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Abstract Selected results from experiments at COSY-Jiilich are presented: an attempt to measure the mass

of the 1 meson with high precision (ANKE facility), first steps towards the detection of rare 1 decays (WASA),
and several measurements of KK-pair production (ANKE, COSY-11, MOMO).
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1 Introduction

The Cooler Synchrotron and storage ring
COSY [1] of the Forschungszentrum Jiilich delivers
unpolarized and polarized beams of protons and
deuterons with momenta up to 3.7 GeV/c. Currently,
these are utilized at three large experimental facil-
ities, ANKE and WASA at internal target stations
and COSY-TOF at the extracted beam.

1) ANKE (Apparatus for Studies of Nucleon and
Kaon Ejectiles) is a large acceptance forward mag-
netic spectrometer [2]. The central dipole is movable
to adjust the momenta of the detected particles in-
dependent of the beam momentum. Using hydrogen
or deuterium cluster targets [3], close-to-threshold re-
actions on protons or neutrons can be measured. In
addition, a polarized internal target with a storage
cell can be used. The ANKE detectors have been
optimized for charged kaon detection [4] which allow
one to identify K*K~ pairs [5] in coincidence with
fast forward going protons and deuterons [6].

2) TOF (Time Of Flight) is a non-magnetic
spectrometer combining excellent tracking capabili-
ties with large acceptance and full azimuthal sym-
metry allowing to measure complete Dalitz plots [7].
TOF is optimized for final states with strangeness, see
e.g. Ref. [8]. With the new straw tube tracking sys-
tem (STT), TOF will have a significantly improved
mass resolution and reconstruction efficiency.

3) WASA (Wide Angle Shower Apparatus), is
an almost 47 spectrometer for neutral and charged
particles. It comprises an electro-magnetic calorime-
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ter, a very thin superconducting solenoid, inner and
forward trigger and tracking detectors, and a frozen-
pellet target. WASA was build at TSL Uppsala and
it was used there until 2005 at the CELSIUS ring [9].
The system was transferred to COSY in 2005 and it
was operational already after one year. One of the
main goals for WASA at COSY is the study of rare
n-meson decays involving photons and electrons [10].

Here we report on selected ongoing measurements
carried out at the ANKE and WASA facilities and on
data from the decommissioned COSY-11 and MOMO
experiments. For other results from COSY see the
contributions to this conference by M. Bashkanov
(two-pion production) and H. Machner (1 mesons in
matter).

2 Precision measurement of the n
mass

Measurements of the 1n-meson mass at different
experimental facilities over the last decade have re-
sulted in remarkably precise results. However, these
differ by up to 500 keV/c?, which is more than 8 stan-
dard deviations of the quoted individual experimental
uncertainties. As a consequence the PDG tables no
longer consider experiments based on the identifica-
tion of the n as a missing-mass peak of a hadronic re-
action. In order to check whether there is an intrinsic
problem in such experiments, a refined measurement
of the dp — ®He 7 reaction has been carried out at
COSY.

After producing the 1 mesons through the dp —
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3Hen reaction, the *He is detected with the ANKE
forward detectors [6]. Reactions with the production
of an 1 meson can then be unambiguously identified
from a missing-mass criterion [11]. Due to the sim-
ple two-body kinematics of the *Hen final state, the
1 mass can be determined through a thorough re-
construction of the size of the *He kinematic ellipse.
This, in turn, relies on a precise identification of the
reaction threshold and an accurate measurement of
the associated beam momentum [12].

The measurements were carried out at thirteen
beam energies in the range 1 < @ < 10 MeV as well
as @ = —5 MeV for background studies [12]. To
determine the n mass with a precision that is com-
petitive to other state-of-the-art measurements, i.e.
Am, <50 keV/c? [13], the associated beam momenta
have to be fixed with an accuracy of Ap/p < 10~
This can be achieved via the precise measurement of
the frequency of depolarizing resonances f, and of the
beam revolution frequency f,. The usefulness of the
technique relies on the fact that frequencies can be
routinely measured to 107°.

From the measured frequencies f, and f, the kine-
matical factor v = E/mc?, and hence the beam mo-
mentum p, can be deduced:

. 1 fr
=a(i)
p=mafy=ma\/7y*—1 .

Here E denotes the deuteron total energy, mq the
deuteron mass and G4 = (9—2)/2 is the gyromagnetic
anomaly of the deuteron, where g is the gyromagnetic
factor.

The spins of the polarized deuteron beam parti-
cles precess around the normal to the plane of the ma-
chine, which is generally horizontal. The spin can be
perturbed by the application of a horizontal rf mag-
netic field from, for example, a solenoid. The beam
depolarizes when the frequency of the externally ap-
plied field coincides with that of the spin precession in
the ring. An example of a spin-resonance spectrum is
shown in Fig. 1. Far away from the spin resonance at
1.0116 MHz and 1.0120 MHz, a high degree of polar-
ization was measured using the EDDA detector [14]
as a beam polarimeter. In contrast, when the solenoid
frequency coincides with that of the spin precession
f:, the beam is maximally depolarized.

The beam revolution frequency f, was measured
from the Schottky noise of the deuteron beam. The
origin of this effect is the statistical distribution of
the charged particles in the beam. This leads to ran-
dom current fluctuations, which induce a voltage sig-

nal at a beam pick-up. The Fourier transform of this
voltage-to-time signal by a spectrum analyzer deliv-
ers the frequency distribution around the harmonics
of the revolution frequency of the beam.
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Fig. 1. Spin resonance measurements at one

beam momentum (closed circles). The open
symbols represent results obtained for an
extended cycle time, where the perturbing
solenoid was switched on after 178 s.

The accuracies to which both of the frequen-
cies are determined are dominated by systematic ef-
fects. The revolution frequency measured by the
Schottky spectrum analyzer has an uncertainty of
Afo = 6 Hz, corresponding to one in the beam mo-
mentum of 50 keV/c. The error in the determina-
tion of the spin resonance arises from the small vari-
ations of the orbit length and Af, = 15 Hz corre-
sponds to an uncertainty in the beam momentum
of 164 keV/c. Because these systematic uncertain-
ties are independent, they are added quadratically to
give a total uncertainty Ap/p <6x107°, i.e., a preci-
sion of 170 keV/c for beam momenta in the range of
3100 — 3200 MeV /e. This is over an order of magni-
tude better than ever reached before for a standard
experiment in the COSY ring. This accuracy will ulti-
mately allow the mass of the 1 meson to be measured
with a precision of Am,, <50 keV/c?. The remaining
part of the data analysis is under way.

3 Towards rare 1n decays

The initial stage of the 1 meson decay experiments
with WASA was carried out at CELSIUS using the
pp — ppn and pd — 3Hen reactions close to threshold.
Results on the Dalitz plot density for the 1 — 37° de-
cay [15] and on the branching ratios of some leptonic
decay channels [16, 17] have been reported.

During the last two years, larger data samples
have been collected at COSY on n decays from pp
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and pd collisions. From a short production run in
April 2007 120 k events have been extracted for the
1n — 37n° Dalitz plot [18]. In the next 4- and 8-week
run periods in fall 2008 and fall 2009, 1 decays were

studied using the pd — 3Hemn reaction at a beam en- |
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ergy of 1 GeV. Unbiased data samples of 1.1x107 and
~2x107 11 meson decays were collected, respectively.
In addition, a few shorter runs were also carried out
with the aim of optimizing the conditions for n meson
production from pp collisions.
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Distribution of *He missing mass for the pd —>HeX reaction at 1.0 GeV. The trigger was based

entirely on ®He signal in the forward detector without any bias on the decay system. The plot shows all the

data collected during the 2008 run period. (Left) data analysis based only on the forward detector track —

there are about 1.1x107 events in the peak at the 1 meson mass. (Right) in addition two-photon invariant

masses >300 MeV/c? have also been demanded.

The cross section of pd— 3Hen reaction rises
quickly and reaches a plateau value of 400 nb already
at 2 MeV above the threshold. The requirement of
a 3He ion in the final state selects only a very tiny
fraction of the total pd cross section (about 0.1%).
The separation of 3He from protons and deuterons is
quite reliable and is implemented on the trigger level.
When doing this, one obtains trigger rates at maxi-
mum luminosity that are well within the DAQ capa-
bilities without imposing any additional constraints
on the 1 decay pattern.

The pd — 3Hen reaction is tagged by identify-
ing the ®He particles in the WASA forward detector,
which covers scattering angles from 3° to 18°. Fig. 2
shows the missing mass of the reconstructed 3He at
1.0 GeV beam energy. In the left panel all data col-
lected in the 2008 pd run period are shown. In the
right panel after selection of a particular decay chan-
nel.

The WASA detector was optimized for the mea-
surement of electron-positron pairs and photons from
the decays of n° and 1 mesons. The performance of
the detector can be checked by studying single Dalitz
decays N —eTe ™y and ° — ete y. The decays were

| observed in both pp and pd interactions. Fig. 3 shows

an example of the 1 — eTe™y decay identification in
the invariant mass of ete™y from the pd data. The
data from both pd and pp runs should contain a few
thousands of 1 — eTe™y events.
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Fig. 3. Single Dalitz decay n — eTe”y events

for about 10% of the 2008 pd data. The his-
tograms represent Monte Carlo simulations of
the signal (solid line) and background (dashed
line).
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The decay n — mT i ete™ allows precise tests
of the chiral anomaly through the comparison with
existing ChPT calculations. A high statistics mea-
surement of n — mtm~eTe™ will also provide con-
straints for a new kind of flavor-conserving C'P vio-
lation by measuring the asymmetry of the dihedral
angle between the pion- and electron planes. The
present PDG value for the branching ratio of the
n—mtnete” decay is 4.2x107%

The status of the analysis of the 1 — trt—ete™
decay is shown in Fig. 4. A clear signature with about
300 events of the 1 — T~ eTe™ decay is seen in the
3He missing mass. The line represents a polynomial
fit to the direct pion production reactions. According
to the Monte Carlo simulations, 50% of the events in
the 1 mass peak are from n—trm ete™.
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Fig. 4. Missing mass of 3He for events compat-

ible with 1 — w77t~ eTe™. The line is a poly-

nomial fit to the background.

The major background contributions come from
the 1 — 7t~y decay, with vy conversion in the
beam tube. Additional background stems from n —
nrnn®, due to internal (Dalitz decay of the m°)
and external conversion of one of the photons from
m° — vy decays. At present, the analysis does not
include any vertex reconstruction which will help
to suppress the background from external conver-
sion. The remaining background will be dominated
by 1 — w7 ., and can be further reduced by
improving the detection sensitivity for the additional
photon. The overall reconstruction efficiency is lim-
ited by requesting the suppression of the background
and is 5%-10%.

The measurement of double Dalitz 1 decays, 1 —
eTe~ete™ allows the study of the 1 meson form fac-
tor for two timelike virtual photons. In the 2008 pd
data, 15 candidate events have been identified.

The 1 decay into m’e*e~ is forbidden from pro-
ceeding via an intermediate m’y* state due to C-
conservation. The present upper limit for the branch-
ing ratio is < 4x1075. The upper limit would corre-
spond to a maximum of 400 events in the 2008 pd run
period. No signal is observed in the data. Although
the analysis is in an early stage, our sensitivity is al-
ready close to the present upper limit. A refined anal-
ysis including a full kinematic fit will further suppress
the contributions from background channels and en-
hance the sensitivity.

The dominant mechanism for P — 1t1~ decays
within the Standard Model is a process involving two
virtual photons and this is additionally suppressed by
helicity conservation. Recently the interest in the de-
cays was revived due to an observed excess for 7% —
ete™ decay branching ratio [19]. For the 1 — ete™
decay the best experimental limit (2.7x107°) comes
from CELSIUS/WASA [17].

Due to WASA’s calorimeter and MDC parti-
cle flux limitations, the maximal rate of n mesons
from the pd — *Hen reaction is about 10 1 events/s.
Therefore the reaction can only be used for studies
of not-so-rare n decays. Further progress towards the
measurement of rare 1 decays can only be made by
focusing on the pp — ppn production reaction. The
reaction has 10-20 times larger cross section (10 ub
at 1.4 GeV) and the inclusive pp cross section is two
times lower than for pd interactions. Therefore the
1 meson yield will be higher for a given luminosity
and, in addition, one can use up to two times higher
luminosity. A first production beam time of 8 weeks
is scheduled for spring 2010. The goal is to observe
about 10'° 1 decays per year from then on.

4 Kaon-pair production

Over the last decade, exhaustive measurements on
kaon-pair production have been carried out at several
COSY facilities. Values of total and differential cross
sections are now available for various isospin config-
urations of the entrance and exit channels, cf. Fig. 5.

The pp — ppK+TK™ reaction has been studied by
the COSY-11 [20, 21] and ANKE [22, 23] collabora-
tions for excess energies € ranging from 3 to 108 MeV.
Also the isospin-related dK*K° exit channel has been
measured at ANKE for e =47 and 105 MeV [24, 25].
The pn — dK*K™ reaction has been investigated at
ANKE [26, 27] using a deuterium cluster-jet as an
effective neutron target. In such measurements, the
momentum of the non-observed proton spectator, and
thus the excess energy exg = 17-102 MeV, is recon-
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structed from the four-momenta of the remaining de-
tected particles.
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Fig. 5. World data set on total cross sec-
tions for kaon-pair production. Closed sym-
bols denote results from COSY for the pp —
ppK K™, pp — dK*K°, pn —» dK*K~, pd —
SHeK+tK™, and dd — *“He K*K~ reactions.

These pN — (2N) KK data have been analyzed in
terms of the relevant final-state interactions (FSIs).
It turned out that — besides the well known interac-
tion of the two outgoing nucleons — there is a deli-
cate interplay between the KK and KN FSIs, see e.g.
Ref. [28]. The K*N interaction is generally believed
to be small and has been neglected in all analyses.

The produced KN systems may provide valu-
able information about the much debated antikaon-
nucleon interaction strength and, possibly, about in-
termediate hyperon states such as the X(1385) or the
A(1405). In fact, for the pp — dK+K° reaction the
Kd pairs are found preferentially at small invariant
masses; the partial wave decomposition reveals a Kd
S-wave enhancement as compared to K*d [28]. The
same low-mass enhancement has also been found in
the pn — dKTK~ data [27]. This has been inter-
preted as evidence for a strong attractive Kd FSI and
the K°d data are best fit with a scattering length of
|agq| =1.5 fm [28]. A similar effect has been observed
for the pp — ppKTK~ data. Here the enhancement
at low K~ p and K~ pp masses is best fit with a Kp
scattering length of ag, = (04 1.51) fm [23].

The KK interaction may, in principle, be driven
by the light scalar mesons, a,/f,(980), as well as the
$(1020). In fact, all data sets with (KK)° pairs re-
veal a clear ¢(1020) signal when its production is
energetically allowed. The a,/f,(980) have widths of
about 50-100 MeV, i.e. much larger than that of the
¢(1020). They are thus harder to be found in the
KK mass distributions, in particular at COSY en-
ergies where the excess energy is limited to roughly
100 MeV. Consequently, there is only indirect evi-
dence for scalar-meson production from the partial-
wave decompositions of the pp — ppK+TK~ and pp —
dK*K° data. These reveal an S-wave dominance in
the KK systems [22, 24, 25], which may be inter-
preted in terms of kaon production via the aJ/f, and
ag channels, respectively.

On top of the above discussed FSIs there is an
enhancement at low KK masses, i.e. between the
K*+K~ and K°K° thresholds, in the pp — ppK*K~
and pn — dKTK~ data. This finding has been at-
tributed to K*K~ = K°K° charge-exchange scatter-
ing [29]. This analysis also suggests that isospin-zero
KK production is dominant. Independent of assump-
tions about the the details of the intermediate states,
a re-analysis [30] of the COSY-11 pp — ppKTK~
data yields an estimate of the KK scattering length:
|Re(ak+x-)| = 0.5752 fm and Im(afK~) = 3.0 &
3.0 fm.

MOMO measured the pd — 3HeK+tK~ reaction
at three excess energies, ¢ = 35, 41 and 55 MeV [31].
Since the signs of the charges of the kaons were not
identified, these data cannot be used to reliably iso-
late the K®He FSI [32]. Also, only upper limits for
the a¢(980) and f,(980) contributions of 25% and 10%
could be determined [32] while there is a clear peak
in the K™K~ invariant mass distributions that can be
attributed to a strong ¢(1020) contribution.

The total dd — *“He KK~ cross section has been
measured at ANKE [33]. This reaction is of partic-
ular interest since a dd — *HeX reaction may serve
as a filter for isospin-zero states X. However, as seen
from Fig. 5, the total cross section has a value of only
5 pb, which is several orders below that of all other
reactions. With such a low value, this is the rarest
reaction that has so far been measured at COSY. It
should be noted that the total dd cross section at
these energies is about eleven orders of magnitude
larger.

To summarize, there is ample evidence that the
antikaon is strongly attracted to the recoil nucleons
in pN — (2N)K*K~ reactions. Only residual effects
of the K™K~ interaction are seen, including a cusp at
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the K°K° threshold. In order to better understand
the dominating KN FSI and, in particular, the role
of possible intermediate 3(1385) and A(1405) forma-
tion a combined analysis of their strange and non-
strange [35, 36] decays has been suggested [34].

In order better to restrict the contribution of
the ao/fy resonances to the pd — *HeKTK~™ re-
action, the WASA collaboration has measured the
pd — 3Henn®/n°n° processes. The data, which are
currently being analyzed, will yield information about
the pd — *Heay/f, cross sections from the detection

of the non-strange strong a, — n7n° and f, — non®
decays. One may hope that either these mesonic ex-
citations dominate or that they are negligibly small.
In either case the analysis of the KK data would
then be simplified since only one type of production
mechanism (viz. scalar mesons or hyperons) would
need to be considered.

The author is grateful to P. Goslawski, A. Kupsé
and C. Wilkin for stimulating discussions during the
preparation of the manuscript.
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