
Eur. Phys. J. A 11, 113–119 (2001) THE EUROPEAN
PHYSICAL JOURNAL A
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H. Müllera

Institut für Kern- und Hadronenphysik, Forschungszentrum Rossendorf, Postfach 510119, 01314 Dresden, Germany

Received: 20 December 2000 / Revised version: 7 May 2001
Communicated by M. Garçon

Abstract. We investigate the reaction pp → da+
0 at COSY and SIS energies together with accompanying

background reactions and inclusive particle yields. The a+
0 is considered as a usual ud̄ quark model state

with two decay channels a+
0 → K+K̄0 and a+

0 → π+η. Calculated cross-sections for a+
0 production as well

as for the corresponding non-resonant channels pp → dK+K̄0 and pp → dπ+η are compared. Especially,
in case of the final channel dπ+η, high statistics measurements are necessary to extract the a+

0 signal from
the high non-resonant background.

PACS. 13.75.Cs Nucleon-nucleon interactions (including antinucleons, deuterons, etc.) – 13.25.-k Hadronic
decays of mesons

1 Introduction

The structure of the lightest scalar mesons a0(980) and
f0(980) is not well understood (see the “note on scalar
mesons” of the particle data group (PDG) [1] and refer-
ences therein). Several options concerning the nature of
the a0-meson are at present under discussion. For exam-
ple, the a0 has been proposed to be a KK̄ bound state, a
multi-quark state or a vacuum scalar. For a more thorough
discussion on this topic the interested reader is referred to
a recent paper [2], where the reactions πN → a0N and
pp → da+

0 have been investigated. The authors [2] have
emphasized the necessity of new measurements of both the
a0 production and the a0 branching ratios for clarifying
the a0 structure. Such an experiment, which aims at de-
tecting the a+

0 in the two main decay modes in the reaction
pp → da+

0 , is presently prepared at COSY (Jülich) [3]. It
is planned to measure the d in coincidence with either the
K+ or the π+. By setting a window in the missing mass
spectrum on the mass of the corresponding third parti-
cle, the K̄0 or the η, the final channel to be measured is
fixed. The a+

0 should be then visible in the invariant mass
distributions of its decay channels K+ + K̄0 and π+ + η.
In [2] predictions for the reaction pp → da+

0 at COSY
energies have been given. But no attempts have been
made so far to compare the channels with a+

0 production
and subsequent decays, namely pp → da+

0 → dK+K̄0

and pp → da+
0 → dπ+η, with the non-resonant channels

pp → dK+K̄0 and pp → dπ+η. For the measurement of a+
0

production the latter channels might be rather disturbing
if they are of high intensity. Therefore, an estimate of the
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non-resonant cross-sections seems to be desirable. Another
source of background are multi-pion channels, where two
or three pions may have an invariant mass similar to the
η mass. Furthermore, for beam time estimates it is use-
ful to compare the inclusive particle yields with the yields
from a+

0 production. These are the points we intend to
deal with in the present paper. As in [2] we compare the
results of our calculations with the available data on the
cross-sections of the reaction pp → da+

0 [4] at beam mo-
menta 3.8, 4.5 and 6.3 GeV/c. Then we predict the cross-
sections for a+

0 production together with an estimate of
the cross-sections for the non-resonant and the multi-pion
channels at COSY and SIS energies. Implications on the
feasibility of the proposed measurements are discussed.

The calculations of the reaction pp → da+
0 in [2] were

carried out on the basis of an effective Lagrangian ap-
proach and the Regge pole model in conjunction with the
two-step model. Here we use a completely different ap-
proach, namely the Rossendorf collision (ROC) model [5–
12], which is implemented as an event generator sampling
complete events. This offers the possibility to derive the
contributions from all channels of interest on the basis of
a unified approach. It should be noted, however, that at
low energies a basically statistical approach like the ROC
model cannot be expect to yield the precision of models
usually based on the consideration of various types of dia-
grams and tailored to describe selected channels in limited
energy regions above threshold. Nevertheless, the possibil-
ity to get at least an order of magnitude estimate of all
channels relevant for a planned experiment is important
for optimizing the measurements. A detailed description
of the latest version of the ROC model can be found in
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[12], where it has been applied for the interpretation of soft
multi-particle production in the c.m. energy region up to
ISR energies. Earlier applications to pp and pA reactions
at low energies are described in [5–11].
The paper is organized as follows. In sect. 2 the fea-

tures of the ROC model relevant for the present consider-
ations are explained. Section 3 contains a comparison of
experimental data with model calculations in order to give
an impression concerning the applicability and accuracy
of the ROC model in the near threshold region. Then, the
feasibility of the measurement of the a+

0 branching ratios
into the two main channels is discussed in sect. 4 on the
basis of ROC model predictions. Conclusions are summa-
rized in sect. 5.

2 The model

In the ROC model hadrons are considered as compos-
ite objects consisting of partons. The interaction proceeds
via parton-parton collisions from which a varying number
of intermediate excited subsystems, called fireballs (FB),
emerge together with the remnants of the initial hadrons.
These subsystems decay after the collision into the pri-
mary hadrons via the creation of quark pairs with subse-
quent random combination to hadrons. Resonances among
the primary hadrons decay until a final state consisting of
stable hadrons is reached.
The ROC model is based on a modified statistical ap-

proach where the dynamics of the interaction is imple-
mented in form of empirical functions which either sup-
press certain regions of the phase space or impose addi-
tional non-statistical weights. We define a channel α by the
number n, masses mi and quantum numbers of the final
particles. The relative probability of populating a chan-
nel α is calculated as the product of the Lorentz-invariant
phase-space factor dLn(s;α) with the square of an empir-
ical matrix element A2, which describes the dynamics of
the interaction process:

dW (s;αN ) ∝ dLn(s;αN )A2 . (1)

Here, s = p2 denotes the square of the total energy with p
being the total four-momentum. The square of the matrix
element A2,

A2 = A2
i A

2
qsA

2
exA

2
tA

2
l A

2
st , (2)

describes the interaction A2
i resulting in the production of

a varying numberN of FBs, the production of hadrons A2
qs

via the creation of quark-anti-quark (qq̄) pairs , the invari-
ant mass distribution of the FBs A2

ex, the transverse A2
t

and longitudinal A2
l momentum distribution of the FBs,

and, finally, some additional factors A2
st necessary for the

calculation of the statistical weights. A more thorough de-
scription of the matrix element together with a table of pa-
rameter values can be found in [12]. Here we use the same
parameter set without any changes. The cross-section is
written as

dσ(s) = σin(s)
dW (s;αN )∑

N

∑
αN

∫
dW (s;αN )

, (3)

where the inelastic cross-section σin(s) of the considered
reaction serves as normalization. Any physical quantity of
interest can be derived from ( 3) by summing the contri-
butions from all channels and integrating over the unob-
served variables.
Deuteron production is considered in the ROC model

as final-state interaction. According to the basic ideas
of the coalescence model (see, e.g., [13] and references
therein) a proton and a neutron may coalesce into a
deuteron if they are close enough in momentum space.
In the context of the ROC model we compare the num-
ber of states of a free proton-neutron pair having relative
momentum q

dZpn = d3q Vpn(2σN + 1)2 (4)

and the corresponding overlap with the square of the
deuteron wave function Ψd(q)

dZd = d3q |Ψd(q)|2(2σd + 1) . (5)

The factors (2σN + 1)2 and (2σd + 1) are the numbers of
spin states of the two-nucleon system and the deuteron,
respectively. We neglect off-shell effects and derive from
(4) and (5) the probability for deuteron formation

Wd(q) = dZd/(dZd + dZpn)

=
|Ψd(q)|2(2σd + 1)

|Ψd(q)|2(2σd + 1) + Vpn(2σN + 1)2
. (6)

For the radius of the normalization volume Vpn the value
R = 1.29 fm from the parameter table of [12] is used.
It should be noted that nearly identical results are

achieved if the probability for coalescence is approximated
by a Gaussian

Wd(Mnp)=
2σd+1
(2σN+1)2

exp

[
−

(
(Mnp−mn−mp)

cd

)2
]

,

(7)

where Mnp denotes the invariant mass of the proton-
neutron pair, and mn and mp are the rest masses of
the proton and the neutron, respectively. The parameter
cd = 0.04GeV is adjusted to reasonably reproduce the
energy dependence of the reaction pp → dπ+. A general-
ization of (7) to the coalescence of more than two nucleons
to fragments is straightforward. This feature is important
for the application of the ROC model to nuclear reactions.
For the present calculations we use, however, eq. (6) with
the Paris deuteron wave function [14].
Primary hadrons are formed by randomly combining

quarks. For given quark flavors an empirical probability
distribution,

Wh(mh) ∝ exp [−mh/Θh] , (8)

with the parameter Θh = 0.25GeV, is used to suppress the
formation of the heavier hadrons of massmh. During event
generation the masses of resonances are sampled according
to a probability distribution consisting of the product of a
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Fig. 1. Momentum dependence of the cross-sections for the
reactions pp → dπ+, pp → ppη, pp → pK+Λ, pp → ppη′ and
pp → ppK+K−. Experimental data (symbols) from [15–30] are
compared with ROC model calculations (lines).

relativistic Breit-Wigner distribution, the phase space fac-
tor of the decay products and the above suppression fac-
torWh(mh). The a+

0 -meson is considered as a quark-model
state, which is formed from the recombination of two light
quarks according to ud̄ → a+

0 . Its mass and width pa-
rameters of the Breit-Wigner distribution are assumed to
be 0.9835GeV and 0.075GeV, respectively. The assumed
width is the mean of the interval 50 . . . 100MeV estimated
by the PDG [1]. For the two channels a+

0 → K+K̄0 and
a+
0 → π+η relative decay probabilities of 30% and 70% are
taken in the present calculations. The πη mode is quoted
by the PDG [1] as “dominant”, the KK̄ mode as “seen”.
The results of the calculations presented in the following
sections strongly depend on the above assumptions.

3 Comparison with data

In the present section experimental data in the near
threshold region are compared with ROC model calcu-
lations. The aim of this comparison with known data con-
sists in demonstrating the ability of the model to repro-
duce different exclusive cross-sections even in the thresh-
old region on the basis of a unified approach. This ap-
proach is then believed to be able to estimate at least the
order of magnitude of still unknown cross-sections neces-
sary to discuss the reaction pp → da+

0 in sect. 4.
In [8] an earlier version of the ROC model was ap-

plied to describe the energy dependence of a large vari-
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Fig. 2. Deuteron laboratory momentum spectra at four inci-
dent momenta. The data [4] for 3.8, 4.5 and 6.3 GeV/c (dots)
are compared with ROC model calculations (full histograms)
carried out with a cut for the polar angle of Θ ≤ 3.6◦. Con-
tributions from the reactions pp → da+

0 and pp → dρ+ are
shown by the dashed and dotted histograms, respectively. The
contributions from pp → da+

0 are multiplied by a factor of 10.

ety of inclusive as well as exclusive reaction channels with
two up to eight final particles in the energy region be-
tween threshold and about 50 GeV/c. The present ver-
sion of the ROC model yields quite similar results for all
these channels. A few of them are once more considered
in fig. 1, because new experimental data in the threshold
region are now available from SATURNE, CELSIUS and
COSY. One feature common to all the considered channels
is the overestimation of the cross-sections at c.m. energies
around 100 MeV above threshold. A possible explanation
might be the neglect of final-state interactions between
the final particles. The largest deviations of about one or-
der of magnitude occur at 3.67 GeV/c for the reactions
pp → ppη′ and pp → ppK+K− measured with DISTO
[29,27]. Nevertheless, taking into account that we use a
common parameter set for the whole energy region be-
tween threshold and ISR energies and that we calculate
all reactions within one unified approach, the reproduction
of the data near threshold is reasonably good. Of course,
the achieved accuracy cannot compete with approaches
describing selected channels in limited energy regions (see
e.g. [23,31–33, and references therein]).
The data of [4] are of special interest for the considera-

tion of a0 production. There, differential cross-sections for
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Fig. 3. The results from fig. 2 for laboratory deuteron mo-
menta less than 2.1 GeV/c as a function of the missing mass
squared in the c.m. system. Symbols and histograms have the
same meaning as in fig. 2.

the production of a+
0 -mesons have been extracted from the

reaction pp → d(0◦)X by searching for structures in the
missing mass spectra derived from the measured deuteron
momentum spectra. The momentum spectra are shown in
fig. 2 together with ROC model calculations. Deuterons
have been measured at laboratory momenta between 1.1
and 1.9 GeV/c. The most prominent features of these data
are the distinct peak from the reaction p + p → d + π+

and a broad bump due to p+ p → d+ ρ+ above a slowly
varying background. Evidence for a second weak enhance-
ment identified as signal from a+

0 production has been
found too.

In the spectra calculated for a momentum interval ex-
tending beyond the measured range the two peaks from
the reaction pp → dπ+ with the deuteron either forward
or backward emitted in the c.m. system are clearly visi-
ble (the forward peak is outside the plotted momentum
interval for the incidence momentum of 6.3 GeV/c). The
interesting ρ+ and a+

0 contributions are shown separately
with the a+

0 regions multiplied by a factor of 10. In fig. 3
the low momentum region of fig. 2 is stretched by plotting
the results as functions of the missing mass squared for
laboratory deuteron momenta less than 2.1 GeV/c. This
momentum region corresponds to backward emission of
deuterons in the c.m. system.
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Fig. 4. Forward differential cross-sections for the reactions
p + p → d + π+ (triangles and dotted line), p + p → d + ρ+

(squares and dashed line) and p + p → d + a+
0 (dots and full

lines). The symbols denote the data [4], the dotted, dashed and
thick full lines ROC model calculations, and the two thin full
lines are the results of [2] for p + p → d + a+

0 . All results are
plotted as a function of the laboratory momentum plab. The
data points for ρ+ and a+

0 at plab = 6.3 GeV/c are drawn with
a small offset relative to their nominal momentum position to
make the error bars better visible.

The comparison of the measured and the calculated
spectra verifies that the model yields a reasonable descrip-
tion of the sum of all the background processes in the a+

0
region. The upper panels of figs. 2 and 3 show predictions
for the highest incident momentum reachable at COSY,
namely 3.4 GeV/c. From fig. 3 it can be deduced that find-
ing an a+

0 signal in an inclusive deuteron measurement at
COSY is more difficult than at higher energies due to the
higher background. In addition, a possible a+

0 signal is
near the phase-space boundary. This makes a background
subtraction even more difficult. Thus, at lower energies
one has to rely on correlation measurements to suppress
the background.
In fig. 4 the forward differential cross-sections for π+,

ρ+ and a+
0 production from the inclusive deuteron mea-

surements [4] are shown together with the results of ROC
model calculations. All data points are reproduced within
a factor of about two. For comparison the results of [2] for
a+
0 production are shown (the two thin full lines) which
are calculated in the framework of the two-step model
(TSM). TSM and ROC results agree reasonably well in
the considered momentum region.

4 Discussion

The following considerations aim at giving an estimate of
the physical background which must be expected when
searching for the a+

0 . We consider ANKE at COSY
(Jülich) and HADES at SIS (Darmstadt). In the calcu-
lations, the acceptance of the apparatus is approximated
by cuts in the polar angle, Θ ≤ 10◦ for ANKE and
5◦ ≤ Θ ≤ 40◦ for HADES. A momentum resolution
of 1.5% is modeled by adding to each calculated three-
momentum p of a charged particle a random momentum
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Fig. 5. Missing mass distributions for the reactions pp →
dK+X (upper panels) and pp → dπ+X (lower panels) cal-
culated at incidence momentum 3.4 GeV/c for polar angles
Θ ≤ 10◦ and 1.5% momentum resolution. The two arrows in
the left-hand panels indicate the windows in the MdK and Mdπ

distributions, which are used in the calculation of theMd distri-
bution shown in the right-hand panels. The dashed histograms
indicate the contributions from the reaction pp → da+

0 , the
dotted histograms those of the non-resonant channels pp →
dK+K̄0 and pp → dπ+η, respectively.

sampled from a Gaussian distribution with rms deviation
σ = 0.015× |p|.
In fig. 5 the calculated missing mass distributions at

the highest COSY momentum, 3.4 GeV/c, are shown. The
squared missing mass of d + K+ is defined by M2

dK =
(p− pd − pK+)2, that of d+ π+ by M2

dπ = (p− pd − pπ+)2
and that of d by M2

d = (p − pd)2 with p being the total
four momentum and pd, pK+ and pπ+ the four momenta
of the deuteron, the K+ and the π+-mesons, respectively.
The missing mass distributions of two particles are used
to select the mass of the third particle defining thus the
final channel. Then the signal from the a+

0 is looked for in
the missing mass distribution ofMd. In case of strangeness
production there are no background reactions, while chan-
nels with three or four pions may contribute to the η win-
dow in the Mdπ distribution. One of them is detected,
the other two or three may have an invariant mass ly-
ing within the η window. The difference between the full
and the dotted histogram in the lower right panel of fig. 5
is the contribution from these pion channels, which is of
the same order as the contribution from the non-resonant
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Fig. 6. Calculated differential cross-sections for the inclusive
production of p, d, π+ and K+ compared to the calculated
cross-sections from a+

0 production. The notation π++d is used
for the differential cross-section of π+ production from the re-
action pp → da+

0 → dηπ+ in coincidence with the d. Both par-
ticles are emitted at angles Θ ≤ 10◦. Analogous notations are
used for the other two-particle combinations. The momentum
distributions are shown for the first particle with the second
one in coincidence as trigger condition. The various histograms
are distinguished by different line and marker types.

channel pp → dπ+η (the dotted histogram). Usually, one
gets rid of this type of background by selecting additional
windows of both sides of the η peak and subtracting these
spectra from the spectrum with the window on the η peak.

The main difficulty consists, however, in differentiating
between the channels via the a+

0 -meson and the channels
with non-resonant production. Ideally, one has the reso-
nant signal above a smooth non-resonant background. In
case of broad resonances it becomes more and more dif-
ficult to identify the signal, and if the measurable mass
region is small compared to the resonance width, then a
model independent determination of the resonance con-
tribution becomes extremely difficult. This is the case for
the channel pp → dK+K̄0, where the missing mass Md

varies by about half the assumed width of the a+
0 -meson.

Nevertheless, the measurement of the cross-section
would yield information on the nature of the a0 (see
also the discussion on this point in [2]). The value of
the calculated cross-section for a+

0 production is closely
related to the assumption that the a+

0 has a strong ud̄
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Fig. 7. The same as fig. 5 for 4.5 GeV/c and angular interval
5◦ < Θ < 40◦.

component. Its production in pp collisions proceeds via
the creation of a dd̄ pair. For the direct population of the
channel pp → dK+K̄0 the creation of a dd̄ and a ss̄ pair
is necessary. Strange quark production is suppressed by
nearly one order of magnitude compared to that of light
quarks. This causes the large contribution of an interme-
diate a+

0 to the final channel dK+K̄0. On the other hand,
considering for example the a0 as a KK̄ molecule, its pro-
duction would proceed via the production of a KK̄ meson
pair with subsequent final-state interaction leading to the
formation of the molecule. Such a process, however, has a
much lower cross-section than the values depicted in fig. 5.
In case of the decay channel, a+

0 → π+η, the ROC
model predicts higher cross-sections for the non-resonant
channel than for the a+

0 production itself. The final chan-
nel dπ+η can be populated via the creation of two light
quark pairs or the creation of one quark pair together
with the production of a baryon resonance. A consider-
able contribution arises from the production of N(1535)
and ∆ resonances without additional quark pair creation
according to

pp → N(1535)∆ → NηNπ → dπ+η .

In order to create a deuteron via coalescence, the decay of
the two primarily produced resonances must proceed such
that the two nucleons come close together in momentum
space. This condition causes the two mesons from the de-
caying resonances to have in turn a large invariant mass.
Thus, we have not only a large background for a+

0 produc-
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Fig. 8. The same as fig. 6 for 4.5 GeV/c and angular interval
5◦ < Θ < 40◦.

tion, but, in addition, the rather unpleasant feature that
the missing mass distributions of the a+

0 channel and of
the background are rather similar. This makes a separa-
tion of the a+

0 contribution even more difficult (see the
lower right-hand panel of fig. 5).
Figure 6 illustrates the problem one has usually to cope

with when searching for a small effect. The inclusive par-
ticle yields are about 3 to 4 orders of magnitude larger
than the yields which originate from a+

0 production. The
apparatus has to digest a high flux of particles in order to
get a reasonable counting rate for a+

0 production. Such a
high particle flux may cause additional background. A de-
tailed discussion of this problem is, however, beyond the
scope of the present paper and needs a careful simulation
of the whole experiment. The larger angle interval consid-
ered here compared to the results shown in fig. 2 is the
reason why the peak from the binary reaction pp → dπ+

is completely smeared out. Also the two bumps from a+
0

production with the d emitted forward and backward in
the c.m. system fuse into one broad bump around 2 GeV/c
(see the d distributions in coincidence with π+- and K+-
mesons, denoted by d+ π+ and d+K+ in fig. 6).
With increasing incident momentum the mass region

increases in which the non-resonant background can be
measured. An example is given in fig. 7, where the charged
particles are detected at polar angles 5◦ ≤ Θ ≤ 40◦. In
case of the final channel dπ+η the missing mass distribu-
tion extends on both sides well beyond the (still rather
weak) a+

0 signal. Thus, there are regions for fixing the
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parameters of a fit to the background and a high statis-
tics measurement should allow to extract the a+

0 contribu-
tion. For the channel dK+K̄0 the difficulty remains that
the a+

0 contribution at the low mass side of the missing
mass spectrum overlaps with the non-resonant channel. It
should be, however, possible to extract the latter contri-
bution from the cross-section at the high mass end, where
the a+

0 contribution vanishes. This should allow at least
a model dependent estimate of the a+

0 cross-section. Nev-
ertheless, the a+

0 channel is rather small compared to the
inclusive production rates of the considered particles (see
fig. 8). The smaller inclusive cross-sections for protons and
deuterons compared to those at 3.4 GeV/c are mainly
due to the different angular interval over which the cross-
sections are averaged. Especially for the deuterons there is
a large variation of the cross-section within the considered
angular region of 5◦ . . . 40◦.

5 Conclusions

We have applied the ROC model for calculating the in-
clusive deuteron spectra from the reaction pp → dX at
incidence momenta 3.8, 4.5 and 6.3 GeV/c. The results
compare well with the available experimental data [4].
Differential cross-sections for the reactions pp → dπ+,
pp → dρ+ and pp → da+

0 are reasonably reproduced,
too. On this basis we estimate a+

0 production under differ-
ent experimental conditions together with accompanying
background reactions and inclusive particle yields. The
main problem for measuring the branching ratios of the
a+
0 is the possible presence of non-resonant contributions
to the final channels, which are predicted by the ROC
model to be much stronger than the a+

0 contribution in
case of the final channel dπ+η.
It should be, however, stressed once more that the

calculated cross-sections should be considered as order
of magnitude estimates. As can be seen from fig. 1 the
ROC model tends to considerably overestimate some of
the relevant cross-sections, and this might be true for
the considered background reactions, too. At the same
time, the not well-known width and decay probabilities of
the a0 strongly influence the calculated production cross-
sections. Thus, the predicted ratio of a0 production to non-
resonant background is indeed rather uncertain, although
a considerable background cannot be excluded. Neverthe-
less, it can be expected that the discussed measurements,
if performed at several incident energies under different
experimental conditions, should yield information on both
the a0 production cross-section as well as the a0 branch-
ing ratios. This would be a valuable contribution towards
a better understanding of the nature of the a0-meson.
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