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Abstract

We report on a study of inclusive particle production in pp-interactions at 400 GeV/c. The data are
based on 472 K reconstructed events recorded in the NA27 experiment using the LEBC-EHS facility at
CERN. The production cross sections are determined of pseudo scalar (7% n and K#), scalar (£(973)).
vector {p*0(770), w(783), ¢(1020), K-°(892) and "I-(“O(SQQ)), and tensor (f2(1270)) mesons, of protons
and antiprotons, and the A+++.9(1232) and A(1520) baryon resonances in the forward hemisphere of
the center of mass system, as well as longitudinal and transverse momentum distributions. The results
are compared with predictions of the FRITIOF model and with other experimental data.
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1 Introduction

The basic process of the most abundant hadron-hadron interactions - the low-pp collision - is at
present not well understood. A low-pp collision is viewed as a complicated interaction between two beams
of valence quarks, sea quark-antiquark pairs and gluons. However, the absence of any obvious large Q*-
scale in a low-pr collision forbids a perturbative treatment of the interaction dynamics. Therefore, an
interpretation of observations can be achieved only in terms of phenomenological models with certain
assumptions about the partonic subprocess dynamics. The interest in studying soft hadronic interactions
15 the challenge to disentangle the urderlying interaction dynamics of hadron collisions. In addition,
the observed prominent role of the valence quarks in the final state particles implies the possibility of
understanding of the parton hadronization mechanism, which is essentially important in the jet studies.

The dynamics of the soft hadronic multiparticle production has been studied intensively during the
last 25 years. Much progress has been made towards a better empirical understanding of the inter-
relation and the self-consistency of the multiparticle data. Most of the experiments were performed with
bubble chambers, and therefore charged particles were not identified. The information on neutral plons
was also limited.

The main goal of this paper is the presentation in a unified way of results on particle and resonance
production in soft proton-proton interactions at 400 GeV/c (V3 = 27.5 GeV). The results presented in
this paper are based on data from the experiment NA27, performed at CERN with the small Lexan liquid
hydrogen bubble chamber (LEBC) serving both as a target and as a vertex detector and the European
Hybrid Spectrometer {EHS) for the momentum analysis and the particle identification, exposed to a beam
of 400 GeV/c protons coming from the CERN SPS. The data sample consists of = 472,000 interactions
{18.5 events/ub) ohserved within the limits of the LEBC fiducial volume.

The paper is organized as follows. In section 2 we give a brief description of the apparatus, data
handling, of procedures to account for trigger and charged track reconstruction inefficiencies, charged
particle identification, v detection and reconstruction of neutral strange particle decays. The results of
this data treatment are exemplified with a presentation of resonances observed in the final state: p(770),
w(783}, K*(892), #(1020), A(1232) and A(1520). In section 3, we present the results obtained on the
properties of the inclusive production of stable (under strong interactions) charged and neutral particies.
Section 4 is devoted to a more detailed description of meson and baryon resonance production. Whenever
possible, these results are compated to other experimental data obtained at similar energies. Finally we
sumnmarize our results in section 5.

2 Data treatment

2.1 The experimental set-up
The LEBC-EHS set-up[l] is shown in Fig.1 and consists of:

e a vertex detector: the bubble chamber LEBC;

a beam hodoscope: the proportional chambers Ul and U3 and the silicon strip detectors $SD0 and
SSD1 (not shown in the figure):

. a@ spectrometer, consisting of two single-plane proportional chambers W0 and W1,
placed immediately downstream of LEBC and in front of the M1 magnet. They are used to trigger

LEBC and the data acquisition system:;

*a m—-mgn:m*pmde spectrometer, which consists of two arms. The first arm includes

the magnet M1 and five drift chambers PIC1, PIC2, D1, D2, D3 and seven plane MPWC W2. The
second arm includes the magnet M2 and the drift chambers D4, D5, and D§;

» two gamma detectors (IGD and FGD) for v/7% detection[2];
¢ a pictorial drift chamber.(ISIS) used to identify charged particles by ionization sampling[3];

o a Cerenkov silica aerogel detécto;“ (SAD)(4] used to identify slow charged particles (the =/K/p
thresholds are 0.54/1.9/3.6 GeV /<, respectively};

o a forward gas Cerenkov detector (FC)(5] used to provide identification for particles entering into
the second spectrometer arm (the e/x/K/p thresholds are 0.6/17/60/112 GeV /¢, respectively);
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e a transition radiation detector (TRD)[6] used to identify fast charged particies in the momentum
range above 100 GeV/c.

2.2 Event reconstruction

The initial goal of NA27 was to study the production and decay properties of charmed hadrons (see
(7], [8] and references therein). For this purpose the high resolution vertex detector LEBC was essential:
it ailowed the visualization of beam interactions and of the charged and neutral decays associated to
this interaction. The fducial volume of the bubble chamber was restricted to the region where the
track lengths and picture quality were sufficient to guarantee a high scanning efficiency for charm
candidates. These candidates, 0.5% of all interactions recorded during the data acquisition runs, were
fully reconstructed, the bubble chamber pictures being measured on high precision machines and the
results of these measurements being merged with the spectrometer information.

For the bulk of the events where no charm decay candidates have been observed, the LEBC pictures
are not measured but the coordinates of the primary interaction and its charged multiplicity are recorded
during scanning and can be used in conjunction with the EHS spectrometer information. This information
is sufficient to achieve a high efficiency of track reconstruction and no extra measurements of the bubble
chamber pictures are needed.

As a first step, track segments are reconstructed in the spectrometer. For the tracks with matching
segments in the first and second spectrometer arms, the momentum is estimated using the bending angle
in the second magnet. All track candidates are backtraced to the interaction point, thus giving also an
estimate of the momenta of the tracks reconstructed only in the first arm. This procedure is iterated,
improving the coordinates of the primary vertex and keeping the track candidates missing the vertex in
the non-bending plane as hanging ones. At the last stage, the final values for the momenta and angles
are estimated using the reconstructed vertex position and all hits in the wire chambers, associated with
a given candidate, starting from W0, W1, i.e. before the first magnet. Track candidates not connected
to the primary vertex (”hanging”) are then paired in an attempt to reconstruct neutral strange particle
decays in the spectrometer. The average momentum accuracy was ¢,/p = 1.3% for tracks reconstructed
in the first arm (p € 40 GeV/c) and reached = 0.8% for those tracks reconstructed in both arms.

2.3 Trigger efficiency

A minimum bias trigger[9] is applied during the data acquisition. The trigger requires at least three
hits in each of the downstream single plane proportionai chambers W0 and W1. Losses caused by
the trigger inefficiency can be subdivided into two categories: the "structural” losses which cannot be
accounted for (mainly two prong and target diffraction events) and the "statistical” losses, for which
standard statistical weighting procedure can be applied to evaluate the corresponding corrections.

It is assumed in the statistical weighting procedure that the probability {w(n | mg, m1)] to fire mg
wires in W0 and m; wires in W1, respectively, is a smooth function of mg and m; for a given charged track
multiplicity n. The correct charged particle multiplicity distribution is estimated using the Buras-KNO
scaling law[10]

¥(z) = non/Cinet, with z = (n—a)/(R—a)

The parameter « is determined from a fit of the topological cross section [11],{12] in the momentum
range 100-400 GeV/c: a = 0.9036 (Fig.2). :

The total trigger losses are found to be equal to 98.3% for two prong, 56.3% for four prong, 20.1%
for six prong, 4.3% for eight prong events and negligible for the higher charged track multiplicities. The
structural losses amount to 11.9 mb, including 7.8 mb of elastic scattering, 2.8 mb of inelastic two prong
events and 2 1.3 mb of target diffraction events with multiplicity >4. Thus the triggered cross section
and, respectively, the experiment sensitivity are equal to 25.5 mb and 18.5 events/ub.

Fig.3 shows the topological cross section in proton-proton interaction at 405 GeV/c[11]. The curve
corresponds to the Buras-KNO function where the contributions of target diffraction have been subtracted.
This contribution has been determined as the average of the target diffraction cross sections measured
at 102, 205 and 405 GeV /c[13) (see Table 1). Our measurements, normalized to the datafl1] for n 210,
show a good agreement with the curve for large multiplicities but clearly fall below this curve for n =
4, 6, 8. This is an effect of the "statistical” losses, which are corrected by appropriate weighting each
event with a factor depending on the number of hits in W0 and W1. After weighting, the corrected
topological cross sections deduced from our data, agree fairly well with the expected distribution. Thus
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the results presented in this paper correspond to 28.6 mb from 32.8 mb of total inelastic cross section.
The difference is essentially due to the target diffraction.

Table 1: Target diffraction cross section in pp interactions (in ub}.

: momentum
multiplicity | 102GeV/c | 205GeV/c | 405GeV/c Average
2 | 1170 £250 | 1020 £110 | 1020 £200 | 1070 £100
4 | 1080 £250 | 1280 £110 | 700 £180 | 1020 £100
6 | 250 £100 440 £60 | 280 £100 320 +45
8 50 £50 50 £50
Total | 2500 £350 | 2740 £330 | 2050 £250 | 2460 +£200

2.4 Reconstruction efficiency

The geometrical acceptance for charged particles is £200 mrad vertically (in the bending plane of the
spectrometer magnets) and +90 mrad horizontally. This corresponds to a 100% coverage of the forward
center of mass hemisphere.

In order to estimate the charged particle reconstruction efficiency, we adapt a method[14] used to
estimate the scanning efficiency for two independent scans. Here we have two independent programs for
the geometrical reconstruction of interactions in this experiment: the first one using the bubble chamber
picture measurements, henceforth called "case A”, the second one without these measurements, called
"case B”. It is important to note that the results of the geometry programs are independent in the track
finding algorithm, because a search is made using two different data sets: the spectrometer and [SIS
data are used alone in "case B”, and with the added bubble chamber data in "case A”.

For a given sample of events, let us denote by

¢ N4 - the number of tracks, found in "case A”;
¢ Ng - the number of tracks, found in "case B”;
o Nypg - the number of tracks, found in "A” and "B”.

The tracks from the two samples ("A” and "B”) are considered to be the same track found in the both
cases if a squared "distance” between them:

x2 = (EA—-.‘EB)T x (Wy + WB)_L x (Z4—Zp)

is small enough, where £4. 5 = (1/p, A, #)4,5 , and Wy p are the corresponding error matrices.
Assuming that the reconstruction efficiencies do not depend on the selection of the sample and that
the two reconstruction chains are truely independent, we obtain

e total number of tracks Npor = N4 x Ng / Nap;
Nag/Ng;
Nap/Na;

e the random value arcsin(y/Nap/Np,4) has a distribution close to the normal one with a mean
value arcsin (/€45 ) and a dispersion 1/4Np 4{15].

e efficiency of the "case A” isey =

e efficiency of the "case B” isepg =

We have applied this method to a sample of 16,000 events which are fully measured and reconstructed
with both reconstruction chains. The following restrictions define the phase space region where the
calculated value of the efficiency is reliable and has a rather smooth dependence on kinematical variables:

o (T, /0.13)2 + (T /0.09)? < 1.0;
e p > 15GeV/e
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Here p is the laboratory momentum of the charged particles, T, and T, are the tangents of the
angles a track makes with the beam direction in the bending and non bending planes, respectively.
The dependence of the reconstruction efficiency on the rapidity variable in the center of mass system
vy = % In H, E and p; are energy and longitudinal momentum) is shown in Fig.4. The efficiency
1s nearly constant in the kinematical region Y>0 and larger than 95%.

There are systematic losses of low pp tracks with momentum less than 3.5 GeV/c, which are mainly
due to K/7 decays in flight. In order to account for these losses in kinematical regions where the results
of both reconstruction chains are not statistically independent, we weight all tracks with Wdecay =
elers/emBy  where Leyy = 6.86 m (the distance from LEBC to the drift chamber D1) for pions and
12 m (the distance to two thirds of the length of ISIS) for kaons is the effective track length and cr
=7.8 m (3.71 m) is the pion (kaon) decay length. Due to the symmetry of pp interactions, the total
rumber of charged particles reconstructed in the forward hemisphere has to be equal to half the totai
charged track multiplicity. This gives us an absolute normalization of the weights for the particles in the
kinematical region Y>0. We find a discrepancy of 2% after all corrections. This irefficiency is mainly
due to secondary interactions in various spectrometer media. This 2% discrepancy can be considered as
an indication of the magnitude of the systematic error which affects these efficiency estimations and the
results to foliow.

2.5 Particle identification

Particle identification is provided by the large pictorial drift chamber ISIS, two Cerenkov counters
(FC and SAD), and a transition radiation detector (TRD). Moreover, the gamma detectors (IGD and
FGD) were used to separate electrons/hadrons/muons. The gamma detectors were also used, of course,
to reconstruct the #%'s and n’s through their 2y decay modes.

2.5.1 ISIS

Charged particle identification is provided in a large pictorial drift chamber ISIS by a sampling of
lonization measurements along the particle trajectory in the region of the relativistic rise of the charged
particle ionization losses. The ISIS characteristics have been discussed extensively elsewhere[3]. The
most probable tonization (Im) is estimated by fitting a Landau distribution to the N, ionization values
measured along the track (up to 320 measurements). Note that the expected ionization for a given
momentum and a given mass hypothesis (I3) is known with an accuracy better than 0.1% and that the
value z = In{l,/In) follows a Gaussian distribution:

1 -z

25°
o (n

Fig.5 shows a typical ionization distribution for positive particles with a fit to this distribution by a sum
of probabilities Eq.(1) for different mass hypotheses.

Small variations in ionization, due to time dependence of the electric field, gas mixture, pressure,
etc., are corrected by a standard procedure using as a reference the average ionization, separately for
the top and bottom parts of ISIS. The reference is obtained from a sample of "golden” pions, i.e. tracks
whose momentum and ionization errors ate such that the value of In (I,,/I,) is more than 3.3 ¢’s away
from that expected for the electron and kaon hypotheses and within 2.2 &’s of the pion prediction. This
condition severely restricts the population of the "golden” pion sample. However, the full statistics of
tracks with good ISIS measurements (N, > 150) allows us additionally to localize a degradation of the
ionization measurements due to space charge effects accumulated in different ISIS regions. We find a
one standard deviation degradation for the beam region and around the ISIS sensitive wire plane. The
corrections used, together with an improved error definition estimated using the whole data sample:

P(I.Iy) = P(mlh) =

o = (0.480 % 0.036) x N 0.439%0.014

provide us with the possibility to enlarge the momentum range of effective ISIS identification up to
vB=250. The average error of the ionization for the sample of tracks with at least 150 good ionization
measurements, is ¢ = Al /In= 3.3%.
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2.5.2 SAD and FC

The Cerenkov counters can be used not only as threshold devices but for particie identification above
threshold as well[4],[5]. The average number of photoelectrons produced in photornultipliers by a charged
particle with By = p/misequalto g = ax A x{L=[(B7)n/Bv)*} where (B7)insap = 3.85 and (87 )enpe
= 119.1; A is the effective track length of an ultrarelativistic particle (v — oo) in the counter, expressed
in number of photoelectrons; a is a scale factor. The probability density function for a SAD/FC signal
(A), measured in number of photoelectrons, is given by a Poisson distribution folded with the "single
photoelectron” response function, approximated here by a Gaussian:

x0 N -
flA) = e ™ x §{4) + ! we X —1—e~(A-NAn)’/2N*f’ L=ax M (2)
ro = NI VN ' '

where Ag and o are two parameters defining the "single photoelectron” response function. The SAD
response to charged particles with effective length equal to seven photoelectrons is shown in Fig.6,
together with the curve corresponding to the fit of the function f(A) given by Eq.(2). As a fit result of
SAD and FC photomultiplier signal distributions, we obtained the following values of the parameters: a
= 0.62, Ag= 1.28 and o= 0.55.

2.6.3 TRD

The TRD proportional wire chambers measure the ionization produced by clusters originating from
transition radiated photons, §-rays and by the charged particles themselves. The average number of
clusters from photons and §-rays, produced by a charged particle with a gamma factor ¥ = E/m is equal
to N, = Ns, + Nrgpp x v, where Nj, and Npgp are two detector parameters. ‘The saturation effect
at large -y is accounted for by introducing an absorption of y-quanta in the radiator and chambers body
media in the following way:

1 — e #y
Ne = ———r,
1—e™#
where u is the absorption coefficient and N, is the average number of clusters registered in TRD.
The probability of measuring only the ionization of a given charged particle is equal to e™™+. Thus the
probability of measuring the energy E in the TRD chambers has to include two effects: the ionization
from the charged particle itself and  the contribution from the transition radiated 7v-quanta clusters:

p(E= 1)
ik - _ (Arrp x (E — Eth))(Bv—Ue—:‘lrnox(a-sm)
fB) = ——T— xe™™ 4+ (1 - eMyx )
) o ( [(5,) (

where ¢(E) is the Landau distribution for the ionization by the charged particle, with A, = A,,, +
Ny X Biony 0y = Ay X 0im, By, = Bs, + Brap x N,. The I'distribution approximates the
convolution of the Landau distribution for the photon cluster ionization with the non-transparency of
the TRD chambers. The parameters have been estimated on the basis of samples of negative pions, of
protons with momentum p > 200 GeV/c and of protons with p < 30 GeV /¢ selected by ISIS. They are
given in Table 2.

An example of the distribution and of the fit obtained for f(E) [Eq. (3)] is shown in Fig.7.

2.5.4 Use of the gamma detectors for electron/hadron separation

The comparison of the momentum of a charged track reconstructed in the spectrometer with the
energy of the associated shower in the gamma detectors gives the possibility to separate electrons from
hadrons. In order to quantify this separation, we use the following probability density functions:

¢ a Gaussian distribution for the electron hypothesis
| E-pr
E, = e 20 , 4
f(E,p) Vora (4)

where E is the energy deposited in the gamma detector, p is the momentum measured in the
spectrometer, 0¥ = ¢g? + 0,2, o and o, are the energy and momentum resolutions, respectively:




Inclusive particle production Page 6

Table 2: TRD parameters.

Nrrp 0.0008431
Ns. 0.461
I 0.118
Aion 2.420 keV
Bion 6.201 keV
Tion 0109
Argpp | 2.6Td kevV—!
Brgpp 13.11
B;, 0.007
| Eux 2.958 keV

— for IGD, o = (0.25+ 0.15VE + 0.02E)/2.35, o, = 0.013p;
~ for FGD, g = [1.2+0.026E?/(E +50)]/2.35, o, = 0.008p.

e a Gaussian distribution for muons (or non-interacting hadrons)

(Eyx ~p)°
Y

flp) = \/Q_TI‘E € '

where E, corresponds to the amount of light for a muon going through IGD (E, = 0.5 GeV) or
FGD (0.7 GeV);

e a [-distribution for hadrons:

flg) = a %) ' z =

for IGD: a = 5.95, b = 1.95; and for FGD: a = 11.8%, b = 5.75.

(b-1) —az E
ar X e

An example of the experimental distribution of the ratio E/p for FGD and IGD is shown in Fig.8.
The curves represent the fit obtained for the sum of the two contributions expressed by Eq.(4) and
£q.{(3). The peak around E/p=1 is due to the presence of electrons in the sample of charged tracks,
otiginating mostly from <y-conversions in the spectrometer materials, and also due to inclusive charge

exchange reactions in the gamma detectors media, for example 7~ — #°.

2.5.5 Identification procedure

We make use of the four detectors (SAD, ISIS, FC and TRD) to identify the charged particles in the
entire momentumn range and of the gamma detectors (IGD and FGD) for electron/hadron separation.

The following conditions are imposed to the data:

1. For each detector, the probability of at least one mass hypothesis is larger than 1%.

2. The effective track length in SAD is larger than four photoelectrons for ultrarelativistic particle.

3. ISIS information is used if the number of ionization measurements is larger than 150 and if the
track is located outside the "beam region”, defined as a vertical slice, £2cm thick, in front of ISIS.

The momentum range of application of SAD, ISIS, FC and TRD depends on the nature of the particle
to be identified but the reliable information ranges can be defined as follows:

o for SAD : 1.5 GeV/c < p <45 GeV/c,
o for ISIS : 3.3 GeV/c < p < 100 GeV/¢,
e for FC : 18. GeV/c < p <€ 150 GeV/e,
o for TRD : p > 120 GeV/ec.
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To increase the reliability of the particle identification, we introduce the following additional conditions:
4. The information from ISIS or TRD must be available.
5. In addition, all available information is used for particles with:

e p < 3.5 GeV/c if this information includes SAD,
p £ 62 GeV/c if this information includes ISIS, _
62 GeV/c € p < 90 GeV/c if this information includes FC or ISIS,

90 GeV/e < p < 300 GeV/c if the information comes from more than one detector among ISIS,
FC and TRD,

e p > 300 GeV/c if the information comes from TRD.

The influence of these restrictions and of the combined geometrical acceptance of ‘the detectors as
a function of p(= pi/Pmaz) is shown in Fig.9 as a solid line. The dip at zr = 0.07 is due to the
combination of a decreasing efficiency of ISIS and an increasing efficiency of TRD.

When information from more than one detector is available, the appropriate probabilities are calcuilated
as the product of probabilities for each of the detectors. In general we can describe the detector response
{m) in terms of probabilities:

P(A;Q) = > P(hQ)x P(rt|k), P(R|h) = HP.-(m;lh), (6)

hz=e,x. K.p

where P{h;Q2) is the probability to find a hypothesis of type "h” in a given kinematical region Q and
P;(m; | h) is the conditional probability for detector "i” (i = SAD,ISIS,GD,FC or TRD if any) to produce
the measured value m; for the mass hypothesis "h”. One then forms a likelihood function for Eq.(6) and
maximizes it with respect to P(h;22). In this way, we produce a two dimensional table of the particle
fractions [P(h;Q2)] as a function of the rapidity and the squared transverse momentum.

Using these particle fractions as an "a priori” information on the charged particle "h” in a given
phase space region ({2) and the Bayes theorem, it is possible to calculate the probability for a track ()
to be particle "h”

P(h|m; Q) = P(ri|h) x P{h;$2)}/P(m,; 2).

There are two ways of using this probability.

e In order to produce the inclusive particle spectra as a function of any variable, we used P{h|7; Q)
as a weight for each track. In other words, P(h|%;2) is our projection operator from the full
charged particle spectrum to that for particle of type "h”.

s The above procedure cannot be applied for analyses of invariant mass spectra, since in this case we
want to study the correlations between particles but these correlations have already been integrated
in P(h|m; 2). In order to avoid this difficulty we use the following approach. The track is considered
to be a particle of type "h” if

P(h|m; Q) > 0.10. ' {7

The losses due to this cut are estimated by integrating
Ly = f P(ilh; Q)dr,
P(h|#;1)<0.1

and each selected track is weighted with a factor (1 — Ly)~*. The losses for charged kaons (Lg)
due to the condition (7) as a function of zg are shown in Fig.9. The admixture of particles of type
"h” in the "k” sample (42) can be estimated as

A
Ab = ay -, with a:“ = f P{h; Q) x P(A|h; Q)dA
Zh: b P(R[A)>0.1

Fig.9 shows the pion (A%) and proton ( A ) admixtures, respectively, in the charged kaon sample selected
with Eq.(7).

However, even using these cuts it is quite impossible to select a clean sample of K*'s above 100 GeV /e,
which is not contaminated by protons. In order to obtain at least a lower limit on K production, we
must extrapolate the K* to proton ratio from lower momenta, going to zero at zp — 1.
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2.6 Neutral strange particles

As mentioned above, the charged particle tracks reconstructed in the spectrometer which do not match
to the primary vertex are paired in an attempt to fit neutral strange particle decays or v conversions,
This fit is based on measurements of the track direction and the position in the spectrometer, of their
momenta when available and of the position of the primary vertex.

About 30,000 VP-particles were reconstructed in this way. However, large ambiguities remain between
VO-hypotheses (/K9 /A/A). In order to reduce these kinematical ambiguities, we apply the charged track
identification procedure as described above and remove all fits which contradict this information. The
"x*" s from all available detectors are added to the x? from the kinematical fit and a cut of 5% is applied
for the resulting x?-probability.

There are several sources of VO losses:

1. the geometrical acceptance of the spectrometer;

2. the inefficiency of reconstruction of tracks which are not connected to the primary vertex;
3. the losses due to the association of V° decay tracks to the primary vertex;

4. the two tracks resolution of the spectrometer;

5. the V? selection procedure.

The loss due to geometrical acceptance is easily estimated with Monte Carlo simulation studies. We
generated VO decays in the spectrometer and tried to reconstruct them via the standard reconstruction
program. For V%'s produced in the forward hemisphere in the center of mass system, the geometrical
acceptance is high enough and rather flat.

The losses 3, 4 and 5 can be reduced and partially accounted for by restricting the V°® fiducial volume.
We remove all V%'s decaying outside the region 530cm < Xyo < 380em. As a result we obtain 11,000
unambiguous VO fits.

To account for losses due to the reconstruction and selection procedure, we built two-dimensicnal
plots in terms of the variables X and cos® for different kinds of neutral decays

e_tmin/to — e“/‘ﬂ

X =

e_tmin/to _ e—tmcsn(to !
where ¢35 = ByTyo, and O is the polar Gottfried-Jackson angle of the positive decay particle:

dNV’

X deoe = F(X cosO),

where VO = K? /A/A, and then use them as a VO reconstruction efficiencies. Of course, this procedure
cannot give us an absolute measurement of the V? cross section. For the normalization, we use the totai
cross section of K?, measured at 360 GeV/c[16}, o(K?) = (8.55 £ 0.51)mb.

2.7 7Y and n-detection

The 7%’s and n's are detected in the gamma detectors via their decay 7%—~y (with branching ratio
BR = 98.8%), n—~yv(BR = 38.9%) and also n—x*x~ 7% (BR = 23.7%). Energy thresholds of 0.9 GeV for
IGD and 3 GeV for FGD have been chosen in order to maximize the signal to background ratio in the =
— y7 region. Very asymmetric 70 decays with |cos ©| > 0.9 are rejected. cos © = (E, — E3)/Pyo, Pro
is the 7% momentum, and E|,E; are the energies of the gammas. The geometrical acceptance of the
gamma detectors and the energy thresholds introduce a restriction on the available phase space: Y >
0.5 for 7% and 7, or zp > 0.006 for #° and zr > 0.021 for n production. To reduce the combinatorial
background in the vy invariant mass, showers due to charged hadrons are rejected. This rejection leads
to a loss of 3% of the x° signal but reduces the background by more than 20%. An additional loss of 7°%’s
cornes {rom the limited spatial resolution of two showers in the gamma detectors (d = 4em for FGD and
10 cm for IGD): this loss is taken into account, using the relation sin @™™ = 2d/Lgp X Myo/ Pyo.Finally,
losses due to conversion in the materials upstream of IGD and FGD are taken into account, inciuding
the conversion in the remaining hydrogen target, using the real position of the primary vertex.

In order to estimate x%/n cross sections in different kinematical regions, all showers detected in the
gamma detectors are paired and their invariant mass is calculated. The invariant 4y-mass distribution
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for zp > 0.006 in the #° mass region is presented in Fig.10. Since the yy-mass resolution varies with
zr (from [ (FWHM) = 16 MeV/c? at zp = 0 to 25 MeV/c? at zp — 1), the signal deviates from a
Gaussian. To avoid this problem we estimate the x° cross section in small intervals of the kinematical
variables, where the approximation by a Gaussian shape is valid. The averaged signal to background
ratio for #%s is = 1:1.

The yy-invariant mass distribution in the n-region is shown in Fig.11 with the result of a fit with
a Gaussian signal plus background. The values of measured 7° and n masses and widths are given in
Table 3 and are in a good agreement with the world average of the particle parameters{i7] and the
experimental resolution. The measured integrated cross section (zp > 0.021) for 7 meson production is
(4.03£0.26)mb.

In order to form invariant mass distributions with 7° or n we select vy - pairs satisfying the condition:

I M-,-r - M.,ro,q ‘ < 11T x FR;,D',,.

The acceptance for resonances having a 7% or 7 among their decay products has been limited to satisfy

the following condition: for any °/n emitted forward in the resonance decay system there is an azimuthal
angle ¢, for which it can be reconstructed. This condition corresponds to the region Y>0.5.

2.8 Invariant mass fitting procedure

The total and differential cross sections of resonances are obtained by fits to the corresponding
invariant mass distributions. Depending on the relative magnitude of the natural resonance width (T x)
and the experimental resolution in invariant mass (I'g = FWHM) the following three functions have
been used for the fit:

L. For 'y > g : {as for the p(770), K*(892) and A**(1232) resonances]

do/dM = BG(p*) x (1+ 3 B x BWi(M)),
I

where i are fitted parameters (if the corresponding resonance is absent, 5y is fixed to zero).
BWi(M) (1 =0, 1, 2) are the relativistic S-, P- and D-wave Breit-Wigner functions, respectively:
M T'r
BW, (M) =(—) x
!( ) ( ) (Mz—‘szz)2+(rTMR)2

(8)

with
— - P’ 2xitl —
Pr =Ty + Tp, [ =Ty x Rx (;.-) , R =gq(M)/q(Mp).
R

q(M) = 1/M for meson resonances and q(M) = ((M + m)? - M;? )/M? for baryon resonances
decaying via a mode M — M; + m. p~ is the momentum of the decay products in the resonance
center of mass system, pr = p" at the mass of the resonance Mg. The background is described
by the function

-

B6") = ax(Zpyex e e

2. For Ty & g : [ as for the $(1020) resonance] the Breit-Wigner distribution [Eq.(8)] is folded with
a Gaussian invariant mass resolution function.

3. For Ty « I'p(= I'7) : {as for the w(783), °, n}

do/dM = BG(M) + 8

2no?

where ¢ = ['p/2.35 and
BG(M) = ay(M — M) x e~ oM -ad®

Myp is the corresponding threshold mass [3x-mass in the case of w(783)].
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To check the fitting procedure, we allow all masses and widths of the meson resonances to vary. The
results of these fits are presented in Table 3. They are in a good agreement with the expected values. [n
the following, we fix all the masses and widths of the resonances to the PDG values[17].

However, because of closeness to the threshold of A(1232) it is impossible to define its width from
the fitting procedure. The width of the A(1232) was fixed at the PDG value[17], with the experimental
mass resolution properly taken into account. The A*+(1232) central mass value Mawas considered as
a free parameter. The fitted values of Ma obtained in the intervals of |, pr+ | < 0.6(GeV/c)?, where
the combinatorial background is relatively small, are given for illustration in Table 3. As one can see,
they are in a reasonabie agreement with the PDG value of My = 1230-1234 MeV /¢

Table 3: Resonance masses and widths.

Comparison of the resonance parameters from our data with Particle Data Group values{17]. Masses
and widths are given in (MeV/c?)

particle mass 'y I'r PDG mass | PDG width
v 134.4%1. | 17.0140.13 - 134.97 -
n— Y 553.6+2. 55.43.5 - 548.8+£0.6 -
n—rta- x| 549.8+1.3 18.7+£3.7 | 17.01 548.84+0.6 -
w(783) 784.2+1.1 52. £5.| 416 782.4£0.1 8.5+0.1
2 (770) 762.642.6 | 140 £ 13| 0.2 7703 15322
f{975) 971.1x4 | 3744108 10. 976+3 3416
£2(1270) 1262£11 180424 17.5 127445 185420
et~ 76819 148+33 | 19.2 TT0£3 15342
K*"(892) 890.5+5.7 | 60.5+£14.2 6.7 896.2 +0.3 51.3£0.8
$(1020) 1019.4+0.5 6.2+1.1 1.9 | 1019.41£0.01 4.41+0.05
ATT(1232) 122542 120 5.0 1230 - 1234 110 - 120
A(1520) 152015 1943 2.0 1519.5%1.0 15.6£1.0

2.9 Typical invariant mass distributions

Fig.12 shows the #*x~ invariant mass distribution for £p (zt7~) > 0. This distribution shows a
smooth behaviour, with however three maxima which are barely visible on the histogram but which are
more easily seen on the inserted histogram where a smooth background has been subtracted. These
three maxima are attributed to the production of p°(770), £5(975) and {2(1270), i.e. to P, S and D #* =~
wave resonances. The measured integrated cross sections for zg > 0 are (6.31%0.28)mb, (0.3740.13)mb
and (1.512£0.20)mb for p°(770), fo(975) and f,(1270), respectively.

Fig.13 and Fig.14 show the 7+x° and 7~ x° invariant mass distributions, for zz > 0.03, respectively.
The p*(770) and p~(770) are the only significant signals observed. The measured integrated cross
sections for zp > 0.03 are (4.39 +0.46)mb and (3.60+0.45)mb.

Figs.15a,b show the K**~ and K~#7% invariant mass distributions, for 2z > 0. The measured
integrated cross sections for zz > 0 for the K*%(892) and f‘o(892) resonances are (1.96+0.34)mb and
(1.48+40.27)mb, respectively, taking into account the K*x¥ branching ratio of these resonances.

Fig.15¢ shows the m*x~° invariant mass, for zz > 0.03. The measured integrated cross section
for zp > 0.03 for w(783) resonance is (5.42 +0.44)mb, with the (#*7~ "} branching ratio taken into
account.

Fig.15d shows the K*K~ invariant mass distribution for zp > 0. A clear ¢(1020) resonance is
observed, corresponding to an integrated cross section of (0.32+£0.03)mb (zr > 0), taking into account
the K*K~ branching ratio of ¢(1020).

The px*, px°, pr~ and pK~ invariant mass distributions for zp > 0.6 are shown in Fig.16. The
clear signal of A*+(1232) observed in the px* invariant mass distribution (see Fig.16a) corresponds to
a cross section of (1.68+0.3)mb. The signals of A °(1232) and A*(1232) are rather weak (Figs.16b,c)
and the corresponding cross sections are equal to (0.53%0.07)mb and (0.5520.09)mb, respectively. In
the pK~ invariant mass the A(1520) is observed (Fig.16d) with a cross section for zz > 0.6 equal to
{107£25)ub. .

These results on resonance production are introduced here to exemplify the experimental method
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presented in this section. A more detailed analysis of these results and a comparison with other
experimental data are presented in the following sections.

3 Production of ”stable” particles

The approach described above is used here to obtain the inclusive differential spectra of the stable
particles: x’s, charged K's, protons, §'s and n's produced forward in pp interactions at 400 GeV/c. Qur
basic results pertain to cross sections and to longitudinal and transverse momentum distributions. The
longitudinal distributions are also presented in the form of inclusive invariant differential cross sections.
We use the following definition of the invariant differential cross sections:

E d%¢ E d%
Flzp) = f———d 2 and F(p3) = f —_—dzp.
(=¢) Pmaxz szdP%' Pr (z) Pmaz szdp%
All variables being calculated in the overall center of mass system. ko
In this paper, we limit " the confrontation of the experimental observations one

fragmentation model, FRITIOF[18], using version 2.00 of this popular model practically withiout any
tuning. But we add a contribution due to tensor mesons with respect to vector ones at the generation
stage in the proportion T:V=0.3:0.7, . set the strangeness suppression factor (A,) to 0.27
and the width of the transverse momentum distribution of sea quarks to 0.44 GeV/c.

3.1 Total cross sections

Qur estimates of the total inclusive production cross sections for charged particles are based on the
symnetry of proton-proton interactions since we can confidently estimate and account for their losses for
zp > 0. The proton losses due to the trigger condition (two prong inelastic and target diffraction cross
sections) were taken into account. The #° and n mesons are registered in restricted kinematical regions
and in order to estimate their total inclusive production cross section we use some extrapolation.

The #% and 7 meson cross sections are measured for zp > 0.006 and zp > 0.021, respectively.
The measured #° cross section is equal to o(zp > 0.006;n > 2) = (51.76:£0.3621.55)mb, where the
first and secoud errors are statistical and systematical errors, respectively. To correct for the structural
trigger losses for the two- and four-prong events, the dependence of the average number of #%'s on charge
multiplicity (n) has been estimated in the range n = 6 + 16. Using a linear extrapolation, the n° cross
section for the two- and four-prong events is found to be equal to (2.7£0.6)mb. The total cross section
of #%’s has been estimated from the extrapolation of do/dzF spectrum with a single exponential form

in the zp interval [0.006, 0.05] to [0.00, 0.05]:
da/dzp _ 6(7.43:{:0.02)—(32.77i0.69)x:I:p ,xz/ndf = 16-63/17-

The result of this extrapolation is shown as an insert in Fig.17. The extrapolation yields ¢(0.00 < zr <
0.006) = (9.16£0.26)mb. Thus our estimate for the total cross section of the #°-meson production in
pp-interactions at 400 GeV /¢ is equal to (127.2+1.5 £3.2)mb, where the second error takes into account
the systematics in the extrapolation and weighting procedures.

The measured cross sections, the estimated total inclusive cross sections and the average multiplicities
for "stable” particles are presented in Table 4, together with the predictions of the FRITIOF model.
The FRITIOF model underestimates pion production by a factor of about 1.25. The difference between
7® vield and half of the sum of #* and =~ yields is equal to

Txt + Tx-

5 = 5.3+ 4.1mb.

Tyo —

To estimate the total cross section for n-meson production we use the same approa_ch. as above. The

measured cross section for zp > 0.021 is equal to (4.03£0.26)mb. The do/dzr spectrum in zp interval
(0.021, 1.0] is well fitted by the form

do/dzp = e(a'*?i*o'“)‘(9"‘4*“""9)"”,xz/ndf = 14.2/8.

The fit and the extrapolation are shown in Fig.17, yielding an extrapolated cross section ¢(0.00 < z¢ <
0.021) = (0.86+010)mb. Thus our estimate for the total cross section of n-meson production in pp-
interactions at 400 GeV/c amounts to (9.78 + 0.56)mb. So far there are orly two measurements of the
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Table 4: Cross sections for "stable” particles.
Measured cross section (¢y,) in the indicated ¢ intervals, total cross section (o7 ), the FRITIOF model
predictions (o) and average multiplicities (7).
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particle | zginterval om (mb) gr(mb) | op (mb) n
™ | >0 67.2x1.7 134.4+3 .4 107.7 | 4.10+0.11
7~ | >0 54.7+1.4 109.44+2.8 B87.5 | 3.3440.08
= 1 > 006 51.840.44+1.6 | 127.2+1.5+£3.2 112.5 | 3.87+0.12

n | >.021 4.03+0.26 9.8 £0.6 16.3 | 0.3040.02

Kt | >0 5.4240.1%£0.8 10.85%0.53 8.97 ¢ .331x.016
1K+ B.75 +£0.36 6.35
2Kt 0.86 £0.19 0.738

K- | >0 3.74+0.10 7.36 £0.35 6.28 | .2244+.011
1K~ 6.14 £0.31 4.44
2 K- 0.557+0.074 0.342
3K~ 0.037+0.010 0.018

p | >0 15.5+1.6 39.5 +£3.2 46.39 | 1.204.097

p| >0 1.00+0.02 2.08 £0.06 2.6 | .083+.002
1p 1.99 +0.03 2.4
2 p 090 £.014 0.17

total cross section for n production in proton-proton interactions. At 69 GeV/c[21] only an upper limit
(o(n} < 6 mb) is obtained. The 7 cross section measured on ISR at /s = 53 GeV/c[22] is equal to o(n)
= (32+£20)mb and does not contradict to our estimate.

The average charged kaon cross section is equal to (9.1£0.3)mb and is in a good agreement with the
K? cross sections at 360 GeV/c (8.55+£0.51)mb[16]. The ratio of K* to K~ production is equal to

R = o(K*)/o(K~) = 1.45% 0.09.

This asymmetry is due to associated production of kaons with hyperons. If we assume that half of the
kaons produced in pp-interactions are neutral, we can ex tract the hyperon (Y) production cross section:
oY) — oY) = 2x[o(K*) — o(K7)] = (7.0 £ 1.3)mb.

The difference of this hyperon production and the A production (¢(A) — ¢(A) = (3.66 + 0.42)mb
from [16]) can be considered as an estimate of the charged £ hyperon production cross section: o(Zt +
Il £7) = (3.3 % 1.4)mb which is also in a good agreement with the measurements of o(E+)

= (1.574£0.49)mb and ¢(£7) = (0.42 £0.20)mb at 405 GeV/c [28].
In Table 4 we also present the cross sections for multiple charged kaon production together with
FRITIOF predictions. FRITIOF predicts systematically lower cross sections but gives a rather good

description of their behaviour with increasing kaon multiplicity. The ratios of double to single kaon
production are equal to:

o(2Kt)

—t = (. . .12
SR = 00002 a2
s(2K”) _

SRSy = 009x00L (008

with the corresponding FRITIOF predictions in the squared brackets. The good agreement indicates
that the strangeness suppression factor (A, = 0.27) used in FRITIOF describes the data reasonably well.

It is interesting to compare the A to antiproton production, their ratio being related to the strangeness
suppression factor (A,). To estimate o{A), we take the weighted average of the three measurements of
the cross section obtained at close incident momenta: (430£120)ub at 360 GeV/c[16], (4204160)ub at
400 GeV /c[23], (630£120)ub at 405 GeV/c[24]. The ratio of the A cross section to the antiproton cross
section 1s:

_ o(A) _ 505%75 _
' T e(B) T 2080£50 0.24 £0.04,

which is compatible with the value used in FRITIOF.
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On the other hand the confrontation of single and double antiproton production cross sections (see
Table 4) provides us with a possibility to measure directly the diquark-antidiquark pair production
suppression factor:

95
= a(—fz = 0.045 %+ 0.007.
a(1p)
This result is compa. tible with the values obtained in proton-proton interactions at 360 GeV/c[25],
Ap = 0.063 £90.011, and in muon-nucleon interactions at 280 GeV/c[26], Ap = 0.065, but it is below

the value obtained in e*e™ interactions[27], Ap = 0.09.

3.2 Inclusive distributions

In Figs.17-20 we summarize the inclusive single particle spectra in terms of the kinematical variables
of Feynman - ¢, rapidity Y and transverse momentum p%-. In Fig.21 average p2. is shown as a functions
ofzp and Y.

3.2.1 Proton and antiproton production

The proton and antiproton inclusive distributions are presented in Figs.18a,d, Fig.19a and Figs.21a,d,
Figs.20a,b.d,e. The protons and antiprotons are identified with good efficiency over the full forward
hemisphere (zr > 0). However, the trigger inefficiency for the low multiplicity interactions prevents any
reliable measurement of the proton differential cross section above zp > 0.75.

Both the proton and antiproton do/dzr distributions (Fig.18a) display a clear "central” production
maximum at zp = 0, similar in shape and magnitude. This central peak is followed, for the proton
distribution, by a broad and large maximum between zz ~ 0.2 and 2z ~ 0.6 the second maximum,
absent in the antiproton distribution, is associated with the incident proton fragmentation.

The curve projected on the antiproton distribution for do/dzr (Fig.18a) shows the result of a fit

with the function:
dof/dzp = a(l - zp)" (9)

for zp > 0.1. The exponent is n = 7.96+0.10.

‘The curves shown in Fig.18d and Fig.19a correspond to the predictions of FRITIOF: the model
reproduces the shape of the antiproton distributions rather well but overestimates the integral cross
section by a factor of ~ 1.3. A similar discrepancy is observed for the proton distributions, in particular
at zp~0.6. ‘

In Fig.21a and Fig.21d one observes a difference between protons and antiprotons in the general
trends for the average squared transverse momentum as a function of zp and of the rapidity. A similar
difference, although less pronounced, is observed for 7+’s and 7~ ’s (see section 3.2.3). These differences
are correlated with a larger contribution of the fragmentation mechanism to the production of protons
and 7*’s than to antiprotons and =~ ’s.

3.2.2 Kaon production

The charged kaon inclusive distributions are presented in Fig.18b, Fig.18e, Fig.19b, Figs.2lbe,
Figs.20a,b,d,e. Both the K* and K~ distributions show a sharp maximum at zg ~ 0 followed, in
particular for the K*'s, by a flatter do/dzp distribution above zp~0.3. This behaviour indicates a
significant contribution of K*’s from the incident proton fragmentation. The curves projected on the
K* and K~ do/dzp distributions (Fig.18b) show the result of fits with the function (9) in the zp interval
(0.36,0.88], with .

n = 22x£02 for KT, and n = 63+02 for K.

The curves shown in Fig.18e, Fig.19b and Figs.21b.e correspond to the FRITIOF predictions. This
model reproduces rather well the shapes of the distributions, but underestimates the cross sections at
small £z by a factor ~1.3.
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3.2.3 Pion and n production

The =° and % inclusive distributions are presented in Fig.17, Fig.19d and Figs.20c.f. Figs.18¢c.fFig.19¢,
Figs.20a,b.d.eand Figs.21c,fshow the #* and 7~ inciusive distributions. The do/dzr distributions(Fig.18¢)
can be qualitatively described by the superposition of three contributions: a central one, peaking at zp=
0, a contribution mainly due to proton fragmentation, between zz~0.2 and zp~0.7, and a forward
contribution (zp>0.7) associated to the inelastic diffraction mechanism. For the fragmentation region,
fits to the function (9) have been performed, yielding the results:

n = 4354004 for xt, n o= 6241010 for 77,

and
n = 6.1+04 for 7° n = 44+05 for 1.

Fig.18f shows the invariant zg-distributions, compared to similar resuits obtained for the backward
hemisphere of proton-proton interactions at 360 GeV/c {(NA23}[29] and to the predictions of FRITIOF.
The comparison with NA23 data for #~'s shows a good agreement at zz < 0.6 and some difference at
large zp which may be related to the trigger inefficiencies at low multiplicities. The comparison of 7t+’s
shows a systematic difference which cannot be explained by any corresponding bias in our data, because
this bias should then affect the 7~ distribution as well as #+’s. Therefore we interpret the observed
difference by a contamination of protons in the NA23 data. Qur =% /proton separation is more complete
in this momentum range (see section 2) than the separation achieved by ionization measurement in the
bubble chamber only in NA23.

Fig.17 shows the differential cross section for #° production compared to the measurements made at
250 GeV/c (experiment NA22)[19] and at 360 GeV/c (NA23)[20]. There is a good agreement of our data
with NA23 but the data from NA22 are systematically higher. Fig.17 also shows the differential cross
section for the r mesons.

The curves in Figs.18d-f, Fig.1% and Fig.21 are the FRITIOF predictions. The model gives a rather
good description of the spectrum shapes, but underestimates the cross sections.

It is interesting to compare the ratios of do/dzp at zp = 0 for K™’s and p’s to v~ ’s

Ry = do(K~)/dzs [ do(x™)/dzr;, _, = 0.043 % 0.001,

il

R; do(p)/dzp [ do(#x7)/dzp,,,_, = 0.0089=+ 0.0002.

Similar values are obtained by NA23(25]: R¥4% = 0.053£0.005 and RY4%3= 0.012£0.002.

3.2.4 Transverse momentum distributions

The squared transverse momentum distributions are presented in Fig.20. Single and double exponential
forms are inadequate to describe the data, apparently reflecting the complexity of the particle production
ongin. The curves in this figure are the results of 2 fit of invariant and noninvariant transverse momentum
distributions to the forms:

do A 2 C

S OTExAr T Gipxar

3 n' (10)
dpp ~ (1+ B xpp)

The fit parameters are summarized in Table 5.

Fig.21 shows the averaged squared transverse momentum dependence on Feynman zp and rapidity.
A clear sea-gull effect is observed for pions and kaons as well as antiprotons. The standard version of the
FRITIOF model reproduces only general trends of the distributions but fails in quantitative description
of the data.

4 Resonance production

In section 2, we have exemplified the detection, resolution and identification techniques used in this
analysis with the results obtained for the production of meson resonances. Table 6 summarizes the
data on the production cross sections of meson resonances for various zp ranges. Since detection of
resonances decaying into a x°-meson is limited by the acceptance of gamma-detectors, we apply the
same extrapolation procedure as for the #° and n mesons described above. Qur estimates for the total
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particle do /dpy

A{mb/(GeV/c)?) | B (GeV/c)™? n | x°/NDF

xt 513 £11 2.71£0.04 | 3.9840.02 | 183.4/31

T 45448 3.14+0.04 | 3.754£0.02 | 143.8/31

P 3 423+H 2.93+0.07 | 3.80+0.04 | 98.9/20

n 17.9 £2.7 2.14%0.43 2.840.3 8.8/ 9

K* 20.3 £0.3 1.000.02 | 4.79+£0.05 | 94.0/31

K- 19.0 £0.4 1.58+0.03 | 4.24£0.05 | 32.6/31

p 60.1 £0.8 0.80£0.01 | 5.884+0.056 | 38.7/31

D 3.20 +.06 0.75+0.03 | 5.31x0.13 | 40.5/31

particie F{p7)

C(mb/(GeV/c)*} | D (GeV/¢)~? m | x°/NDF

T 31.5 £0.5 1.57+£0.02 | 4.41+0.03 | 97.3/31

™ 21.5 £0.3 1.95£0.03 | 3.85£0.03 48.4/31

n° 17.6 £0.2 1.47+0.03 | 4.35£0.05 { 37.9/20

n 145 £.17 0.88+0.17 3.940.5 T.6/9

K+ 1.53 £.02 0.34£.006 | 8.0840.11 37.3/31

K- 1.41 £.03 1.33+0.03 | 3.99£0.06 | 31.2/31

p 31.0 0.5 0.90£0.03 | 5.81+£0.09 | 63.9/31

P 0.39 £.01 0.74+£0.03 | 4.83+0.14 | 40.9/31

cross sections are presented in Table 6 together with the weighted averaged cross sections for K**(892)
at 360 GeV/c[30] and 405 GeV/c[31].
The smallest value of cross section relates to the ¢(1020) production, which is an order of magnitude
smaller than its non 33 partner, the w(783) meson. The K*%(892) and R—O(SQQ) also have a reduced
production cross section, compared to nonstrange vector meson p{770): one notes however that this
reduction is relatively smaller than in case of the charged kaon compared to the pion production.

Table 6: Meson resonance cross sections measured in various zp intervals and total cross section
estimations. Cross sections are given in mb.

zp interval of measurement Comment
Resonance >0.0 > 0.03 >0.1 Total | FRITIOF
p%(770) | 6.31 £0.28 3.06 £0.12 12.6%£0.6 15.5
£0(975) | 0.37 £0.13 0.20 £0.08 1 0.74 £0.26
f2(1270) | 1.51 £0.20 1.02 £0.15 | 3.02 £0.40 3.88
pT(770) 4.39 +0.46 | 3.56 £0.36 18.1+£2.7 15.1
p~ {770} 3.60 £0.45 | 2.52 £0.30 11.641.9 1.7
w(783) 5.42 £0.44 | 2.89 £0.20 12.8+0.8 12.0
K*1(892) 4.33 £0.53 3.58 | from [30] and [31]
K*%(892) | 1.96 +£0.34 0.76 £0.22 | 3.92 £0.68 2.72
| E'G(892) 1.48 £0.27 0.51 £0.14 | 2.96 £0.54 1.94
K™ (892) ' 2.87 £0.39 1.86 | from [30] and [31]
¢(1020) { 0.31 £0.03 (.12 £0.02 | 0.62 £0.06 0 .367

The do/dzp distributions of the non-strange vector mesons p°(770), p* (770}, p~(770), and w(783)
are presented in Fig.22. All these distributions have almost the same zr-dependence. The fact, that
the p°(770) and w(783) data practically coincide, reflects their common origin from the incident valence

quarks.

The same conclusion can be made from a comparison of the total production cross sections. The
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ratio of the cross sections for p*(770)’s and p~(770)’s is equal to

c(pt)/o(p™) = 1.56 +0.35,

reflecting the presence of the two valence u-quarks and of only one valence d-quark in the initial proton.
The ratio of the p°(770)’s to w(783)’s is equal to

Ry = a(p°(770))/o(w(783)) = 0.99 + 0.08.

FRITIOF gives Ry = 1.3, and predicts o(p°) - o(w) = 3.4 mb whereas we find o(p°) - o(w) = (-
0.18:40.98)mb. This disagreement is largely due to the overestimation of #° production in the FRITIOF
model: ¢{n") = 7.1 mb, keeping in mind that the branching ratio n’ — % is equal to 30%. Assuming that
o(0%) - o(w) is completely defined by the n’-decays we can estimate from our data the upper limit on %’
production as o(n’) < 6.5 mb (at 95% C.L.). The overestimation of ¢(7’) by FRITIOF may also explain
to a great extent the discrepancy observed between our experimental value of (%) = (9.78+0.56)mb and
the FRITIOF prediction: o(n) = 16.3 mb since 65% of the n’-mesons decay into the nwx final state.

Using our measurement of cross sections for neutral K*(892)’s and the averaged ones(30],[31] for the
charged K*(892)’s we can now estimate the cross section for K*(892) and K (892):

F(K™) = o(K**) + o(K™°) = 8.25+0.86mband o(K )= o(K™") + o(B"") = 5.83 + 0.67mb

and their ratio .
o(K")/o(K') = 1.42£0.22,
which is in a good agreement with the charged kaon ratio Ry = 1.45 + 0.09. This result may indicate that

the same fraction of kaons and K~ (892) is associated to hyperon production. The production rates of &°
and K*~ are almost equal. Their ratio is 1.03+0.23. This may reflect the completely isotopic unpolarized
quark sea in the proton. Unfortunately our statistics does not allow to measure a K* isospin polarization
of the proton valence quark (¢{K**)—c(K*~) = (1.4630.66mb, U(K‘O)—U(FO) = (0.96+0.87mb).

In order to estimate the fraction of ¢(1020)’s which is associated with strange particle production,
we measure the fractions of ¢(1020)’s associated with kaons of different charges:

o($,K*)/o() = 0.52£0.08, o(p K™ )/o(¢) = 0.2040.06, (4 KO)/o(4) = 0.28 4 0.14.

If we assume that o(YK)/o(KK) = o(YK*)/o(K*K) = Ry - 1. = 0.4520.09 and if we further assume
the isotopic invariance between the charged and neutral kaons, then o(¢s) = o(¢3) = 2xo(¢K*) =
2x Ry xo(¢K™) = (14 Ry) xo(¢K?) and the fraction of ¢(1020) associated with any strange particle
is equal to:

Rs = o(¢s)/o(¢) = 0.91£0.11.

Thus we test the degree of suppression of unconnected to connected quark lines in the production of
vector mesons (OZI suppression rule[33]):

Aozr = (1—Rg) x o($)/e(w) = 0.004 4 0.005.

In this experiment for the #~ p-interactions at 360 GeV/c[34] a suppression factor equal to A5/, =
0.014 £ 0.006 has been obtained.

Using the ratios of the production rates of K*9(892) to p(770), $(1020) to K°(892) and ¢(1020) to
w(783) we can estimate the strangeness suppression factor in the three different ways:

M= oK) /a(p%) = 0.311£0.056; A2 = o()/a(X"°) = 0.209  0.035;

Az = o(¢)/olw) = 0.220 £ 0.013.

Their weighted average is equal to
A, = 0.2240.01.

In Table 7 we present the results of a fit of the do/dp2. spectra for meson resonances to the form:

do/dph = AeBPT,
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Table 7: Slopes in the do/dp3 distributions for the vector mesons

Resonance | B (GeV/c)™7 [ x%/adf
(770 2502010 | 6.92/7
w(783) 7.25%0.16 | 10.77/6

27 (770) 15520.21 | 3.65/5
o~ (770) 1.2820.25 | 3.46/4
K0(392) 2.41%0.79 | 0.27/3
K (892) 3.26+1.20 | 1.95/3
$(1020) 7.08+0.35 | 3.73/7

Page L7

Table 8: Baryon resonance cross sections (¢,) measured in the indicated zp interval, the total cross
section estimates (o) and FRITIOF predictions (o). Cross sections are given in mb.

Resonance | zp interval Tm or oF Comment
ATT > 0 | 3.58 £0.05 | 7.16 £0.10 | 12.56
AT > 02| 1.62 £0.27 845
AT >0 | 2.31 £0.13 | 462 £0.26 | 5.65
A(1520) >0 | 0.28 £0.05 | 0.56 £0.10
-+(1385) 0.67 £0.08 | 1.19 | from [24] and [30
T - (1385) 0.33 £0.06 | 0.34 | from [24] and [30
AT >0. | 0.21 £0.08 § 0.42 +£0.16 | 0.40
A > 0. | 0.55 £0.16 | 1.10 £0.32 | 0.40

Our estimates for inclusive production cross sections of A*+(1232), A%(1232) and A(1520) for the
forward hemisphere and A*+(1232) for 27 > 0.2 are presented in Table 8, differential spectra for A(1232)
and A(1520) are shown in Fig.23 and Fig.24, respectively.

So far, only upper limit on A%(1232) production exists, for example at /5=62GeV[36] an upper limit
of 0.9 mb has been obtained. Our measurement of the A%(1232) production cross section gives o =
(4.62:£0.26)mb.

The total inclusive cross section of A**(1232) is equal to (7.16 £0.10)mb. The only data for
A++(1232) available in a rather wide kinematical region are the measurements at ISR[36] giving:
(7.0£1.1)mb at /3 = 31 GeV; (7.4+£0.7)mb at /s = 45 GeV; and (7.920.4)mb at /s = 62 GeV.
Our estimate is in a good agreement with this data.

Comparing our do/dzp distribution for A+*(1232) with the data at /s= 62 GeV GeV[36](see
Fig.23a) we observe their c¢oincidence in the region 0.2<zr<0.8, but some disagreement at zp>0.8.
Moreover, in our data there is a clear central contribution similar to that observed in the proton
spectrum. The measured A*t+(1232) cross section is about a factor 2 smaller than the FRITIOF
prediction. One further may expect the following hierarchy of A(1232) production rates: A*+ > At >
A% and it is confirmed by FRITIOF. However, from Fig.23a we notice that the AT and A? spectra are
compatible in shape and magnitude and are considerably lower than the A** spectrum, particularly in
the fragmentation region. This behaviour is also seen for the invariant zp distribution (Fig.23b).

A difference between A+ %(1232) production on one hand and A®%(1232} and A*(1232) production
on the other, can also be seen in the t' = |t — tyini (Fig.23¢) and multiplicity (Fig.23d) distributions. For
A++(1232) the do/dt’ distribution clearly shows two exponential behaviour which can be parameterized
as

dO‘(A++(1232))/d‘t' = [8(0.905:0-19)-!-(1.055:0.12)1‘ + 8(2.193:0.06)4-(8.4:!:1.7)2'](mb/Gev2)’ xz/ﬂ-df = 434/8
The A%(1232) and A*+(1232) distribut.ic_inscan be fitted using a single exponential form:

da(A"'(l?SQ))/dt’ - 6(0.63i0.2?)+(1.0510.25)3'(mb/GeV2)' xzfﬂdf = 4.9/4,

and

da(A0(1232))/dt' 6(1.06i0.20)+(1.571:0.34)!'(mb/Gevﬂ)’ xz/n.df 85/4

I
Il
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Fig.23d shows the dependence of the production cross sections for At+(1232) and A®(1232) for
zp> 0 and A*(1232) for zp > 0.2 on charged track multiplicity of the primary interaction. For high

multiplicities all cross sections practically coincide, but for low multiplicities A**(1232) production is
much more abundant. Thus we conclude that

e the ;'_\0(1232) and A*(1232) productions are very similar and differ rather strongly from A*+(1232)
production; ,

o this difference is found in the region of large z 7, low t’ and low multiplicities and may be due to
the production of diffractive states.

The measured total cross section for the A(1520) production amounts to (0.56+0.10)mb. The average
p3 for A(1520) is equal (0.45+0.13) (GeV/c)®. Until now, the inclusive A(1520) production in pp-
interactions is measured only at /s = 62.3 GeV at ISR[35] for a narrow interval of transverse momentum
around pr= 0.65 GeV/c. If we suppose factorization in zg and p%and an exponential behaviour of the
pr-distribution with the mean value of p# = 0.45 (GeV/c)?, we can recalculate the invariant spectrum
from [35] to de/dz r to compare with our data. The derived spectrum is presented in Fig.24 together with
our data. There is a good agreement in the fragmentation region (z7>0.6). In Fig.24 we also compare
our do/dzp spectrum of the A(1520)’s and that for Z**(1385)’s and Z*~(1385)’s at 405 GeV/c[24]. One
can see that the A(1520) spectrum is rather flat, which can be treated as an indication of the réle of the
incident proton valence diquark in the A(1520) production. The Z*(1385)spectrum is softer than that
for A(1520)’s but is compatible in magnitude. The Z*-hyperon cross sections, combined from [24] and
[30], are equal to (0.67+0.08)mb for Z**(1385) and (0.33+0.06)mb for £*~(1385).

In Table 9 our estimates for contribution of the resonances to the "stable” particle yields based on
our measurements of their total cross sections are presented. Also fractions of "direct” particles which
are not decay products of the resonances are estimated. Obviously about 45 % of charged pions and
kaons and about 51% of #°’s observed in the final state are the decay products of high mass mesons
{mainly vector mesons) and baryons. We can conclude that "direct” production of pseudoscalar mesons
and those from the decay are comparable. The excess of #%’s produced from resonances over charged
pions is mainly due to decay of n—3#°.

Table 9: Contribution of resonances to the "stable” particle yields.

Notations are the following:

respectively, og =

ocm and op are contributions from meson and baryon resonances,
T — 0%

produced "directly”. Cross sections are in mb.

oum + og, or is the total cross section, R =

agr

particle opM og on R
nt 52.6+2.9 7.6+£0.2 1 60.24£2.9 | 0.552+0.024

T 45.742.2 2.240.2 1 47.94+2.2 | 0.56240.023

Y 61.2+3.5 3.9+0.3 | 65.1£3.5 | 0.488+0.031

Kt | 451+£0.48 | 0.13£0.02 | 4.64+0.48 0.57 £0.05
K- | 3.38+£0.38 3.38+£0.38 0.54 +£0.06

p 8.83+0.14 | 8.83+0.14 | 0.776£0.018

p 0.8 £0.2 0.8 £0.2 0.62 +0.10

is the fraction of particles

From Table 9 the ”direct” production cross sections for Kt and K~ are equal to (6.240.7)mb and

(4.0£0.5)mb, respectively. Then the ratios of the directly produced charged kaons to the vector ones
are:

o(K;

direct

)o(K™t) = 1.43+0.23, and

O(Kgireer)/o(K*7) = 1.39£0.26,
giving the value:
0(Kairect) 1 0(K*) = 1.41£0.17.

This value is rather far from the simple spin statistics expectation of PS:V = 1/(2J+1) = 1/3.
In this sense it is more interesting to compare the production rates of the scalar and tensor mesons:

o(f2)/o(fo) = 4.1£1.5,

which is close to the simple spin statistics prediction. From this point of view we can expect the following
ratio of vector to scalar and tensor meson production rates: o(w): o(fy) : o(f2) =3 : Ap : 5Ap, where Ap
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is the suppression factor for g7 pair P-wave excitation. From this relation we extract: A\p = 0.1440.02.
Then following reference [32] we can conclude that the direct production of two S-wave (pseudo scalar
[J? = 07] and vector (1~] mesons) and four P-wave (scalar [0%], two pseudovector [1+] and tensor
mesons[?"’]) takes place in the following proportions:

07 :17:0% 1} 1) 2% = 1:3:0p:3xAp:3xAp:axAp = 1:3:0.14:0.42:0.42:0.70.

Thus taking into account the ¢§ pair P-wave excitation can change the ratio of pseudo scalar to vector
meson production rate at least by a factor two.

We have to note that the A(1520) hyperon as a member of the (70, 17 )-multiplet in the SU{6)®0(3)
quark scheme can be considered as the P-wave quark-diquark bound state. A confrontation of £**(1385)
and A(1520) yields gives comparable production rates for S-wave and P-wave baryons. This fact stresses
the essential role of the (70,17 ) SU(6)®Q(3) baryon multiplet for inclusive baryon production. Thus to
obtain a quantitative description of the inclusive production of baryons as well as mesons, it is necessary
to introduce at least the production of P-wave excited digquark-quark and quark-antiquark states.

5 Summary

The main results of this paper can be summarized as follows:

e We present a comprehensive method to analyze data of the European Hybrid Spectrometer in the
phase space region zz > 0 and pr < 2.5 GeV/c, limiting the systematic errors from the trigger
and charged track reconstruction losses to < 3%.

e Using a statistical approach, we obtain a reasonable efficiency in charged particle identification
over the full kinematical region covered.

This allows us to present a detailed study of particle and resonance production characteristics in soft
proton-proton interactions at 400 GeV/c with the following results:

e The total inclusive production cross section and the longitudinal and transverse momentum distributions

for the charged and neutral pions, n mesons, the charged kaons, protons and antiprotons are
measured;

e The total inclusive production cross sections of poi(7r0),w(183) K*°(892), K" (892), #(1020),
fa(975) and f2(1270) are measured.

¢ Longitudinal and transverse momentum distributions of p®*{770), w(783) are measured.

e {4549)% of the kaons and (42+22)% of K*(892) mesons are produced in association with a hyperon.
o The overall estimation of the strangeness suppression factor is A, = 0.22+0.01.

¢ The estimation of the diquark-antidiquark pair production suppression factor is Ap = 0.04510.007.
e The P-wave quark-antiquark production suppression factor is equal to Ap = 0.1440.02.

e The OZI suppression of unconnected with respect to connected quark diagrams in the production
of vector mesons is estimated as Agzr = 0.004 & 0.005.

o The total inclusive production cross sections of A++(1232), A%(1232) and A(1520) are measured.
e The inclusive distributions of A*+(1232), A%(1232), A+(1232) and A(1520) are obtained.

o The production characteristics of A%(1232) and A*(1232) differ significantly from those for A*++(1232).

e The inclusive spectrum of A(1520) is strongly influenced by the valence diquark of the incident
proton. '

e A comparison of all spectra with predictions of FRITIOF is given. It is shown that in order to
obtain a quantitative description of the inclusive production, it is necessary to introduce at least
the production of P-wave excited quark-antiquark and diquark-quark states.
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of the SPS, and to the scanning staff at the collaborating laboratories for their competent and selfless
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Figure captions

Fig.1 The European Hybrid Spectrometer experimental set-up.

Fig.2 The Buras-KNO scaling distribution for charge multiplicities in proton-proton interactions
between 100 and 400 GeV/c[11],{12].

Fig.3 Topological cross sections from [11]; from this experiment before the correction (normalized
to {11] for n > 10); and after the correction for statistical trigger losses. The curve corresponds to the
Buras-KNO multiplicity distribution after subtraction of the target diffraction contribution.

Fig.4 Charged track reconstruction efficiency as a function of center of mass rapidity.

Fig.5 ISIS ionization distribution relative to the kaon hypothesis for positive particles in the momentum
range from 12.5 to 15 GeV/c. The curve is the result of a fit to this distribution by the expected form
[Eq.(1)] for protons (left peak), kaons (central peak) and pions(right peak).

Fig.6 The SAD photomultiplier signal distribution for the tracks with effective length equal to seven
photoelectrons. The curve is the result of the fit of Eq.(2).

Fig.7 Transition radiation energy distributions in TRD for negative pions with momentum 35 GeV/c
and 250 GeV/e, respectively. The curves are the results of fits of these distributions with f(E) of Eq.(3).

Fig.8 Experimental distribution obtained for x = E/p, the ratio of the shower energy measured in the
FGD or IGD to the charged particle momentum reconstructed in the spectrometer. The curves represent
the fit obtained for the sum of two contributions expressed by Eqs.(4) and (5).

Fig.9 Particle identification efficiency as a function of zp (solid line). The loss Lg of charged kaons
due to condition (7) is shown by the dashed line. The dotted-dashed and double-dotted-dashed lines
present the pion (A%) and proton (4% ) admixtures in the charged kaon sample selected by condition
(7), respectively.

Fig.10 «v invariant mass distribution for zz > 0.006. The curves show an estimation of the signal
and background.

Fig.11 yy-invariant mass distribution for zp > 0.021 [and M{yv) > 0.34 GeV/c?]. The curves show
the result of the fit. The inserted histogram shows the same data, after background subtraction.

Fig.12 Invariant =¥ 7~ mass distribution for zp > 0. The curves show the result of the fit. The
inserted histogram shows the same data, after background subtraction.

Fig.13 Invariant #* 7% mass distribution for zz > 0.03. The curves show the result of the fit. The
inserted histogram shows the same data, after background subtraction.

Fig.14 Invariant 7~ #° mass distribution for zz> 0.03. The curves show the result of the fit. The
inserted histogram shows the same data, after background subtraction.

Fig.15 Invariant K*x~(a), K- 7*(b), #*7~x°%(c) and K*K~(d) mass distributions in the indicated
z g intervals. The curves show the results of the fits.

Fig.16 The px*(a), pr~(b), pr°(c) and pK~ (d) invariant mass distributions for ¢z > 0.6. The
curves show the fitted background and Breit-Wigner functions described in the text.

Fig.17 do/dzr for the 7° and n production. The x® differential cross sections measured in this
experiment, the data of the NA22 experiment at 250 GeV/c[19], of the NA23 experiment[20jat 360
GeV/c, and our estimate of n production. The curves are exponential extrapolations for #° (inserted
histogram) and n(see text).

Fig.18 Longitudinal z p distributions for charged particles. The do/dzp (2-c) and F(zp)(d-f) distributions
for proton and antiproton (a, d), charged kaons (b, ¢) and pions {¢,f). F(zr) for the charged pion data
from (NA23){29] at 360 GeV/c is shown in (f). The curves in Figs. (a-c) are the result of the fit (see
text) and in Figs. (d-f) are the FRITIOF model predictions.

Fig.19 The do/dY distributions for proton and antiproton (a), charged kaons (b), charged pions (c)
and 7° and 7-mesons (d). The curves show the FRITIOF mode!} predictions.

Fig.20 Squared transverse momentum distributions. The do/dp2 (a-c) and F(p2) (d-f) distributions
for =+, p, K*(a, d); #~, p, K~(b, e); and #° and 7 (c,f). The curves are the fit results by Eq.(10).

Fig.21 Average p% dependence on zz (a-¢) and rapidity (d-f) for proton and antiproton (a,c), charged
kaons {b,e) and pioas (¢,f). The curves show the FRITIOF model predictions. Solid and dashed lines
are attributed §: »ositive and negative particles, respectively. '

Fig.22 The do/dzp distributions for p(770) and w(783) mesons.

Fig.23 Inclusive distributions for A(1232). The do/dzp distributions for A(1232), (a); the invariant
longitudinal distributions for A(1232), (b); the do /dt’ distributions for A(1232), (c); and the multiplicity
distribution for A*+(1232) and A°(1232) at zp> 0 and A+(1232) at zp > 0.1, (d). The curves in Figs.
(a) and (b) are the FRITIOF model predictions and in Fig.(c) are the two or single exponent fit results(see
text). '
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Fig.24 Longitudinal 27 distributions for hyperon resonances. The de/dzr distributions for A{1520)
measured in this experiment, for Z**(1385) and £*~(1385) at 405 GeV/c[24], and recalculated spectrum
for A(1520) at /s = 62.3 GeV from [35](see text)
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