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Abstract. Studies of meson production in nucleon—nucleon collisainkreshold are characterised
by few degrees of freedom in a configuration of well definetiahand final states with a transition
governed by short range dynamics. Effects from low—eneogytering in the exit channel are
inherent to the data and probe the interaction in baryonemasd meson—meson systems otherwise
difficult to access.

From dedicated experiments at the present generation &dramogs precise data are becoming
available on differential and eventually spin observalsléswing detailed comparisons between
complementary final states. To discuss physics implicatidigeneric and specific properties, recent
experimental results on meson production in proton—pretattering obtained at CELSIUS and
COSY serve as a guideline.

INTRODUCTION

High precision data from the present generation of cootegs;i IUCF, CELSIUS, and
COSY, have contributed significantly over the last decadmutqpresent knowledge and
understanding of threshold meson production (for a reeanéw see [1]).

Due to the high momentum transfers required to create a m@sgmesonic system
in production experiments close to threshold the shortegrayt of the interaction is
probed. In nucleon—nucleon scattering, for mesons in thesmange up to 1 Ger¢?
distances from B3fm (°) down to less than.@fm (@) are involved. At such short
distances it is a priori not clear, whether the relevant eegof freedom are still baryons
and mesons, or rather quarks and gluons. As there is ho Weleddooundary, one goal
of the threshold production approach is to explore the §nmtmomentum transfer for a
consistent description using hadronic meson exchange Isxaffehin this framework,
questions concerning both the underlying meson exchangelmations and especially
the role of intermediate baryon resonances have to be aedwer

Another aspect which enriches the field of study arises fitoerldw relative centre—
of-mass velocities of the ejectiles: Effects of low energgttering are inherent to
the observables due to strong final state interactions (WBhjin the baryon—baryon,
baryon—meson, and meson—meson subsystems. In case ocflishdrparticles, low
energy scattering potentials are otherwise difficult orasgible to study directly.
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DYNAMICS OF THE TWO PION SYSTEM

In yandmtinduced double pion production on the nucleon the excitasfdheN* (1440
P11 resonance followed by its decay to the channel, i.eN* (1440 — p(1u),_,_,, iS
found to contribute non—negligibly close to threshold [R-Nucleon—nucleon scattering
should provide complementary information, eventually be 1t decay mode of the
N*(1440, which plays an important part in understanding the basiectire of the
second excited state of the nucleon [5-7].

Exclusive CELSIUS data from the PROMICE/WASA setup on thectenspp —
pprct e, pp— pprPr® andpp — prtt 1 [8—10] are well described by model calcula-
tions [11]: For thett - andr®r® channels, the reaction preferentially proceeds close to
threshold via heavy meson exchange and excitation oNtt{¢440 Roper resonance,
with a subsequent pure s—wave decay toNleechannel. While nonresonant contribu-
tions are expected to be small, resonant processes withr Rgpigation and decay via
an intermediatéd (pp — pN* — pAnt— pprut) andAA excitation pp — AA — prpm)
are strongly momentum dependent and vanish directly aghiotd. Double\ excitation,
which is expected to dominate at higher excess energiesndepe- 250 MeV [11] in-
volves higher angular momenta and consequently strongdptapic proton and pion
angular distributions. On the other hand, the Roper decafitude via an intermediate
A depends predominantly on a term symmetric in the pion moan@at (1)), leading to
thep(t" 1), _, _o channel and an interference with the dirlict decay.

Experimentally, for the reactiopp — pprt at excess energies of ©64.4 MeV
and Q= 75MeV angular distributions give evidence for only s—wawvethe final state,
in line with a dominatingpp— pN* — pp(TT" 117), _, _ process, with the initial inelas-
tic ppcollision governed by heavy mesom, ) exchange. Roper excitation is disclosed
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FIGURE 1. Differential cross sections for the reactigp — pprttt™ at an excess energy of €
75MeV. Experimental data (solid circles) for invariant matistributions of the(prttm)- (a) and

(rrt 1 )—subsystems (b), and the T~ opening angle (c) are compared to pure phase space (shaded
areas) and Monte Carlo simulations for direct deddy/s» No (dotted lines), decays via an intermediate

A resonanceN* — Amt— No (dashed lines) and an interference of the two decay routéisl (fnes)
according to eq.(1). Figures are taken from [10].

1 For thepnmt™ ° final state, this reaction mechanism is trivially forbiddgnisospin conservation. An
underestimation of the total cross section data [9] by theehpredictions [11] might be explained by
the neglect of effects from then final state interaction in the calculation [12].



in the prt 1t invariant mass distribution (Fig.1a), where the data aifteshtowards
higher invariant masses compared to phase space in agreaittenesonance excita-
tion in the low energy tail of th&*(1440. Compared with Monte Carlo simulations
including both heavy meson exchange ot excitation, andop S—wave final state in-
teraction, but only the direct dec&y — p(Tt"1),_,_ (dotted lines), the production
process involves additional dynamics, which is apparemhfdiscrepancies especially
in observables depending on titEemomentum correlatioﬁl-Rz, i.e. T 1T invariant
mass My (Fig.1b) and opening angley; = Z(Rl-Rz) (Fig.1c). A good description of
the experimental data is achieved including Wi&1440 decay via an intermediate
and its destructive interference with the direct decay tinaio theNo channel (solid
lines) in the ansatz for the Roper decay amplitude [11]:

A01+cky-Ka (3Dp++ +Dpo), (1)

where the first term describes the direct decay, the parameddjusts the relative
strengths of the two decay routes, ang @enote theA propagators. A fit to the data
allows to determine the ratio of partial decay widRgMn-) = I N+ arsNro/ T N —No

at average massesMy+ > corresponding to excess energies=@4.4MeV and Q=
75MeV relative to thet" 1t threshold. The numerical resulg(1264) = 0.034+0.004

and R (1272 = 0.054+ 0.006, exhibit the clear dominance of the direct decay to the
No channel in the low energy region of the Roper resonance. @wtier hand they
indicate the strong energy dependence of the ratio from thmentum dependence in
the decay branch via an intermedidtewhich will surpass the direct decay at higher
energies [10]. A model dependent extrapolation based ovetlidity of ansatz (1) leads

to R (1440 = 3.9+ 0.3 at the nominal resonance pole in good agreement with the PDG
value of 44+ 2 [13].

Within the experimental programme to determine the energyeddence of the
N* — Nr1ut decay exclusive data (for details see [14]) have been takemtaneously
at the CELSIUS/WASA facility on both thpprtt t and pprr® final states. In case of
theTr™ 1T system the preliminary results at an excess energy-ef@@MeV are in good
agreement with the relative strength of the decay routesstelj to an extrapolated ratio
R (1440 = 3. However, at slightly higher excess energy£Q27 MeV) the data might
be equally well described by a valt(1440 = 1, which is noticeably favoured at both
excess energies by the datamfin® production, indicating distinct underlying dynam-
ics in T°r® and ittt production. One difference becomes obvious from the isospi
decomposition of the total cross section [9]: An isospia 1 amplitude in theutsys-
tem, and accordingly a p—wave admixture, is forbidden byragtny to contribute to the
neutral pion system in contrast to the charged complemeptwave component was
neglected so far in the analysis, since the unpolarizedlandistributions show no devi-
ation from isotropy. However, there is evidence for small, toon—negligible analysing
powers from a first exclusive measurementoft production with a polarized beam
at the COSY-TOF facility [14, 15], suggesting higher partiaves especially in thart
system.

At higher energies, i.e. @ 208 MeV and Q= 286 MeV with respect to ther" T
threshold, preliminary data for botin T~ and °r® from CELSIUS/WASA rather fol-
low phase space than expectations based on a dominagpirg pN* — ppo reaction



mechanism[14]. At these energies, th& excitation process should influence observ-
ables significantly, and, thus, a phase space behavioumasceven more surprising,
unless thé\A system is excited in a correlated way.

THE PROTON-PROTON-ETA FINAL STATE

As a general trait in meson production in nucleon—nucleattsdng, the primary pro-
duction amplitude, i. e. the underlying dynamics can benadgrhas energy independent
in the vicinity of threshold [16—-18]. Consequently, for ssw& production processes,
the energy dependence of the total cross section is edgegfieen by a phase space
behaviour modified by the influence of final state interactidn Fig.2 total cross sec-
tion data obtained in proton—proton scattering are showthipseudoscalar isosinglet
mesons) andn’ [19]. In both cases, the energy dependence of the total sexgtion
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FIGURE 2. Total cross section data for(squares [20-25]) ang! (circles [24, 26—29]) production in
proton—proton scattering versus excess energy Q [19].rrpawison, the energy dependences from a pure
phase space behaviour (dotted lines, normalized arlhjfygrom phase space modified by th&, proton—
proton FSI including Coulomb interaction (solid lines)dainom additionally including the protom-
interaction phenomenologically (dashed line), are shdeason exchange calculations figiproduction
including a P—wave component in the proton—proton systéihd@ depicted by the dashed—dotted line,
while the dashed—double—dotted line corresponds to theamily normalized energy dependence from a
full three—body treatment of thepn final state [31] (see also [32]).

deviates significantly from phase space expectationsudiay) the on—sheliSy proton—
proton FSI enhances the cross section close to thresholdby timan an order of mag-
nitude, in good agreement with data in casgofAs expected from kinematical consid-
erations [1] the cross section fgrproduction deviates from phase space including the
pp FSI at excess energiesX40MeV, where théS, final state is no longer dominant



compared to higher partial waves. Deviations at low excessgees seem to be well
accounted for by an attractive protonFSI (dashed line), treated phenomenologically
as an incoherent pairwise interaction [1, 17, 33]. In consparto the proton®’ (Fig.2)

and protonA° systems only then interaction is strong enough to become apparent in
the energy dependence of the total cross section [34]. ferdiitial observables, effects
should be more pronounced in the phase space region of ldapipinvariant masses.
However, to discern effects of protam-scattering from the influence of proton—proton
FSI, which is stronger by two orders of magnitude, requingh Istatistics measure-
ments, which have only become available recently [19, 3F,Gl@se to threshold, the
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FIGURE 3. Invariant mass squared of thef)—subsystem in the reactiqgop — ppn at excess energies
of Q = 15.5MeV (COSY-11, solid circles [19], & 15MeV (COSY-TOF, open circles [36] and ©

16 MeV (PROMICE/WASA, open triangles [35]). The dotted aradlded lines follow a pure phase space
behaviour and its modification by the phenomenologicattneat of the three—body FSI as an incoherent
pairwise interaction, respectively. The latter was noineal at small invariant mass values. Effects from
including a P-wave admixture in thep system are depicted by the dashed—dotted line [30], whde th
dashed-double—dotted line corresponds to a pure s—wavstatawith a full three—body treatment [32].

distribution of the invariant mass of the proton—protonssigdbem is characteristically
shifted towards low invariant masses compared to phase ¢gatted line in Fig.3). This
low—energy enhancement is well reproduced by modifyingptspace with th&y pp
on-shell interaction. A second enhancement at higiggnvariant masses, i.e. low en-
ergy in thepn system, is not accounted for even when including additigtia¢ proton—
n interaction incoherently (dashed line). However, inchgda P—wave admixture in the
pp system by considering%sy — 3Pgs transition in addition to th&Py — 1Sgs thresh-
old amplitude, excellent agreement with the experimemtzriant mass distribution is
obtained (dashed—dotted line [30]). In return, with the Bwvavstrength adjusted to fit
the invariant mass data, the approach fails to reproducenérgy dependence of the to-
tal cross section (Fig.2) below excess energies ef 4D MeV. Preliminary calculations
considering only s—waves in the final state but using a rigetbree—body treatment of
the ppn final state actually decrease the cross section at largevalithepp invariant
mass (dashed-double—dotted lines [32]) compared to améneot two—body calcula-



tion within the same framework. However, close to threshlé&energy dependence of
the total cross section is enhanced compared to the phembogeal incoherent treat-
ment and the data (Fig.2). Although part of this enhancerhastto be attributed to
the neglect of Coulomb repulsion in tipg system, consequently overestimating e
invariant mass at low values, qualitatively the full thrbedy treatment has opposite
effects compared to a P—wave admixture in the proton—preystem in view of both
the total cross section as well as thp invariant mass distribution. In the approximate
description of the total cross section by the phenomencébgi-wave approach with an
incoherent FSI treatment these two effects seem to cansehlip

Close to threshold, resonance excitation of the($535 and subsequent decay to
the pn final state is generalfybelieved to be the dominamt production mechanism
[17, 30, 38-43]. In this context, the issue of the actual teion mechanism of the
S11(1535 remains to be addressed. Tipangular distribution is sensitive to the under-
lying dynamics: A dominanp exchange favoured in [41] results in an inverted curva-
ture of then angular distribution compared toandn exchanges which are inferred to
give the largest contribution to resonance excitation 21.[4n the latter approach the
interference of the pseudoscalar exchanges in the reseranent with non—-resonant
nucleonic and mesonic exchange currents turns the cueattine same angular depen-
dence as expected fprexchange. Presently, due to the statistical errors of thitednle
unpolarised data at an excess energy e @0MeV [35, 36] it is not possible to dif-
ferentiate between a dominamtor 1,  exchange, as discussed in [36]. Data recently
taken at the CELSIUS/WASA facility with statistics increasoy an order of magnitude
compared to the available data might provide an answer ineaefuture [44].

Spin observables, like thg analyzing power, should even disentangle a domipant
meson exchange and the interferencaahdn exchanges in resonance excitation with
small nucleonic and mesonic currents [42], which resultentical predictions for the
unpolarised) angular distribution. First data [45] seem to favour theteedominance
model, but final conclusions both on the underlying readtiymamics and the admixture
of higher partial waves [30] have to await the analysis cadaken with higher statistics
for the energy dependence of thanalysing power [46].

ASSOCIATED STRANGENESS PRODUCTION

In elementary hadronic interactions with no strange vaeqnark in the initial state the
associated strangeness production provides a powerfuld@tudy reaction dynamics
by introducing a “tracer” to hadronic matter. Thus, quarkdeloconcepts might even-
tually be related to mesonic or baryonic degrees of freedeit, the onset of quark

degrees of freedom expected for kinematical situationk Veitge enough transverse
momentum transfer.

2 The pn — dn excitation function has been interpreted to provide dieqterimental evidence for
S11(1535 excitation [23]. It should be noted, however, that in [37] fpproduction in proton—proton
scattering short range nucleonic currents,d.andw exchange are found to be much stronger compared
to the contribution from resonance currents.



First exclusive close-to—threshold datasdmndX® production [47, 48] obtained at
the COSY-11 facility showed at equal excess energies belsvl®MeV a cross section
ratio of

(PP PKTA) _ 16 @

Ry (Q= 13MOV) = 500 pK50)

exceeding the high energy value €800 MeV) of 2.5 [49] by an order of magnitude.

In the meson exchange framework, estimatesrtt@nd K exchange contributions
based on the elementary scattering processes do not regertitll experimental value
(2) [48, 50]. However, inclusivi ™ production data ip p scattering at an excess energy
of Q = 252MeV with respect to th@K™A threshold show enhancements at thie
and >N thresholds of similar magnitude [51]. Qualitatively, aosig >°N — Ap final
state conversion might account for both the inclusive SANEResults as well as the
>0 depletion in the COSY-11 data. Evidence for such conversifatts is known e. g.
from fully constrained kaon absorption on deuteriumkiad — 1T Ap [52].

In exploratory calculations performed within the framelwof the Jilich meson ex-
change model [50], taking into account batlandK exchange diagrams in a coupled
channel approach, a final state conversion is rather exdgladeorigin of the experi-
mentally observed ratio: Whilé& production is found to be dominated by kaon ex-
change, botht andK exchange turn out to contribute to tB8 channel with similar
strength. Qualitatively, this result is experimentallynioned at higher excess energies
between Q= 200 MeV and Q= 430MeV from polarization transfer measurements from
the DISTO experiment [53-55]. It is concluded in [50], thatyoa destructive interfer-
ence ofrt andK exchange might explain the experimental value E2production in
different isospin configurations should provide a cruaal for this interpretation, since
for the reactiompp — nKTZ™ the interference pattern is found to be opposite compared
to thepK* 20 channel. Data close to threshold have recently been takbr &0SY-11
facility [56].

However, within an effective Lagrangian approach [57] batland 2° production
channels are concluded to be dominatedt®xchange and excitation of the:$1650)
close to threshold, while at excess energies above3D0MeV theN* (1710 governs
strangeness productibinin this energy range the influence of resonances becomes
evident from recent data on invariant mass distributioeiheined at COSY-TOF [59].

To study the transition region between the low—energy ecdraent (2) and the high
energy value measurements have been extended up to exeegeef Q= 60 MeV
[58, 60]: In order to describe the energy dependence of tta ¢ooss section fo\
production, in addition to phase space g final state interaction has to be taken
into account. In contrasE? production is satisfactorily well described by phase space
behaviour only [58]. This qualitatively different behauromight be explained by the
¥Op FSI being much weaker compared to thp system. However, the interpretation
implies dominant S—wave production and reaction dynanties tan be regarded as
energy independent. Within the present level of statistestributions from higher
partial waves can be neither ruled out nor confirmed at higheess energies fa@®°

3 For further complementary theoretical approaches seeerafes in [1, 58, 59].



production.

The energy dependence of the production r&}eso is shown in Fig.4 in comparison
with theoretical calculations obtained within the apptoat[50] assuming a destructive
interference ofit andK exchange and employing different choices of the microscopi
hyperon nucleon model to describe the interaction in thd Btete [61]. The result

o (pp - pK'A)
o (pp — pK'Z)
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FIGURE 4. A/2° production ratio in proton—proton scattering as a functibthe excess energy. Data
are from [48] (shaded area) and [60]. Calculations [61] imithe Julich meson exchange model imply a
destructive interference ¢ andmexchange using the microscopic Nijmegen NSC89 (dasheddig
and the new Julich model (solid line [63]) for tNeN final state interaction.

crucially depends on the details — especially the off—gbrelperties — of the hyperon—
nucleon interaction employed. At the present stage botlytioel agreement found in
[50] with the threshold enhancement (2) and for the Nijmegmdel (dashed line in
Fig.4) with the energy dependence of the cross section satald rather be regarded
as accidentdl Calculations using the new Jilich model (solid line in &)gdo not
reproduce the tendency of the experimental data. It is |igden [61] that neglecting
the energy dependence of the elementary amplitudes andrtpghtial waves might no
longer be justified beyond excess energies ef @0 MeV. However, once the reaction
mechanism for close—to—threshold hyperon production getstood, exclusive data
should provide a strong constraint on the details of hypenaoleon interaction models.

PRESENT AND FUTURE

Intermediate baryon resonances emerge as a common feattire dynamics of the
exemplary cases for threshold meson production in nucleaeieon scattering dis-
cussed in this article. However, this does not hold in gdrferaneson production in
the 1GeV/c® mass range (for a discussion ghproduction see [64]). Moreover, the
extent to which resonances are evident in the observabledually govern the reaction

4 In the latter case an SU(2) breaking in #®& =N channel had to be introduced [62] resulting in an
ambiguity for thex%p amplitude.



mechanism depends on the specific channels, which diffeew of the level of present
experimental and theoretical understanding.

The N*(1440 resonance dominatas" 1t~ production at threshold, and exclusive
data allow to extract resonance decay properties in thedoergy tail of the Roper.
Dynamical differences between the different isospin camégons of therut system
and the behaviour at higher energies remains to be unddrsitiblo first experimental
clues appearing.

With three strongly interacting particles in the final staeconsistent description
of n production close to threshold requires an accurate thoEB~hBpproach taking
into account the possible influence of higher partial wattgh statistics differential
cross sections and polarization observables coming uplaistnaighten out both the
excitation mechanism of thé* (1535 and the admixture of higher partial waves.

At present, the available experimental data on the elemesteangeness produc-
tion channels give evidence for both an important role obmesices coupling to the
hyperon—kaon channels and on a dominant non—-resonant kabarge mechanism.
Experiments on different isospin configurations, highistias and spin transfer mea-
surements close to threshold should disentangle theisituatfuture.

From the cornerstone of total cross section measureménssapparent from the
above examples to what extent our knowledge is presentigrgad by differential
observables and what will be the impact of polarization expents in future to get
new perspectives in threshold meson production.
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