¢". The x' denote the
Feynman variable representing the fraction of longitudinal momentum of the
parent hadron "a" carried by the quark "i", the quantity z = x/x' stands
for the same relation between the quark "i" and the produced hadron *"c".
In the following, we use the term "quark" when it is really meant a

"dressed quark®™.

We now construct the quark distribution function Ga i(x'} based

->
on the following two view-points [24,25,26}: (1) quarks in a nucleon form
a diquark cluster so that a nucleon consists of a quark and a diquark (the
quark-diquark configuration (denoted as QD)) and (2) three quarks are

independent and thus no diquark systeﬁ exists (denoted as IQ). Furthermore
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we assume that the diquark cluster does not split into two quarks during
hadronization. We may thus parametrize the momentum sharing function for

the quark {or the diquark) in a2 nucleon based on these two view points as

(1) _ _%g_ “aq

hQD x x °y ${1l-x-y2 (2)
(2) “q

hIQ « {xyz) d(1-x~-y-z) (3)

where aq and aqq denote dynamical parameters and x(y) corresponds
to the momentum fraction of the quarks (diquarks). Using the relations

(2) and {3), we write the quark distribution functions as

(1) 1 1 (1)
G = dy h ,
op X Blog + 1, ag + 1) [y dy hop (xup)
1 %q %qq
= Blae + 1, o + 1) x M1 -x (4
q aq
(2) 1 1 (2)
610 ¥ 7 Ble + 1, 2a_ + 2 Jo dydz hyo (x,y,2)
q a
1 a 2aa + 1
- x 1 -xn 9 (5)

Ble + 1, 20 4+ 2)
q q

where B(x, y) denotes the beta function. As Kinoshita et al. {26]
proposed, we can regard the parameters —aq and _uqq as the intercepts of
Regge trajectories of mesons and baryoniums, respectively. From the p-w
trajectory, we have aq = -1/2 for u and d quarks. 1In order to determine
aqq’ we need knowledge of baryonium trajectories for which we have no
reliable experimental information. However, there are some theoreticsal
suggestions [27,28] that 0.5 < aqq < 2. We show in fig. 2 the x
dependence of the distribution functions (4) for aqq =0.5, 1.0, 2.0
(solid lines) together with the distribution function (5) (dashed line).
The essential difference between these two distribution functions is that
the quark-diquark configuration attributes to the quark smaller momenta,
thus leading to higher momenta of the diquark than those given by the
independent quark system. This can also be seen in the average values of
x for the quark and diguark in a proton. In the case of three independent
quarks, the quark and the remaining two quarks have <x> = 1/3 and 2/3,
respectively. The quark-diquark configuration gives rise to more extreme

values as seen in table 1.



For the quark-diquark configuration, a proton state may be described

as

A 1 S
|proton> = vA]u, (ud) > + VS8 (;g lu, (ud} > - J%I d,{(zu)>) (6)

A 8
where (ud) and (ud) 1indicate the antisymmetric and symmetric diquark
states [26]. Here we shall assume the SU(6) limit where the antisymmetric

state and the symmetric state are equally mixed, namely A = S = 1/2.

A more sophisticated treatment for the quark-diquark distribution
functions might lead to a small modification of the single particle

distributions [29,30]. However, the formulation presented here contains

the essentisl properties of the dual Regge theory and thus should be

sufficient to describe single particle distributions.

. MODELS FOR HADRONIZATION

To describe the hadronization process, we have used the Monte-Carlo
program EPOCS [31] developed for the reaction ete™ » hadrons. EPOCS

. . - = =
consists of two parts corresponding to the elementary process e e - 44, 4493
where q and g denote quarks and gluons respectively and the hadronization

process formulated by the FF or LUND models.

Using the data of e+e_ » hadrons at vs = 34 GeV obtained by the TASSO
group [23], we have determined the parameters in the FF and LUND models ag
shown in table 2. Both models have the following parameters in common;
(&) the QCD scale parameter A; (b) the production rate of vector to
pseudoscalar mesons V/PS (or similarly decuplet to octet baryons); (¢}
the suppression factor of a strange quark L (d) the intrinsic transverse
momentum kT of the quark with respect to the direction of the parent
quark, and (e) the diquark pick up rate from the sea Ed' There are
still a few parameters specific to each model. The fragmentation function

f(z) takes the following form

f{z} 1 -

aF + 3aF(1—z}2 for FF

and

(1 + c)(l—z)2 for LUND,



where the parameter z denotes the fraction of longitudinal momenta cerried
by a hadron. The parameter 8 in FF was also determined by comparing

the model predictions with the TASSO data while we used the original Lund
value of the parameter ¢ = 0.5. The Sterman-Weinberg's two jet parameters
¢, & for FF and the parameter a, (transverse mass) for LUND were fixed at

t
the values proposed in the original work.

In order to find reasonable wvalues for each parameter, we have
extensively examined the consistency between the model predictions and
various data provided by TASSO. We did not carry out a x2 fit but
checked in detail how well we can reproduce various experimental
distributions i.e. multiplicity of charged hadrons, thrust, sphericity,
transverse momentum and so on. We also checked the energy dependence of
the parameters for the TASS0O data between 14 and 34 GeV. A detailed

description of this adjustment will be published elsewhere.

The transverse momentum of hadrons have been generated according to

the Gaussian function exp(mp;/2<kT>2).

. MODEL PREDICTIONS AND EXPERIMENTAL RESULTS

We now turn to a description of small Py hadronic processes, i.e.
PP 2 hadron + X and compare the model predictions to our experimental

results.

The gquark-diquark distribution function (4) ig combined with the
hadronization distributions given by the Field-Feynman or the Lund models,
and this procedure is repeated for the independent quark distribution
function (5). The method ensures the conservation of all quasntum numbers

which must be preserved in the overall process.

Since we find no significant differences, at this level of the
snalysis, between the results obtained using the Field-Feynman or the Lund
Models, we choose to illustrate our results in the following by comparing

the experimental data to the predictions obtained with Field-Feynman.
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We generated events by EPOCS with or without diquarks taking into
account the fact that the experimental data contains only events with
associated Vo. This property of the events led to very small effects

as shown in fig. 3 for inclusive charged hadron distribution.

Figs 4(a)-4(f) show the single particle distributions together with
the model predictioms in which the distribution functions (4) with
@ = 1.0 and (5) with aq = -0.5 are combined with the FF fragmentation
function. Using aqq = 0.5, 2.0, we found no significant difference in the
single particle distributions (not shown). It should be noted that the
overall normalization of the model is made only to the inclusive cross
section for negative hadron production as obtained in {9] but the model

0, Ao which agree well

can predict relative production rates for h+, KZ, A
with the dats as shown in table 3. However, nt consists of not only

non diffractive production, but also diffraction dissociation which our
model cannot predict. If we assume that the difference between the data
and the model prediction beyond |KFI = 0.65 is due to diffraction
dissociation, we f£ind that the diffractive cross section for PP - h+ +
anything at 360 GeV/c is $.6 mb which ig in reasonable agreement with
other experiments, considering that we have not introduced the corrections

for trigger losses.

+
With the exception of the region ]XF! > 0.65 for the PP » h + X
distribution, there is in general excellent agreement between the

predictions using the quark-diquark configuration and the data.

The diquark system (ud) with spin O, which is the largest component
in the proton wave function (see eq. (6)), iz the dominant contribution to
A° production, so that the large diquark fraction with high momentum
plays an essential role in Ao production in the large XF region,

i.e. lel > 0.3. A similar but less significant effect is also seen in
the ht distribution (fig. 4(b)) where the quark-diquark configuration
gives rise to a higher cross section for IXFI > 0.3 than the independent
quark systems. This is due to the contribution of protong in h+ being
distributed widely over the whole KF region. The independent quark

model does not give a good interpretation of the data; the disagreement is

particularly striking for the A distribution.
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To estimate the influence of the quark and diquark structure
functions used in this analysis, we have repeated the calculations,
setting G(x') equal to 1 in eq. (1) but keeping the hadronization
unchanged: the results are shown by the dotted curves in figs 4(a) to
4(f). As expected, these curves show softer x distributions than those
obtained with the diquark structure function and underline, in particular
for the A distribution, the need of a non trivial diquark structure

function.

. DISCUSSTON AND CONCLUSIONS

We have successfully constructed a model which can quantitatively
describe various kinds of data for e e - hadrons and PP - hadrons. The
essential ingredients of this model are: the quark-diquark distribution in

the proton and the hadronization mechanism for quarks or diquarks.

Using the Monte-Carlo program EPOCS, we have studied the three
different possibilities obtained by combining the distribution function of
an independent quark system with the FF model and that of a quark-diguark
configuration with the FF or LUND model. Comparing the model predictions

+ -
with PP > h™, «°, x:, A%, &®

at 360 GeV/c, we found that the diquark plays
an essential role which was most clearly exhibited in the A® distribution.
The diquark in our model is regarded as a single entity (3 of colour)
which will reappear as s constituent of the produced baryons.

U.P. Sukhatme et al. [32] proposed a more detailed treatment of the

diquark system in the proton which does not seem to be necessary here.

Finally, we would like to mention the extensive study of diquarks by
S. Fredriksson et al. [33,34,35]. They have revealed several interesting
aspects of the diquark emerging from hard processes. According to their
arguments, the proton dominantly consists of a u quark and a (ud) diquark
with spin 0 and the size of the diquark is about 0.2 fm. Consequently,
the diquark can couple directly to a virtual photon in e+eh giving
rise to significant effects for the R-ratio in the charmonium region [18]
the (uc) diquark having large coupling to the charge 4/3. 1If these
features are taken into account, one should be able to extend the present

work to other features of our experimental data [36].
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TABLE 1

Average momentum fraction <x> of a quark and a diquark {two—quark}
both for the three quarks (IQ) and quark-diquark (QD) configurations

<X>
quark two quarks
1Q a = -0.5 .33 .67
q
[+ 4
qq
. . o.
QD 0.5 0.28 12
1.0 0.22 0.78
2.0 0.17 0.83
TABLE 2

Values of parameters used in the Field-Feynman and LUND models.
Details of each parameter are described in the text.

FF LUND
A (GeV) = 0.4 0.4
v/PS = 1 1
ns = 0.3 0.3
<kT> (GeV/c) = 0.42 0.38
= 0. 0.

Ed 0.03 03
a = 0.57 c =0.5
¥

= 0.1 = 1 GeV
> at
& = 0.

TABLE 3

Experimental results and model predictions for inclusive cross sections

Experiment (mb) Model prediction (mb)

h 116 + 5 116
+
h 181 + 2 170
Q
w 132 + 11 141
<
K, 8.55 + 0.51 8.28
A° 4.08 + 0.40 5.00
A° 0.43 + 0.12 0.31
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Parton diagram of quark and diguark hadronization.

X dependence of the distribution functions predicted from the
three quark configuration (dotted line) and the quark-diquark

configuration with “qq = 0.5, 1.0, 2.0 (solid line).

The Monte-Carlo predictions from the quark-diquark configuration
combined with the Field-Feynman model for events with or without

ve.

Comparison of the model predictions with data. Solid line; the
quark-diquark configuration combined with the FF model. Dashed
line; the three independent quarks combined with the FF model.

Dotted line: the FF predictions, setting G(x'} =1 in eq. (1).
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