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2.1 Introduction

Understanding of the origin of hadrons is one of the most important problems to be solved
by the quantum chromodynamics as the theory which describes strong interactions. In
this theory, hadrons are build from quarks and gluons. Quark and antiquark combine into
mesons, whereas baryons are three-quark objects. Quarks interact via the strong force by
exchanging gluons. Production of strange particles, containing at least one strange quark,
could provide valuable information on both the structure of baryons and the dynamics of
the strong interactions because baryonic resonances decay into mesons and a baryon in
strong interactions.

The production and properties of hyperons, i.e. baryons composed of three quarks
from which one or more are strange quarks, are experimentally investigated for more
than 60 years, mostly in hadron-induced reactions, but recently also in photo-production.
In addition to searching for missing resonances predicted by quark models, it is important
to understand the nature of certain well established states, such as the Λ(1405) hyperon
resonance located below the K̄N threshold.

The Λ(1405) hyperon, known already for more than half a century and being a four-star
resonance in The Review of Particle Physics, has still not completely understood structure.
The Λ(1405) lineshape is not represented satisfactorily by a Breit-Wigner function due to
a possible decay on K− and proton for masses higher than 1435 MeV/c2. In quark-model
calculations it is explained as a three-quark baryon. It is also discussed as a candidate for
a K̄N molecular state or for a state with a pentaquark structure. The investigation of
the Λ(1405) lineshape would provide information on the resonance nature: if it is a state
described by the quark model or molecular pictures, its lineshape should be independent
of the production method.

The Σ(1480) hyperon is far from being an established resonance. In The Review of
Particle Physics it is described as a ”bump”, with unknown quantum numbers and given
a mere one-star rating. The production of this hyperon was mostly investigated in K−

and proton collisions. In the quark model, in which baryons are interpreted as bound
states of three quarks, no excited Λ or Σ resonances, in addition to the well known states,
have been predicted in this mass range. So, the Σ(1480) hyperon may be of exotic nature.

In view of these uncertainties we started a program to investigate whether additional
information might be obtained from proton-proton interactions at intermediate energies
concerning strange particle production and properties.
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2.2 Synchrotron COSY and magnetic spectrometer ANKE

The presented work is based on data obtained in experiments performed at the Cooler
Synchrotron COSY at Jülich.

COSY is a medium energy accelerator and storage ring. COSY provides proton
and deuteron beams with a momentum up to 3.7 GeV/c, polarized and unpolarized. Both
electron and stochastic cooling are available during measurements.
COSY consists of several ion sources, an isochronous cyclotron, a 100 m long injection
beam line, a ring with a circumference equal to 184 m and extraction beam lines to
external experiments.
The COSY ring is made up of two 52 m long arc sections with a mirror symmetry and
two 40 m long straight sections which act as a telescope with 1:1 imaging.

A magnetic spectrometer ANKE (Apparatus for Studies of Nucleon and Kaon
Ejectiles) was built to separate ejectiles from the circulating COSY beam. It is located at
an internal position of the COSY ring [J1].
Due to thin targets which could be used at internal positions an influence of background
reactions is minimized and a high luminosity is available.
The ANKE spectrometer consists of three dipole magnets guiding the circulating COSY
beam through a chicane. The central C-shaped spectrometer dipole separates the reaction
products from the primary beam.

The ANKE detection system, comprising fifteen range telescopes, scintillation counters
and multiwire proportional chambers, identifies particles of either charge and measures
their momenta.
Each of the telescopes is placed in the focal plane of the spectrometer magnet and is
suited for the identification of kaons with a certain momentum. A range telescope consists
of a stop counter, Cerenkov counter, first passive degrader, energy loss counter, second
passive degrader and veto counter [M1]. The thickness of the first passive degraders is
chosen such that the K+ loses most of its energy in the energy loss counter. So, it stops
either at the edge of it or in the second degrader. The decay products are then registered
in the veto counter (Fig. 5 in [M1]). With such a detection system positively charged
kaons can be identified at ANKE in a background of pions or protons up to 106 times
more intense.

ANKE can register particles in a limited momentum range, i.e. K+ with momenta between
100 and 600 MeV/c2, π+ with momenta between 200 and 900 MeV/c, π− with momenta
between 400 and 1000 MeV/c2 and protons with momenta higher than 750 MeV/c.
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2.3 Monte Carlo simulations and data analysis

At the beginning of my participation in the ANKE project I prepared a detailed description
of the spectrometer, including magnets, vacuum chambers, targets and detector systems.
I used data from technical drawings and direct measurements at the place. The ANKE
geometry package defines dimensions and positions of any element.

In the next stage, I prepared a dedicated Monte Carlo program to simulate ANKE
experiments, based on the Geant3 code. I regularly updated this program for most of
the measurements performed in years 1998-2006 including new experimental conditions,
geometrical information and demands from users. It was necessary to include decays
of resonances with the width of the order of few tens MeV/c2, observed in the ANKE
experiments.

The code was used for preparation of ANKE experiments and simulations of already
measured data as well as by several PhD students in their work. Monte Carlo simulations
performed with the code, which I wrote, were used for a determination of a detector
acceptance, an estimation of the background, an explanation of measured particle spectra.

Simulations allowed one to reconstruct, without free parameters, the momenta of
ejectiles using information from scintillation counters and signals from multiwire
proportional chambers [M2].

In the analysis of measured data, which are the basis of the presented publications,
an identification of negative charged particles was necessary as well as an inclusion of
events with three particles in coincidence and later also with four coincident particles.
I originally added indispensable programs to the RootSorter used by the ANKE
Collaboration. Events obtained in Monte Carlo simulations were analysed under the same
conditions as in measurements.

2.4 K+ meson production in proton induced collisions

The primarily goal of building ANKE was to provide a device which allows one to study
processes leading to K+ meson production in proton interactions with atomic nuclei, in
particular at beam energies far below the free nucleon-nucleon threshold (∼1.58 GeV). The
determination of an influence of nuclear matter on elementary processes is important for
understanding of a possible restoration of a chiral symmetry in a dense hadron matter and
properties of the nuclear matter. The K+ production is well suited for this purpose due
to a high mass of K+ mesons, a long mean free path in nuclei and only small rescattering
in a nuclear matter.

The kaon production in proton collisions with carbon, copper and gold nuclei was
investigated in one of the first ANKE experiments. I participated in measurements in
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which proton energy was between 1.0 and 2.3 GeV [J2÷ J4]. The important conclusion
about a high degree of collectivity in the target nucleus was drawn from the momentum
spectrum of kaons measured at 1.0 GeV [J5].

One of the next experiments, in which I was involved, was an investigation of the
production of a light scalar resonance a+

0 (980) in proton-proton collisions at 2.65 and
2.83 GeV proton energy.
Two decay chains of the a+

0 (980) were analysed: a+
0 (980) → K+K̄0 and a+

0 (980) → π+η.
In the pp → dK+K̄0 reaction, measured at 2.65 GeV, about 1000 events were identified
with a missing K̄0 particle [M3]. Dominance of the KK̄ s-wave was deduced based on
a joint analysis of invariant-mass and angular distributions. This dominance is a clear
evidence for a resonant production of the a+

0 (980). The second decay channel for the
a+

0 (980) resonance, a+
0 (980) → π+η, was also observed in proton-proton collisions [M4].

The pp → dK+K̄0 reaction was investigated at a higher beam energy of 2.83 GeV [M5],
supporting conclusions from the above mentioned publications.

2.5 Hyperon production in proton-proton collisions

In the pp → pK+Y 0 reaction at a beam momentum of 3.65 GeV/c hyperons Y 0 with
masses up to ∼1540 MeV/c2 can be produced.

2.5.1 Observation of the excited hyperon Y 0∗(1480)

Data obtained in 2002 during the experiment on scalar meson a+
0 (980) studies, described

in the previous chapter, were used to investigate a hyperon Y 0∗(1480) production. During
a four-week long measurement the integrated luminosity was determined to be equal to
6 pb−1.

A multibody final state, containing a proton, a positively charged kaon, and a charged pion,
together with an unidentified residue X, was studied in the pp → pK+Y 0 → pK+π±X∓

reaction [M6].
Events with three identified charged particles (p,K+π+) and (p,K+π−) were retained for
further analysis. For the pp → pK+π+X− reaction a clear enhancement corresponding
to X− = Σ−(1197) was observed in the missing-mass distribution MM(pK+π+). In the
pp → pK+π−X+ case, the missing-mass distribution MM(pK+π−) is more complicated
because the π− may originate not only from a reaction with X+=Σ+(1189) but also from
a secondary decay of Λ→ pπ−, arising from background reactions.
For further analysis events corresponding to the Σ production were selected.
A double-humped structure with peaks around 1390 and 1480 MeV/c2 is observed
in the missing-mass distributions MM(pK+) for the (π+X−) case. In the (π−X+) case,
the distribution peaks at 1480 MeV/c2.

In order to explain the measured missing-mass distributions MM(pK+) Monte Carlo
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simulations were performed for both final states (π+X−) and (π−X+). The production
of well established hyperon resonances (Σ(1385), Λ(1405) and Λ(1520)) as well as
non-resonant reactions, like pp → NK+X, pp → NK+πX and pp → NK+ππX (N
denotes a nucleon, X - any hyperon which could be produced in the experiment), were
included in these simulations.
For both final states (π+X−) and (π−X+) an excess of events in the measured MM(pK+)
distributions is observed around the missing mass of 1480 MeV/c2. The production of
another excited hyperon Y 0∗ was then taken into account: pp→ pK+Y 0∗ → pK+π±X∓.
The Y 0∗ mass and width, determined from a comparison of measured and simulated
missing-mass distributions for both final states, is equal to (1480±15) MeV/c2 and
(60±15) MeV/c2, respectively. The statistical significance of the signal, assuming that this
is due to the production of the Y 0∗, is at least 4.5 standard deviations. The cross section
estimates are consistent for both final states and are of the order of few hundred nanobarns.

On the basis on presented data we cannot decide about a nature of the observed
Y 0∗(1480) hyperon: it could be a one-star Σ(1480) resonance described in The Review of
Particle Physics or a Λ(1480) hyperon. In the quark models barions are interpreted as
bound states of three valence quarks where hyperons contain at least one strange quark.
No excited Λ or Σ resonances, in addition to the well known states, have been predicted
for masses lower than 1600 MeV/c2. Thus, it seems to be difficult to reconcile the low
mass of the Y 0∗(1480) within the existing classification of 3q baryons. There are models,
in which a hyperon with the mass around 1480 MeV/c2 could have an exotic nature,
connected, e.g., with a pentaquark structure (see Refs. [13-19] in [M6]). Since a clear
theoretical picture has not yet appeared, any conclusion about the nature of the Y 0∗(1480)
would be premature.

2.5.2 Investigation of the Λ(1405) hyperon through its Σ0π0 decay

The nature of the Λ(1405) hyperon is still not fully understood though it is known for more
than 60 years. Part of the difficulty in elucidating the nature of the Λ(1405) is due to its
mass only ∼20 MeV/c2 higher than the nearby Σ0(1385). In addition, both hyperons have
a similar width of the order of several dozen MeV/c2 (see Table 1 in [J7] for comparison
of resonance properties). So, with an experimental mass resolution of 10-20 MeV/c2 the
Λ(1405) lineshape obtained from Σ+π− and Σ−π+ decays is distorted by the Σ0(1385).
The cleanest approach to identify the Λ(1405) is through the measurement of the Σ0π0

channel, since isospin forbids this channel for the decay of the Σ0(1385) (Fig. 1 in [M8]).
This method was used in the presented studies of the Λ(1405) hyperon [M7].

We used data obtained in the experiment done in 2005. A hydrogen target was
irradiated by a proton beam with a momentum of 3.65 GeV/c. In the measurement
lasted four weeks the integrated luminosity equal to 69 pb−1 was determined from elastic
proton-proton scattering.

In the pp → pK+Y 0 → pK+pπ−X0 reaction we were searching for four-fold coincidences,
comprising two protons, one positively charged kaon and one negatively charged pion.
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Such a configuration can correspond to the reaction chains involving the Σ0(1385) and
Λ(1405) as intermediate states:
pp→ pK+Σ0(1385)→ pK+Λπ0 → pK+pπ− π0,
pp→ pK+Λ(1405)→ pK+Σ0π0 → pK+Λγπ0 → pK+pπ− π0γ.
In the Σ0(1385) case, the residue is X0 = π0, while for the Λ(1405), X0 = π0γ. These
conditions were then used to discriminate between both hyperons: for the Σ0(1385) case,
the mass of the residue X0 is equal to the pion mass, and for the Λ(1405), the X0 mass is
higher than the pion mass.

Since the properties of the Σ0(1385) are undisputed, we used this hyperon as a test
case for the Λ(1405) analysis. Monte Carlo simulations were performed for resonant
and non-resonant production with four particles (p, p,K+, π−) in the exit channel. The
calculated missing-mass distribution MM(pK+) is in agreement with the measured
distribution where the Σ0(1385) peak dominates over a small background.

To obtain the Λ(1405) lineshape, the simulated distribution being a sum of non-resonant
contributions was subtracted from the measured missing-mass distribution MM(pK+).
The background-subtracted data exhibit a prominent structure around 1400 MeV/c2.
There is no indication of a second one near 1500 MeV/c2, which might result from
production of the Λ(1520). There is no evidence either for a significant contribution from
the Y 0∗(1480) hyperon. If this state were the same as the one-star Σ0(1480) of The Review
of Particle Physics, the decay into Σ0π0 would be forbidden.

Models based on unitary chiral theory find two states in the neighborhood of the
Λ(1405) with masses of 1390 and 1420 MeV/c2 (Refs. [8, 9] in [M7]). Both states may
contribute to the experimental distributions, and it is their relative population, which
depends upon the production mechanism, that will determine the observed lineshape. The
missing-mass distribution obtained from the Σ0π0 decay was then compared with those
from Σ+π− and Σ−π+ decays (Refs. [11, 13] in [M7]). Our experimental findings show
that the properties (mass, width, and shape) of the Λ(1405) resonance are essentially
identical for these three different production modes. This observation, which contradicts
predictions based on the unitary theory, stimulated both theoretical discussions and
experimental developments on the nature of the Λ(1405). However, there is no yet
one theoretical approach explaining all experimental results. In view of relatively small
number of events (156 ± 23) identified in the presented studies lasted almost one month,
further measurements are needed, also in γ induced reactions.

The production cross section for the Σ0(1385) and Λ(1405) hyperons in proton-induced
collisions at a beam momentum of 3.65 GeV/c, determined in the presented experiment,
is of the order of a few µb.

More details about Σ0(1385) and Λ(1405) studies, including a comparison of experimental
conditions, can be found in conference proceedings [O2].
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2.5.3 Bound kaonic nuclear states

For the first time, the hypothesis of a possible existence of deeply bound kaonic nuclear
states was formulated in 1986 by S.Wycech [Nucl. Phys. A450 (1986) 399c]. In 2002
Y.Akaishi and T.Yamazaki presented the theoretical predictions for light atomic nuclei
[Phys.Rev. C65 (2002) 044005].

In the FINUDA experiment the production of a bound kaonic state was investigated
through its decay into a Λ hyperon and a proton [M.Agnello et al., Phys. Rev. Lett. 94,
212303 (2005)]. The invariant-mass distribution of the Λp pair showed a significant mass
decrease with respect to the mass of the system expected in case of a simple two-nucleon
absorption, namely 2370 MeV/c2. The binding energy of 115 MeV and the decay width
of 67 MeV was determined for the detected K−pp system.
The observation of a structure with similar parameters in the DISTO
experiment [T.Yamazaki et al., Phys. Rev. Lett. 104, 132502 (2010)] motivated us
to check if we could identify events corresponding to the bound kaonic state production
in data measured with the ANKE spectrometer [O3]. Data from the Λ(1405) studies were
used for this purpose (Chapter 2.5.2).

The pp → K+X+ reaction was investigated in collisions induced on a hydrogen
target by protons with a momentum of 3.65 GeV/c. Assuming a decay of the X+ into pΛ,
followed by the Λ → pπ− decay, the final state with four particles (K+, two protons and
π−) could be observed. The experimental missing-mass MM(K+) distribution showed no
events for MM(K+)<2370 MeV/c2. Since ANKE detectors register particles in a limited
momentum range (Chapter 2.2), it was concluded that this restricted acceptance of the
ANKE spectrometer is responsible for a non-observation of the nuclear bound kaonic
state with a mass of 2250-2350 MeV/c2 and a width of 50-100 MeV/c2, if such a state exists.

Experiments on bound kaonic nuclear states are performed or planned in a few
laboratories, e.g, E15 and E17@J-PARC, AMADEUS@Frascati.
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2.6 Conclusions

The most important conclusions from studies on hyperon production in proton-proton
collision at intermediate energies:

1. The obtained results on hyperon production in pp collisions at intermediate energies
showed that the ANKE spectrometer operating at the COSY ring at Jülich is a
unique device suitable to investigate hyperon properties.

2. However, due to small cross sections for hyperons measured in the investigated
reactions (few hundred nanobarns to a few µb) and high background from
non-resonant production, experiments are difficult.

3. For the first time pp collisions were used to produce Y 0∗(1480) and Λ(1405) hyperons.
4. After more than 20 years new data on the Y 0∗(1480) were obtained. No such a

resonance has been predicted by 3q models, so it could have an exotic nature. The
measurements planned with the PANDA@FAIR detector build at GSI in Darmstadt
can provide more information on the Y 0∗(1480) nature.

5. The presented measurements showed that the mass, width and shape of the
Λ(1405) resonance do not depend on the production mechanism. This result, which
contradicts predictions based on the unitary theory, stimulated both theoretical
discussions and experimental developments (e.g., CLAS, HADES, KLOE) on the
Λ(1405) nature.

Results on strange particle production in pp collisions were published in fifteen papers,
in which I am an author or co-author [M1÷M8, J1÷ J7]. They were presented by me
at a number of conferences and seminars, as well as they were documented in details in
contributions to NCBJ Annual Reports at Świerk and the Institute for Nuclear Physics at
Jülich.

3 Description of other scientific achievements

After achieving in 1977 a Master of Science diploma at the Faculty of Physics at the
University of Warsaw, I started to work there at the Nuclear Spectroscopy Division.
During my work I was involved in research and student teaching.
In years 1977-1987 I provided classes on nuclear physics, programming and physics
laboratory for students from the Faculty of Physics.
I participated in experiments performed at the Nuclear Spectroscopy Division, e.g., in the
investigations of the α decay of thorium [J8].

In 1983 I finished my PhD thesis Investigation of the production of hafnium isotopes and
isomers in reactions of 40Ar, 84Kr and 136Xe ions on tungsten targets. The experiments
were done at the Centre for Heavy Ion Research (GSI) in Darmstadt. The data analysis
and calculations were performed in Warsaw and Darmstadt. The main conclusions from
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these experiments were presented in my PhD thesis and two publications [J9, J10]. The
general behaviour of the measured mass distributions of hafnium and lutetium isotopes,
especially on the neutron deficient side, was explained in terms of the partial statistical
equilibrium model. It was found that the yield of hafnium and lutetium isomeric states
increases significantly with increasing projectile mass. In addition, it was shown that
hafnium and lutetium isomeric states are produced in multinucleon transfer reactions,
including the Kπ = 16+ yrast trap in the 178Hf isotope.

After finishing my PhD I was involved in the collaboration with Institut des Sciences
Nucléaires in Grenoble. We concentrated on studies of the linear momentum transfer in
light and heavy-ion induced reactions. Our data extend the systematics of average linear
momentum transfer to lighter target masses, previously known only for highly fissile
elements [J11, O4].

In 1985-1987 I was working at GSI in Darmstadt. I was involved in experiments at
the velocity separator SHIP (Separator for Heavy Ion Reaction Products). The aims
of experiments were the investigation of the fusion reactions induced by heavy ions
accelerated by the linear accelerator UNILAC as well as studies of the decay properties of
reaction products.
During my stay at GSI, the experiments to search for the heaviest elements were the most
important ones for the SHIP group [J12, O5]. I took part in the measurements to search
for elements 107, 108 and 110.
Two isotopes with masses 264 and 265 of the element 108, named hassium in 1997, were
produced in complete fusion of 58Fe with 208Pb [J13, J14].
For the first time, the α decay of element 107, named bohrium in 1997, was identified in
the 54Cr+209Bi →263107 reaction [J15]. Two α emitting isotopes with masses 261 and 262
were identified. For the isotope with mass 262 a transition, assigned to an isomeric state,
was found.
Attempts to synthesize element 110 in the 64Nir+208Pb and 40Ar+235U reactions were
negative. No chains were observed that could be attributed to this element [O6]. The
successful experiment to produce element 110 was done in 1995.
I also participated in investigations of the 58Ni+102Pd →160W and 58Ni+106Cd →164Os
reactions used for systematic studies of the decay modes of neutron deficient nuclei close
to the proton drip line [O7]. The new isotopes 162Os and 156Tm were identified in these
reactions [J16].
In data already collected during previous SHIP experiments a new 3.2 µs isomer in 76Rb
was identified [J17]. The isomer decays by the emission of four γ rays and an energy of
316.94 keV above the ground state was assigned to this isomer. The properties of this
isomeric state resulted in the first indication of shape coexistence in this nucleus at low
spins.
In continuation of the analysis, a new isomeric state in 142Tb was established [O8 and
in Nucl. Data Sheets 112 (2011) 1949].

In 1988 I started to work at the National Centre for Nuclear Research (NCBJ) at
Świerk.
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At the beginning, I simulated interactions between matter and electrons with energies
lower than 20 MeV. Beams of such electrons are produced in linear accelerators, e.g., for
medical applications.
A detailed information about the distribution of the dose delivered to a patient is required
in order to perform an optimal radiotherapy. The collimation of the beam is necessary
to limit its size and to protect healthy tissues. The broad uniform electron beam,
characterized by a flat radial absorbed dose distribution and a well defined area to be
treated, is the most important purpose of the electron beam design for radiotherapy.
To flatten the radiation fields of medical electron linear accelerators, scattering foils are
inserted into the electron beam.
The complete scattering system influences the shape of depth dose distributions and the
maximum absorbed dose rate at a treatment distance. The influence of a beam forming
system on absorbed dose distributions could be examined using Monte Carlo simulations.
To perform simulations in arbitrary, user-defined, complex geometries made of any
material I wrote the SHOWME program based on the Geant3 code [O9÷O11, J18].
I used the same code to investigate bremsstrahlung production, especially to find the best
target for such a process [O12].
Another application of the SHOWME code was connected with a design of a high power
electron accelerator for industrial technologies since the heating of a beam output window
is a result of electron interaction with matter, mainly due to multiple scattering.
The obtained results were published regularly in IPJ Annual Reports between 1989 and
1997 and presented on six international conferences and workshops [P1÷P6] as well as on
seminars.

In 1994 I started a long-term collaboration with the Institute for Nuclear Physics
at Jülich (Germany). In the beginning my visits there were supported by the TEMPUS
mobility and training programme.
During my first stay I was studying details of the ion optics of a circulating beam in the
COSY accelerator storage and cooler synchrotron ring operating at Jülich.
At that time conditions for two experiments at internal target positions had to be
investigated. One experiment, using the ANKE magnetic spectrometer, was related to
the investigation of subthreshold K+ meson production. The other one was the COSY-13
experiment dedicated to the measurements of the lifetime of heavy hypernuclei produced
in proton collisions with atomic nuclei. It was essential to operate COSY ion optically in
such a way that the machine acceptance remains large. The machine optimization required
extensive calculations with the MAD code which describes an accelerator, simulates beam
dynamics and optimizes beam optics. In next few years I performed a large number of
calculations to find an optimal setting of the COSY accelerator for the two classes of
experiments [O13, P7].

While the construction of the ANKE spectrometer was going on, I participated in
experiments performed within the COSY-13 Collaboration. I was a member of this
collaboration in years 1996-2000.
The hypernucleus lifetime was measured in the (p,K+) reaction by the observation of
delayed fission using the recoil shadow method. This method can be used for very heavy
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nuclei, where fission induced by the hyperon decay becomes a significant excitation mode.
I participated in investigations in which Bi and U targets were irradiated by protons from
the circulating beam in the COSY storage ring, operating in a supercycle. The use of this
operation mode eliminates the systematic errors in background subtraction. The proton
beam energies were chosen in such a way that at the higher energies (1.5 and 1.9 GeV)
hypernuclei could be produced. The background was then determined at a lower beam
energy of 1.0 GeV.
Details of physical phenomena, experimental setup, conditions of performed experiments
and obtained results are presented in [J19÷J29, O14÷O16].
The measurement performed during irradiation of a Bi target with 1.9 GeV protons
resulted in the most precise value of the lifetime of heavy hypernuclei, equal
to [161±7(statist)±14(system)] ps [J24].
In December 2000 the experimental setup of COSY-13 was removed from the COSY ring.

In 1998 the ANKE spectrometer was used for the first time for physics experiments
at the COSY ring at Jülich. Up tp 2009 I was involved in experiments dedicated to the
production of strange particles, described in Chapter 2.

In 2000 I was invited to the Paul Scherrer Institute (PSI) at Villigen (Switzerland)
to join the SINDRUM II experiment in its last stage.
The SINDRUM II experiment tests the conservation of lepton-flavour in neutrinoless
coherent muon-electron conversion in muonic atoms: µ−+(A,Z) → e−+(A,Z), A=mass
number, Z=proton number. The observation of the muon-electron conversion would
give evidence that the lepton flavour is not conserved and this, in turn, is a sign of new
physics beyond the Standard Model of particle physics. Signature of the µ-e conversion
is a single electron with characteristic energy. The intrinsic electron background from
normal three-body decay of the bound muon has a broad energy distribution vanishing at
the µ-e conversion energy.
In the SINDRUM II experiment a high intensive muon beam was stopped in a target and
the energy of emitted electrons was measured with a cylindrical magnetic spectrometer
around the target. The experimental sensitivity was mainly dependent on the energy
resolution and the total number of muons stopped in the target.
The measurement resulted in the branching ratio of µ-e conversion in muonic gold relative
to the nuclear capture probability Γ(µ−Au → e−Aug.s./Γcapture(µ−Au) < 7 × 10−13

(90%C.L.) [J30, O17]. This finding is more stringent by two orders of magnitude than the
best previous limit and still remains the most precise one. It was the final result of the
research program with the SINDRUM II spectrometer - in autumn 2000 it was removed
from its place.

In 2004 the proposal for transferring the WASA detector from CELSIUS@Uppsala
to Jülich was accepted [O18]. In summer 2006 the WASA detector was installed at an
internal target position in the COSY ring.
One of the discussed physics experiments was an investigation of the hadron structure
through precise measurements of all possible decay chains. At that time the ANKE
Collaboration found evidence for a hyperon with mass 1480 MeV/c2 by simultaneous
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investigations of charged decay channels (Chapter 2.5.1). It was expected that
measurements done with the WASA detector will allow to study not only charged decay
channels but neutral too. Another planned experiment was to investigate the nature
of the Λ(1405) resonance in proton-proton collisions by measuring its lineshape with
a mass resolution and statistics better than in ANKE experiments. Since no efficient way
to separate protons and K+ mesons was found, investigations on hyperon production
were suspended whereas the program dealing with ”η physics” is successfully going on
WASA@COSY [J31].

During my collaboration with the Institute for Nuclear Physics at Jülich I participated
in preparation of six proposals for experiments connected with the COSY [O18÷O23].
Two contributions describing results from investigations done with COSY-13 and ANKE
detectors were published in the report ”Nuclear Physics in Poland 1996-2006” [O24].

In 2011 I started to use the Geant4 code for applications. Monte Carlo simulations with the
Geant4-DNA code can be used for modelling the interactions of very low energy charged
particles with biological nanostructures like DNA segments or nucleosomes [O25, P29].

Since 2012 I participate in the EURATOM project Development of the selected diagnostic
techniques (Cerenkov detectors, solid-state nuclear track detectors, scintillation detectors
for hard X-ray diagnostics) as a leader of the task Monte Carlo simulations of gamma-ray
interactions with scintillators.
We investigate the possibility to use scintillators for X and gamma-ray radiation
diagnostics in thermonuclear reactors, including the constructed research reactor ITER.
The main task of investigations of the scintillators, like NaI(Tl), LaBr3(Ce), CeBr3, is to
find if such materials could be used in gamma radiation detectors for high-temperature
plasma monitoring. The following parameters of scintillators are measured: light output,
non-proportionality, energy resolution, detection efficiency, decay time, nuclear radiation
resistance. Monte Carlo simulations of gamma-ray interactions with matter are used for
designing and optimization of detection systems [O26] as well as for analysis of phenomena
taking place in tokamaks.
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M1. M.Büscher, H.Junghans, V.Koptev, M.Nekipelov, K.Sistemich, H.Ströher, S.Barsov,
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pA collisions with ANKE at COSY-Jülich, Nucl. Instrum. Meth. A481 (2002) 378.
contribution: updating description of ANKE geometry according to experimental
conditions and implementing into Monte Carlo code, participating in experiments,
partial data analysis, 10%

M2. I.Zychor, Monte Carlo simulations for ANKE experiments, Acta Phys. Pol. B33
(2002) 521.
contribution: publication authored only by me, based on experimental results and
simulations, participating in experiments, performing data analysis and all Monte
Carlo simulations, writing a paper
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M.Büscher, W.Cassing, V.Chernyshev, B.Chiladze, J.Dietrich, M.Drochner,
S.Dymov, W.Erven, R.Esser, A.Franzen, E.Golubeva, D.Gotta, T.Grande,
D.Grzonka, A.Hardt, M.Hartmann, V.Hejny, L.vonHorn, L.Jarczyk, H.Junghans,
A.Kacharava, B.Kamys, A.Khoukaz, T.Kirchner, F.Klehr, W.Klein, H.R.Koch,
V.Komarov, L.Kondratyuk, V.Koptev, S.Kopyto, R.Krause, P.Kravtsov, V.Kruglov,
P.Kulessa, A.Kulikov, N.Lang, N.Langenhagen, A.Lepges, J.Ley, R.Maier,
S.Martin, G.Macharashvili, S.Merzliakov, K.Meyer, S.Mikirtychyants, H.Müller,
P.Munhofen, A.Mussgiller, M.Nekipelov, V.Nelyubin, M.Nioradze, H.Ohm,
A.Petrus, D.Prasuhn, B.Prietzschk, H.J.Probst, K.Pysz, F.Rathmann, B.Rimarzig,
Z.Rudy, R.Santo, H.Paetzgen.Schieck, R.Schleichert, A.Schneider, C.Schneider,
H.Schneider, U.Schwarz, H.Seyfarth, A.Sibirtsev, U.Sieling, K.Sistemich,
A.Selikov, H.Stechemesser, H.J.Stein, A.Strzalkowski, K.H.Watzlawik, P.Wüstner,
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Jülich, Nucl. Instrum. Meth. A462 (2001) 364.
contribution: updating description of ANKE geometry according to experimental
conditions and implementing into Monte Carlo code, participating in experiments,
partial data analysis, 5%

J2. S.Barsov, V.Koptev, S.Mikirtychiants, U.Bechstedt, G.Borchert, W.Borgs,
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R.Esser, P.Fedorets, D.Gotta, M.Hartmann, H.Junghans, A.Kacharava, B.Kamys,
F.Klehr, H.R.Koch, V.Komarov, V.Koptev, P.Kulessa, A.Kulikov, V.Kurbatov,
G.Macharashvili, R.Maier, S.Merzliakov, S.Mikirtychyants, H.Müller, A.Mussgiller,
M.Nioradze, H.Ohm, A.Petrus, D.Prasuhn, K.Pysz, F.Rathmann, B.Rimarzig,
Z.Rudy, R.Schleichert, C.Schneider, H.Schneider, O.W.B.Schult, H.Seyfarth,
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Abstract

The spectrometer ANKE has been put into operation at the accelerator COSY of the Forschungszentrum J .ulich in
spring 1998. An initial scientific goal is to study Kþ-production in pA collisions at subthreshold energies far below the
free NN-threshold at Tp ¼ 1:58GeV. This requires the identification of Kþ-mesons in a background of pions and

protons, about 106 times more intense. In this paper the sophisticated detection system and the software procedures for
kaon identification are described. With the help of TOF, energy-loss and range measurements as well as the track
information from wire chambers, it is possible to measure d2s=dO dp for deep subthreshold Kþ production at beam

energies down to Tp ¼ 1:0GeV. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The production of Kþ-mesons in proton–
nucleus reactions at beam energies below the free
nucleon–nucleon threshold (Tp ¼ 1:58GeV), so-
called subthreshold production presently is a topic
of strong interest [1–4]. Since Kþ-mesons have a
long mean free path in the nuclear medium it is
expected that valuable information about short-
range correlations in nuclei can be extracted from
these studies. Further research goals are insights
into the reaction dynamics, different production
mechanisms and the properties of the produced
kaons inside the nuclear environment. In a recent
theoretical paper [3] it has been pointed out that
the existing data still do not allow to draw
unambiguous conclusions about the above men-
tioned issues. Differential spectra are needed in a
wide momentum range for different target nuclei
and beam energies. This is particularly the case at
beam energies below 1.2GeV since so far only
total cross-sections have been measured there [1].

The great challenge of kaon studies at beam
energies far below the NN-threshold is the fact
that the production cross sections are extremely
small. Furthermore, the produced Kþ-mesons
have a short lifetime and, thus, a very compact
detection system is mandatory, in particular at low
kaon momenta. The magnetic spectrometer
ANKE [5–10] and its detectors have been built
and optimized for such measurements.

In order to get realistic estimates on the Kþ and
background rates at ANKE, calculations were
performed using the Rossendorf-Collision (ROC)
model [11]. Fig. 1 shows the result of these model
calculations for proton–carbon collisions. The
production cross-sections shown in the figure are
integrated over the angular range W ¼
0–101Froughly corresponding to the angular
acceptance of ANKE [6,10]. It can be seen that
the background of protons and pions stays nearly
constant whereas the kaon cross-section dramati-
cally decreases as the energy approaches the
absolute threshold (Tp ¼ 0:75GeV for carbon);
at Tp ¼ 1:0GeV, the lowest energy of our mea-
surements up to now, the Kþ=pþ ratio is as small
as B10�6: Note that the cross-sections presented
in Fig. 1 are momentum integrated. Most of the

produced protons are above the momentum range
measured at ANKE. Thus, in the spectra pre-
sented in Section 3.1, the number of pions and
protons is approximately equal. However, high-
momentum protons can hit structure material,
e.g., the pole shoes of the spectrometer magnet and
produce secondary particles. In fact, those turned
out to be the most severe source of background,
see Section 3.2.

The spectrometer ANKE has been described in
detail in Ref. [9]. Therefore, in this paper only a
brief overview of the setup and its detection
systems for Kþ-mesons is given. The procedures
for data analysis are described and it is shown how
momentum distributions of kaons from proton–
nucleus collisions at beam energies as low as
1.0GeV are obtained.

2. Description of the experimental setup

2.1. Principles of Kþ-identification with ANKE

For the identification of Kþ-mesons the follow-
ing criteria are used at ANKE:

* ANKE provides a momentum focusing of the
ejectiles (Section 2.2). This is used to define the
Kþ-momenta and serves as an important means
to suppress the background of pions and
protons in range telescopes (Section 2.3.2).

Fig. 1. Predicted momentum-integrated cross sections for the

production of Kþ mesons and background particles in proton-

carbon collisions into emission angles Wo101: The calculations
were made using the Rossendorf-Collision (ROC) model [11].
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* A fast on-line trigger system based on start- and
stop detectors of a time-of-flight setup allows
the selection of particles with certain momenta
and emission angles at the target. Narrow time-
of-flight (TOF) gates can be defined for the
identification of pions, kaons and protons,
respectively (Section 2.3).

* Range telescopes in the focal surface of the
spectrometer dipole discriminate pions, kaons
and protons with the same momenta due to
their different energy losses. Passive degraders
in the telescopes between the scintillation
counters enhance the discrimination efficiency
(Sections 2.3.2 and 3.1).

* The Kþ-mesons are stopped in the range
telescopes. Their decay with a lifetime of
t ¼ 12:4 ns provides an effective criterion for
the identification of these mesons via the
detection of delayed signals (Sections 2.3.2
and 3.1).

* The tracks of the ejectiles are measured with
multi-wire proportional chambers (MWPCs)
(Section 2.3.1). From this information the
emission angles at the target are deduced and
a suppression of background not originating
from the target is possible (Section 3.2).

2.2. The ANKE spectrometer

The ANKE spectrometer [7–10] is located at the
internal target position TPA of the cooler syn-
chrotron COSY-J .ulich. It consists of three dipole
magnetsFtwo smaller ones (D1 and D3, see
Fig. 2) to guide the circulating COSY beam and
a C-shaped spectrometer magnet (D2) with a large
gap height of 20 cm. Between D1 and D2, space
for the installation of various internal targets is
available. For the measurements described here,
triangular-shaped foil targets made of carbon
(polycrystalline diamond), copper and gold were
suspended from frames [9]. The target dimensions
typically are 2mm (width at base glued to the
frame), 20mm (length) and 0.04–15mg/cm2 (thick-
ness). D2 has an angular acceptance of
DOE50msr for ejectiles emitted under forward
angles WE01: Furthermore, the flight path of the
ejectiles between target and the focal-surface
detectors is short (lE150y 400 cm) so that kaons

reach the detectors with a probability of B30% in
spite of their short lifetime.

Each of the range telescopes located at the focal-
surface was optimized for a certain kaon-momen-
tum range, see Section 2.3.2. Therefore, when
changing the beam energy to measure the Kþ-
momentum spectra for different projectile ener-
gies, one must keep constant (i) the field in the
ANKE magnets and (ii) the relative locations of
target and D2 so that the momenta of the ejectiles
hitting a certain telescope remain constant. Con-
sequently, the radius of curvature and the deflec-
tion angle of the circulating COSY beam changes
in all three dipoles with varying beam energy. This
can be compensated by a movement of the
spectrometer dipole D2 perpendicular to the
direction of the undisturbed COSY beam [9]. For
the measurements described in this paper, all three
magnets were operated at a fixed field strength of
B ¼ 1:30T (measurement of the Kþ-production
cross-sections) or at the maximum achievable field
strength in D2 of B ¼ 1:57T (calibration measure-
ments for the time-of-flight detectors). The lower
field strength used for the cross-section measure-
ments was chosen in order to avoid too large
deflection angles of the COSY beam at low beam
energies. The resulting deflection angles in D1,
a ¼ 10:1–5.51 at Tp ¼ 1:0y2:3GeV, are in any
case smaller than the maximum value of 10:61

Fig. 2. Top view of the ANKE spectrometer and detectors used

for Kþ identification. The dashed lines show trajectories of

ejectiles with different momenta and horizontal emission angles

of W ¼ 7101: The numbers indicate the positions of the 23 start

counters and the 15 telescopes.
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permitted by the bellows of the vacuum system, see
Ref. [9] for details.

Ray-tracing calculations [10] show that at
B ¼ 1:30T the Kþ telescopes cover a momentum
range of pE110–525MeV/c. The horizontal angu-
lar acceptance of D2 for which the focusing
properties are still sufficient to allow kaon
identification in the telescopes is WE� 151yþ
151; cf. Section 2.3. The vertical acceptance is given
by the gap height of D2 and varies between fE
771 for the lowest momenta and 73:51 (highest).
The heights of all detectors were chosen such that
they cover the full vertical acceptance of the
spectrometer dipole.

2.3. Kþ-detection system

The schematic layout of the Kþ-detection
system at ANKE is sketched in Fig. 3. It is rigidly
connected to the spectrometer dipole D2 and
consists of three major components: (i) 23 TOF-
start counters (PILOT-U, Nuclear Enterprises)
close to the vacuum window (made of 500 mm
Al) at the right-hand side of D2. The counters are
positioned as close as possible to the exit window
in order to maximize the distance to the TOF-stop
counters. Each start counter has a horizontal
angular acceptance of 21–61 depending on the
ejectile momenta. All scintillators are 27 cm high
and 5 cm wide. Their thickness has been chosen as
a compromise between sufficient light output and
little small-angle scattering. It increases from

0.5mm (counters 1, 2) for the low momentum
detectors to 1.0mm (counters 3–5) and 2.0mm for
higher momenta. Each scintillator is read out on
both ends by a photomultiplier. (ii) The tracking
system to reconstruct ejectile trajectories consist-
ing of two multi-wire proportional chambers
(MWPC 1, 2). They are located in front of all
detector components except the TOF-start coun-
ters in order to minimize distortions of the ejectile
trajectories due to small-angle scattering. (iii) 15
range telescopes which are placed along the focal
surface of D2. The horizontal angular acceptance
of each telescope varies from 711 to 7151
depending on the on- or off-line coincidences with
the corresponding start counters. Each telescope is
composed of TOF-stop, DE; veto scintillation
counters (BC408, Bicron), which are read out by
photomultipliers on both sides, and two passive
degraders made of copper. Telescopes 9–15 also
contain lucite Cherenkov counters. For a detailed
description of the telescopes see Section 2.3.2.

The precise time information from the start,
stop, DE and veto counters (see Section 3.1 for
values of the time resolution) is achieved by
constant-fraction discriminators and mean timers
both specifically developed for this purpose [12]. In
addition, the vertical spatial information in each
scintillator is obtained from the time difference of
both phototubes. The resolution for the stop
detectors is better than 30mm (FWHM). With
one specially built VME-module for each stop
counter it is possible to set a common TOF gate
(length variable between 3 and 23 ns) in coin-
cidence with up to 16 individually adjustable start-
stop combinations [12]. In this way corridors of
acceptable start-stop combinations can be defined
through which the Kþ-mesons from the target
should pass. A total of 16 VME modules is needed
for the ANKE on-line TOF trigger which allows to
select pions, kaons or protons already during data
taking.

2.3.1. Multi-wire proportional chambers
The two MWPCs [13,14] of the ANKE Kþ-

detection system have been built in a modular
design at the Forschungszentrum Rossendorf and
differ only in the dimension of the sensitive planes
and the diameter of the anode wires (see Table 1).

Fig. 3. Simplified layout of the detection system used for the

subthreshold Kþ-studies at ANKE (looking in the direction of

the circulating COSY beam).
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The arrangement of the sensitive wires in the
planes, vertical and inclined by þ301 and �301;
respectively, allows to determine the space co-
ordinates of the particle track in the wire chamber.
Together with the knowledge of the magnetic field
of the D2 magnet one can reconstruct the
momentum and emission angle of the particle at
the target position. The necessary accuracy of the
reconstructed momentum Dp=p is 2–3% for pions.
This can be achieved with a wire spacing of
2.54mm. An intrinsic resolution B0:7mm be-
tween the inclined and vertical planes has been
determined in test measurements [13].

The readout of the chambers is performed using
a highly integrated front-end system based on two
chips which were developed at the Rutherford
Appleton Laboratory (RAL) [15]. The analog chip
RAL 118 amplifies and discriminates the signal.
The digital chip RAL 111 on the one hand
provides the proper delay of the signal using a
digital shift register. This is necessary since the
signal of the MWPCs must be stored until the
system trigger has been generated. On the other
hand, RAL 111 digitizes the signals and performs
zero suppression. The latter leads to a huge data
reduction since in a typical event only around 2%
of the wires have a signal and only the numbers of
those wires are sent to the subsequent data-
aquisition system. Thus during the Kþ-measure-
ments particle fluxes of about 5000 s�1 per wire
could be handled by the readout system. A more
detailed description of the complete readout
system can be found in Ref. [16].

The drift time of electrons in the used gas
mixture is 80 ns at most [17]. Therefore no
restrictions are expected when the chamber is
operated at a maximal particle flux of 106 s�1: To
minimize the number of multiple hits the width of
the readout gate is set to 110 ns.

2.3.2. The Kþ range telescopes
The Kþ-telescopes are positioned along the

focal surface of D2 perpendicular to the trajec-
tories of ejectiles which leave the target in the
forward direction, W ¼ 01: Each detector covers a
limited momentum range given by its width of
10 cm and the dispersion of D2. The values for the
momentum acceptances which are shown in the
right column of Table 2 were calculated for
ejectiles emitted at 01 from the target and
neglecting small angle scattering in the vacuum
foils and the detector components.

Fig. 4a shows momentum distributions for three
telescopes which were obtained from data on pþ-
production in proton–carbon collisions and from
corresponding GEANT simulations. For the
reconstruction of the pion momenta from the
wire-chamber information, a simple box-field
approach has been applied in which the trajec-
tories in front of and behind the effective field of
D2 are described by straight lines. The ejectile
momenta are determined by calculating a circular
arc with a constant radius of curvature connecting
these straight lines. The fact that each of the
telescopes is hit by ejectiles within a rather limited
momentum range of Dp=p ¼7–24%, provided they

Table 1

Properties of MWPC 1 and MWPC 2

MWPC1 MWPC2

Gas mixture 70% Ar : 30% CO2 70% Ar : 30% CO2

No. of anode planes 3 3

Arrangement of anode wires Vertical and þ301 and �301 inclined Vertical and þ301 and �301 inclined

HV anodes 0V 0V

max. HV cathodes �3000V �3000V

Wire spacing 2.54mm 2.54mm

Distance anode–cathode 5mm 5mm

No. of wires per plane 512 768

Anode wires 20 mm tungsten 25mm tungsten

Cathode material 18 mm mylar foil 23mm mylar foil

Sensitive area 35�130 cm2 60�196 cm2
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originate from the target at angles less than B151
(see right column of Table 2), allows to exploit the
different ranges and energy losses of ejectiles with
different masses for the Kþ-identification, see
Section 3.1 for details.

Fig. 4b shows momentum distributions for
telescope #13 and the individual start counters. It
can be seen that particles which traverse start

counters #10–21 have a small momentum spread,
Dp=pE8%. The lowest counters also detect fast
ejectiles which are emitted from the target at large
angles Wp301: Since they miss the well-defined
field region of D2 they are only slightly deflected
so that their momentum distributions smear out.
Indicated in the figure is the range of valid start
counters which are accepted by the on-line TOF

Table 2

Dimensions of the telescope components used for the measurements at B ¼ 1:30T. In addition, telescopes #9–15 contain 5 cm thick

lucite Cherenkov counters between stop and degrader I. The momentum ranges covered by each telescope are given in the last column

Telescope Height (cm) Thickness (cm) Momentum range (MeV/c)

Stop Degr.I DE Degr.II Veto

1 52 0.3 F 0.5 0.2 1.0 110–140

2 57 0.5 F 0.5 0.2 1.0 140–160

3 62 1.0 F 1.0 0.2 1.0 160–182

4 67 1.0 F 1.0 0.8 1.0 182–205

5 77 1.0 0.1 1.5 0.8 1.0 205–227

6 82 1.0 0.11–0.37 2.0 0.8 1.0 227–252

7 88 1.0 0.26–0.58 2.0 1.6 1.0 252–280

8 94 1.0 0.43–0.82 3.0 1.3 1.0 280–310

9 100 1.0 0.11–0.57 3.0 1.0 1.0 310–340

10 100 1.0 0.49–1.08 3.0 1.5 1.0 340–370

11 100 1.0 1.06–1.78 3.0 1.7 1.0 370–400

12 100 1.0 1.70–2.57 4.0 1.0 1.0 400–430

13 100 1.0 2.56–3.49 4.0 1.0 1.0 430–460

14 100 1.0 3.23–4.34 5.0 2.0 1.0 460–490

15 100 1.0 4.20–5.37 5.0 2.0 1.0 490–525

Fig. 4. (a) Momentum distribution of pions from p(2.3GeV)C-pþX reactions emitted at angles p101 and detected in telescopes #13

(light shaded histogram), 12 and 14 (dashed). For comparison the result of a GEANT simulation is given (dark shaded, scaled down by

an arbitrary factor). (b) Simulated momentum ranges for the individual start counters and telescope #13. For the simulation horizontal

emission angles of even up to 301 were permitted. The central arrow indicates the start counter which detects particles emitted at 01 at

this setting of the beam energy and field strength in D2; the range of start-stop combinations accepted by the fast trigger is indicated by

the horizontal bar. Also shown by the open squares are the mean ejectile momenta calculated from TOF spectra, see Section 3.1 for

details.
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trigger. For these counters, corresponding to
horizontal emission angles jWjp121; the imaging
properties of D2 are sufficient to detect ejectiles
with well defined momenta.

The telescopes consist of vertically oriented
scintillators and copper degraders. The thicknesses
of all components were determined with the help
of GEANT simulations [17,18] for Kþ-identifica-
tion. The results of the simulations were verified
for a sample telescope by test measurements with
pion, kaon and proton beams from the 10GeV
proton synchrotron at ITEP, Moscow [4]. Table 2
shows the thicknesses of all components used
during the measurements described here. The first
counter in each telescope is the TOF-stop counter,
see Fig. 5, followed by 5 cm thick lucite Cherenkov
counters (in telescopes #9–15 only) for the
suppression of fast pionic and leptonic back-
ground. During data analysis it turned out that
these counters provide no additional background
suppression. Thus they were not used in the
current analysis for kaon identification.

The function of degrader I is twofold: first, it
stops protons originating from the target and
prevents them from entering the DE counter.
Second, it slows down kaons such that they are
stopped at the far end of the DE counter or in the
second degrader. This results in a large Kþ energy
loss in the DE counter which helps to separate
them from pions and scattered protons, see

Section 3.1. The tapered shape of degrader I
accounts for the momentum dispersion along the
focal surface of D2: From the left to the right edge
of each telescope the degrader thickness increases
in correspondence with the ejectile momentum. In
order to minimize the range spread for kaons, each
telescope is positioned such that the first degrader
is located in the focal plane where the momentum
spread of the ejectiles is smallest. Pions from the
target pass through the counters and degraders
almost unaffected due to their high velocity and
result in small energy losses in all counters. The
thicknesses of degrader I have carefully been fine
tuned during calibration measurements (by adding
thin copper sheets) at Tp ¼ 2:3GeV where the
kaon rate is sufficiently high to identify them
without the help of the energy-loss spectra in the
DE counter, see Section 4.

Kaons which are stopped in the DE counter or
in the second degrader decay with a lifetime of
t ¼ 12:4 ns. Their decay products, mþ or pþ

emitted isotropically, can reach the veto counter
and result in signals which are characteristically
delayed with respect to Kþ-signals in the stop or
DE counters of the same telescope. This provides
an additional criterion for Kþ-identification which
becomes particularly important for low beam
energies. This method based on the detection of
delayed decay muons was already applied pre-
viously in the measurement of total cross-sections
at beam energies between 0.8 and 1.0GeV [1].

The most problematic background is caused by
secondary protons produced on the pole shoes of
D2 or in the vacuum chamber. This contains a
component with the same time-of-flight as the
kaons and thus approximately twice their momen-
ta. Such protons (pBG), which are also indicated in
Fig. 5, pass through all detectors of a telescope.
The thicknesses of degrader II were chosen larger
than necessary to prevent kaons from reaching the
veto counter: they also slow down the background
protons such that their energy loss in the veto
counter significantly increases beyond that of the
koan-decay products. Selection of events with
small energy losses in the veto counters thus is
an additional criterion for kaon identification since
their decay muons and pions are minimum
ionizing.

Fig. 5. Sketch of telescope #13. The ranges of pions, kaons and

protons originating from the target as well as scattered protons

(pBG) with the same velocity (i.e. TOF) as kaons are indicated.

See text for a detailed description of detector components.
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3. Data analysis

3.1. Examples of scintillator spectra

Examples of time-of-flight (TOF) distributions
between the stop counter of telescope #13 and the
different start counters are shown in Fig. 6. The
data were taken during a calibration run with high
field strength in D2 (B ¼ 1:57T). During data
taking an open on-line TOF trigger was chosen
such that pions, protons and scattered particles are
visible in the spectra. Most of the spectra show two
distinct peaks for pions and protons originating
from the target which have well defined momenta,

pE430–460MeV/c; see Table 2 and Fig. 4. From
the spectra an average time resolution of B650 ps
(FWHM) for target pions in the central regionF
start counters #10–21, corresponding to horizontal
emission angles jWjp121Fhas been deduced. The
shift of the proton peaks towards smaller flight
times and the larger width (B1000 ps) for the
lower start-counter numbers is due to the momen-
tum spread shown in Fig. 4b which causes a
variation of the proton velocities. This is not the
case for pions since, due to the low mass, their
velocity is close to the speed of light. For start-
counters with numbers below 5, the two peaks
start to disappear and a broad TOF distribution

Fig. 6. Time-of-flight spectra at an incident proton energy Tp ¼ 1:5GeV between stop counter #13 and start counters # 1–23. The data

presented in this figure were obtained during a dedicated calibration run with open trigger at B ¼ 1:57T with a carbon target. The

range of ‘‘valid’’ start counters for this particular stop counter, see Fig. 4b, is indicated by the shaded histograms.
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develops because of the high-momentum protons,
see Fig. 4b. The pions are suppressed here because
of inefficiencies of the first few start counters for
high momentum pions. In start counter #23 the
peak of protons from the target is reduced for the
following reasons: the average ejectile momenta
(and ranges) are smaller, see Fig. 4b, and the
effective counter thickness is increased due to the
smaller entrance angle into the telescope. This
prevents part of the target protons from reaching
the DE counter. Since a signal in this counter was
required in the on-line trigger only the fastest
protons can be detected and the proton rate is
reduced. This effect also has an influence on the
spectra of start counters #18–21. Here the width of
the proton peak is reduced from 1000 ps down to
500 ps.

The separation of the pion- and proton-TOF
peaks in Fig. 6 allows to calculate the average
momentum of the ejectiles originating from the
target. The deduced values for start counters #10–
21 are presented as the open squares in Fig. 4b
and agree with the momenta from ray-tracing
calculations using GEANT. Remember that
the TOF spectra from Fig. 6 were obtained at a
field strength of B ¼ 1:57T in D2 (field setting
used for the TOF calibrations) whereas the
momentum ranges in Fig. 4 are given for
B ¼ 1:30T (field setting used for the cross-section
measurements). Thus the momenta from TOF
were multiplied by the ratio of the field strengths
1.30/1.57 in order to allow a comparison with the
GEANT simulations.

Fig. 7 shows the energy-loss spectra which were
measured simultaneously with the TOF spectra of
Fig. 6. They allow to determine the detection
efficiencies for pions in the start counters assuming
that the energy-loss distributions can be fitted by
Landau distributions. Values of B95% were
obtained, except for the first two start counters
which are only 0.5mm thick. In this case the
efficiencies are below 50%. For kaons the detec-
tion efficiencies are higher and very close to 100%.
The efficiencies are taken into account when
normalizing the number of identified kaons to
known pion-production cross sections.

Fig. 8a shows the combined TOF distribution
for the stop counter of telescope #13 and start

counters #10–21 from Fig. 6. The time resolution
for pions in Fig. 8a amounts to 650 ps (FWHM),
as in case of the individual spectra from Fig. 6.
Due to the different lengths of the flight paths for
each start counter, the values of the TOF
difference between pions and protons vary, which
causes a smearing of the proton peak in the sum
spectrum.

In principle, the observed time resolution should
allow a clear separation of pions (protons) and
kaons. The TOF difference between pions and
kaons (peak-to-peak) amounts to B8s; assuming
a pure gaussian distribution one would expect a
pion suppression much better than the requested
106: Such a huge suppression is, however, not
achieved in the experiment due to background
produced in secondary hadronic interactions. The
flat background in Fig. 8 is mainly caused by fast
protons emitted from the target at small angles.
These protons can hit the pole shoes of D2 or
structure material of the vacuum chamber and
produce secondary particles which then can reach
the telescopes. Such secondary particles are not
focussed by D2 and, hence, do not have well
defined momenta. Therefore, they result in a broad
background distribution in the TOF spectra.
Indicated by the shaded area in the sum spectra
of Fig. 8 and the following ones are the regions
where kaons are expected. This serves for illustra-
tion only since in the process of kaon identifica-
tion, individual gates were used for each start-stop
combination (i.e. spectra in Fig. 6). The same
applies for all other scintillator time and amplitude
spectra.

Fig. 8b shows the energy-loss distribution in
stop counter #13 for ejectiles detected in coin-
cidence with start counters #10–21. As for the
TOF spectrum of Fig. 8a the raw spectrum shows
two peaks from pions and protons from the target
and a broad background distribution. The ratio
of the energy losses of protons and pions is B4:5
as expected from the Bethe-Bloch formula.
Consequently, only a moderate separation of
pions and kaons (expected energy-loss ratio
B1:7) can be achieved from the amplitude signals.
Since the lower edge of the pion energy-loss
distribution is clearly visible in Fig. 8b, the
detection efficiency for pions is larger than
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98%. The same high efficiency has been obtained
for kaons since the gate indicated in the figure is
rather wide.

Fig. 9a shows the energy-loss distribution in the
DE counter of telescope #13. The data were
obtained at B ¼ 1:30T. Since protons from the
target are stopped in the Cherenkov counter or in
the first degrader there is only one peak from
target pions and a broad background distribution
from secondary particles visible in the spectrum.
As explained in Section 2.3.2, the first degraders
are used to optimize the energy loss of kaons in the
DE counters. The solid histogram in Fig. 9b shows
the corresponding energy-loss spectrum for kaons

(identified as described later in Section 3.4).
During the measurements it has been checked
whether slight modifications of the degrader
thicknesses can improve the kaon-to-background
separation. For this purpose the kaon energy loss
should be as large as possible (better separation
from target pions), while keeping the width of the
distributions small (optimization of the kaon to
scattered-background ratio). It turned out that the
optimization procedure for most telescopes re-
sulted in thicknesses at which the kaons pass
through the DE counter and are stopped in the
second degrader. As an example the corresponding
distribution is shown by the dashed histogram in

Fig. 7. Energy-loss spectra for the same start-stop combinations as in Fig. 6.
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Fig. 9b. As explained in Section 2.3.2, the time
information from the veto counter is a particularly
effective criterion for kaon identification. If the
kaons are stopped in the second degrader one
expects that only their decay muons and pions can
reach the veto counter with a time delay char-
acteristic for the Kþ-lifetime of 12.4 ns. Fig. 10
shows the distribution of the time difference of
particle detection in the veto and stop counters of
telescope #13. One can clearly see a peak from

particles directly passing through the second
degrader (pions and secondary protons). In addi-
tion, there are delayed events visible which can be
attributed to the decay products of Kþ-mesons
stopped in the second degrader, see Section 3.4.
The on-line trigger for the accumulation of the
Kþ-data at low projectile energies rejected prompt
events and admitted only those with a delay
> 1:3 ns (channel 30). Off line a threshold of
> 2:3 ns (channel 55) was set.

Fig. 8. (a) TOF and (b) amplitude spectra of stop counter #13 in coincidence with start counters #10–21. The approximate position of

the gates for the off-line kaon identification are indicated by the shaded areas (see text). Arrows mark the narrowest TOF gates used for

on-line event selection. The data were obtained at B ¼ 1:57T with a carbon target.

Fig. 9. Energy-loss spectra for DE-counter #13 in coincidence with start counters #10–21. (a) Raw spectrum, the gate for kaons is

located above DEB13MeV. (b) Kaon spectra taken during optimization of degrader I. The values of the tapered degrader thickness

are: (i) 2.76–3.69 cm (solid histogram, initial value from simulation calculations), (ii) 2.66–3.59 cm (dashed histogram), and (iii) 2.56–

3.49 cm (shaded histogram, optimum thickness given in Table 2). All data were obtained at Tp ¼ 2:0GeV and B ¼ 1:30T with a carbon

target.
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The use of the full scintillator information
(TOF, energy loss in start, stop, DE and veto
counters plus selection of delayed events in the
veto counter) allows for a clear separation of the
kaons from pions and protons originating from
the target even at the lowest beam energy
Tp ¼ 1:0GeV. However, the background from
secondary particles scattered at the pole shoes of
D2 cannot sufficiently be suppressed. This is only
possible by using the information from the wire
chambers on the direction of the ejectiles as
explained in the following section.

3.2. Background suppression using the MWPC
information

As indicated in Fig. 11 by the dashed line,
particles from the target within the angular
acceptance passing through the first MWPC at
some vertical coordinate y are expected to have a
certain vertical angle W (which is measured with the
second chamber). All ejectiles undergo multiple
scattering in the vacuum foil of D2 and in detector

components. This causes some smearing DW of the
expected vertical angular distributions of particles
from the target, for example DWþK: In contrast to
target ejectiles, scattered protons pBG in general
have larger angular differences DWpBG: Thus the
vertical MWPC information can very efficiently be
used for the suppression of scattered particles.

Fig. 12 shows the vertical angular distributions
DW for the remaining Kþ-candidates after applying
all cuts in the scintillator spectra described above.
At the highest beam energy shown in the figure,
Tp ¼ 2:0GeV, there is a clear peak around DW ¼ 0
corresponding to ejectiles from the target. These
particles can be identified as kaons, see Section 3.4.
Only very few events from background particles
are still visible. With decreasing beam energy the
background surviving the scintillator cuts becomes
significantly more important. The broad bumps at
both sides of the target peak are mainly from
ejectiles scattered at the pole pieces of D2 whereas
background events underneath the peak must
originate from the same vertical plane in which
the target is located. The spectra from Fig. 12 are,
for illustration, summed over all valid start
counters. However, for identification of the Kþ-
mesons and for background suppression, the gates

Fig. 10. Time difference between detection of particles in veto-

and stop counter of telescope #13. To make the spectrum more

illustrative, kaon gates were applied in the scintillator spectra

described above and only particles were accepted which

vertically come from the target plane (see next section). The

arrow shows the location of the gates used during the

measurements whereas the off-line cut is indicated by the

shaded area, see text for details. The data were obtained at

Tp ¼ 2:3GeV and B ¼ 1:30T with a carbon target.

Fig. 11. Ejectiles from the target and scattered background in

general have different vertical angles behind the spectrometer.

See text for details.
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around the peak at DW ¼ 0 were optimized for
each individual start-stop combination. It will be
shown in Section 3.4 that for Tp ¼ 1:0GeV the
remaining background underneath the peak is
smooth and can be subtracted in order to
determine the number of kaon events in each
telescope. This is particularly important for
measurements far below threshold.

In addition to the cuts on the vertical distribu-
tions from Fig. 12, in the horizontal direction
(vertically oriented wires) events are only accepted
if the responding wires are inside a corridor
defined by trajectories connecting the edges of
the individual start and stop counters. This
criterion further helps to suppress scattered back-
ground, accidental coincidences and chamber
noise. The width of these allowed corridors
typically is 40–100 wires (10–25 cm).

3.3. Effectiveness of different criteria

In this section we briefly summarize the
effectiveness of the most important cuts presented
in Sections 3.1 and 3.2 for beam energies Tp ¼ 1:0
and 2.3GeV. At 2.3GeV an on-line trigger
based only on the TOF information was used
which reduces the background and, thus, the
amount of data written to tape, by about one
order of magnitude. All other criteria, including
narrower TOF gates, were applied off-line. The
efficiencies of these criteria are summarized in
Table 3.

At Tp ¼ 1:0GeV the background-to-kaon ratio
is much larger than at 2.3GeV. Thus, a stronger
on-line trigger, based on TOF measurements and
the (delayed) time signal from the veto counters,
was used which drastically reduces the amount of

Fig. 12. Distribution of vertical angles measured with the two MWPC’s after applying the Kþ-cuts in the scintillator spectra of

telescope #11. The spectra show a clear peak of kaons originating from the target. Background from scattered particles is also visible.

The spectra were measured with a carbon target at three different beam energies.

Table 3

Effectiveness of the individual cuts for Tp ¼ 2:3GeV. The numbers presented in columns ‘‘Kþ’’ and ‘‘B.g.’’ are the probabilities that

Kþ-mesons or background particles, accepted by the preceding criteria, are within the gate corresponding to the criterion described in

the first two columns of the same line

Criterion Shown by Kþ B.g.

Valid start counters (on-line) Shaded spectra in Fig. 6 1.0a 0.25

TOF (on-line) Arrows in Fig. 8a 1.0 0.11

TOF (off-line) Shaded area in Fig. 8a 0.99 0.29

Vertical direction Fig. 12 0.99 0.11

Delayed veto Shaded area in Fig. 10 0.2b o10�3

All 0.2 o3:5� 10�6

aFor kaons with emission angles jWjp121:
bSee Fig. 18 for efficiencies of the individual telescopes.
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data written to tape. During the off-line analysis
subsequently stronger criteria were applied. In
some cases two criteria were applied at the same
time so that the combined efficiencies are shown in
Table 4.

3.4. Identification of Kþ-mesons

Fig. 13 shows the remaining events when
analysis gates are set on (i) TOF between start-
and stop counters (Fig. 6), (ii) amplitude informa-
tion of all scintillation counters (e.g. Figs. 7, 8b, 9),
(iii) time difference between veto- and stop
counters of one telescope (Fig. 10) and (iv) MWPC

information (Fig. 12). Due to the moderately large
cross-sections for kaon production at
Tp ¼ 2:3GeV, clear peaks without background in
the vertical-angle and TOF distributions are seen.
The vertical-angle distribution (a) proves that the
particles are directly coming from the target region
and the TOF peak (b) is located at the position
were kaons are expected. An exponential fit to the
time distribution in the veto counters yields a value
of t ¼ 12:070:3 ns, consistent with the expected
12.4 ns.

Fig. 14 shows the same spectra as in Fig. 13 but
now for the lowest beam energy, Tp ¼ 1:0GeV.
Except for the beam energy, all other experimental

Fig. 13. (a) Vertical angular distribution of Kþ-events (c.f. Fig. 12). (b) TOF distribution (c.f. Fig. 8a). (c) Time difference of detection

in the veto and stop counters (c.f. Fig. 10); the spectrum has been shifted such that the gate for kaon detection is located at channel #0.

All data were taken at Tp ¼ 2:3GeV with a carbon target. For illustration and in order to increase the number of events, the spectra

shown in this section are summed over all valid start-stop combinations by properly shifting the distributions for each individual

combination.

Table 4

Same as Table 3 for Tp ¼ 1:0GeV

Criterion Shown by Kþ B.g.

Valid start counters (on-line) Shaded spectra in Fig. 6 1.0a 0.25

TOF Arrows in Fig. 8a

and delayed veto (both on-line) Arrow in Fig. 10 0:22 0.002

TOF (off-line) Shaded area in Fig. 8a

and vertical direction Fig. 12 0.99 0.002

Delayed veto (off-line) Shaded area in Fig. 10 0.92 0.3

Narrower TOF cuts See Section 3.4

and Amplitude in DE counters Shaded area in Fig. 9a 0.6b 0.05

All 0.12 6� 10�8

aFor kaons with emission angles jWjp121:
bSee Fig. 18 for efficiencies of the individual telescopes.
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conditions and software gates remain unchanged.
Neglecting the now visible background, the loca-
tion of the kaon distributions and, in the case of
the vertical angle distributions, also the shape is
the same as for the high energy where the
production cross section is approx. 105 times
larger.

In order to determine the number of detected
kaons one has to subtract the background under-
neath the kaon peaks. The analyses show that this
background has a smooth behaviour. As an
example, in Fig. 15 the distributions of back-
ground events in the vertical-angle, TOF and
Dt(veto-stop) spectra is shown. In particular, the
vertical-angle distribution is constant in the region
of the kaon peak and, thus, the background
subtraction can be done by assuming a linear
shape of the background in Fig. 14a.

The remaining kaon distributions after back-
ground subtraction are shown in Fig. 16. Both the
width of the TOF distribution as well as the
exponential slope in the veto counter agree with
the (clean) data at Tp ¼ 2:3GeV.

4. Kþ-momentum spectra

It has been shown in the previous sections that,
after applying all criteria on TOF, energy losses
and the MWPC information, Kþ-mesons can be
identified even at Tp ¼ 1:0GeV. From the number
of observed kaons in each telescope one can
deduce momentum spectra, since the telescopes
are placed along the focal surface of the spectro-
meter dipole. In order to obtain the double
differential cross sections d2s=dO dp for Kþ-

Fig. 14. Same as Fig. 13 but for Tp ¼ 1:0GeV. Indicated in (a) and (b) by the shaded areas are the angular and TOF cuts on

background events which were used to determine the shape of the background distributions in Fig. 15.

Fig. 15. (a) Same as Fig. 14a for background events within the outside gates of the Kþ-TOF distribution from Fig. 14b. (b) Same as

Fig. 14b for background events at the sides of the angular distribution from Fig. 14a. (c) Same as Fig. 14c for the events from (a).
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mesons produced at WB01; the kaon-detection
efficiencies in each telescope have to be corrected
for. The cross-sections can then be obtained by
normalizating to the number of identified pþ-
mesons, which were measured in parallel, and to
the known pþ-production cross-sections. Further
corrections, like e.g. for the different solid angles
covered by each telescope and the acceptance gaps
between them, are not necessary since they are
identical for pions and kaons.

At ANKE, we have the possibility to directly
determine the Kþ-detection efficiencies in the
telescopes through measurements at high beam
energy, Tp ¼ 2:3GeV. Due to the rather large
kaon-production cross-section, it is sufficient to
use for Kþ-identification the TOF and the MWPC
information only. Under these conditions, the
efficiencies for kaon (and pion) detection result
from the efficiencies of the involved detectors
(TOF-start and -stop, MWPC’s) which are well
known and close to 100%, see Section 3. The
upper spectra of Fig. 17 show the vertical-angle
and TOF distributions of the events fulfilling these
criteria. In both cases a peak of kaon events can be
seen on top of a flat background distribution. The
shape of this background has been determined in
independent analyses: (i) The data taken at
1.0GeV were used where the cross sections are
so small that, with the TOF/MWPC gates,
‘‘contaminations’’ from kaons can be neglected.
(ii) Events from the sides of the kaon distributions

were used, see shaded areas of Fig. 14. In both
cases the background distributions are almost
linear. However, for background subtraction,
different background shapes were taken into
account and the uncertainties have been included
into the errors for the detection efficiencies.

The lower spectra in Fig. 17 show the remaining
Kþ-events when all criteria (same as used in
Section 3.4) for kaon identification are applied.
In case of telescope #13, shown in the figure,
approximately 10% of the kaons ‘‘survive’’ the
cuts. The efficienciesFwhich are equal to the ratio
of identified kaons with full gates and TOF/
MWPC gates onlyFcould be determined for
telescopes 3–15. The corresponding numbers are
shown in Fig. 18a (for the first two telescopes the
high background level of scattered particles does
not permit to identify kaons with the TOF/MWPC
gates only). The detection efficiencies are in range
of B10–30%. The main kaon losses are due to a
probability of only about 30% that a decay muon
or pion enters the veto counter (limited solid
angle), to kaon-scattering out of the telescopes in
the first degrader and to hadronic interactions in
the telescopes. The decreasing efficiency from
telescopes #6 to #15 is caused by increasing
thicknesses of the detectors and degraders. The
step between #8 and #9 is due to the Cherenkov
counters installed in telescopes #9–15; between
telescopes #12 and #13 there is, for technical
reasons, a significant increase of the distance

Fig. 16. Same as Fig. 14b and c after background subtraction.
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between the DE and veto counters. In the lowest
telescopes higher thresholds in the DE counters
had to be used for kaon identification in order to
suppress scattered background which leads to
decreasing efficiencies.

The cuts set on the spectra in the analysis of the
data obtained at the lowest projectile energies were

narrower than those for Tp ¼ 2:3GeV in order to
suppress background as efficiently as possible. This
leads to an additional loss of kaon events.
Consequently, the obtained numbers of kaons at
low energies also have to be corrected for the
efficiencies shown in Fig. 18b which were deter-
mined through a comparison of the numbers of

Fig. 17. Same as Fig. 13a and b but for telescope #13 only. Upper spectra: gates on TOF and vertical angles only (the gate widths

correspond to the ranges of the two histograms). The background is indicated by the dashed lines. Lower spectra: all criteria for Kþ-

identification applied (as in Fig. 13). The number of entries in the histograms cannot directly be compared to Fig. 13 since a different

data set was used.

Fig. 18. (a) Measured Kþ-detection efficiencies in the individual telescopes. (b) Correction factors which take into account the losses of

Kþ-counts due to the narrow TOF and energy-loss gates used in the off-line analysis at 1.0 GeV.
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identified Kþ-mesons at 2.3GeV with wide and
narrow TOF and energy-loss gates.

Fig. 19 shows the number of identified Kþ-
mesons in each telescope corrected for the
efficiencies from Fig. 18. Except for the above
mentioned corrections for decay-in-flight and the
different momentum bites and solid angles covered
by the individual telescopes, the spectrum shown
in the figure is proportional to the double-
differential cross section d2s=dO dp for kaons
produced in p(1.0GeV)+12C-KþX reactions
and emitted into forward angles Wp121:

5. Outlook

First measurements of Kþ-momentum distribu-
tions in pA collisions at emission angles around 01
have been performed with the ANKE spectro-
meter at beam energies in the range
Tp ¼ 1:022:3GeV. It has been shown that ANKE
and its Kþ-detection system allow to identify the
kaons out of a 106 times higher background of
pions, protons and scattered particles. In order to
extract double differential cross-sections from the
number of identified kaons shown in Fig. 19, one

still has to correct for decay-in-flight between
target and stop counters (30% to 36% of the
kaons reach the counters) and the different
momentum bites covered by the telescopes. Abso-
lute normalization of the cross sections will be
obtained from a comparison of pþ-data taken at
ANKE with known pþ-production cross-sections
[19,20]. The results of the corresponding analysis
procedures will be presented in forthcoming
publications.
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MONTE CARLO SIMULATIONSFOR ANKE EXPERIMENTS�Izabella Zyhorfor the ANKE Collaborationy(COSY�Jülih)The Andrzej Soªtan Institute for Nulear Studies05-400 �wierk, Poland(Reeived Deember 3, 2001)The Monte Carlo ode ANKE-GEANT is used to simulate experi-ments with the ANKE spetrometer � an experimental faility for thespetrosopy of produts from proton-indued reations on internal tar-gets, plaed in the aelerator ring of the ooler synhrotron COSY of theForshungszentrum Jülih, Germany. Monte Carlo simulations are neededto determine a detetor aeptane, estimate bakground, understand mea-sured partile spetra. Calulations are also neessary to identify partilesand to obtain their energy losses. The Monte Carlo simulations are the onlymethod to reonstrut, without free parameters, momenta of ejetiles usinginformation from sintillation ounters and hit wire numbers in multi-wireproportional hambers.PACS numbers: 24.10.Lx, 29.30.�h, 29.85.+1. ANKE spetrometerThe Apparatus for studies of Nuleon and Kaon Ejetiles ( ANKE ) is anew experimental faility [1℄ for the spetrosopy of produts from proton-indued reations on internal targets, plaed in the aelerator ring of theooler synhrotron COSY of the Forshungszentrum Jülih, Germany. It is amagneti spetrometer with a large aeptane �50 msr for ejetiles emittedunder forward angles and COSY independent setting of the �eld strength inits dipole magnets and, thus, momentum range.COSY provides both unpolarized and polarized proton beams with mo-menta varying from 0.294 GeV/ to 3.450 GeV/.� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001.y For a omplete Collaboration list see: http://www.fz-juelih.de/ikp/anke(521)
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522 I. ZyhorANKE makes possible various hadron-physis experiments like mesonprodution in elementary proton�nuleon proesses, studies of medium mod-i�ations of heavy meson prodution in proton�nuleus reations [2, 3℄, in-vestigation of nuleon�nuleon �nal state interation.The devie onsists of three dipole magnets, various target installationsand dediated detetion systems (see Fig. 1 ).
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Fig. 1. ANKE spetrometer and detetors [1℄.Three magnets (D1, D2 and D3) are used to de�et the irulating COSYbeam o� its straight path, to analyze momenta of reation produts andto de�et the beam bak to the nominal orbit, respetively. The momen-tum range overed by the individual detetion system depends on the �eldstrength in the spetrometer dipole D2. For example, at the maximum �eldstrength of 1.57 T kaons with momenta of 130 up to 635 MeV/ are deteted.The target an be a thin strip (� 1:5 mg/m2 ) made of any solid mate-rial, a luster jet, a frozen pellet or a polarized storage ell gas.Luminosities up to 3 � 1032/(m2s) are ahieved with solid targets andup to a few 1030/(m2s) for luster-jet.
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Monte Carlo Simulations for ANKE Experiments 523The horizontal aeptane of ANKE is approximately �(12Æ�15Æ) forpositively harged partiles whih are emitted in the forward diretion. Thevertial aeptane depends on the exit position at D2 and typially rangesbetween �3Æ and �5Æ.Detetion systems allow to identify di�erent ejetiles, positively and neg-atively harged: e.g. forward going fast p; d, 3H and 3He, harged mesons,slow spetator partiles. A large side detetor, optimized for the detetionof K+-mesons, is built of START sintillators, two Multi-Wire ProportionalChambers MWPC and STOP telesopes.2. ANKE-GEANT pakageOne of the major parts of the ANKE-GEANT [4℄ program is the geom-etry pakage whih has two main funtions: (1) de�ne, during the initial-ization of the program, the geometry in whih the partiles will be traked,(2) ommuniate, during the event proessing phase, to the traking routinesthe information for the transport of the partiles in the geometry whih hasbeen de�ned.The ANKE-GEANT geometry pakage preisely desribes the full spe-trometer: magnets, vauum hambers, target hambers, detetor systemset. The real setup is divided into parts easily onverted into shapes sup-ported by GEANT. Preparation of desription of the ANKE geometry forthe Monte Carlo ode was a time onsuming task whih has started frommeasurements of dimensions and positions of all ANKE elements. Measureddimensions and positions of all elements of the ANKE setup are then usedto alulate shape parameters and positions of volumes aording to theGEANT onvention.For the desription of the magneti �eld in the spae oupied by theANKE faility, measured �eld maps are used in ombination with three di-mensional �eld alulations made with the MAFIA ode. The MAFIA al-ulations were heked by omparison with �oating wire measurements [5℄.All physial phenomena (e.g. pair prodution, Compton sattering, pho-toeletri e�et, Rayleigh sattering, bremsstrahlung, hadroni proess, an-nihilation, Æ-rays, muon nulear interation, photo�ssion, deay in �ight, en-ergy loss, multiple sattering, �erenkov photon generation, �erenkov lightabsorption, synhrotron radiation generation, di�erent energy �utuationmodels) an be swithed on or o� by the user.Full information about events is written to output �les. One event on-sists of several traks and more than one partile an appear in it. Typialparameters of the partile trak, like time of �ight, energy loss in variousounters and path length from the target to eah detetor, are stored.
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524 I. ZyhorFig. 2 shows a dependene of the average ejetile momentum on theSTART detetor obtained in ANKE-GEANT simulations. The di�erenebetween the expeted and simulated values is observed for all STOP dete-tors and is aused by plaing them not in the foal plane of D2.

Fig. 2. Dependene of the average ejetile momentum on the number of the hitSTART detetors alulated for STOP #8. The momentum of 0.152 GeV/ orre-sponds to the �+ momentum from the two-body reation 0.861 GeV/ pp! d�+.3. Reonstrution of ejetile momentaMonte Carlo simulations are very useful to determine a detetor aep-tane, estimate bakground, understand measured partile spetra. Thesealulations are also neessary for identi�ation of partiles and alulationsof their energy losses. The Monte Carlo simulations are the only methodto reonstrut the momenta of ejetiles, without free parameters, from mea-sured hits in MWPC's for the two body alibration reations. Calulatedand measured parameters are used to verify positions of setup elements, oreven to �nd orret values (e.g. by omparing the simulated and experimen-tal hit distributions in MWPC's).The momentum alibration of ANKE is performed with pions emittedunder forward angles from the two-body reation pp! d�+ [6℄. For emis-sion angles � 5Æ these pions are almost monoenergeti ompared to themomentum resolution of ANKE. Calibrations have been done for the STOPtelesopes with numbers from 6 to 15 and for low D2 magneti �eld values
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Monte Carlo Simulations for ANKE Experiments 525from 0.6493 to 0.8946 T. The COSY beam projetile momenta were in therange from 0.826 to 1.136 GeV/. The orresponding �+ momenta from thetwo-body reation are then from 0.121 to 0.352 GeV/, respetively. Infor-mation from START and STOP detetors and from hit wire numbers in twoMWPC's is used in ANKE experiments for partile traking to determinethe ejetile momenta.Typial distributions of hit wires from the 0.86 GeV/ p + p simulatedreation are shown in Fig. 3. Observed disrepanies in simulated and mea-sured distributions are then used to �nd preise positions of the ANKEdetetors.

Fig. 3. Simulated distributions of hit wires in the 1st MWPC for START #8 andSTOP #8. The most narrow distribution (solid line) orresponds to the vertialwires in the hamber, the broader distributions (dotted and dashed lines) to theinlined wires.To obtain ejetile momenta measured in a ertain STOP detetor it isassumed that a unique dependene exists between momentum and 6 wireshit in the MWPC's. A 2nd order polynomial of 6 variables with 28 oef-�ients is �tted through a set of data points with the standard MINUITprogram. Coe�ients whih are obtained from ANKE-GEANT simulationsare then used to reonstrut momenta from measurements. The resolutionof reonstruted momenta does not depend on the partile type.Fig. 4 shows the reonstruted �+ momenta, both for simulated andmeasured two-body events. It an be seen that the resolution for measureddata is slightly worse than the value expeted from the simulations. Thedi�erene is minimized by taking into aount only events orresponding toa single START-STOP ombination.
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526 I. Zyhor

Fig. 4. Simulated and measured (reonstruted) momenta of �+ from the0.861 GeV/ pp ! d�+ reation. The oe�ients were alulated for STOP #8and START #7 and #8, then applied for all START's and STOP #8.The author would like to aknowledge the hospitality and �nanial sup-port from the Forshungszentrum Jülih. The work was also supported bythe DLR International Bureau of the BMBF (Grant POL 01/015), Bonnand the Polish State Committee for Sienti� Researh (KBN).REFERENCES[1℄ S. Barsov et al., Nul. Instrum. Methods Phys. Res. A462, 364 (2001).[2℄ M. Büsher et al., Nul. Instrum. Methods Phys. Res. A, in print.[3℄ V. Koptev et al., Phys. Rev. Lett. 87, 022301 (2001).[4℄ GEANT � Detetor Desription and Simulation Tool, CERN;ANKE-GEANT � http://www.fz-juelih.de/ikp/anke.[5℄ H.J. Stein et al., Rev. Si. Instrum. 72, 2003 (2001).[6℄ S. Barsov et al., Ata Phys. Pol. B31, 357 (2000).

55



a�
0 �980�-Resonance Production in pp ! dK� �KK0 Reactions Close to Threshold
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The reaction pp! dK� �KK0 has been investigated at an excess energy of Q � 46 MeV above the
K� �KK0 threshold with ANKE at the cooler synchrotron COSY-Jülich. From the detected coincident dK�

pairs, about 1000 events with a missing �KK0 were identified, corresponding to a total cross section of
��pp! dK� �KK0� � �38� 2�stat� � 14�syst�� nb. Invariant-mass and angular distributions have been
jointly analyzed and reveal s-wave dominance between the two kaons, accompanied by a p wave
between the deuteron and the kaon system. This is interpreted in terms of a�0 �980�-resonance
production.

DOI: 10.1103/PhysRevLett.91.172304 PACS numbers: 13.75.Cs, 25.40.Ve

One of the primary goals of hadronic physics is the
description of the internal structure of mesons and bary-
ons, their production and decays, in terms of quarks and
gluons. However, the severe complications, related to
nonperturbative contributions and confinement effects
in QCD, mean that progress in understanding the struc-
ture of light hadrons has mainly been within models
which use effective degrees of freedom. The constituent
quark model is one of the most successful in this respect
(see, e.g., [1]). This approach treats the lightest scalar
resonances a0=f0�980� as conventional �qqq states. How-
ever, the structure of these states seems to be more com-
plicated and they have also been identified with K �KK
molecules [2] or compact qq- �qq �qq states [3]. It has even
been suggested that at masses below 1.0 GeV a complete
nonet of four-quark states might exist [4]. Possible devia-
tions from the minimal quark model are also generating
much interest in the baryon sector, where the recently
discovered low-lying �� state in the K�n system [5]
requires at least five quarks.

At the cooler synchrotron COSY-Jülich [6], an experi-
mental program has been started, using the ANKE spec-
trometer [7], which aims at exclusive data on a0=f0
production from pp, pn, pd, and dd interactions close
to the K �KK threshold [8]. The final goal will be the ex-
traction of the a0=f0 mixing amplitude to shed light on
the nature of the light scalar resonances. Here, we report
about the first exclusive study of the reaction pp!
dK� �KK0, where some fraction of the kaon pairs is expected
to stem from the decay of the a�0 resonance. The mea-
surements were performed at a beam energy of Tp �

2:65 GeV (pp � 3:46 GeV=c), corresponding to an ex-
cess energy of 46 MeV above the K �KK threshold.

The isovector a0�980� has been studied in p �pp annihi-
lations [9], in �	p collisions [10], and �� interactions
[11]. Data on radiative� decays [12,13] are interpreted in
terms of a0=f0 production in the channels �! �a0=
f0 ! ��0�=�0�0. In pp reactions, the a0�980� has
been seen at Tp � 450 GeV [14], and a resonant structure
around 980 MeV=c2 has been observed in inclusive pp!
dX� data at pp � 3:8, 4.5, and 6:3 GeV=c [15].

ANKE is located at an internal target position of
COSY, which supplies stored proton beams with inten-
sities up to 
4� 1010. A H2 cluster-jet target [16] has
been used, providing areal densities of 
5� 1014 cm	2.
The luminosity has been measured with the help of pp
elastic scattering events by detecting one fast proton
concurrently recorded with the dK� data [17]. Protons
in the angular range # � 5:5�–9� have been selected,
since the ANKE acceptance changes smoothly for these
angles and the elastic peak in the momentum distribution
is easily distinguished from the background. The average
luminosity during the measurements has been determined
to L � �2:7� 0:1�stat� � 0:7�syst�� � 1031 s	1 cm	2 cor-
responding to Lint � 3:3 pb	1.

ANKE comprises three dipole magnets (D1-3), which
guide the circulating COSY beam. The central C-shaped
spectrometer dipole D2 downstream of the target sepa-
rates the reaction products from the beam. The angular
acceptance of D2 for kaons from a�0 decay is j#Hj � 12�

horizontally and j#Vj � 3:5� vertically [18]. The angular
acceptance for the fast deuterons (pd 
 2100 MeV=c) is
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roughly j#Hj � 10� and j#Vj � 3:0� and depends on the
momentum in the horizontal direction [19].
K� mesons are detected in range telescopes, located at

the side of D2 along the focal surface, providing excellent
kaon-versus-background discrimination, and were identi-
fied by means of time-of-flight (TOF) and energy-loss
(�E) measurements. Details of the procedure can be
found in Ref. [18]. For our measurements, only some of
the telescopes were used, covering the lower momentum
range [pK� � �390–625� MeV=c] of the a�0 decay K�

mesons. Two multiwire proportional chambers
(MWPCs) positioned in front of the telescopes allow
one to deduce the ejectile momenta and to suppress scat-
tered background [7,18]. Coincident fast particles and
elastically scattered protons are detected in the ANKE
forward-detection (FD) system consisting of two layers
of scintillation counters for TOF and �E measurements as
well as three MWPCs, each with two sensitive planes,
for momentum reconstruction and background suppres-
sion [7,19].

Two bands from protons and deuterons are clearly seen
in the time difference between the detection of a K�

meson in one of the telescopes and a particle in the FD
as a function of the FD particle momentum [see Fig. 1(a)].
The deuterons are selected with the criterion indicated by
the dashed lines. In Fig. 1(b), the missing-mass distribu-
tion m�pp; dK�� for the selected pp! dK�X events is
presented. At Tp � 2:65 GeV, the missing particle X
must be a �KK0 due to charge and strangeness conservation.
The measured dK� missing-mass distribution peaks at
m �KK0 � 498 MeV=c2, reflecting the clean particle identi-
fication. Approximately 1000 events within the gate in-
dicated by the dashed arrows are accepted as dK� �KK0

events for further analysis. The remaining background
from misidentified particles is �9� 2�%.

The tracking efficiency for kaons in the side MWPCs
has been determined by requiring TOF and �E of a kaon
(and any particle in FD) and calculating the ratio of
identified kaons (as peak in the TOF distribution) with
and without demanding a reconstructed track. The effi-

ciency depends on the telescope number, i.e., K� momen-
tum, and varies between 71% and 93%. The efficiency of
the �E criterion for the K� mesons has been deduced
with the help of simultaneously recorded pp! pK��
events which, due to the significantly larger cross section,
can be selected by TOF alone. This efficiency is indepen-
dent of the telescope number and amounts to 52%. The
FD MWPC efficiencies have been determined for each of
the six sensitive planes individually from events with hits
in all other five planes. The information from two hori-
zontal (vertical) planes has been used to reconstruct the
intersection point in the remaining plane and, subse-
quently, to determine the efficiency distribution across
the chamber areas, i.e., the angular and momentum de-
pendences. The average FD track efficiency for deuterons
is 73%. The efficiency of the FD scintillators and all TOF
criteria is larger than 99% [18]. The data have been
corrected for all efficiencies on an event-by-event basis.

The differential acceptance of ANKE has been ob-
tained with the Monte Carlo method described in
Ref. [20], which allows one to determine the acceptance
independently of the ejectile distributions at the produc-
tion point. The acceptance is defined as a discrete function
of the five relevant degrees of freedom in the three-body
final state. For an unpolarized measurement, the accep-
tance can be expressed by a four-dimensional matrix with
four independent kinematical variables. Two different
matrices, each composed of 500 elements (see Table I)
were used for the reconstruction of the invariant masses
m�K� �KK0�, m�d �KK0�, and the center-of-mass (cms) angular
distributions jcos�pk�j, jcos�pq�j, and cos�kq� (for a defi-
nition see Fig. 2). Ninety million events following a
phase-space distribution were simulated and tracked
through ANKE, taking into account small angle scatter-
ing, decay in flight, and the MWPC resolutions. Sub-
sequently, the mass and angular distributions have been
corrected with the weights from the corresponding ac-
ceptance matrices on an event-by-event basis. The impact
of the few acceptance holes has been investigated using
distributions with different shapes in the masses and
angles and is included in the systematic error of the
differential distributions and the total cross section. The
efficiency and acceptance corrected data are shown in
Fig. 3 with statistical and systematic uncertainties.

FIG. 1 (color online). (a) Time difference between the fast
forward going particles in layer 1 of the FD scintillators and the
K� mesons versus the momentum of the forward particle. The
dashed lines indicate the selection for deuteron identification.
(b) Missing mass m�pp; dK�� distribution of the pp! dK�X
events.

TABLE I. Variables (all in the overall cms) of acceptance
matrices I (upper) and II (lower) and their number of bins.
Matrices I and II are used for the correction of the mass and
angular spectra, respectively.  �K �KK� is the rotation angle of the
decay plane around the direction of the deuteron momentum ~kk.
The symmetry of the angular distributions around 90� with
respect to the proton beam has been utilized.

m2�K� �KK0� m2�d �KK0� jcos�pk�j  �K �KK�
5 5 5 4

jcos�pk�j jcos�pq�j cos�kq� E�d�
5 5 5 4
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The integrated acceptance of ANKE for the dK� �KK0

events is 2:2%. Taking into account all correction factors,
a total cross section of ��pp! dK� �KK0� � �38�
2�stat� � 14�syst�� nb has been derived.

The mass and angular resolutions for the spectra
in Fig. 3 have been obtained from simulations and
amount to �mK� �KK0 � �8–1� MeV=c2 in the range
�0:991–1:038� GeV=c2, �md �KK0 
 3 MeV=c2 in the full
mass range, and ��cos�#�� 
 0:2 for all angular spectra
(FWHM values). The effect of these resolutions on the
shape of the differential spectra is included in the system-
atic errors shown in Fig. 3. Because of the finite values of
�m, some events lie outside the kinematical limits at
m�K� �KK0� � 0:991 and m�d �KK0� � 2:420 GeV=c2 and
have been excluded from the fit described below.

In the close-to-threshold regime, only a limited num-
ber of final states can contribute. If we restrict ourselves
to the lowest partial waves, we need to consider either a p

wave in the K �KK system accompanied by an s wave of the
deuteron with respect to the meson pair or an s wave K �KK
with a p-wave deuteron. Selection rules do not allow for s
waves in both subsystems simultaneously. Under these
assumptions, one may write for the square of the tran-
sition matrix element

j �MMj2 � Cq0q
2 � Ck0k

2 � C1�p̂p � ~kk�
2 � C2�p̂p � ~qq�

2

� C3� ~kk � ~qq� � C4�p̂p � ~kk��p̂p � ~qq�; (1)

with p̂p � ~pp=j ~ppj. The parameters Ci can be directly re-
lated to the eight allowed partial wave amplitudes, as was
done, e.g., in Refs. [21–23]. Only K �KK p waves contribute
to Cq0 and C2, only K �KK s waves to Ck0 and C1, and only s-p
interference terms to C3 and C4. Thus, a fit to the data
supplies direct information on the relative strength of the
different partial waves. The result of the fit is shown as the
solid line in Fig. 3 and the corresponding parameters Ci
are displayed in Table II {note that from our spectra C3

and C4 cannot be extracted individually but only [C3 �
�1=3�C4]g. The overall agreement between fit and data
confirms the assumption that only the lowest partial
waves contribute. The dashed lines in Fig. 3 depict the
contributions from K �KK s waves only (Cq0 � C2 � C3 �
C4 � 0) and the dotted line those from pure K �KK p waves
(Ck0 � C1 � C3 � C4 � 0). Thus, we find that the reac-
tion is dominated by the K �KK s wave. The contribution
from K �KK p waves is less than 20%.

Since the K �KK p waves prefer large masses, it is the
slope at higher K �KK masses that sets an upper bound for
the p-wave contribution. On the other hand, the slope of
the jcos�pq�j distribution determines the minimum
p-wave strength. Therefore, the contribution of K �KK p
waves is strongly constrained by the data. The deviation
in jcos�pk�j might indicate a small contribution from a d
wave of the deuteron with respect to the s-wave meson
pair. This d-wave contribution would have little influence
on the shapes of the other measured distributions.

Since the excess energy is small and the nominal mass
of the a�0 is very close to the K �KK threshold, the resonance
cannot be seen as a clear structure in the invariant-mass
spectra, but, in any case, the propagation of low energy
s-wave K �KK pairs should be governed by the a�0 resonance
due to the proximity of its pole to the K �KK threshold.
This, together with the result of the fit, leads us to the
conclusion that the reaction pp! dK� �KK0 at Tp �
2:65 GeV proceeds mainly via the a�0 resonance.

In Ref. [24], a model has been presented which de-
scribes both resonant, dominated by the direct a0 pro-
duction off a single nucleon, as well as nonresonant K �KK
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FIG. 3. Angular and invariant mass distributions. The shaded
areas correspond to the systematic uncertainties of the accep-
tance correction. The dashed (dotted) line corresponds to
K� �KK0 production in a relative s (p) wave, and the solid line
is the sum of both contributions. The overall errors from the
luminosity determination are not included in the statistical and
systematic uncertainties. The common fit with Eq. (1) to all
spectra yields !2

ndf � 1:1. The individual !2 values are dis-
played in the corresponding panels.

TABLE II. Result for the various coefficients of Eq. (1). All
coefficients are given in units of GeV	2.

Cq0 Ck0 C1 C2 C3 �
1
3C4

0� 0:1 0:89� 0:03 	0:5� 0:1 1:12� 0:07 	0:32� 0:15

K+

K
__

0

deuteron

proton
(beam)

proton q→

-q→

pK+
→

k
→

p→
-k/2
→

FIG. 2. Definition of the vectors ~pp, ~kk, and ~qq in the cms of the
reaction pp! dK� �KK0. Angular distributions with respect to
the beam direction ~pp have to be symmetric around 90� since
the two protons in the entrance channel are indistinguishable.
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production, driven by a �-K�-� exchange current. This
current, due to G-parity conservation, generates the K �KK
pair in a relative p wave. The only free parameter of the
model, an overall factor, was adjusted to higher energy
data [15]. The predictions of this model for some of the
spectra measured in this experiment are shown in Fig. 4.
A scaling factor of 0.75 has been included in order to
adjust the model results to the integrated cross section.

As can be seen from the figure, the model calculations
agree with the data for m�K� �KK0� and jcos�pq�j, the spec-
tra which are most sensitive to the relative s- and p-wave
contributions. The discrepancy in Fig. 4, left side, indi-
cates that there might be another possible reaction mecha-
nism involved. Here it is important to note that within the
model from Ref. [24] the ratio of integrated resonant to
nonresonant production cross section has very little sen-
sitivity on the details of the cos�pk� distribution.

In summary, first, data on the reaction pp! dK� �KK0

close to the production threshold are presented. The total
cross section for this reaction as well as differential
distributions have been determined. Dominance of the
K �KK s wave (>80% of the total cross section) has been
deduced based on a joint analysis of angular and
invariant-mass spectra. This is clear evidence for a pre-
dominant resonant production via the a�0 �980�. A com-
parison of the experimental data to model calculations
[24] shows that the background (K �KK p waves) can be
understood in terms of a simple meson exchange current.
Further theoretical investigations are necessary to iden-
tify the possible role of a strong d �KK interaction as pro-
posed in Ref. [25]. Here both a measurement at higher
energies and polarization experiments would be of great
use. Our results demonstrate the feasibility of studying
light scalar resonances in exclusive measurements close
to the K �KK threshold with high mass resolution and low
background using ANKE at COSY-Jülich.
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0 (980)-Resonance Production in the Reaction pp → dπ+ηpp → dπ+ηpp → dπ+η
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Abstract—The reaction pp → dπ+η has been measured at a beam energy of Tp = 2.65 GeV (pp =

3.46 GeV/c) using the ANKE spectrometer at COSY-Jülich. The missing-mass distribution of the
detected dπ+ pairs exhibits a peak around the η mass on top of a strong background of multipion
pp → dπ+(nπ) events. The differential cross section d4σ/dΩddΩπ+dpddpπ+ for the reaction pp → dπ+η
has been determined model independently for two regions of phase space. Employing a dynamical model
for the a+

0 production allows one then to deduce a total cross section of σ(pp → da+
0 → dπ+η) = 1.1 ±

0.3stat ± 0.7syst µb for the production of π+η via the scalar a+
0 (980) resonance and σ(pp → dπ+η) =

3.5 ± 0.3stat ± 1.0syst µb for the nonresonant production. Using the same model as for the interpretation
of recent results from ANKE for the reaction pp → dK+K̄0, the ratio of the total cross sections is
σ(pp → d(K+K̄0)L=0)/σ(pp → da+

0 → dπ+η) = 0.029± 0.008stat ± 0.009syst, which is in agreement with
branching ratios in the literature.

PACS numbers : 13.75.Cs, 25.40.Ve
DOI: 10.1134/S1063778806020153

1. INTRODUCTION

One of the primary goals of hadronic physics is
the understanding of the internal structure of mesons
and baryons and their production and decay, in terms
of quarks and gluons. The nonperturbative character
of the underlying theory—quantum chromodynamics

∗The text was submitted by the authors in English.
1)Institut für Kernphysik, Forschungszentrum Jülich, Ger-

many.
2)Institute for Theoretical and Experimental Physics,

Bol’shaya Cheremushkinskaya ul. 25, Moscow, 117218
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oblast, 141980 Russia.

4)Institute for Nuclear Research, Russian Academy of
Sciences, pr. Shestidesyatiletiya Oktyabrya 7a, Moscow,
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Russia.
7)The Henryk Niewodniczański Institute of Nuclear Physics,

Cracow, Poland.
8)The Andrzej Soltan Institute for Nuclear Studies, Swierk,
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(QCD)—hinders straightforward calculations. QCD
can be treated explicitly in the low-momentum-
transfer regime using lattice techniques [1], which
are, however, not yet in the position to make quan-
titative statements about the light scalar mesons.
Alternatively, QCD-inspired models which employ
effective degrees of freedom can be used. The con-
stituent quark model is one of the most successful
in this respect (see, e.g., [2]). This approach treats
the lightest scalar resonances a0/f0(980) as conven-
tional qq̄ states.

However, more states with quantum numbers
JP = 0+ have been identified experimentally than
would fit into a single SU(3) scalar nonet: the f0(600)
(or σ), f0(980), f0(1370), f0(1500), and f0(1710)
with I = 0; the κ(800) and K∗(1430) with I = 1/2;
and the a0(980) and a0(1450) with I = 1 [3]. Con-
sequently, the a0/f0(980) have also been associated
with KK̄ molecules [4] or compact qq−q̄q̄ states [5].
It has even been suggested that a complete nonet
of four-quark states might exist with masses below
1.0 GeV/c2 [6].

The first clear observation of the isovector a0(980)
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Fig. 1. Top view of the ANKE spectrometer and simulated tracks of pions and deuterons from pp → dπ+η events.

resonance was achieved in K−p interactions [7], and
in subsequent experiments, it has also been seen in pp̄
annihilations [8], in π−p collisions [9], and in γγ inter-
actions [10]. Experiments on radiative φ decays [11,
12] have been analyzed in terms of the a0/f0 produc-
tion in the decay chain φ → γa0/f0 → γπ0η/π0π0. In
pp collisions, the a0(980) resonance has been mea-
sured at pp = 450 GeV/c via f1(1285) → a±

0 π∓ de-
cays [13] and in inclusive measurements of the pp →
dX+ reaction at pp = 3.8, 4.5, and 6.3 GeV/c [14].
Despite these many experimental results, the prop-
erties of the a0(980) resonance are still far from be-
ing established. The Particle Data Group [3] gives a
mass of ma0 = 984.7 ± 1.2 MeV/c2 and a width of
Γa0 = 50−100 MeV/c2. The main decay channels,
πη and KK̄, are quoted as “dominant” and “seen,”
respectively.

An experimental program has been started at the
Cooler Synchrotron COSY, Jülich [15], aiming at
exclusive data on the a0/f0 production from pp, pn,
pd, and dd interactions at energies close to the KK̄
threshold [16]. The final goal of these investigations
is the extraction of the a0/f0-mixing amplitude, a
quantity which is believed to shed light on the na-
ture of these resonances [17, 18]. As a first stage,

the reaction pp → dK+K̄0 has been measured at
Tp = 2.65 GeV, corresponding to an excess energy of
Q = 46 MeV above the K+K̄0 threshold, using the
ANKE spectrometer [19]. The data, which have been
decomposed into partial waves, show that more than
80% of the kaons are produced in a relative s wave,
corresponding to the a+

0 channel [20]. In this paper,
we report on the analysis of the reaction pp → dπ+η,
which was measured in parallel.

2. THE ANKE SPECTROMETER AND DATA
ANALYSIS

Figure 1 shows the layout of ANKE. It consists
of three dipole magnets D1−D3, installed at an
internal target position of COSY. D1 and D3 deflect
the circulating COSY beam from and back into the
nominal orbit. The C-shaped spectrometer dipole
D2 separates forward-going reaction products from
the COSY beam. The angular acceptance of ANKE
covers |θh| ≤ 10◦ horizontally and |θv| ≤ 3◦ verti-
cally for the detected deuterons (pd > 1300 MeV/c)
and |θh| ≤ 12◦ and |θv| ≤ 3.5◦ for the pions. An
H2 cluster-jet target [21] placed between D1 and
D2 was used, providing areal densities of ∼5 ×
1014 cm−2. The luminosity was measured using pp
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elastic scattering, recorded simultaneously with the
dπ+ data. Protons in the angular range θ = 5.5◦−9◦

were selected, since the ANKE acceptance changes
smoothly in this region and the elastic peak is easily
distinguished from the background in the momen-
tum distribution. The average luminosity during
the measurements was determined as L = (2.7 ±
0.1stat ± 0.7syst)×1031 s−1 cm−2, corresponding to an
integrated value of Lint = 3.3 pb−1 at a proton beam
intensity of up to ∼4 × 1010.

Two charged particles, π+ and d, were detected

in coincidence. Their trajectories, simulated with the
ANKE-GEANT program package [22], are shown in
Fig. 1. Positively charged pions in the momentum
range pπ = 600−1100 MeV/c were identified in the
side detection system (SD) [19, 23], consisting of
one layer of 23 start time-of-flight (TOF) scintilla-
tion counters, two multiwire proportional chambers
(MWPCs), and one layer of six counters for TOF
stop. These pions were selected by a TOF technique
(Fig. 2a). The fast deuterons with momenta pd =

1300−2800 MeV/c (and elastically scattered protons
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Differential production cross sections for the reaction pp → dπ+η; for both regions of phase space, where a+
0 and nonreso-

nant π+η production contribute (for the momentum range pd = 1.4−1.6 GeV/c, the nonresonant π+η production should
be dominant, because this momentum range corresponds to low masses of the π+η system, where the a+

0 production is
suppressed)

d4σ/dΩddΩπ+dpddpπ+ ,
µb/(sr GeV/c)2

Variables, lab. system

θy, deg θx, deg p, GeV/c

Deuteron

71 ± 6stat ± 20syst (−3◦, +3◦) (−3.5◦, +3.5◦) (1.4, 1.6)

Pion

(−4◦, +4◦) (−11◦, −3◦) (0.65, 0.95)

Deuteron

30 ± 4stat ± 9syst (−3◦, +3◦) (−6◦, −2◦) (1.8, 2.7)

Pion

(−4◦, +4◦) (−11◦, −3◦) (0.65, 0.95)

with pp ≈ 3400 MeV/c) hit the forward detection sys-
tem (FD) [19, 24], which included three MWPCs and
two layers of scintillation counters. Two-dimensional
distributions ∆t vs. momenta of forward particles
were used for the deuteron identification; ∆t was cal-
culated as the time difference between the detection
of a pion in the TOF-stop counter and a fast forward-
going particle in the first layer of the FD scintilla-
tors. Two distinct bands corresponding to protons and
deuterons are seen in this distribution (Fig. 2b). The
selection of deuterons was achieved by cutting along
the deuteron band.

The tracking efficiency for pions in the SD
MWPCs was calculated as the ratio of particles in
the proper TOF range with and without requiring a
reconstructed track. The efficiency depended on the
SD stop-counter number (i.e., π+ momentum) and
varied between 53 and 76%. For the FD MWPCs, the
efficiency was determined for each of the six sensitive
planes (two per chamber). At least two vertical and
horizontal planes were demanded for track recon-
struction and for the calculation of the intersection
point with the remaining plane. Each plane was
divided in 20 × 20 subcells, and the efficiency of each
cell was calculated from the presence and absence of
a hit in the reconstructed intersection. The average
FD MWPC track efficiency for deuterons was 73%.
The efficiencies of the scintillators and TOF criteria
were larger than 99% [23]. The efficiency correction is
done on an event-by-event basis.

3. RESULTS FOR THE REACTION pp → dπ+η

The missing-mass distributions mm(pp, d) and
mm(pp, dπ+) for the selected dπ+ pairs are presented
in Fig. 3. In the (pp, dπ+) missing-mass distribution,
a clear peak is observed around m(η) = 547 MeV/c2

with about 6200 events. The peak sits on top of a
smooth background from multipion production pp →
dπ+(nπ) (n ≥ 2). After selecting the mass range
530–560 MeV/c2 around the η peak, the missing-
mass spectrum mm(pp, d) exhibits a shoulder at
980 MeV/c2 (Fig. 3a, dotted histogram), where the
peak from the a+

0 (980) resonance is expected.

The table presents the differential cross sections
for pp → dπ+η for two regions of phase space where
the acceptance of ANKE is essentially 100% for this
reaction. Six variables in the laboratory system have
been chosen to describe these rectangular areas: the
vertical (θy) and horizontal (θx) angles and momenta
of the two detected particles, deuteron and π+. These
angles are defined as tan(θy) = py/pz , tan(θx) =
px/pz .

Unfortunately, owing to the limited phase-space
coverage of ANKE, a partial-wave decomposition of
the type performed in [20] is not possible in this case.
Thus, in order to interpret the data in terms of a+

0 and
nonresonant π+η production, we need to employ a
model. This investigation will be described in the next
section.

4. INTERPRETATION OF THE RESULTS

The dπ+η final state can be produced via the
a+

0 resonance, pp → da+
0 → dπ+η (resonant produc-

tion), or through the direct reaction pp → dπ+η (non-
resonant production). The production mechanism for
the a+

0 has been studied theoretically in [25–29]. Ac-
cording to [25, 26], the cross section for a+

0 production
at Tp = 2.65 GeV is expected to be ∼1 µb, while,
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for the nonresonant π+η production, different predic-
tions exist, ranging from 0.6–1.4 µb [30] and 1.6–
3.3 µb [31] up to one order of magnitude more [26].

The differential cross sections from the table con-
tain contributions from both the resonant and the
nonresonant reactions. We have performed a model-
dependent analysis using the calculated momentum
distributions of the produced deuterons (see Figs. 4a,
4b). The calculations are based on models describing
the resonant process within the quark–gluon string
model (QGSM) (Fig. 5a) [32] and the nonresonant
(Fig. 5b) production via N∗- and ∆-resonance ex-
citation [29, 31, 33]. The momentum distribution for
the resonant reaction is narrower, because low (π+η)

masses are suppressed for a+
0 production. The mo-

mentum distributions within the ANKE acceptance
are shown in Figs. 4c and 4d.

Within the models, the nonresonant background
has a negligible πη s-wave contribution and thus
does not interfere with the resonant amplitude. As
a consequence, in the range pd = 1.4−1.6 GeV/c,
the contribution of the nonresonant process domi-
nates, whereas the resonant part is negligibly small
(see shaded areas in Figs. 4c, 4d). Thus, the cross
section of the nonresonant contribution in this mo-
mentum range can be defined by fitting the η peak
in mm(pp, dπ+) (Fig. 6a) and extracting the number
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of dπ+η events. The missing-mass spectra have been
described by the sum of a Gaussian distribution and a
fourth-order polynomial.

In the momentum range pd = 1.6−2.8 GeV/c,
where both the resonant and nonresonant reactions
contribute, it is possible to calculate the number of
events from the nonresonant production taking into
account the different acceptances. Then the num-
ber of a+

0 events is the difference between the total
number of events under the η peak (Fig. 6b) and the
calculated number of nonresonant π+η events.

Including all corrections, total cross sections
σa0 = 1.1 ± 0.3stat ± 0.7syst µb for the a+

0 production
and σnr = 3.5 ± 0.3stat ± 1.0syst µb for the nonreso-
nant π+η production have been obtained. It is obvious
that these numbers could change if different assump-
tions were made on the partial-wave decomposition
of the (non)resonant contributions. However, here,
we refrain from investigating further the uncertainty
induced by the model assumptions.

Figure 7a presents the results of GEANT simula-
tions of the ANKE acceptance for multipion back-
ground (pp → dπ+(nπ) (n ≥ 2)) and for resonant
and nonresonant production of the dπ+η final state.
The number of initial events for each reaction is
proportional to the known cross sections for mul-
tipion production [34] and the values of the total
cross sections for the resonant and nonresonant π+η
production given above. The shape of the simulated
missing-mass distribution mm(pp, d) including all
channels is in good agreement with the experimental
data (Fig. 7b).

Data for the second a+
0 -decay channel, a+

0 →
K+K̄0, have been obtained at ANKE in the reaction
pp → da+

0 → dK+K̄0, simultaneously with the π+η
data. The measured total cross section is σ(pp →
dK+K̄0) = 38 ± 2stat ± 14syst nb and the contri-
bution of the (K+K̄0)L=0 channel is ∼83% [20].
Assuming that s-wave K+K̄0 production proceeds
fully via the a+

0 (980) resonance, in accordance with
the predictions of the models discussed above, the
ratio of the total cross sections is R = σ(a+

0 →
(K+K̄0)L=0)/σ(a+

0 → π+η) = 0.029 ± 0.008stat ±
0.009syst.

For measurements at an excess energy Q �
Γa0 ∼ 50−100 MeV, the ratio of the total cross sec-
tions R = σ(a+

0 → K+K̄0)/σ(a+
0 → π+η) should

not depend upon Q. However, when Q is of the
order of Γa0 , the contribution from the a+

0 → K+K̄0

decay channel decreases more strongly owing to the
proximity of the K+K̄0 threshold and the conse-
quently limited available phase space. The calculated
ratio of the two cross sections as a function of Q is
presented in Fig. 8. The calculation is normalized
to R((KK̄)/(πη)) = 0.23 ± 0.05, which has been
measured at Crystal Barrel in the reaction pp̄ → a0π
at Q = 768 MeV [35]. The parameters of the Flatté
distribution [36] m0 = 999 ± 2 MeV/c2, gπη = 324 ±
15 MeV, and r = g2

KK/g2
πη = 1.03 ± 0.14 are also

taken from [35]. The errors of the Flatté parameters
define the range of possible R values (shaded area in
Fig. 8). Our result is in agreement with the calculated
value.
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5. CONCLUSIONS

To summarize, data on the reaction pp → dπ+η at
Tp = 2.65 GeV are presented. Differential cross sec-
tions for limited regions of phase space corresponding
to forward emission of the d and π+ in the labora-
tory system have been extracted. Dynamical models
for the reaction were employed to obtain the total
cross sections for the resonant π+η production via the
a+

0 (980) and for the nonresonant π+η channel. For a+
0

production, the value for the total cross section pp →
da+

0 → dπ+η is in agreement with theoretical predic-
tions based on the value for the pp → d(K+K̄0)L=0

reaction recently measured at ANKE [20] and the
branching ratio BR(KK̄/πη) from the literature.

Our results, together with those from ANKE on
the decay channel a+

0 → K+K̄0, are the first evidence
for a+

0 production in pp collisions, obtained in a si-
multaneous exclusive measurement of both a+

0 decay
channels.
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Abstract. The reaction pp → dK+K̄0 has been investigated at excess energies Q = 47.4 and 104.7 MeV
above the K+K̄0 threshold at COSY Jülich. Coincident dK+ pairs were detected with the ANKE spec-
trometer, and subsequently ∼ 2000 events with a missing K̄0 invariant mass were identified, which fully
populate the Dalitz plot. The joint analysis of invariant mass and angular distributions reveals s-wave
dominance between the two kaons, in conjunction with a p-wave between the deuteron and the kaon pair,
i.e. KK̄ production via the a+

0 (980) channel. Integration of the differential distributions yields total cross-
sections of σ(pp → dK+K̄0) = (38 ± 2stat ± 14syst) nb and (190 ± 4stat ± 39syst) nb for the low and high Q
value, respectively.

PACS. 25.10.+s Nuclear reactions involving few-nucleon systems – 13.75.-n Hadron-induced low- and
intermediate-energy reactions and scattering (energy ≤ 10GeV)

1 Introduction

QCD is the fundamental theory of Strong Interactions.
How quarks and gluons are bound into hadrons is as
yet an unsolved strong-coupling problem. Though QCD
can be treated explicitly in this regime using lattice tech-
niques [1], these are not in a state to make quantitative
statements about the light scalar mesons. Alternatively,
QCD-inspired models, which employ effective degrees of
freedom, can be used. The constituent quark model is one
of the most successful in this respect (see, e.g., ref. [2]).

a Present address: Physikalisches Institut, Universität Bonn,
Nussallee 12, 53115 Bonn, Germany.

b e-mail: m.buescher@fz-juelich.de
c Present address: Research Center for Nuclear Physics, Os-

aka University, Ibaraki, Osaka 567-0047, Japan.
† Deceased.

This approach inherently treats the lightest scalar reso-
nances a0/f0(980) as conventional qq̄ states.

Experimentally, more states with quantum numbers
JP = 0+ have been identified than would fit into a single
SU(3) scalar nonet: the f0(600) (or σ), f0(980), f0(1370),
f0(1500) and f0(1710) with I = 0, the putative κ(800)
and the K∗(1430) (I = 1/2), as well as the a0(980) and
a0(1450) (I = 1) [3]. Consequently, the a0/f0(980) have
been associated with crypto-exotic states like KK̄ mole-
cules [4] or compact qq-q̄q̄ states [5]. It has even been sug-
gested that a complete nonet of four-quark states might
exist with masses below 1.0GeV/c2 [6].

The first clear observation of the isovector a0(980) res-
onance was achieved in K−p interactions [7]. It has also
been seen in pp̄ annihilations [8], in π−p collisions [9],
and in γγ interactions [10]. Experiments on radiative φ-
decays [11,12] have been analysed in terms of a0/f0 pro-
duction in the decay chain φ → γa0/f0 → γπ0η/π0π0. In
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pp collisions the a0(980) resonance has been measured at
pp = 450GeV/c via f1(1285) → a±

0 π∓ decays [13] and
in inclusive measurements of the pp → dX+ reaction at
pp = 3.8, 4.5, and 6.3GeV/c [14].

Despite these many experimental investigations, basic
properties and even the nature of the a0(980) resonance
are still far from being established (see, e.g., refs. [15,16]).
The Particle Data Group quotes a mass of ma0

= (984.7±
1.2)MeV/c2 and a width of Γa0

= (50–100)MeV/c2 [3].
The main decay channels, πη and KK̄, are denoted as
“dominant” and “seen”, respectively. The corresponding
coupling constants gπη and gKK̄ differ significantly for the
different data sets and analyses [16].

Therefore, an experimental programme has been
started at the Cooler Synchrotron COSY Jülich [17] aim-
ing at exclusive data on the a0/f0(980) production from
pp, pn, pd and dd interactions at energies close to the
KK̄ threshold [18]. The final goal of these investiga-
tions is the extraction of the a0/f0-mixing amplitude,
a quantity which is believed to shed light on the na-
ture of these resonances [19,20]. As a first step the re-
actions pp → dK+K̄0 [21] and pp → dπ+η [22] have
been measured in parallel at the ANKE spectrometer [23]
for Tp = 2.65GeV, corresponding to an excess energy of

Q = 47.4MeV with respect to the K+K̄0 threshold. The
data for the strangeness decay channel —which are almost
background free— indicate that more than 80% of the
kaon pairs are produced in a relative s-wave, correspond-
ing to the a+

0 channel [21]. On the other hand, the π+η sig-
nal sits on top of a strong but smooth background of multi-
pion production which, together with the small acceptance
of ANKE for this channel, makes the interpretation of the
a+
0 signal model dependent [22]. However, the obtained

branching ratio σ(pp → d(K+K̄0)s-wave)/σ(pp → da+
0 →

dπ+η) = 0.029 ± 0.008stat ± 0.009sys [22] is in line with
values from the literature [3].

In this paper we report on a refined analysis of the
pp → dK+K̄0 data at Tp = 2.65GeV as well as on new
results from a second measurement at higher beam energy
(Tp = 2.83GeV, corresponding to Q = 104.7MeV). The
procedures for event identification and acceptance correc-
tion at the lower energy have been described in our pre-
vious publication [21].

2 Measurement of pp → dK+K̄0 events with

ANKE

2.1 Experimental setup

ANKE is a magnetic spectrometer located in one of the
straight sections of COSY and comprises three dipole
magnets, D1–D3 [23]. D1 deflects the circulating COSY
beam onto the target in front of D2, and D3 bends it
back into the nominal orbit. The C-shaped spectrome-
ter dipole D2 separates forward-going reaction products
from the COSY beam and allows one to determine their
emission angles and momenta. The angular acceptance of

ANKE covers |ϑh| ≤ 10◦ horizontally and |ϑv| ≤ 3◦ verti-
cally for the detected deuterons (pd > 1300MeV/c), and
|ϑh| ≤ 12◦ and |ϑv| ≤ 3.5◦ for the K+-mesons.

A cluster-jet target [24] of hydrogen molecules, placed
between D1 and D2, has been used, providing areal den-
sities of up to ∼ 5 × 1014 cm−2. The luminosity has been
measured with high statistical accuracy using pp elastic
scattering, recorded simultaneously with the dK+ data.
Protons with ϑ = 5.5◦ − 9◦ have been selected, since the
ANKE acceptance changes smoothly in this angular range
and the elastic peak is easily distinguished from back-
ground in the momentum distribution. The average lu-
minosity during the measurements with up to ∼ 4 × 1010

stored protons in the COSY ring has been determined as
L = (1.7 ± 0.4syst) × 1031 s−1 cm−2, corresponding to an
integrated value of Lint = 7.5 pb−1.

2.2 Event selection for Q = 104.7MeV

Two charged particles, K+ and d, have been detected in
coincidence. Positively charged kaons are identified in the
side detection system (SD) [23,25] of ANKE by a time-
of-flight (TOF) measurement. The TOF start counters,
consisting of one layer of 23 scintillation counters, have
been mounted next to the large exit window of the vac-
uum chamber in D2. Kaons from a+

0 decay with momenta
pK+ = 390–625MeV/c have been stopped in range tele-
scopes, located along the focal surface of D2. These tele-
scopes comprise TOF stop counters and provide additional
kaon-vs.-background discrimination by means of energy
loss (∆E) measurements [25]. At Tp = 2.83GeV, kaons
with pK+ = (625–1000)MeV/c have been detected in a
different part of the SD, consisting of one layer of 6 scin-
tillation counters for TOF stop (“sidewall counters”). Two
multi-wire proportional chambers (MWPCs) positioned
between the TOF start and stop counters allow one to
deduce the ejectile momenta and to suppress background
from secondary scattering [21,22].

Fast particles produced in coincidence with the K+-
mesons as well as elastically scattered protons have been
detected in the ANKE forward-detection system (FD) [26]
containing two layers of scintillation counters for TOF and
∆E measurements. In addition there are three MWPCs,
each with two sensitive planes, exploited for momentum
reconstruction and background suppression [21,23]. Two
bands of protons and deuterons are distinguished in the
time difference between the detection of a K+-meson in
one of the TOF stop counters of the SD and a particle in
the FD as a function of the FD particle momentum, see
fig. 1a. The deuterons are selected with the cut indicated
by the lines, plus the energy loss information from the FD
scintillation counters. In fig. 1b the missing-mass distri-
bution m(pp, dK+) for the selected pp → dK+X events is
presented. The missing particle X must be a K̄0, due to
charge and strangeness conservation. The measured dK+

missing-mass distribution peaks around m = mK̄0 , reflect-
ing the clean particle identification at ANKE.

About 2300 events are accepted as dK+K̄0 candidates
for further analysis (unshaded peak area of the histogram
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Fig. 1. a) Time difference between the fast forward-going par-
ticles in layer 1 of the FD scintillators and the K+-mesons
vs. the momentum of the forward particle. The lines indi-
cate the selection for deuteron identification. b) Missing-mass
m(pp, dK+) distribution of the pp → dK+X events. The
shaded areas indicate the events used for background subtrac-
tion, the solid line shows the background distribution under
the K̄0 peak obtained from a polynomial fit.

in fig. 1b). The remaining background from misidentified
particles is (13±2) %. The shape of this background in the
differential spectra discussed below has been determined
and subsequently subtracted by selecting events outside
the K̄0 peak (shaded areas in fig. 1b).

The K+ tracking efficiency in the side MWPCs and the
efficiency of the ∆E cut have been determined using si-
multaneously recorded pp → pK+Λ events, which, due to
the significantly larger cross-section, can be identified by
TOF criteria and a momentum cut for protons in the FD
only. The efficiency of the track reconstruction varies from
96% for the telescopes to 76% for the sidewall counters.
The efficiency of the ∆E cut has been determined for each
telescope, with an average value of 53%, and for the side-
wall counters, ranging from 87% to 74%. The efficiency of
the FD ∆E criterion for deuterons has been deduced from
the number of K̄0 events in the peak of fig. 1b before and
after this cut. The efficiency of the FD scintillators and
all TOF criteria is larger than 99%. The data have been
corrected for all efficiencies on an event-by-event basis.

2.3 Kinematic fit

A kinematic fit has been carried out to improve the in-
variant mass and angular resolutions. This fit shifts the

measured dK+ missing mass (fig. 1b) to the nominal value
of mK̄0 = 497.6MeV/c2 on an event-by-event basis, vary-
ing the momentum components of the detected K+ and d
within their resolutions. As a result of the fit, the deuteron
missing-mass (i.e. the invariant K+K̄0 mass) resolution
improves from δmK+K̄0 = (35–3)MeV/c2 over the range
(991–1096)MeV/c2 to δmK+K̄0 < 10MeV/c2 in the full
range with minimum values of ∼ 3MeV/c2 at the kine-
matic limits. Due to the fact that the pz resolution (z being
the beam direction) for deuterons is approximately a fac-
tor five worse than for all other variables, the fit procedure
does not significantly improve the K+ missing-mass and
angular resolutions: δmdK̄0 ∼ 5MeV/c2 in the full range,
δ[cos(θ)] ∼ 0.2 for all angular spectra.

The same fit procedure has also been applied to the
previously published data at Tp = 2.65GeV [21], and im-
proves δmK+K̄0 from (8–1)MeV/c2 over the range (991–
1038)MeV/c2 to δmK+K̄0 < 3MeV/c2 in the full mass
range.

2.4 Non-acceptance–corrected Dalitz plot

Figure 2 shows the distribution of the kinematically fit-
ted dK+K̄0 events in the Dalitz plot for both Q val-
ues. It is observed that the kinematically allowed region
is fully covered by the ANKE acceptance. For compar-
ison the simulated population of the Dalitz plot is also
shown for the case of phase-space–distributed events. The
total ANKE acceptance for these dK+K̄0 events is 2.1%
at Q = 47.4MeV and 0.8% at 104.7MeV. Due to the lim-
ited number of counts we present in the following only
one-dimensional distributions. These also have the advan-
tage of carrying additional information about the transi-
tion matrix, as shown in sect. 2.5.
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Fig. 2. Top: Dalitz plots of the events from the reaction
pp → dK+K̄0 at Q = 47.4 (left) and 104.7 MeV (right).
The data are not background subtracted and not corrected
for the ANKE acceptance and the detection efficiencies, and
are binned with cell size 21 MeV2/c4 × 57MeV2/c4. The lines
denote the kinematically allowed region. Bottom: simulated
Dalitz plots inside the ANKE acceptance for phase-space–
distributed events (i.e. configuration [(KK̄)sd]s, cf. sect. 2.5).
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2.5 Acceptance correction

In comparison to the data at Tp = 2.65GeV [21], the ex-
cess energy for the higher beam energy is approximitely
twice as large. As a consequence, the method of model-
independent acceptance correction (using a five-dimen-
sional acceptance matrix) can no longer be used, since
the number of zero elements in the acceptance matrix be-
comes too large. An alternative method has been devel-
oped which is described as follows.

In the close-to-threshold regime only a limited number
of final states contribute. For the data analysis we have
restricted ourselves to the lowest allowed partial waves,
i.e. s-wave in the KK̄ system accompanied by a p-wave
of the deuteron with respect to the meson pair (a+

0 (980)-
channel) and p-wave KK̄ production with an s-wave deu-
teron (non-resonant channel). In the following we denote
these two configurations by [(KK̄)sd]p and [(KK̄)pd]s. It
has been shown that the lower energy data can be de-
scribed by this ansatz for the dK+K̄0 final state [21],
where the square of the spin-averaged transition matrix
element can be written as

|M̄|2 = Cq
0q2 + Ck

0 k2 + C1(p̂ · k)2

+C2(p̂ · q)2 + C3(k · q) + C4(p̂ · k)(p̂ · q). (1)

Here k is the deuteron momentum in the overall CMS,
q denotes the K+ momentum in the KK̄ system, and p̂ is
the unit vector of the beam momentum. Only KK̄ p-waves
contribute to Cq

0 and C2, only KK̄ s-waves to Ck
0 and C1,

and only s-p interference terms to C3 and C4. The coeffi-
cients Ci can be determined from the data by fitting eq. (1)
to the measured dσ/dmKK̄ and dσ/dmdK as well as to
the angular distributions dσ/d[cos (pk)], dσ/d[cos (pq)],
dσ/d[cos (kq)] and dσ/d[cos (pt)] [19] (t represents the
K+ momentum measured in the overall CMS). It should
be noted that a fit to the two-dimensional Dalitz plot does
not provide additional information about the transition
matrix, but would only yield three linear combinations of
two of the coefficients Ci [19].

|M̄|2 gives the production probability of an event with
certain kinematic parameters k and q relative to p̂. The
corresponding differential acceptance of the spectrometer
α(k,q, p̂) does not depend on the values of Ci, and can
be determined using a large sample of simulated events,
covering full phase space, which are tracked through a
GEANT model of the setup [27]. Using the coefficients
from ref. [21] as starting parameters, the simulations were
carried out for different sets of the Ci, leading to differ-
ential distributions convoluted with the acceptance. For
each choice of the Ci, the χ2 values have been calculated
for the difference between simulated and measured distri-
butions. Subsequently, the coefficients which describe the
experimental data best have been determined by minimiz-
ing χ2 with the MINUIT package [28]. The best fit result
of this procedure is shown in fig. 3 for two invariant-mass
and four angular distributions (cf. table 1 in sect. 3.1 for
numerical values).
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Fig. 3. Best fit to non-acceptance–corrected data at Tp =
2.83 GeV.

3 Cross-sections of the reaction pp → dK+K̄0

at Q = 47.4 and 104.7MeV

3.1 Differential spectra

With the best-fit coefficients Ci one can simulate corre-
sponding differential distributions at the target, track the
events through the setup, and thus determine one-dimen-
sional differential acceptances for, e.g., the two invariant
masses and four angles of fig. 3. Using these acceptances,
differential cross-sections can be extracted from the data,
and these are shown in fig. 4.

In order to verify the validity of the acceptance cor-
rection method using the coefficients Ci, the same pro-
cedure has been applied to the lower energy data. The
results are shown in fig. 5 as solid dots and are compared
to our results published previously [21], analyzed using
the acceptance matrix method (open circles). For a pp
initial state all distributions must be forward-backward
symmetric relative to the beam momentum; this feature
has been exploited in ref. [21], where differential cross-
sections as functions of | cos (pq)| and | cos (pk)| are pre-
sented. These are shown in the lower-left spectra of fig. 5
together with the mirrored distributions from the coeffi-
cient method (squares), each scaled by 0.25 for better dis-
tinction. In all cases good agreement between the model-
independent matrix method [21] and the ansatz discussed
here is observed. Note that the matrix method did not al-
low us to extract the cos (pt) distribution (upper right in
the figure) from the 2.65GeV data which is now possible
with the coefficient ansatz.

The best-fit coefficients Ci are presented in table 1
for both beam energies. All coefficients are given in units
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Table 1. Quality and results of the fit using eq. (1). For the definition of N see eq. (2).

Q, MeV Ck
0 Cq

0 C1 C2 C3 C4 χ2/ndf N , µb MeV−2

47.4 1 −0.34+0.26
−0.21 −0.14+0.14

−0.13 1.23+0.32
−0.32 −0.44+0.16

−0.16 −0.76+0.30
−0.33 1.38 26.6 ± 10.9

104.7 1 −0.07+0.14
−0.24 −0.22+0.12

−0.11 1.04+0.36
−0.19 −1.45+0.20

−0.12 0.09+0.25
−0.55 1.10 13.5 ± 3.0
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Fig. 4. Angular and invariant mass distributions for Tp =
2.83 GeV. The dashed (dotted) line corresponds to KK̄ pro-
duction in a relative s- (p-)wave, the dash-dotted to the in-
terference term, and the solid line is the sum of these contri-
butions. The error bars show the statistical uncertainties only.
The systematic uncertainty for each bin is smaller than 10%;
the overall uncertainty from the luminosity determination is
given in sect. 2.1.

of Ck
0 . This is due to the fact that |M̄|2 from eq. (1) is

proportional to the differential cross-sections, thus leaving
one parameter undetermined in the fit. The errors of the
Ci are obtained by varying each coefficient (allowing the
others to change) such that the total χ2 increases by one.

The parameters Ci from eq. (1) can be directly related
to the different partial waves [21]. Their contributions to
the various observables are shown in fig. 4. The occurrence
of interference terms in the K̄0d invariant mass distribu-
tion is due to the choice of the kinematic variables, i.e.
relative momentum of the kaons and that of the deuteron
with respect to the kaon pair. Consequently, there is no
interference term in the K+K̄0 mass distribution. To get
a distribution for the other invariant mass that is free of
interferences one needs to switch to the K̄0d relative mo-
mentum and the K+ momentum. Then, however, there
will be an interference term in the K+K̄0 mass distribu-
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Fig. 5. Same as fig. 4 for Tp = 2.65 GeV but omitting the
fitted partial-wave contributions. Full symbols denote the dif-
ferential cross-sections obtained by the method described in
this paper; open symbols are the previously published model-
independent results [21] where the error bars include statistical
and systematic uncertainties. The cos (pt) spectrum has not
been presented in ref. [21]. See text for further details.

tion. The method how to construct the variable transfor-
mation is described in detail in ref. [29].

Our fit reveals a strong dominance of the KK̄ s-wave
production rate (i.e. via the a+

0 (980) channel) for both
beam energies: (95±4)% and (89±4)% at Tp = 2.65GeV
and 2.83GeV, respectively.

The quality of the fit clearly supports the ansatz to
include only the lowest partial waves in the data analysis.
It should be noted that the growth of the amplitudes due
to the centrifugal-barrier factor is taken care off by eq. (1).
An essential question is to understand the variation in
the parameters C3 and C4, see table 1. As outlined above,
these parameters emerge solely from an interference of the
[(KK̄)sd]p with the [(KK̄)pd]s partial waves. Therefore,
if there were a significant phase motion in one of these
groups (e.g., due to the strong final-state interaction in the
a0 channel), a variation with energy especially of C3 and
C4 is expected. This point clearly calls for more theoretical
investigations.
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3.2 Total cross-sections

Knowing the coefficients Ci, and thus the initial differen-
tial distributions (figs. 4 and 5), the total acceptance and
the total cross-sections can be evaluated. For the higher
energy, a value of σ(pp → dK+K̄0) = (190 ± 4stat ±
39syst) nb is obtained. At the lower energy the extracted
total cross-section is in agreement with the previously
published value of (38 ± 2stat ± 14syst) nb [21]. In both
cases the errors include the statistical and systematic un-
certainty from the luminosity determination.

Figure 6 shows the measured total cross-sections in
comparison with the expected Q-dependence of the cross-
section calculated with the transition matrix element of
eq. (1). After an angular integration the total pp →
dK+K̄0 cross-section is given by

σ =
N

26π3
√

s2 − 4sm2
p

(
√

s−md)2∫

4m2
K

k q√
s sKK

|M̃|2 dsKK ,

(2)
where s and sKK are the squared invariant energies of the
initial pp and final K+K̄0 systems, respectively. Here, k
and q are defined as before and are given explicitly as

k2 =
(s − sKK − m2

d)
2 − 4sKKm2

d

4s
,

q2 =
sKK − 4m2

K

4
,

where md and mK are the deuteron and kaon masses, i.e.
we neglect the K+ and K̄0 mass difference. The angular-
integrated squared transition amplitude |M̃|2 is given as

|M̃|2 =

(
Cq

0 +
1

3
C2

)
q2 +

(
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Fig. 6. Total cross-section of the pp → dK+K̄0 reaction as
a function of the excess energy Q. The solid line is the result
from eq. (2) with the squared transition amplitude given by
eq. (3) and with N = 18 µb MeV−2. The dashed line shows the
energy dependence for three-body phase space. Note that the
latter is forbidden by selection rules.

The normalization factor N has been determined for
both energies and is quoted in table 1. The errors of N
include the systematic uncertainties of the total cross-
sections. Note that the lines in figs. 4 and 5 have been
properly scaled to the individual total cross-sections.

For illustration we show by the dashed line in fig. 6 the
result of eq. (2) with a constant matrix element. This is a
classical example when data can be well reproduced by a
simple phase-space consideration although such a descrip-
tion is invalid for this particular reaction since selection
rules do not allow for a pure s-wave.

4 Summary and conclusions

Using the ANKE spectrometer at an internal target po-
sition of COSY Jülich, we have searched for scalar KK̄
production in the reaction pp → dK+K̄0 at two excess
energies Q = 47.4 and 104.7MeV. Due to the excellent
K+ identification at ANKE, the detected events with co-
incident K+d pairs exhibit little background. This can
be subtracted using events outside the K̄0 missing-mass
peak. After a kinematic fit to the K̄0 mass, the invariant
K+K̄0 mass distribution has been obtained with an un-
precedented resolution of better than 3 (10)MeV/c2 for
47.4 (104.7)MeV.

Mass and angular distributions have been extracted
from the data using an ansatz for the transition matrix
element that includes the lowest allowed partial waves,
i.e. an s-wave in the KK̄ system accompanied by a p-
wave of the deuteron with respect to the meson pair and
p-wave KK̄ production with an s-wave deuteron. All six
coefficients that enter the spin-averaged matrix element
have been obtained by a fit to the differential spectra. This
fit reveals the dominance of KK̄ production in a relative
s-wave, (95 ± 4)% and (89 ± 4)% at 47.4 and 104.7MeV,
i.e. dominance of kaon-pair production via the a+

0 (980)
channel.

The reaction pp → dK+K̄0 has been subject of several
theoretical papers. For example, the authors of ref. [30]
point out that this reaction (and also pp → dπ+η) is ex-
pected to be an additional source of information about
the scalar sector. They account for the interactions of the
mesons by using chiral unitary techniques, which dynam-
ically generate the a+

0 (980) resonance. In ref. [31] total
cross-sections and differential spectra are calculated using
a model in which the reaction pp → dK+K̄0 is dominated
by intermediate a+

0 (980) production.
As discussed in sect. 3.1, there is an energy dependence

of the parameters C3 and C4 in the transition matrix el-
ement (eq. (1)) that is not yet understood and needs fur-
ther theoretical study since it might indicate a final-state
interaction in the a0 channel.

This work has been carried out within the framework of
the ANKE Collaboration [32] and supported by the COSY-
FFE program, the Deutsche Forschungsgemeinschaft (436 RUS
113/337, 444, 561, 768, 787), Russian Academy of Sciences
(02-04-034, 02-04034, 02-18179a, 02-06518, 02-16349). We are
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Indications for the production of a neutral excited hyperon in the reaction pp! pK�Y0� are observed
in an experiment performed with the ANKE spectrometer at COSY-Jülich at pbeam � 3:65 GeV=c. Two
final states were investigated simultaneously, viz. Y0�!��X� and ��X�, and consistent results were
obtained in spite of the quite different experimental conditions. The parameters of the hyperon state are
M�Y0��� �1480�15�MeV=c2 and ��Y0��� �60�15�MeV=c2. The production cross section for Y0�

decaying through these channels is of the order of few hundred nanobarns. Since the isospin of the Y0� has
not been determined here, it could either be an observation of the ��1480�, a one-star resonance of the
Particle Data Group tables, or, alternatively, a � hyperon. Relativistic quark models for the baryon
spectrum do not predict any excited hyperon in this mass range and so the Y0� may be of exotic nature.

DOI: 10.1103/PhysRevLett.96.012002 PACS numbers: 14.20.Jn, 13.30.�a

The question of how hadrons arise from QCD is central
to a fundamental understanding of hadronic multiquark
and gluon systems. There has been a recent renaissance
of QCD spectroscopy, triggered by observations of new
narrow resonances, enhancements near thresholds, and
possibly exotic states. Taken in conjunction with lattice
QCD, which is poised to provide the theoretical insight into
strong QCD, the new data may pave the way to achieve this
understanding.

The production of hyperons and their decay properties
have been a focus of experimental investigations ever since
their discovery, mostly in hadron-induced reactions, but
recently also in photoproduction. In comparison to the
excitation spectrum of the nucleon resonances (N;�), the
excited states of hyperons (�;�) are still much less well
known. The nature of experimentally well established
states, such as the ��1405�, is not at all understood yet.
This hyperon may be a genuine three-quark system, a
molecularlike meson-baryon bound state, or even of exotic
type.

The ��1480� hyperon is far from being an established
resonance. In the most recent compilation of the Particle
Data Group [1], it is described as a ‘‘bump,’’ with unknown
quantum numbers and given a mere one-star rating. Very
recently ZEUS has reported indications for a structure in
the invariant mass spectrum for K0

Sp and K0
S �p, which may

correspond to the ��1480� [2]. However, the structure
appears on a steeply varying background and therefore
its significance is difficult to estimate. The Crystal Ball
investigation of the K�p! �0�0� reaction showed no
sign for the resonance in the �0� invariant mass spectra,
but it should be noted that these are dominated by the
�0�1385� [3].

In view of this uncertainty, we have investigated whether
additional information might be obtained from proton-
proton interactions at low energies. In so doing, we have
found evidence for a neutral hyperon resonance Y0� in data
originally taken for scalar meson production studies [4,5].

The experiments have been performed at the Cooler
Synchrotron COSY, a medium energy accelerator and
storage ring for protons and deuterons, which is operated
at the Research Center Jülich (Germany) [6]. COSY sup-
plied stored proton beams with a momentum of
3:65 GeV=c at a revolution frequency of �106 s�1.
Using a hydrogen cluster-jet target (areal density �5	
1014 cm�2) the average luminosity during the measure-
ments was L � �1:38� 0:15� 	 1031 s�1 cm�2.

The ANKE spectrometer [7] used in the experiments
consists of three dipole magnets, which guide the circulat-
ing COSY beam through a chicane. The central C-shaped
spectrometer dipole D2, placed downstream of the target,
separates the reaction products from the beam. The ANKE
detection system, comprising range telescopes, scintilla-
tion counters and multiwire proportional chambers, simul-
taneously registers particles of either charge and measures
their momenta [8].

A multibody final state, containing a proton, a positively
charged kaon, and a charged pion, together with an un-
identified residue X, was studied in the pp! pK���X


reaction. Positively charged kaons and pions could be
measured in the momentum ranges 0:2–0:6 GeV=c and
0:2–0:9 GeV=c, respectively, negative pions between 0.4
and 1:0 GeV=c, and protons from 0:75 GeV=c up to the
kinematic limit. The angular acceptance of D2 is j#Hj &

12� horizontally and j#Vj & 5� vertically for any ejectile.
By measuring delayed signals from the decay of stopped
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kaons, K� mesons can be identified in a background of
pions, protons, and scattered particles up to 106 times more
intense.

Events with three identified charged particles
(p;K�; ��) were retained for further analysis. In Fig. 1
the missing-mass distributions MM�pK��� vs MM�pK��
are shown for the reaction channels pp! pK���X� and
pp! pK���X�. The triangular shape of the distribu-
tions is due to the combination of kinematics and ANKE
acceptance. Since the probability for detecting three-
particle coincidences �pK���� is about an order of mag-
nitude smaller than for �pK����, the resulting numbers of
events are also drastically different.

For the reaction pp! pK���X� a clear enhancement,
corresponding to X� � ���1197�, is observed on a top of
a low background (see projection of the upper part of Fig. 1
in the upper part of Fig. 2). In the charge-mirrored pp!
pK���X� case, the �� may originate from different
sources, e.g., a reaction with X� � ���1189� or a second-
ary decay of �! p��, arising from the major back-
ground reaction pp! pK��! pK���p. Protons
from the latter reaction have been rejected by cutting
MM�pK���� around the proton mass (lower part in
Fig. 1). Nevertheless the missing-mass distribution for
the ���X��-final state is more complicated and the
���1189� band is almost hidden underneath a strong back-
ground of, e.g., �0p, �0�p, ��n arising from the decay of
heavier hyperons (see lower part of Fig. 2). For both final
states, background due to misidentified particles of differ-
ent type is experimentally estimated to be <3%.

For further event selection, different cuts have been ap-
plied for the two final states: for ���X�� the �� has been
selected (1175 and 1220 MeV=c2), while for ���X�� the
corresponding range is between 1175 and 1300 MeV=c2 in
order to include �� as well as �� with a �� in its decay.

This cut largely excludes neutral hyperons producing a
final state with two protons. The missing-mass distribu-
tions MM�pK�� for such events are plotted in Fig. 3(a).
For ��X�, a double-humped structure is observed, with
peaks around 1390 MeV=c2 and 1480 MeV=c2 (upper
left). In the ��X� case, the distribution also peaks at
1480 MeV=c2 (upper right). The different shapes and
event numbers of the resulting spectra are due to the vari-
ous sources of �� and �� (see above). An obvious ques-
tion is whether these distributions can be explained by the
production of well established hyperon resonances
[��1385�;��1405�, and ��1520�] plus nonresonant contri-
butions or whether an additional source needs to be in-
voked, e.g., pp!pK�Y0� with a further Y0� hyperon
state.

In order to try to answer this question, Monte Carlo
simulations have been performed for both final states,
using a simulation package based on GEANT3 [9]. The
following reactions with �pK���� in the final state have
been used as input for this, assuming phase-space distribu-
tions and applying any constraints due to isospin
invariance:

(i) intermediate hyperon resonance production [1]

pp! pK���1385� ! pK��0���p�

! pK�����
n�

! pK�����0p�;

pp! pK���1405� ! pK��0���p��

! pK�����
n�

! pK�����0p�;
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tions for �� (upper) and �� (lower) obtained in the reaction
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pp! pK���1520� ! pK�p��������

! pK�p����0�0�

! pK�n������

! pK��0���p��

! pK��������p�

! pK�������0n�

! pK�����
n�

! pK�����0p�;

(ii) nonresonant production

pp! NK�X;

pp! NK��X;

pp! NK���X;

with constraints for the relative contributions obtained on
the basis of measured cross sections and phase-space con-
siderations in the nonresonant cases [10,11].

The final state of (�N) results from the decay of ground-
state hyperons, while (2�) and (3�) are from K0 and K�

decays, respectively. X represents any known � or �
hyperon which could be produced in the experiment.
When there are two particles of the same kind, both are
further processed as in the analysis of experimental data.

In the lower parts of Fig. 3, the difference between the
measured missing-mass distributions and the sum of fitted
resonant and nonresonant production—contributions
listed under (i) and (ii)—is shown. For both final states
(��X� and��X�) the shape of the measured distributions
cannot be reproduced by the simulations and an excess of
events is observed around the missing mass of
1480 MeV=c2 in both cases. It is therefore suggested that
another excited hyperon is produced and observed through
the decay pp! pK�Y0� ! pK���X
.

The Y0� mass and width have been determined from a fit
based on simulations that cover the range from 1460 to
1490 MeV=c2 and from 45 to 75 MeV=c2, respectively,
both in steps of 5 MeV=c2. From a minimization proce-
dure the following parameters of the Y0�, consistent for
both final states, are obtained: M�Y0�� � �1480�
15�MeV=c2 and ��Y0�� � �60� 15�MeV=c2. Note that
the experimental mass resolution is of the order of
10 MeV=c2.

The fits to the data are shown in the two parts of
Fig. 3(a), while the individual contributions are plotted in
Fig. 3(b). These contributions are also used to obtain the
three-particle missing-mass spectra for MM�pK����>
1050 MeV=c2 as shown in Fig. 2: in comparison with the
experimental results a good agreement is achieved.

The numbers of events in the two peaks are S�Y0� !
��X�� � 35� 10 and S�Y0� ! ��X�� � 330� 60.
The statistical significance of the signal, assuming that
this is due to the production of the Y0�, is at least 4.5
standard deviations.
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In order to estimate the production cross section for Y0�

decaying through these channels, we used an overall de-
tection efficiency of �7% and an integrated luminosity of
�6 pb�1. With acceptances obtained from simulations
presented above, we arrive at cross section values of
�450� 150� 150� nb for (��X�) and �1200� 250�
500� nb for (��X�). The first error is statistical, while
the second represents the systematic uncertainty. It can
thus be concluded that the cross section estimates are
consistent for both final states and are of the order of few
hundred nanobarns.

Assuming that the Y0��1480� hyperon exists, we briefly
address the question of its possible theoretical descrip-
tion. In the constituent quark model, baryons are inter-
preted as bound states of three valence quarks where hyper-
ons contain at least one strange quark. The baryon
spectrum has been investigated systematically in a relativ-
istic quark model with instanton-induced quark forces.
No excited � or � resonances, in addition to the well
known states, have been found for masses below
�1600 MeV=c2 [12]. These findings are in agreement
with results obtained in the relativized quark model of
Capstick and Isgur [13]. Thus, it seems to be difficult to
reconcile the low mass of the Y0� within the existing
classification of 3q baryons.

In early papers, configurations of four quarks and an
antiquark have been discussed for this mass range.
Högaasen and Sorba have performed a group-theoretical
classification of such states and arrived at an estimate of
1440 MeV=c2 for the mass of an exotic � [14]. Azimov
et al. introduced a flavor octet and an antidecuplet of exotic
baryons [15,16]. For the octet, a � state with a mass of
1480 MeV=c2 and a � state at 1330 MeV=c2 have been
suggested in Ref. [16]. There were also attempts to mix
octet and antidecuplet states, based on diquark correla-
tions, as proposed by Jaffe and Wilczek [17]. A � reso-
nance with a mass of 1495 MeV=c2 has been predicted as a
member of the mixed multiplet [18].

In models, which couple nucleons with kaons and pions,
quasibound states are generated with relatively low masses.
In Ref. [19], a pole with the quantum numbers of the �,
which might be identified with the ��1480�, is found at a
mass of 1446 MeV=c2, though a width of 343 MeV=c2 is
much larger.

Since a clear theoretical picture has not yet appeared,
any conclusion about the nature of the Y0� would be
premature.

In summary, we have observed indications in proton-
proton collisions at 3:65 GeV=c for a neutral hyperon
resonance Y0� decaying into ��X� and ��X� final states.
Its parameters are M�Y0�� � �1480� 15� MeV=c2 and
��Y0�� � �60� 15� MeV=c2, though, since it is neutral,
it can be either a � or � hyperon. The production cross
section is of the order of few hundred nanobarns. On the
basis of existing data we cannot decide whether it is a

three-quark baryon or an exotic state, although some pref-
erence towards its exotic nature may be deduced from
theoretical considerations.

Further studies are required to confirm the existence of
the Y0��1480� hyperon and to determine its quantum num-
bers. Such measurements, in particular, for Y� decays with
photons in the final state, are foreseen with the WASA
detector at COSY [20]. Searches for the charged Y��

hyperon in the reaction pn! pK�Y�� ! pK���X0, us-
ing a deuterium cluster-jet target and spectator proton
tagging, are also conceivable.
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Abstract

The pp → pK+Y 0 reaction has been studied for hyperon masses m(Y 0) � 1540 MeV/c2 at COSY-Jülich by using a 3.65 GeV/c circulating
proton beam incident on an internal hydrogen target. Final states comprising two protons, one positively charged kaon and one negatively charged
pion have been identified with the ANKE spectrometer. Such configurations are sensitive to the production of the ground state Λ and Σ0 hyperons
as well as the Σ0(1385) and Λ(1405) resonances. Applying invariant- and missing-mass techniques, the two overlapping excited states could be
well separated, though with limited statistics. The shape and position of the Λ(1405) distribution, reconstructed cleanly in the Σ0π0 channel,
are similar to those found from other decay modes and there is no obvious mass shift. This finding constitutes a challenging test for models that
predict Λ(1405) to be a two-state resonance.
© 2008 Elsevier B.V. All rights reserved.

PACS: 14.20.Jn; 13.30.-a

Keywords: Hyperon resonances; Line shapes

The excited states of the nucleon are a topical field of re-
search, since the full spectrum contains deep-rooted informa-
tion about the underlying strong colour force acting between
the quarks and gluons. In addition to searching for missing
resonances predicted by quark models [1], it is important to un-
derstand the structure of certain well established states, such as
the Λ(1405) hyperon resonance.

* Corresponding author.
E-mail address: cw@hep.ucl.ac.uk (C. Wilkin).

Although a four-star resonance [2], and known already for
many years, the dynamics of the Λ(1405) are still not fully
understood. Within the quark model it can be explained as a
P -wave q3 baryon [3]. It is also widely discussed as a can-
didate for a K̄N molecular state [4], or for one with a more
intrinsic q4q̄ pentaquark structure [5]. If the Λ(1405) is a dy-
namically generated resonance produced via K̄N rescattering
within a coupled-channel formalism [6,7], it may consist of two
overlapping I = 0 states [8–10]. Its decay spectrum would then
depend upon the production reaction. Due to the opening of the
K̄N channels, the Λ(1405) lineshape is not represented satis-
factorily by a Breit–Wigner resonance [4,11–13]. Nevertheless,

0370-2693/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.physletb.2008.01.002
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if the Λ(1405) were a single quantum state, as in the quark
model or molecular pictures, its lineshape should be indepen-
dent of the production method.

Part of the difficulty in elucidating the nature of the Λ(1405)

is due to it overlapping the nearby Σ0(1385). The interference
between these two states can distort significantly the Σ+π−
and Σ−π+ spectra [6], for which there are experimental indi-
cations [14]. This interference can be eliminated by taking the
average of Σ+π− and Σ−π+ data [11] but the cleanest ap-
proach is through the measurement of the Σ0π0 channel, since
isospin forbids this for Σ0(1385) decay. This is the technique
that we want to develop here and, although our statistics are
rather poor, these are already sufficient to yield promising re-
sults.

We have used data obtained during high statistics φ-produc-
tion measurements with the ANKE spectrometer [15] to study
the excitation and decay of low-lying hyperon resonances in pp

collisions at a beam momentum of 3.65 GeV/c in an internal-
ring experiment at COSY-Jülich. A dense hydrogen cluster-jet
gas target was used and over a four-week period this yielded
an integrated luminosity of L = (69 ± 10) pb−1, as determined
from elastic pp scattering that was measured in parallel and
compared with the SAID 2004 solution [16].

The detection systems of the magnetic three-dipole spec-
trometer ANKE simultaneously register and identify both neg-
atively and positively charged particles [17]. Forward (Fd) and
side-wall (Sd) counters were used for protons, telescopes and
side-wall scintillators for K+, and scintillators for π−. Since
the efficiencies of the detectors are constant to 2% (σ ) across
the momentum range of registered particles, any uncertainty in
this can be neglected in the further analysis.

The basic principle of the experiment is the search for
four-fold coincidences, comprising two protons, one positively
charged kaon and one negatively charged pion, i.e., pp →
pK+pπ−X0. Such a configuration can correspond, e.g., to the
following reaction chains involving the Σ0(1385) and Λ(1405)

as intermediate states:

(1)pp → pK+Σ0(1385) → pK+Λπ0 → pK+pπ−π0,

(2)

pp → pK+Λ(1405) → pK+Σ0π0 → pK+Λγπ0

→ pK+pπ−γπ0.

In the Σ0(1385) case, the residue is X0 = π0, while for the
Λ(1405), X0 = π0γ . The resonances overlap significantly be-
cause the widths of 36 MeV/c2 for Σ0(1385) and 50 MeV/c2

for Λ(1405) are much larger than the mass difference [2]. The
strategy to discriminate between them is to: (i) detect and iden-
tify four charged particles pFd , pSd , K+ and π− in coinci-
dence, thereby drastically reducing the accidental background
at the expense of statistics, (ii) select those events for which the
mass of a (pSdπ−) pair corresponds to that of the Λ, (iii) se-
lect the mass of the residue m(X0) to be that of the π0 to tag the
Σ0(1385), and m(X0) > m(π0)+55 MeV/c2 for the Λ(1405).

Fig. 1(a) shows the two-dimensional distribution of the four-
particle missing mass MM(pK+π−p) of the pSdπ− pairs
versus the invariant mass M(pSdπ−). A vertical band corre-
sponding to the Λ, is visible around a mass of 1116 MeV/c2.

Fig. 1. (a) Missing mass MM(pK+pπ−) versus invariant mass M(pSdπ−).
The shaded vertical box shows the band used to select the Λ. (b) The projection
of all the events from panel (a) onto the M(pSdπ−) axis shows a clear Λ peak
with a FWHM projection of ∼ 5 MeV/c2 and a slowly varying background.

The features of this band are illustrated clearly in the projec-
tion onto the M(pSdπ−) axis shown in Fig. 1(b). The Λ peak,
with a FWHM of ∼ 5 MeV/c2, sits on a slowly varying back-
ground, much of which arises from a false pπ− association (the
combinatorial background).

Data within the invariant-mass window 1112–1120 MeV/c2

were retained for further analysis and, in Fig. 2, MM(pFdK+)

is plotted against MM(pK+pπ−) for these events. The triangu-
lar-shaped domain arises from the constraint MM(pFdK+) �
MM(pK+pπ−)+m(Λ). Despite the lower limit of 50 MeV/c2

on MM(pK+pπ−), there is a background from Σ0 production
at the bottom of the triangle, but this can be easily cut away.
The enhancement for MM(pFdK+) ∼ 1400 MeV/c2 corre-
sponds to Σ0(1385) and Λ(1405) production. The two vertical
bands show the four-particle missing-mass MM(pK+pπ−)

criteria used to separate the Σ0(1385) from the Λ(1405). The
left band is optimised to identify a π0 whereas, in view of the
missing-mass resolution, the right one selects masses signifi-
cantly greater than m(π0).

Since the properties of the Σ0(1385) are undisputed [2], we
first present and discuss results for this hyperon as a test case
for the Λ(1405) analysis. In Fig. 3 we show the experimen-
tal missing-mass MM(pFdK+) spectrum for events within the
π0-band of Fig. 2. When this is fit with a Breit–Wigner dis-
tribution plus a linear background, a mass of M = (1384 ±
10) MeV/c2 and a width of Γ ∼ 40 MeV/c2 are obtained, in
good agreement with the PDG values [2]. The resonance is lo-
cated half way between the Σπ and K̄N thresholds, indicated
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Fig. 2. Missing mass MM(pFdK+) versus MM(pK+pπ−). A clear con-
centration of π0 events is seen, though with a central value of the mass
∼ 8 MeV/c2 too high, a deviation that is consistent with the resolution ex-
pected for a four-particle missing mass. The left shaded vertical box covers this
π0 region and the right one has MM(pK+pπ−) > 190 MeV/c2 originating,
e.g., from π0γ and ππ .

by arrows in Fig. 3, and no significant influence of either thresh-
old is observed in the data.

To investigate possible contributions to the spectrum other
than from the Σ0(1385) excitation, Monte Carlo simulations
were performed for backgrounds from non-resonant and reso-
nant production. The first group of reactions includes processes
such as pp → NK+πX(γ ) and pp → NK+ππX(γ ), with X

representing any allowed Λ or Σ hyperon. The second group
comprises Λ(1405) and Λ(1520) hyperon production. The sim-
ulations, based on the GEANT3 package, were performed in
a similar manner to those in Ref. [18]. Events were gener-
ated according to phase space using relativistic Breit–Wigner
parametrisations for the known hyperon resonances [2]. Their
relative contributions were deduced by fitting the experimen-
tal data, giving the results shown by the histograms of Fig. 3.
Also included is a small contribution from the Λ(1405) chan-
nel, arising from the tail of the missing-mass events in Fig. 2
leaking into the π0 region. As expected, the Σ0(1385) peak
dominates over a small and smooth background.

In order to estimate the total Σ0(1385) production cross
section we used the overall detector efficiency of ∼ 55% and
the cumulative branching ratio of 56% for the Σ0(1385) decay
chain corresponding to reaction (1). With the calculated accep-
tance of ∼ 2 × 10−6 and the number of Σ0(1385) events equal
to 170 ± 26, we find

σtot
(
pp → pK+Σ0(1385)

) = (4.0 ± 1.0stat ± 1.6syst) µb

at pbeam = 3.65 GeV/c. The systematic uncertainty in the fit-
ting procedure and cross section evaluation was estimated by
varying some of the event selection parameters, such as the
width of the MM(pK+pπ−) bands or the range for the Λ peak
(see Fig. 1), or the non-resonant background in Fig. 3. The cross
section is only a little lower than at 6 GeV/c, (7 ± 1) µb [19],
whereas that for pp → pK+Λ increases by a factor of four
over a similar change in excess energy [20].

Fig. 3. Missing-mass MM(pFdK+) distribution for the pp →
pK+pπ−X0 reaction for events with M(pSdπ−) ≈ m(Λ) and for
MM(pK+pπ−) ≈ m(π0). Experimental points with statistical errors
are compared to the shaded histogram of the fitted overall Monte Carlo sim-
ulations. The simulation includes resonant contributions (solid-black) and
non-resonant phase-space production (solid-grey). The structure in the latter
arises from the various channels considered. Arrows indicate the Σπ and K̄N

thresholds.

Turning now to the Λ(1405), simulations show that
the Σ0(1385) does not contaminate the missing-mass
MM(pK+pπ−) range above 190 MeV/c2. This point is cru-
cial since it allows us to obtain a clean separation of the
Σ0(1385) and Λ(1405). There is the possibility of some con-
tamination from the pK+Λ(ππ)0 channel but there is only a
limited amount of the five-body phase space available near the
maximum missing mass. Simulations also show that the ANKE
acceptance varies only marginally in the mass range around
1400 MeV/c2. The corresponding experimental missing-mass
MM(pFdK+) spectrum is shown in Fig. 4(a). The asymmetric
distribution, which peaks around 1400 MeV/c2, has a long tail
on the high missing-mass side that extends up to the kinemati-
cal limit.

In order to extract the Λ(1405) distribution from the mea-
sured Σ0π0 decay, a different strategy has been applied, where
we first fit the non-resonant contributions to the experimen-
tal data. The fit was performed for 1440 < MM(pFdK+) <

1490 MeV/c2 to exclude heavier hyperon resonances, such as
the Λ(1520). The resulting non-resonant background is indi-
cated by the shaded histogram in Fig. 4(a). When this is sub-
tracted from the data we obtain the distribution shown as exper-
imental points in Fig. 4(b).

Our background-subtracted data exhibit a prominent struc-
ture around 1400 MeV/c2. There is no indication of a second
near 1500 MeV/c2, which might result from the production
of the Λ(1520) [11]. The excess of at most 20 events for
MM(pFdK+) > 1490 MeV/c2 leads to an upper limit for the
Λ(1520) production cross section of σtot < 0.2 µb. The small-
ness of the signal in this case would be largely due to the low
branching of only 9% into this channel. There is no evidence ei-
ther for a significant contribution from the Y 0∗(1480) hyperon
[18]. If this state were the same as the one-star Σ0(1480) of
Ref. [2], the decay into Σ0π0 would be forbidden. However,
this state is also not seen in the K−p → π0π0Λ reaction [21].
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Fig. 4. (a) Missing-mass MM(pFdK+) distribution for the pp →
pK+pπ−X0 reaction for events with M(pSdπ−) ≈ m(Λ) and
MM(pK+pπ−) > 190 MeV/c2. Experimental points with statistical er-
rors are compared to the shaded histogram of the fitted non-resonant Monte
Carlo simulation. (b) The background-subtracted lineshape of the Λ(1405) de-
caying into Σ0π0 (points) compared to π−p → K0(Σπ)0 [13] (solid line)
and K−p → π+π−Σ+π− [11] (dotted line) data.

We finally turn to the contribution from lower missing mass-
es. From the number of events with 1320 < MM(pFdK+) <

1440 MeV/c2, equal to 156 ± 23, we find a total production
cross section of

σtot
(
pp → pK+Λ(1405)

) = (4.5 ± 0.9stat ± 1.8syst) µb

at pbeam = 3.65 GeV/c. The cumulative branching ratio for the
Λ(1405) decay chain of reaction (2) of 21% and the acceptance
of ∼ 4 × 10−6 have been included, as well as the overall detec-
tion efficiency of ∼ 55%.

The (Σπ)0 invariant-mass distributions have been stud-
ied in two hydrogen bubble chamber experiments. Thomas
et al. [13] found ∼ 400 Σ+π− or Σ−π+ events correspond-
ing to the π−p → K0Λ(1405) → K0(Σπ)0 reaction at a
beam momentum of 1.69 GeV/c. Hemingway [11] used a
4.2 GeV/c kaon beam to investigate K−p → Σ+(1660)π− →
Λ(1405)π+π− → (Σ±π∓)π+π−. For the Σ−π−π+π+ final
state, the Σ−π+ mass spectrum is distorted by the confusion
between the two positive pions. Thus, in the comparison with
our data, we use only the Σ+π− distribution, which contains
1106 events [11].

In Fig. 4(b) our experimental points are compared to the re-
sults of Thomas and Hemingway, which have been normalised
by scaling their values down by factors of ∼3 and ∼7, re-
spectively. The effect of the K̄N threshold is apparent in these
published data, with the Λ(1405) mass distribution being dis-

torted by the opening of this channel. Despite the very different
production mechanisms, the three distributions have consistent
shapes. A fit of one to either of the others leads to a χ2/ndf of
the order of unity though, as pointed out in Ref. [6], for Σ+π−
production [11] there is likely to be some residual distortion
from I = 1 channels. The K−p → Λ(1405)π0 → Σ0π0π0

data yield a somewhat different distribution [22] but, as noted
in this reference, the uncertainty as to which π0 originated from
the Λ(1405) “smears the resonance signal in the spectra”. The
situation is therefore very similar to that of the Hemingway
Σ−π−π+π+ data [11] and such results can only be interpreted
within the context of a specific reaction model, such as that of
Ref. [9].

Models based on unitary chiral perturbation theory find two
poles in the neighborhood of the Λ(1405) which evolve from
a singlet and an octet in the exact SU(3) limit [8,9]. One has
a mass of 1390 MeV/c2 and a width of 130 MeV/c2 and
couples preferentially to Σπ . The narrower one, located at
1425 MeV/c2, couples more strongly to K̄N , whose thresh-
old lies at ∼ 1432 MeV/c2. Both states may contribute to the
experimental distributions, and it is their relative population,
which depends upon the production mechanism, that will deter-
mine the observed lineshape. Our experimental findings show
that the properties (mass, width, and shape) of the Λ(1405)

resonance are essentially identical for these three different pro-
duction modes.

In summary, we have measured the excitation of the
Σ0(1385) and Λ(1405) hyperon resonances in proton–proton
collisions at a beam momentum of 3.65 GeV/c. We have suc-
ceeded in unambiguously separating the two states through
their Λπ0 and Σ0π0 → Λγπ0 decay modes. Cross sections
of the order of a few µb have been deduced for both reso-
nances. The Λ(1405), as measured through its Σ0π0 decay,
has a shape that is consistent with data on the charged de-
cays [11,13], with a mass of ∼ 1400 MeV/c2 and width of
∼ 60 MeV/c2. This might suggest that, if there are two states
present in this region, then the reaction mechanisms in the three
cases are preferentially populating the same one. However, by
identifying particular reaction mechanisms, proponents of the
two-state solution can describe the shape of the distribution that
we have found [10].

The Σ0π0 channel is by far the cleanest for the obser-
vation of the Λ(1405) since it is not contaminated by the
Σ(1385) nor the confusion regarding the identification of the
pion from its decay. However, although we have shown that the
method works in practice, in view of our limited statistics, fur-
ther data are clearly needed. The decay Λ(1405) → Σ0π0 →
Λγπ0 can be detected directly in electromagnetic calorimeters.
Corresponding measurements are under way in γp reactions
(CB/TAPS at ELSA [23], SPring–8/LEPS [24]) and are also
planned in pp interactions with WASA at COSY [25].
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Excited neutral hyperons Y 0∗ produced in the pp → pK+Y 0∗ reaction with a COSY
beam momentum of 3.65 MeV/c have masses below 1540 MeV/c2. The ANKE spec-
trometer allows the simultaneous observation of different decay modes: Y 0∗ → π0Σ0,
π∓Σ±, π0Λ, K−p by measuring kaons and pions of either charge in coincidence with
protons.

We have found indications for a neutral excited hyperon resonance Y 0∗ with a mass
of M(Y 0∗) = (1480 ± 15) MeV/c2 and a width of Γ(Y 0∗) = (60 ± 15) MeV/c2. The
cross section for Y 0∗ is of the order of few hundred nanobarns. It can be either a Σ0 or
a Λ hyperon and on the basis of existing data no conclusion could be made whether it
is a three–quark baryon or an exotic state.

Missing- and invariant–mass techniques have been used to identify the Λ(1405)
resonance decaying via Σ0π0. The cross section for Λ(1405) production is equal to
(4.5 ± 0.9stat ± 1.8syst) µb. The shape and position of the Λ(1405) distribution are
similar to those found from other decay modes, so no support is given to the two-pole
model.

1. Introduction

The production and properties of hyperons have been studied for more than 50

years, mostly in pion and kaon induced reactions. Hyperon production in pp colli-

sions has been investigated close to threshold at SATURNE (Saclay, France) and

COSY-Jülich. Reasonably complete information on Λ(1116), Σ0(1192), Σ0(1385),

Λ(1405) and Λ(1520) can be found in the Review of Particle Physics.1

For the Λ(1405), in spite of rather high statistics achieved (the total world

statistics is several thousand events), there are still open questions concerning the

nature of this resonance: is it a singlet qqq state in the frame of SU(3) or a quark-

gluon (uds-q) hybrid, or a KN bound state?2–10

On the contrary, the Σ(1480) hyperon is not well established yet and it is de-

scribed as a ‘bump’ with unknown quantum numbers.1 The Crystal Ball experiment

has not seen any indications for the resonance Σ(1480) in the π0Λ invariant mass

distribution measured in the reaction K−p → π0π0Λ, dominated by the Σ(1385).11

The program to investigate hyperon production from pp interactions at low

energies is very well suited for the ANKE spectrometer operated at COSY–Jülich.
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Fig. 1. Simplified decay scheme of investigated hyperons.

In Fig. 1 a simplified decay scheme of hyperons investigated in our experiments

is presented.

2. Experiment and Particle Identification with ANKE

The experiments have been performed with the ANKE spectrometer12 at the Cooler

SYnchrotron COSY at the Research Center Jülich (Germany).13

COSY is a medium energy cooler synchrotron and storage ring for both polarized

and unpolarized protons and deuterons. At COSY various targets can be used,

e.g. solid or cluster–jet. COSY provides beams in the momentum range between

0.6 and 3.7 GeV/c.

ANKE (Apparatus for Studies of Nucleon and Kaon Ejectiles) is a magnetic

spectrometer located at an internal target position of COSY. It consists of three

dipole magnets, see Fig. 2. The central C–shaped spectrometer dipole D2, placed

downstream of the target, separates the reaction products from the circulating

COSY beam. The ANKE detection system, comprising range telescopes, scintilla-

tion counters and multi–wire proportional chambers, simultaneously registers both

positively and negatively charged particles and measures their momenta.14

The ANKE telescopes are used to register positively charged particles. They dis-

criminate pions, kaons and protons with the same momenta due to their different

energy losses. Passive copper degraders in the telescopes between the scintillation

counters enhance the discrimination efficiency. The K+ mesons are stopped in the

∆E counters or in the second degrader of each telescope. Their decay, mainly into
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Fig. 2. ANKE spectrometer and detectors.

Table 1. Experimental details.

4 weeks in 2002 4 weeks in 2005
for Y0∗(1480) for Λ(1405)

integrated luminosity 6 pb−1 70 pb−1

coincidences 3 particles (p, K+, π+ or π−) 4 particles (p, p, K+, π+)

K+/π+ momentum 0.2–0.9 GeV/c 0.2–0.9 GeV/c

p momentum >0.75 GeV/c >0.75 GeV/c

π− momentum 0.4–1.0 GeV/c 0.2–1.0 GeV/c

delayed veto for K+ yes no

detection efficiency 7% 55%

mass resolution ∼10 MeV/c2 ∼20 MeV/c2

µ+νµ and π+π0 with a lifetime of τ = 12.4 ns, provides a very effective criterion

for kaon identification via detection of delayed signals in a so-called veto counter

(with respect to prompt signals from e.g. a π+ produced in the target passing over

all counters of a telescope). By measuring such delayed signals from the decay of

stopped kaons, positively charged kaons can be identified at ANKE in a background

of pions, protons and scattered particles up to 106 times more intense.15 The use of

veto counters causes a decrease of particle identification efficiency, typically by fac-

tor of 6. The tracks of the ejectiles, measured with multi-wire proportional chambers

(MWPCs), are used to reconstruct momenta of any registered particle.
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Data originally taken for scalar meson16 and φ17 production have been used

to study the production of low-lying hyperon resonances in pp collisions with

ANKE@COSY. Experiments have been performed in 2002 and 2005, respectively.

In Table 1 details of the experimental conditions are given.

3. Excited Neutral Hyperon Y 0∗(1480)

Final states comprising a proton, a positively charged kaon, a pion of either charge

and an unidentified residue X were investigated in the reaction pp → pK+Y →
pK+π±X∓ at the beam momentum of 3.65 GeV/c. Kaons are identified by

measuring delayed signals from the their decay, which, together with well-defined

pions and protons, are used to determine the mass of X.

In the upper part of Fig. 3 the missing mass distributions MM(pK+π) ver-

sus MM(pK+) are shown for the reactions pp → pK+π+X−(left) and pp →
pK+π−X+(right). Since the probability for detecting three–particle coincidences

(pK+π+) is about an order of magnitude smaller than for (pK+π−), the resulting

numbers of events are also drastically different. In the distribution for the reaction

pp → pK+π+X−(left) an enhancement corresponding to X− = Σ−(1197), is ob-

served on a low background. In the charge–mirrored pp → pK+π−X+ case(right),

the π− may originate from different sources, e.g. a decay with the Σ+(1189) or
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Fig. 3. Missing–mass MM(pK+) spectra for the reaction pp → pK+π+X−(left) and pp →
pK+π−X+ (right). Upper parts: MM(pK+) versus MM(pK+π) for π+ (right) and π− (left).
Middle parts: Comparison of experimental (points) and simulated (shaded histograms) distribu-
tions. Lower parts: Non–resonant and resonant contributions to the overall simulated histograms.
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a secondary decay of Λ → pπ−, arising from the major background reaction

pp → pK+Λ → pK+π−p. Protons from this reaction are easily rejected by cut-

ting the missing mass MM(pK+π−) around the proton mass.

If only events around the Σ mass are selected, then the missing mass spectrum

MM(pK+) in the reaction pp → pK+π+X− shows two peaks, see in the middle–

left part in Fig. 3. One of them corresponds to the contribution of Σ0(1385) and

Λ(1405) hyperons. The second peak is located at a mass ∼1480 MeV/c2. In the

π−X+ case, the distribution also peaks at 1480 MeV/c2, see the right–middle part

in Fig. 3.

We have assumed that the measured missing mass MM(pK+) spectra can be

explained by the production of hyperon resonances and non-resonant contributions.

Detailed Monte Carlo simulations have been performed including the production of

well established excited hyperons (Σ0(1385), Λ(1405), Λ(1520)) and non-resonant

contributions like pp → NK+πX and pp → NK+ππX ; X denotes any hyperon

which could be produced in the experiment. For both final states the shape of the

measured distributions cannot be reproduced by the simulations and an excess of

events is observed around the missing mass of 1480 MeV/c2. Thus, an the excited

hyperon Y 0∗ decaying via π±X∓ was included into simulations. The best fit to

the experimental data was obtained for the Y 0∗ with a mass M(Y 0∗) = (1480 ±
15) MeV/c

2
and a width Γ(Y 0∗) = (60±15) MeV/c

2
, see lower parts in Fig. 3. There

have been identified 100 and 1000 events for π+X− and π−X+ case, respectively.

The statistical significance of the signal, assuming that this is due to the production

of the Y 0∗, is between 4 and 6 σ depending on a procedure. The production cross

section is of the order of few hundred nanobarns.18

4. The Λ(1405) Hyperon

The pp → pK+pπ−X0 reaction is selected by a multiparticle final state, containing

two protons, a positively charged kaon, a negatively charged pion and an uniden-

tified residue X0. In the Σ0(1385) → Λπ0 decay the X0 residue is a π0 while, for

the Λ(1405) → Σ0π0 decay, X0 = π0γ (see Fig. 1). In the upper part of Fig. 4

a distribution of MM(pFdK
+) versus MM(pK+π−p) is plotted for events with

the invariant mass M(pSdπ
−) of the pSdπ

− pairs corresponding to the mass of

the Λ, i.e. between 1112 and 1120 MeV/c2. The two horizontal bands show the

four–particle missing–mass MM(pK+π−p) criteria used to separate the Σ0(1385)

candidates from those of the Λ(1405). The lower band is optimised to identify a π0

whereas the upper one selects masses significantly greater than m(π0).

In order to extract the Λ(1405) distribution from the measured Σ0π0 decay,

the non–resonant contributions have been fitted to the experimental data. After

subtracting them from the data, the distribution shown as experimental points in

the lower panel of Fig. 4 was obtained. 156 events have been identified in this

spectrum.19
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Fig. 4. Upper panel: Missing mass MM(pK+π−p) versus MM(pFdK+) with the shaded hori-

zontal boxes showing the MM(pK+π−p) bands used for event selection. The lower one is located
around the π0 mass and the upper one selects MM(pK+π−p) > 190 MeV/c2, significantly greater
than the π0 mass. Lower panel: The background–subtracted line shape of the Λ(1405) decaying
into Σ0π0 (points) compared to the spectrum of the Λ(1405) from the LEPS experiment for photon
energy range of 1.5 < Eγ < 2.0 GeV (solid line).

The (Σπ)0 invariant–mass distributions have been previously studied in two

hydrogen bubble chamber experiments. Thomas et al. found ∼ 400 Σ+π− or Σ−π+

events corresponding to the π−p → K0Λ(1405) → K0(Σπ)0 reaction at a beam

momentum of 1.69 GeV/c.20 Hemingway used a 4.2 GeV/c kaon beam to investi-

gate K−p → Σ+(1660)π− → Λ(1405)π+π− → (Σ+π−)π+π− and measured 1106

events.21 Recently, the LEPS experiment has investigated the Λ(1405)hyperon pro-

duction in the γp → K+Y ∗ reaction.22 The Λ(1405)hyperon was measured in the

(K+Σ±π∓) final state, where the contamination from Σ0(1385)was estimated from

the (K+Λπ0) final state. In the lower panel in Fig. 4 our experimental points are

compared to the results of the LEPS experiment (for comparison with data of
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Thomas and Hemingway see Ref. 19). Despite the very different production mech-

anisms, all four distributions have similar shapes and positions. This might suggest

that, if there are two states present in this region, then the reaction mechanisms

in the four cases are preferentially populating the same one. It should, however, be

noted that by identifying a particular reaction mechanism, the proponents of the

two–state solution can describe the shape of the distribution that we have found.23

5. Outlook

The decay of excited hyperons Y 0∗ via Λπ0 and Σ0π0 → Λγπ0 can be detected

directly in electromagnetic calorimeters by registering neutral particles, i.e. γ

and/or π0. Measurements of such channels are discussed for γp reactions with

CB/TAPS at ELSA24 and are also planned in pp collisions with WASA at COSY.25
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