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ABSTRACT

In a study of proton-proton interactions at vs = 26 GeV, inclusive
distributions of single pions and systems of pions of wvarious charge
combinations are presented, as well as the production ratio obtained inm

asgociation with various trigger particles. The results are compared to

current phenomenclogical models in an attempt to understand multiparticle

production in hadron collisions.



1. INTRODUCTION

Attempts at understanding multiparticle production at low transverse
momenta in hadronic collisions have gradually led to a quark-parton
picture of soft processes which is exploited in various ways by several
models. Among the most recent ones, one may mention the Dual Topological
Unitarization (DTU) of Capella [l], the Lund string model of Andersson [2],
the QCD approach of Gunion [3], the valon model of Hwa [4], and the addi-
tive quark model using quark statistiecs of Anisovich [5)]. For a recent
review, see [6]. 1In general single particle distributions are described
fairly well by all these models. It has been suggested [7] that the study
of pion systems of different charge combinations may provide additional
and more stringent tests of specific models. We therefore present in this
paper new data obtained with proton-proton interactions at vs = 26 GeV
for inclusive particle ratios of pions and systems of pions with various
charges using various trigger particles, i.e. particles of well defined
nature restricted to particular Feynman x-intervals. The analysis is
mostly confined to the target proton fragmentation region, i.e. to the
¢.m.s. backward hemisphere, but some data obtained in the beam fragmenta-

tion region are also used when an interesting comparison can be made.

As a first attempt to cempare these results to current phenomeno-

logical ideas, we use the Qtring fragmentation Lund model [2].

2. EXPERIMENTAL FPROCEDURE

2.1 Event selection

The present study is based on the experiment NA 23 performed at CERN
using the European Hybrid Spectrometer (EHS) and the Rapid Cycling Bubble
Chamber (RCBC) exposed to a beam of protons at 360 GeV/c. A detailed
description of the gspectrometer and of the data acquisition has been

published elsewhere [8,9].

The data used in this analysis are based on a sample of ~ 26 100
events. It includes a sample of ~ 10 700 events with at least one
associated V° (K:, A° or Ko) or electron pair seen in the bubble chamber.

The remaining ~ 15 400 events come from two different subsets: one of



them (~ 6200) corresponds to an unblased sample of interactions, includ-
ing the largest multiplicity events observed in the bubble chamber, the
other one (~ 9200} is a sample of interactions with limited multiplicity
(£ 12). Knowing the real multiplicity distribution for the non-biased
sample, one can introduce appropriate weighting factors to compensate for

the loss of unmeasured events with large multiplicities.

The interaction trigger used for on-line data acquisition has a good
efficiency for events of interest for this analysis. To obtain a pure
sample of fragmentation and central production events, we eliminate
elastic events by removing those two-prong events which have a missing
mass squared smaller than 2.5 Gev2 and a2 momentum transfer squared
smaller than 0.8 GeV'. 1In addition, we eliminate all events where the
fastest positive particle h+ has Feynman-x greater than 0.85 provided
that the rapidity gap between h*  and the closest secondary particle is
greater than 2.5. We considered only fully reconstructed events and

tracks measured with a momentum precision better than 20%.

2.2 Mass assignments

To determine the masses of the charged particles used in the analysis,
we make use of three sources of information: the bubble density which, if
larger than 1.5 times minimum for tracks with momenta smaller than
1.4 GeV/c, indicates unambiguously that this track is due to a proton; the
mass dependent geometry reconstruction program, which allows us to disting—
uish between the proton mass hypothesis and the w/K ones for most of the
tracks with momenta smaller than 0.8 GeV/c; the particle identification
given by a silica aerogel Cherenkov detector (SAD) [10] and a large
pictorial drift chamber (ISIS) [11]. .

SAD is composed of 18 identical modules, each one having a sensitive
surface of 23 X 55 cm” resulting in a total sensitive surface for the
detector of 2.3 m°. The threshold momentum is 0.56 GeV/c¢c for w, 2.0 GeV/c
for K and 3.8 GeV/c for protons. SAD is useful for particle identifica-
tion in the momentum range 0.6 - 4.5 GeV/c. The reliability of the
identification has been checked uging kinematically fitted neutral

particles (¥, Ko, Ao) and charged particles identified in ISIS.
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For a charged track of given momentum passing through a SAD module, the
theoretically expected numbers of photoelectrons for different masses are
known. A xz—probability for the various mass asgignments can be cbmputed

on the basis of this information using a previougly determined calibration.

ISIS is equipped with 320 wires transverse to the beam, in a o
horizontal plane. It measures dE/dx from which the Velocify'of eéch-track
can be calculated. Combined with the momentum measurement, information on
the mass of each particle passing through ISIS is obtained. This
technique, which relies on the relativistic incréase of iqnisation in a
gas, has been extensively reviewed {12] and its successfui application in
ISIS has been described elsewhere {11]. Briefly the sampling of the
ionisation deposited by a particle traversing ISIS is made in up to 320
independent channels, with the regions of crossing tracks filtered out.
This allows us to compute the ionisation distribution. This Landau .

. distribution depends on a scale parameter [12] which is proportional to
the energy lost by the particle i:t'zana'e_tsing-,the,ﬂrfco__2 mixture. A

maximum likelihood fit to determine an estimate of the value of this
parameter for each track is performed giving the ionisation. The.
logarithm of the measured ionisation is normally distributed around the
theoretical value, which can be computed if the momentum of the particle
is known. This enables us to compute a xz—probability for each mass
assignment. The ionisation resolution achieved is close to theoretical
expectations. The particle identification has been checked by examining a
large sample of tracks from reconstructed Ko éﬁd A° decayé aﬁdEY'
conversions observed in the bubblé'chamber'durihg thé'course oftthis
experiment. We found that electrons are‘uniquely resclved at the 1% level
for momenta below 20 GeV/c, whereas for K/w separation thé momentum

range is 3~30 GeV/c. "

SAD and ISIS provide pargicle identification in complementary momentum
ranges. When both detectors give some information for a given track, a

combined x’-probability is determined.

. SAD and ISIS information was used for each track for which the xz
probability for at least one mass hypothesis was larger than 1%. Mass
hypotheses whose probabilities were less than 0.5 of the largest probabil-

ity were rejected.
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In the case of a residual w/K ambiguity, we assign the v mass with a

weight 0.9. In the case of a residual K/p ambiguity, we assign the proton
mass to the track.

All tracks which remain totally ambiguous or for which we have no
particle identification are assumed to be pions. The great majority of

these tracks are from small |x| region (|x]| < 0.2).

2.3 THE MODEL

The experimental results presented in this paper are compared to the
predictions of the string fragmentation Lund model [2]). Therefore, the
events generated by Lund Monte-Carlo are submitted to the same selection
criteria as applied to the real events. The spectrometer acceptance and
efficiency for individual tracks were taken into consideration. Using an
ionization estimate and the track momentum, xz probabilities were cal-
culated for various mass assignments. The residual K and proton contamina-
tion in the " sample is therefore taken into account for the events
generated by Lund Monte-Carlo and a meaningful comparison of the data with
the model is possible since they are both affected in the same way by

effects due to the limitations of particle identification.

. RESULTS AND DISCUSSIONS

3.1 Invariant x distributions

The invariant Feynman x distributions

2
d o 2
de

£(x) = —=— [E
s 2
dxde

of a and v are shown in fig. 1(a). Note that the w distribution is
affected by a residual contamination of protons and that the difference
observed between the «+ and the 7 may be partially due to this contamina-
tion all over the xF range. In the proton fragmentation region both the
a" and « x-distributions are well represented by a power law of the form
{1 - le)n. The curves correspond to Lund model predictions. The fitted
values of the exponent n along with the values predicted by the Lund meodel

are presented in table 1. {(These values of n are obtained for the
interval 0.2 < |x] < 0.7).



As seen from table 1, Lund model predictions for n are slightly higher
than the values derived from the data. Most of the models predict higher

values of n for m as compared to ﬂ+ in the proton fragmentation region.

Fig. 1(b) shows the x distributions of two pion systems E1Ez-dd/dxsum
.where E , E are the energies and x =X +.x . Forix| > 0.2 the
1 2 sum 1 2
experimental data are well represented by the same functional form
n
(1 - Ixsuml) as the one used for single pion distributions. Again
the Lund model tends to predict high values for n (table 1). The gluon
+
exchange model [13] predicts values of the order of 7 and 9 for w+w' and

w v respectively, in disagreement with the data.

The invariant x-distributions for three pion systems are shown in
fig. 1{c) and the results of a power law fit are shown in table 1. The
Lund model gives a reasonable description of the data whereas the gluon

exchange model would predict steeper slopes.

In fig. 1(d) we present a comparison of the values obtained for the
parameter n for various particle combinations from this experiment with
other measurements obtained at different ene:gies and with a variety of
incident particles [7]. With the possible exception of n (ata*nt) and
n (v v ), one does not find any significant variation with the beam

flavour or beam energy.

3,2 Particle ratios

The ratio of the inclusive invariant cross sections R1 = o(n'Y/aln )
for pions produced in proton fragmentation as a function of x is shown in
fig. 2(a). This ratio increases gradually with x and seems to saturate at
R:L ~ 3.5 for x larger than Q0.5. However, we remind the reader that there
is a residual contamination of protons in the charged particles called
w+ here and in the following. This contamination may influence the shape

of the w+/n~ ratio as well as some of the other ratios discussed below.
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In the fragmentation region,'R1 reflects the quantum numbers of the
fragmenting hadron. Using the idea of single valence quark hadronization,
this ratio should be equal to 2 in the proton fragmentation regiofi. How,
ever the quark recombination picture [14] would predict that this ratio is
approximately equal to uv(X)/dv(x) at large x, i.e. values of the order of
5 as x > 1 [15])]. The two-chain DTU model of Capella [1] predicts that this
ratio approaches 1.1 as x tends to 0.0, in good agreement with the data shown

in fig. 2(a).

Fig. 2(b) shows the ratio of the inclusive invariant cross sections
for w'w /a'wt and vt /v w and a comparison of these results with the Lund
model. The ratio R(ﬂ+ﬂ-/ﬂ+ﬂ+) stays constant with a value ~ 1.5 over the
entire x-region. As expected, the ratio R(ﬂ+ﬂ—/ﬂ_ﬂ_) reaches nmuch larger
values as x » 1. This increase of the ratio R(w # /n v ) can be explained
in the following way: in the proton fragmentation region, only one of the
v in a fast v v system may contain a valence quark of the proton, whereas
both particles of the ﬂ+ﬂ“ system may contain suech quarks, leading to the
suppression of the # w system as compared to f+ﬂ_ for large values of x.
The fragmentation of only one valence quark would yield a ratio
R(w'w /o w ) > 2 as x > 1, in strong disagreement with the experimental

observation.

The ratios R(v'n « /v 7 v ) and R(v'w o /u'x'e’) are presented in
fig. 2(c). It is interesting to note that in the proton fragmentation region
(x| > 0.2) the ratios R(w'n v /nww') and R(x' o /n'x") as well as
R(rTe w /9« r7) and R(r o /v x") are approximately equal, as expected
from & scheme with recombination of valence quarks. As seen from fig. 2(c),
the ratio R(n'# « /v w'%’) ~ 1-2 has been found to be independent of x
whereas R(m % v /o 7 1 ) shows a strong x dependence. This can be
explained again by the assumption that, in the fast (vte"x7) and («*ateh)
systems, two of the pions can contain a valence quark, whereas only one

pion can be associated to a valence gquark in the (v # 7 ) system.

The ratios Riw'n n /o'« «7), R(r vt e /et vt e™) and Rir w' v /u v v ) are
presented in fig. 2(d). One can see that the ratio R(ﬂ+ﬂ+ﬂ_lﬂ_ﬂbﬂﬁ) increases
. + 4 o~ 4 -
very rapidly with increasing |x| whereas the ratios R{(# w v /% 7 w )} and

R(ﬂ+ﬂ+ﬂ_/ﬂ+ﬂ*ﬂ+) show no strong x dependence. One could have expected
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some |x| dependence for these ratios since in the fast («'e’e) system

all three pions can contain simultaneously one valence quark whereas, only

two pions can contain a valence quark in the (r¥o 7)) and (vFxteh)

systems. The difference in magnitude of the ratio R(ﬂ+w+w_/w+«+ﬂ+) and
R{v v w /v v« ) may be explained by arguing that fast (v"5 0") systems
are easier to form than fast (1+ﬂ+ﬂ+) gsince fast o may come from either

of the two valence quarks u of the proton.

The Lund model gives a good interpretation of all these distributions.

+
3.3 Particle production in association with a leading #™

In the proton fragmentation region, particle production can be
studied in association with various leading trigger particlés [(16], i.e.
one selects interactions in which a particle of given nature is observed
in the backward hemisphere with the largest |x| value and also |x| > 0.2.
One expects that with a a trigger, one u valence quark of the proton
is removed and the remsining u and d valence quarks should produce equal

amounts of ¥ and v at a fixed

p 4
X' = {=—T—).
1- ]xtrl

X is the Feymman x value of the trigger particle. This is confirmed
by the data in fig. 3, where the ratio R(w+/«_) appears to be constant and

close to 1 in the whole x' region for a w trigger.

Similarly, with a w trigger, the remaining valence quarks in the
proton fragmentation should produce more «+ than v . Thus the ratio
R(ﬁ+/w_) in such a case shows a strong increase with x' (fig. 3). This
ratio has been studied for various x region of the trigger particle

tr
(fig. 4) and its qualitative behaviour agrees with the above expectations.

A comparison with similar informstion obtained with 70 GeV/c K+p

interactions (Barth [7)) shows neither energy nor beam flavour dependence.

The Lund model gives a good interpretation of the data.
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‘The extended quark recombination model predicts also R(ﬂ+/ﬂ—) =1
for the «' trigger, and predicts for the w trigger that R(«+/«_)
should evolve from ~ 1 at smell values of x' to uv/ds when x' tends

towards 1. (‘uv is for "valence quark u", ds is for "sea quark d").

3.4 The"pT dependence of particle ratios

An interesting aspect of the study of partidle ratios is to look for
their Pr dependence, since it may provide information about the geometrical
distribution of valence quarks in the proton. 1In general low Py scatter-
ing takes place with the peripheral partons. Therefore mesons originating
at the centre would have larger Pr values than those produced from more
peripheral partons (17, 3]. If we assume that the proton contains a
tightly bound ud diquark geometrically confined to small distances from
the center, and a u quark orbiting around it [15,18], one expects that the

natio‘R(w+/w_) should decrease with Pr-

Fig. 5(a) shows the P, dependence of R(x'7a7) for different values
of x, in the forward hemisphere, where the amount of wrongly identified
particles has been reduced to a low level by requiring that the w+ and
¥ are the only mass assignments giving a probability larger than 1% in
ISIS. The events generated by Lund Monte-Carlo, applying these stringent
criteria for particle identification, reproduce quite well the experimental
data and do not exhibit a significant variation with Pr If we consider
the partxcles em1tted in the backward hemisphere, and apply the relatively
less stringent particle 1dent1f1cat1on described in sect. 2, we obtain the
distribution shown in fig. 5(b). The enhancement at medium x values isg
due to the residual proton contamination in the o sample. This observa-
tion seems to be common to several experiments [19,20,21]. The Lund
fragmentation model, which includes our selection rules for particle
identification, reproduces quite well this behaviour of the experimental
data.

3.5 Particle ratios of strange and noh«strange mesons

The particle ratios R(«+/K:) and R(w_/K:) have been measured as a
function of x (fig. 6). The production of a fast K: should be associated

to Es cl‘,r (ss for antistrange quark from the sea, dv being the wvalence
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gquark d) and slow K: to ;s d, and s_ as. At large |x|, the ratio R(w_/K:)
is related to the ratio us/ss. It is found to be close to 3.5, in agree-—
ment with the standard strangeness suppression factor of ~ 0.3. The Lund
fragmentation model, which assumes a suppression factor of 0.3, gives a

good interpretation of the data in the proton fragmentation region. This

agreement seems ‘to be lost in the more central region.

At large |x|, the ratio R(w+/K:) should be given by
(uv/dv) . (ds/ss). The first term is given by R(«x'/x") at large ]x|
obtained with a K: trigger; it is found to be close to 7 in our experiment

(see fig. 7(b)). The second term is given by the strangeness suppression

factor, i.e. ~ 3.5. One therefore expects that R(w+/K:) tends to ~ 25 at
large |x|, in agreement with fig. 6(b).

The behaviour of these ratios also suggests that K° production
dominates over K°, at large |x|.

3.6 Particle production ratios in agsociation with a leading A° or K:

An analysis of the particle ratio R(w /v ) in association with a
strange particle trigger (A° or K:) in the proton fragmentation region can
provide some information on the quark structure of the proton. With a A
trigger, the u and d valence quarks are taken away simultaneously: omne
therefore expects that the ratio R(n" 7/« ) will increase with Ix*|. It
should also be a factor two smaller than the same ratio with a 7 trigger.
The data confirm this picture fig. 7(a) and the Lund fragmentation model

provides a good interpretation of the experimental distribution.

In the case of a K: trigger (as with a fast v trigger) the valence
quark taken away is a d quark, and the ratio R{x'/r ) should reflect, at
large x' values, the properties of the left over valence quarks in the
proton i.e. the two u quarks. However, it is known that a large fraction
of the K: come from the decay of K*(892) [22), which may spoil this
picture. Fig. 7(b) shows the strong dependence of R(ﬂ+/«") with x' for the
K: trigger data.
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Fig. 8 shows the x' dependence of R(«+/w—) associated with a Ao, K:
or v trigger. The ratios R{n '« /a v ), R(x' v w /o % v ) and R(K'/K")
are also displayed on the same figure. The ratio R(K /K7) is computed

. +
for the ¢.m.s. forward hemisphere where we have acces to some K and

K identification. All these ratios where similar valence quarks play
an important role are in good agreement with each other, particularly in

the proton fragmentation region (|x]| > 0.2).

SUMMARY AND CONCLUSION

In this paper we have studied inclusive particle production ratios in
pions and pion systems at 360 GeV/c in pp interactions. The results have
been quantitatively compared with predictions of the Lund fragmentation

model. The main results of the study may be summarized as follows:

—~ The invariant Feynman x-distributions of the single, double- and triple-
pion systems are described by a (1 - le)n power law behaviour in the
fx| 2 0.2 region. These distributions, as well as the particle ratios
for pions or pion systems and the ratios R(w+/w_) obtained in associa-
tion with a w" or  trigger are well reproduced by a simple string

fragmentation (Lund) model.
- No significant dependence of R{w /v ) on Py is observed.

— The x-dependence of R(ﬂ+/K°) and R(« /K°) in proton fragmentation are in
agreement with the Lund model. The analysis seems also favour the

dominance of K° over K° 1in the large x-region.

- Results on the x-dependence of R(ﬂ+/ﬂ“) in agsociation with a trigger

A° or K: are in qualitative agreement with the simple quark recombina-

tion picture.

~ In the proton fragmentation region the z-dependence of particle ratios
such as R(ﬂ+/«_) with o , K: or A° trigger and also R(ﬂ+ﬂh/ﬂ_W~),
R(w o « /« v # ) and R(K'/K") have the same behaviour. This is in
agreement with the assumption that all these ratios reflect the
behaviour of the ratio qv/qs (valence quark to sea quark) in the
proton. Therefore it seems likely that each of the systems (v'v7) and

(«'w 7 ) contain frequently two valence quarks.
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In conclusion, we observe that the hypothesis that soft hadron
production at |x| > 0.2 probes the constituent nature of the colliding
hadrons has been successfully tested on data obtained with proton proton
interactions at 360 GeV/c. The results are in agreement with the current
valence - sea quark picture of the proton. Further refinements of this
picture have been proposed, with the introduction of a quark-diquark
composition of the proton [18]. The results presented here are not

sensitive to these refinements and do not indicate that, if a diquark is
present, its geometrical distribution in the proton is different from the

valence quark.
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TABLE 1

Exponent n

Particles

Experimental Lund model
+
w 3.3 ¢+ 0.3 4,2 £ 0.2
'S 3.9 + 0.3 4.5 £ 0.3
et 3.2 £ 0.1 3.8+ 0.1
o 2.9 + 0.1 3.2 + 0.1
‘e 3.6 + 0.1 4.2 + 0.3
atatt 2.5 + 0.1 2.5 + 0.1
. 2.5 + 0.1 2.5 + 0.1
xS 2.7 0.1 2.4 + 0.1
v owrw 3.3 £ 0.2 2.3 £ 0.1
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FIGURE CAPTIONS

Fig. 1 (8) Feynman-x distribution of the o and 7 invariant cross

sections.

(b} Feynman Xoum = %, * %, distribution of the invariant cross

sections of two pion systems (arbitrary unit).

(¢) Feynman x =X 4+ X + X distribution of the invariant
sum 1 2 - s

cross sections of three pion systems {(arbitrary unit).
The smooth curves are the predictions of the Lund model.

(d) Values of the parameter n obtained at different energies and

with various beam flavours.

Fig. 2 Ratio of invariant cross section of one-pion, two-pion and three
pion systems vs Feynman-x. The smooth curves sre the predictions

of the Lund model.

+ - * 4 4
Fig. 3 v to v invariant cross section ratio vs x' in association with
+ -_—
a leading * or v The smooth curves are the predictions of the

Lund model.

Fig. 4 «+ to v invariant cross section ratio vs x' in association with

aw trigger for different regions of x r {x of the trigger

t
particle). The smooth curves are the predictions of the Lund
model.
Fig. 5 (a) «+ to ¥ invariant cross section ratio for non ambiguously

identified ' and 7 vs p, (forward hemisphere).

(b) ﬁ+ to 7 invariant cross section ratio vs Pr for different

regions of x (backward hemisphere).

The smooth curves are the predictions of the Lund model.
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FIGURE CAPTIONS (Cont'd)

Fig. 6
Fig. 7

Fig. 8

(a) v to K: invariant cross section ratio vs Feynman-x.
(b) ot to K: invariant cross section.ratio vs Feynman-x.
The smooth curves are the predictions of the Lund model.
7 to w invariant cross section ratio vs x' in association (a)
with a A-trigger, (b) with a K: trigger. The smooth curves are

the predictions of the Lund model.

Comparison of the production ratios of various particles and

systems of particles vs Feynman |x].
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