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Abstract. The experimental hadronic physics programme at the COoler SYnchrotron of the Forschungszen-
trum Jülich terminated at the end of 2014. After describing the accelerator and the associated facilities, a
review is presented of the major achievements in the field realized over the twenty years of intense research
activity.
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1 Introduction

At the end of 2014 the experimental priorities of the Insti-
tut für Kernphysik (IKP) Jülich switched from the study
of hadronic reactions to precision measurements that are
more in keeping with current particle physics. Since many
interesting results had been found in the field of hadronic
physics over the twenty years of operation of the labora-
tory’s COoler SYnchrotron COSY, it is clearly appropri-
ate to try to describe some of these phenomena in the form
of a review article.
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Much of the programme at COSY was influenced by
that of the SATURNE machine at the Saclay labora-
tory but, though the machines had similar maximum
proton or deuteron beam energies, the accelerators had
very different characteristics and so, before describing the
physics programme at COSY, it is necessary to discuss
in some detail the machine and the associated facilities
that were available for experiments. The main difference
is, of course, that COSY acts as a storage ring so that
the various detectors described in sect. 2 are divided be-
tween those used for experiments inside the ring and those
designed for use at external target stations. In contrast,
SATURNE concentrated on the development of a whole
series of state-of-the-art magnetic spectrometers for use at
external beam lines.

The review is not intended merely to provide a synthe-
sis of IKP Annual Reports but rather it hopefully gives a
critical evaluation, while trying to make links between ex-
periments carried out using some of the different facilities
available around COSY or, indeed, at other laboratories.
For this reason it was decided that the review should be
prepared by a single person rather than follow the prac-
tice of the multi-author volume that described in 1998 the
legacy of the SATURNE programme [1].

It is certainly impossible or even undesirable in this
review to go into the details of all the several hundred re-
search papers that have emerged from COSY over twenty
years. In all cases of interest the reader is advised to go
back to the original sources where, for example, system-
atic uncertainties and limitations or approximations are
discussed at length. Since the aim is to present the COSY
experimental programme, we have been rather cavalier in
the discussion of the theoretical motivation for an experi-
ment or its analysis. In general, in order to keep the length
under control, we have confined ourselves to presenting
only the phenomenology required to understand the ex-
perimental results at a rather basic level.

This review is concerned with the hadronic physics
programme at COSY and so it omits any discussion of the
extensive studies of spallation and nuclear breakup studies
carried out by the Nessi [2], Jessica [3], and PISA [4] Col-
laborations, especially in the first few years of COSY. The
results in these early stages are summarized by an inter-
nal report in 2003 “10 years of COSY” and this shows the
dominance of the experiments that were launched quickly,
most notably COSY-11. In contrast, only simple experi-
ments from ANKE were described and, of course, WASA
had not even arrived in Jülich by then. There were, of
course, conference proceedings, such as those of refs. [5,6],
but these only gave partial snapshots of the research that
was current at the time. This review aims to present a
more balanced picture over the twenty years. Also omit-
ted is any description of tests of equipment for use at other
facilities, in particular the extensive developments for the
PANDA detector at the future FAIR complex.

In the space available, the brief descriptions of the ma-
chine and the facilities available at COSY are necessarily
incomplete and biased. Thus there is no serious discussion
of pellet or cluster-jet targets but, in contrast, space is
devoted to the polarized targets that allow many refined

experiments to be carried out at internal target stations.
Technical experiments are then discussed which show, for
example, how the beam momentum and the luminosity
can be determined in a storage ring environment. Though
by themselves not giving immediate hadronic physics re-
sults, they facilitated such experiments and are potentially
important elements in the future precision physics pro-
gramme at COSY.

The subsequent sections deal with the COSY exper-
iments in the order given in the Table of Contents but
it must be remembered that the final analysis of an ex-
periment may come several years after the data had been
taken. In one, hopefully extreme, example a paper was
submitted for publication in 2015 based upon data that
were taken at COSY seven years earlier. Hence some of
the unpublished results presented in this review must be
considered as being preliminary. Only results available by
October 1st 2016 will be discussed, though some analyses
currently being worked on might be indicated.

Although the hadronic physics programme has finished
at COSY, the machine itself lives on as the basis for a
challenging programme of precision physics. The most im-
portant element here is its use in putting constraints on
the electric dipole moments of the deuteron and proton.
The results obtained at COSY will be vital for the de-
sign of a dedicated ring that will lower the limits even
further and possibly even find non-zero values. The TRIC
experiment will search for the violation of time-reversal
invariance in proton-deuteron collisions. It would there-
fore be remiss if we did not describe some of these exciting
new developments, and this we do in the Future Prospects
section.

Since we are interested in the “legacy of the experimen-
tal hadron physics programme at COSY”, in the Conclu-
sions we try to pick out ten experiments that we presently
believe will have an influence on the field long after the
termination of the hadron physics programme at COSY.
This is necessarily a very speculative choice and we in-
vite the readers to draw up their own lists of alternative
experiments.

2 Facilities

2.1 The COSY machine

The first detailed description of the COoler SYnchrotron
and storage ring COSY is twenty years old [7] but, de-
spite several modifications, the underlying structure re-
mains the same. The machine, which is capable of accel-
erating polarized or unpolarized protons or deuterons up
to momenta of about 3700MeV/c, is equipped with both
electron cooling and stochastic cooling to provide quality
beams.

A sketch of the overall layout of the facility is given
in fig. 1. This shows the 100m long transfer beam line
from the injector isochronous cyclotron to the ring and
the cooler synchrotron itself, which has a circumference of
about 184m. This racetrack is made up of two arcs, each
52m long, and two 40m straight sections, where some of
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Fig. 1. Floor plan of the COSY facility, showing the injec-
tion cyclotron JULIC and the principal internal and external
detectors. The PISA, Jessica, and Nessi (situated after TOF)
detectors were used purely for nuclear reaction studies and will
not be discussed in this review. The PISA location is now used
for the PAX detector and the TRIC experiment that is dis-
cussed in sect. 12.

the larger experimental equipments are installed. In ad-
dition to the experimental detectors indicated1, the ring
also contains accelerator-specific components, such as the
accelerating rf -cavity, the electron cooler, scrapers, the
stochastic pick-up and kicker tanks, Schottky pick-ups,
and beam current monitors. There are also three extracted
beam lines serving external experimental areas.

COSY has two ion sources, one for polarized and an-
other for unpolarized beams, each of which yields H− and
D− ion beams. By using different combinations of the rf
transitions in the source, it is possible to produce deuteron
beams with different mixtures of vector and tensor polar-
izations [8, 9]. Unlike the SATURNE accelerator, no at-
tempt was made to create beams of heavier nuclei, such
as 4He or 6Li. The ions are pre-accelerated in the cyclotron
JULIC, up to 295MeV/c for H− and 539MeV/c for D−,
before being injected into the storage ring via charge ex-
change, using a carbon foil stripper. The low-energy po-
larimeter in the injection line, which uses a carbon target,
can determine the proton and deuteron vector polariza-
tions but is insensitive to the deuteron tensor polarization.

1 The PISA, Jessica, and Nessi (situated after TOF) detec-
tors were used purely for nuclear reaction studies and will not
be discussed in this review.

Two different cooling techniques to shrink the beam
phase space are implemented at COSY. Electron cool-
ing [10]2 is successful up to momenta of 600MeV/c and
this is complemented by a stochastic cooling system that
covers the upper momentum range from 1.5GeV/c to
3.3GeV/c [11]. These cooling techniques significantly re-
duce the momentum spread of the COSY beam, such that
a momentum resolution down to Δp/p = 10−3–10−5 has
been achieved. The space charge limit on the number of
stored protons or deuterons in the ring is about 2 × 1011

and, by using stacking injection, values as high as 6×1010

have been obtained in practice. Since the beam revolu-
tion frequency is of order 1MHz, this would correspond
to close to 1017 particles per second passing an internal
target.

In a strong-focusing synchrotron, such as COSY, in-
trinsic or imperfection resonances can lead to losses of
polarization of a proton beam during acceleration. In or-
der to compensate for these effects, adiabatic spin-flip has
been used to overcome the imperfection resonances and
tune-jumping to deal with the intrinsic ones [12]. The situ-
ation is much simpler for deuteron beams since, because of
the much smaller gyromagnetic anomaly, there are no res-
onances for deuterons throughout the whole of the COSY
momentum range.

Both resonant (slow) and stochastic extraction have
been used at COSY to populate the beam lines that
serve the external experimental areas, whose locations are
shown in fig. 1. The maximum extracted proton beam mo-
mentum achieved was 3300MeV/c, which is somewhat be-
low the maximum circulating momentum of 3700MeV/c.

2.2 Principal installations

2.2.1 The COSY-11 spectrometer

COSY-11 [13] was one of the simpler facilities to be im-
plemented at COSY and this allowed the collaboration
to carry out quite rapidly many near-threshold measure-
ments. Its brilliant simplicity was that it used one of the
existing dipoles of the COSY ring as an analyzing magnet
of a spectrometer. Although this idea was also exploited
at the CELSIUS storage ring [14,15], the COSY-11 instal-
lation was far more ambitious.

The position of the detector inside COSY, which is
shown in fig. 1, is in a bending section of the ring in a
dispersive region, so that the effective beam momentum
spread seen by the target is much reduced. The basic prin-
ciples of the facility are illustrated for the most straightfor-
ward pp → ppX0 reaction [16,17] in fig. 2. This shows the
location of the hydrogen cluster target which, crucially,
perturbs very little the circulating COSY beam. Due to
their lower momenta, the two outgoing protons from a
meson production reaction are separated from the beam
in the magnetic field of the C-shaped dipole and are bent

2 A more powerful electron cooler is now installed at COSY
but this was not available for the hadron physics programme
described in this review.
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Fig. 2. Schematic view of the COSY-11 facility, as used for
the measurement of the pp → ppη and similar reactions near
threshold [16]. The cluster target removes very little from the
circulating COSY beam (black solid curve) which is guided by
the (red) COSY magnets. The trajectories of the recoiling pro-
ton are measured by means of hits in two sets of drift chambers
D1 and D2. The scintillation hodoscopes S1 and S2 are used as
start detectors and S3 as the corresponding stop detector for
time-of-flight measurements. A silicon pad monitor detector,
used to measure the recoil proton from pp elastic scattering for
the normalization of cross sections and the calibration of the
detection system, is placed close to the target position.

towards the centre of the COSY ring, where they can be
seen by the COSY-11 detectors.

The proton trajectories are measured by means of hits
in a set of two drift chambers (marked D1 and D2 in fig. 2),
which allow the momenta to be determined by ray tracing
back through the precisely known magnetic field to the
target position. Identification of the particles as protons
is ensured by measuring also the times of flight over a
distance of ≈ 9.4m between the start and stop scintillator
hodoscopes (S1 and S3). The neutral mesons, X0 = η or
η′, are not registered directly but are identified by peaks
in the missing-mass distributions. The isolation of these
peaks is helped by looking at background data taken just
below the threshold for the production of that meson. The
geometrical acceptance of the COSY-11 detection system
is limited, especially in the vertical direction, due to the
narrow opening of the dipole gap with an internal height
of 60mm.

The beam and target parameters could be monitored
and the cross sections normalized by measuring proton-
proton elastic scattering in parallel [18]. This was achieved
with the help of a silicon pad monitor detector placed close
to the target, which measured the recoil proton.

Close to threshold the two protons from the pp → ppη
reaction must emerge with very similar momenta aligned
close to the beam direction. In this case the geometric
acceptance of COSY-11 is high but it falls quickly with

increasing excess energy. It must be stressed that, unlike
detectors such as WASA or Big Karl, where there is a hole
that allows the passage of the beam, the COSY-11 cover-
age is essentially the highest near the forward direction.
The detector is therefore well adapted to making measure-
ments near threshold.

For other reactions involving three-body final states,
such as K+pΛ/K+pΣ0, the proton and kaon are registered
in D1/D2 and S1/S2 and the hyperon isolated using the
missing-mass method.

Though for certain experiments the facility was ex-
panded by, for example, the addition of a neutron wall,
COSY-11 was most successful when it was kept (compar-
atively) simple and the collaboration had a remarkable
record in the measurement of near-threshold meson pro-
duction that will be discussed in later sections

2.2.2 The ANKE spectrometer

The motivations for the COSY-11 and ANKE spectrome-
ters have much in common since they were both designed
as Zero Degree Facilities or, more accurately, as small an-
gle facilities. However, in contrast to COSY-11, whose
development was “straightforward”, ANKE has evolved
into possibly the most complex detector at COSY. The
basic design is described in ref. [19] and the final layout
shown in fig. 3 allows much more space than is available
at COSY-11.

As shown in fig. 1, ANKE is placed in one of the
two straight sections of COSY which means that, unlike
COSY-11, it requires its own dedicated analyzing magnet.
ANKE’s basic structure is built around three dipoles. D1
deflects the circulating COSY beam through an angle α
onto the target. A spectrometer dipole magnet D2, is used
to analyze the momentum of the reaction products that
originate from a beam-target interaction. D2 deflects the
residual beam by an angle −2α, which is then compen-
sated by D3, which returns the beam back to the nominal
orbit. For each value of α, which is chosen optimally for

Fig. 3. The ANKE spectrometer setup [19], showing the po-
sitions of the three dipole magnets (D1, D2, D3), the hydro-
gen cluster-jet target, the Silicon Tracking Telescope (STT),
and the Positive (PD), Negative (ND), and Forward (FD)
detectors.
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a given experiment, D2 has to be moved perpendicularly
to the COSY straight section and, for this purpose, D2 is
installed on rails. The whole system thus forms a kind of
chicane in the COSY racetrack.

Although fig. 3 indicates a H2 cluster-jet target, which
may also be D2, one can alternatively use a strip target,
where the beam is steered onto it after injection and ac-
celeration. For experiments requiring single- and double-
polarization, there is also space in the ANKE target cham-
ber for a polarized storage-cell gas target fed by an atomic
beam source, which are discussed in sects. 2.3.2 and 2.3.1,
respectively.

The silicon tracking telescopes (STT), described in
sect. 2.3.3, which can be placed in the target chamber, are
particularly helpful in ensuring some left-right symmetry
and also in defining the vertex when using a storage cell.

The ANKE detection system consists of three distinct
parts, viz.

– The forward detector (FD) measures high momentum
particles. 0.8 < p < 3.7GeV/c, close to the COSY
beam orbit.

– The positive detector (PD) measures positive projec-
tiles with 0.3 < p < 0.8GeV/c and covers much larger
angles than the FD.

– The negative detector (ND), which is located partially
inside the D2 magnet frame, is used to measure nega-
tively charged pions and kaons. Its momentum cover-
age is similar to that of the PD.

All three systems employ multiwire proportional chambers
for track reconstruction and plastic scintillator counters to
obtain time information.

In concept the forward detector is very similar to that
used at COSY-11, being optimized to measure charged
particles emitted near the forward direction, using track-
ing and time-of-flight information. Its angular acceptance
is about 12◦ in the horizontal plane but only about 3.5◦
in the vertical.

Especial mention should be made of the 15 focal-
surface telescopes placed after the PD, that are used to un-
ambiguously identify K+. Each of these telescopes is made
up of a stop counter, an energy-loss counter, a delayed-
veto counter, and two passive degraders chosen such that
a K+ stops either at the edge of the first or in the second
degrader. The products from the K+ decay are registered
in the delayed-veto counter, with the characteristic decay
time of 12.4 ns. The delayed veto criterion leads to a sup-
pression of better than 10−5 in the non-kaon background
for both inclusive and coincidence measurements [20].

2.2.3 The WASA detector

In its first decade of operation, COSY was only equipped
with detectors for charged particles. Although eventually
some of the facilities, such as COSY-11 or TOF, were en-
hanced through the addition of neutron walls, no effort
was made to construct a detector for photons or electrons.
However this changed when it was realized in about 2002

Fig. 4. A cross-sectional diagram of the WASA detector [22],
with the beam coming from the left. Hadronic ejectiles are
measured with the forward detector on the right while meson
decay products are measured with the central detector on the
left. The individual components are described in the text.

that the already operational WASA detector would soon
become available.

WASA was installed at the CELSIUS (Uppsala) stor-
age ring and it was originally designed for the study of
rare π0 decays but its remit was extended to look for the
more interesting η decays. The operation of the detector at
CELSIUS is described in ref. [21]. Following the closure of
the CELSIUS ring in 2004, the detector was transferred to
Jülich and installed in the COSY ring. As envisaged in the
WASA proposal [22], the much higher maximum proton
energy available at COSY (2.9GeV) compared to CEL-
SIUS (1.4GeV) meant that major upgrades were needed,
especially in the forward detector, but also in the read-
out system, to allow heavier mesons, such as the η′, to be
studied. An up-to-date description of experiments using
this detector is to be found in ref. [23].

The forward detector of the WASA spectrometer is
designed to measure hadronic ejectiles and the central de-
tector to measure light mesons or their decay products. A
cross-sectional view of the apparatus is shown in fig. 4. The
forward detector, which registers particles emitted with
polar angles from about 3◦ to 18◦, consists of an arrange-
ment of thin and thick plastic scintillators and drift cham-
bers covering the full azimuthal angle3. Thick scintillators
in the forward range hodoscope (FRH) are designed to
measure energy loss via ionization. Thin scintillator layers
in the forward window counter (FWC) and forward trig-
ger hodoscope (FTH) provide precise timing information.
The kinetic energy and the particle type can be deter-
mined from the pattern of energy deposits in the thin and
thick scintillator layers. A proportional chamber system
(FPC) consists of eight layers, each with 260 aluminized
Mylar straws. Layers of the forward detector beyond the
first layer of the FRH included the Forward Range Inter-
leaving Hodoscope (FRI) detector and the Forward Veto
Hodoscope (FVH). The kinetic energy T of a proton from
say a pp → ppη reaction can be reconstructed with a res-
olution of σ(T )/T ∼ 1.5–3% for T < 400MeV.

3 The small angle cut-off due to the beam pipe in WASA
was closer to 4◦ during its operation at CELSIUS due to the
forward detector being placed nearer to the target.
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The central detector, which is designed to measure
photons, electrons, and charged pions, is surrounded by a
CsI(Na) electromagnetic calorimeter with 1012 elements
(SEC). Contained within the calorimeter is a supercon-
ducting solenoid providing a uniform 1T magnetic field
in the space directly surrounding the interaction region.
Charged particle tracking is provided by the mini drift
chamber (MDC), which is surrounded by an 8mm thick
plastic scintillator barrel (PSB) that provides precise tim-
ing and particle identification. The MDC consists of 4, 6,
and 8mm diameter straw tubes arranged in 17 layers that
are alternately axial or skewed by +3◦ or −3◦ relative
to the beam axis in order to provide three-dimensional
tracking. An iron return yoke, shown in red in fig. 4, sur-
rounds the central detector and shields the photomult-
plier tubes of the SEC from the magnetic field. As sug-
gested in the figure, the polar angle range is from 20◦
to 169◦, which represents about 96% of the geometrical
acceptance. The energy resolution of the calorimeter is
σ(E)/E ≈ 5%/

√
E[GeV].

The WASA facility is equipped with an internal target,
where frozen pellets of hydrogen or deuterium are injected
at rates of several thousand per second [24] perpendicular
to the COSY beam, as indicated in fig. 4. The pellets have
typical diameters of the order of 30μm, which provide a
target density on the order of 1015 atoms/cm2. Smaller
pellets might be desirable but there is then the dan-
ger of blocking the nozzle producing the pellets. Though
vacuum pumps are positioned as closely as possible to
the interaction region, a certain amount of residual gas
is present in the region around the target due to the
evaporation of pellets. In tests with a deuterium target,
pd → 3Heπ+π− events were selected and the vertex de-
termined from the pion tracks [23]. Over 90% of these
events originated within one centimetre of the centre of
the interaction region.

In a reaction such as pp → ppη, the two recoil protons
are measured in the forward detector and this allows the η
to be selected via the missing mass in the reaction. The η
decay products are then measured in the central detector.
Although this is the only facility at COSY that is capa-
ble of such measurements, it must be realized that, in the
absence of a magnetic spectrometer, the missing-mass res-
olution is not optimal and that this might lead to extra
background, depending upon the particular experiment.

2.2.4 The Time-of-Flight detector

Most of the spectrometers used at COSY rely on the anal-
ysis of trajectories in a magnetic field. In contrast, the
COSY-TOF spectrometer is based on the measurements
of the velocity vectors of all the charged products by com-
bining the hit positions in various detectors together with
very careful time-of-flight determinations [25]. The iden-
tification of the final particles is then achieved through
the study of what reaction could produce such a velocity
distribution at that particular energy and then optimizing
through a kinematic fitting procedure.

Fig. 5. Schematic drawing of the COSY-TOF detector, Fol-
lowing the direction of the beam, after the target there are the
start counter (Start), the straw tube tracker (Stt), the barrel
scintillators, the inner ring (Quirl), the outer ring (Ring), and
the Calorimeter. All detectors and the liquid target are located
inside the vacuum vessel [28].

Some of the most important advances achieved
through the use of COSY-TOF have been in the field
of strangeness production, where the delayed decays of
neutral particles can lead to very characteristic patterns.
Thus, in the reaction pp → K+pΛ, there may initially be
only two tracks, corresponding to the charged particles
K+ and p but, after the decay Λ → pπ−, four charged
tracks can be seen in COSY-TOF. The design of COSY-
TOF was certainly influenced by the experience gained
with the PS185 spectrometer used at the CERN Low En-
ergy Antiproton Ring (LEAR) [26]. In particular the tech-
nique to detect a Λ hyperon through its delayed decay was
developed here.

The requirements that were set for the COSY-TOF
spectrometer were [27]:

– full geometrical reconstruction of all charged particles
of a reaction,

– reconstruction of the primary and secondary vertices,
– reconstruction of the momenta through Time of Flight

for additional kinematic information,
– high background rejection.

To fulfill all these requirements, COSY-TOF was built
in a modular way such that it is possible to change the
detector length and the position of different sub-detectors.
A typical setting with the so-called long barrel is shown in
fig. 5 [28]; the calorimeter that gives energy information is
generally only used in conjunction with the shorter barrel.
It is seen from the figure that the diameter of the stainless
steel barrel is also around 3m, which makes it physically
the largest detector installed at COSY.

Despite the large size, all the detectors as well as the
liquid hydrogen or deuterium target are positioned inside
the vacuum tank, where the residual pressure of less than
7 × 10−4 mbar minimizes the effects of secondary interac-
tions and multiple scattering.

The charged particles produced in interactions in the
target are registered in three different groups of detectors.
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The first consists of a set of plastic scintillators, providing
a trigger and the start signal for the COSY-TOF mea-
surement, and a silicon quirl detector for precise track
information near the primary vertex. The latter is seg-
mented into 128 Archimedian spirals, each of which covers
an azimuthal angular range of 180◦.

All the recent experiments at COSY-TOF were carried
out with the next crucial element, the Straw Tube Tracker
(Stt)4, that is situated 25 cm downstream from the tar-
get. This consists of 2704 straw tubes, each of which is a
cylindrical minidrift chamber. The Stt actually gives the
most precise information for track and vertex reconstruc-
tion. For example, the achieved resolution in momentum
and invariant mass of the pK+Λ final state is significantly
better than that obtained purely from the time-of-flight
measurement.

The end detector region consists of scintillators cov-
ering the full cylindrical inner surface of the vacuum
tank and the end cap (Quirl and Ring detector) and the
calorimeter. The Quirl detector consists of three layers of
scintillators, the first of which is structured in 48 wedge-
shaped slices, with the other two being in the form of 24
Archimedian spirals, oriented in opposite directions. The
structure of the Ring detector is similar to the Quirl but
with twice the number of elements per layer,

Though, as seen clearly in fig. 5, the COSY-TOF de-
tector covers only a 2π solid angle in the laboratory sys-
tem, very few particles go backwards in this frame and
so the geometric coverage is almost complete. The loss of
events due to the hole that allows the primary beam to
pass through the start and silicon quirl detectors can also
be minimized. Charged particles can be triggered by the
stop detector and evaluated by the straw detector start-
ing from 2◦ but, for these low angles, the start timing and
start trigger has to be provided by a second charged par-
ticle, for example the proton if the track of the kaon in a
pK+Λ final state lies very close to the forward direction.

Of course, without a magnetic field it is not possible to
directly determine the sign of the charge of a meson and
so it is then not possible to study the full structure in, for
example, pp → ppK+K−, which is discussed in sect. 8.1.

2.2.5 The Big Karl spectrometer

It was mentioned in the introduction that the SATURNE
accelerator was equipped with a series of magnetic spec-
trometers placed on external beam lines. The only simi-
lar facility at COSY was the magnetic spectrometer Big
Karl [29]. This was actually designed as a QQDDQ fa-
cility for measurements at the JULIC cyclotron which,
as discussed in sect. 2.1, is now used as the injector for
COSY providing, for example, 45MeV protons. Big Karl
was used from about 1979 for studies of nuclear levels pro-
duction in, for example, (p, p′) or (p, d) reactions.

4 Not to be confused with the Silicon Tracking Telescopes
(STT) that were used mainly in conjunction with the ANKE
detector.
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Fig. 6. Top view of the Big Karl magnetic spectrometer. In
the standard 3Q2DQ mode of operation, particles exiting from
the target cell pass through the quadrupoles Q1, Q2 and Q2a
and are bent to the focal plane by the dipoles D1 and D2.
In the 3QD mode, high rigidity particles produced in the tar-
get are also registered emerging from the side hole of the first
dipole D1. Figure reprinted from ref. [31] with permission of
Elsevier.

The spectrometer’s design was subject to an initial
modification in order to carry out experiments at the
higher energies available at COSY [30]. In particular, the
two entrance quadrupole magnets were replaced by three
quadrupole magnets having larger geometrical accep-
tances and higher maximum magnetic field strengths. This
resulted in a version of Big Karl that was a high-resolution
3Q2DQ spectrometer, though the final quadrupole was of-
ten found not to be needed. The lay-out of the spectrom-
eter is illustrated schematically in fig. 6. It is equipped
with two sets of multi-wire drift chambers (MWDC) for
position measurement and two layers of scintillating ho-
doscopes for time-of-flight and energy loss information,
used for particle identification.

The most important parameters of the 3Q2DQ ver-
sion of Big Karl are summarized in table 1 [30]. One fea-
ture that is clearly relevant for several of the experiments
carried out at this facility is the momentum acceptance.
Thus, when measuring, for example, inclusive π+ or K+

production in proton-proton collisions more than one set-
ting of the central momentum is required in order to span
the physics region of interest. In such cases it is important
to ensure significant overlap between the settings.

However, the initial modifications described in ref. [30]
were not sufficient to exploit the full possibilities offered
by the increased energy available at COSY. In particu-
lar, the maximum momentum per charge of 1080MeV/c
was too low, for example, to measure the fast tritons from
the pd → 3H π+ reaction over much of the COSY energy
range. For such a two-body reaction, where the identifi-
cation of one particle is sufficient to isolate the reaction
and momentum resolution is less critical, a supplementary
mode of Big Karl was installed [31]. As illustrated in fig. 6,
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Table 1. Selected properties of the 3Q2DQ version of the Big
Karl magnetic spectrometer [30].

Magnet structure 3Q2DQ

Central radius 1.94m

Magnetic rigidity 0 ≤ Bρ ≤ 3.6 Tm

Max. proton momentum 1080MeV/c

Momentum resolution Δp/p ≈ 10−4

Dispersion 6.47 cm/%

Momentum acceptance ±4.5%

Max. horizontal angular acceptance ±28mrad

Max. vertical angular acceptance ±110mrad

high-rigidity particles could be measured by putting de-
tectors after the exit of the first dipole so that for these
particles Big Karl works as a 3QD spectrometer, where
the momentum range is extended up to 3240MeV/c. This
would allow the measurement of the pd → 3H π+ and
pd → 3He π0 cross sections under similar conditions to
check charge independence, as discussed in sect. 9.1.

Additional detectors were often used in combination
with Big Karl in order to register extra particles. The
GEM detector of sect. 2.2.6 could also be used in a stand-
alone mode but the MOMO detector of sect. 2.2.7 and the
ENSTAR detector of sect. 2.2.8 were designed to be used
in conjunction with Big Karl.

2.2.6 The GEM detector

Though the Big Karl spectrometer has excellent resolu-
tion, its limited angular acceptance meant that it has to
be moved several times in order to produce an angular dis-
tribution. For two-body reactions, such as pd → 3He η, a
detector with lower resolution but larger angular coverage
might be preferable. A sketch of the GEM [GE(rmanium
wall plus) M(agnet spectrograph)] detector, designed for
this purpose, is shown in fig. 7.

The first element in the GEM detector [32] (the so-
called Quirl) measures the position and energy loss of pen-
etrating particles. The active area of this diode is divided
on both sides by 200 grooves. Each groove is shaped as
an Archimedian spiral covering an angular range of 2π,
turning in opposite directions on the front and rear of the
detector. This is followed by three high-purity germanium
detectors with radial symmetry with respect to the beam
axis, as shown in the figure. These are mainly used for
measuring the energy loss of penetrating particles or the
total kinetic energy of stopped particles. These detectors
are divided into 32 wedges to reduce the counting rate per
division and this leads to a higher maximum total count-
ing rate of the total detector.

As used in experiments, GEM subtended an opening
angle of about 16.5◦ at the target and this limited in par-
ticular the excess energies up to which it could be op-
erated. In addition, in the centre of each detector there
was a hole of angular size 1.6◦ that allowed the passage

E

E2

E3

E1

Target

Fig. 7. Sketch of the GEM detector. Figure reprinted from
ref. [32] with permission of Elsevier.

of the primary beam. Though GEM was designed primar-
ily as a stand-alone facility, the presence of the central
hole permitted it to be used in combination with Big
Karl, which then worked as a zero-degree spectrometer.
Thus the COSY-GEM Collaboration worked with either
the GEM detector or Big Karl, or with both.

2.2.7 The MOMO detector

The MOMO (Monitor-of-Mesonic-Observables) vertex de-
tector was specifically designed for the measurement of the
charged mesons X± from the pd(dp) → 3HeX+X− reac-
tion [33,34], where the 3He would be analyzed in Big Karl.
A schematic view of the detector is shown in fig. 8.

MOMO consists of 672 scintillating fibres, arranged in
three planes, denoted by (1, 2, 3) in fig. 8. The fibres are
individually read out by 16-anode multichannel photomul-
tipliers. The fibres in the three planes are rotated by 60◦
with respect to each other and hits in three layers are re-
quired in order to avoid combinatorial ambiguities. It is
important to note that the sign of the charge on each of
the mesons X± is not determined and this automatically

He3

1 1

2

2

3

3

Target
Meson 2

Meson 1

Fig. 8. Front view of the MOMO vertex detector [33,34], with
the indication of a typical event. Both the primary beam and
the recoil 3He detected in Big Karl pass through the central
hole. The numbers denote the different layers and the three
boxes at the end of each read–out symbolize the phototubes.
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leads to the symmetrization of some of the differential dis-
tributions.

In its applications, the MOMO detector was placed
perpendicular to the beam direction 20 cm downstream
of the target, outside a vacuum chamber, the end wall of
which was a 5mm thick aluminum plate. The central hole,
which subtended an angle of 6◦ at the target, allowed the
passage of the primary beam and also the 3He that were
detected in Big Karl. The maximum angle of 45◦ was set
by the physical dimensions of MOMO.

Each scintillating fibre is 2.5mm thick but, when op-
erating with a deuteron beam, these were too thin to pro-
vide reliable energy information. The MOMO wall was
therefore supplemented by a hodoscope consisting of 16
wedge-shaped 2 cm thick scintillators. This hodoscope was
already used in the study of the pd → 3He K+K− re-
action [34]. Far above threshold the acceptance for a
pd → 3HeX+X− event is low, even for small 3He angles,
because one of the mesons X would miss the MOMO de-
tector. On the other hand, very close to threshold there are
significant losses of events from mesons escaping through
the central hole. Nevertheless, due to the forward boost,
the acceptance of MOMO for π+π− production is much
higher for a deuteron beam than for a proton beam at the
same c.m. energy.

2.2.8 The ENSTAR detector

The ENSTAR detector [35] was designed to detect a pair
of relatively low-energy particles emerging from a target,
with a fast particle being measured in the Big Karl spec-
trometer. A typical example, discussed in sect. 10.1, is
where a 3He is measured in Big Karl and a π−p pair,
emitted from the target almost back to back, is registered
in ENSTAR [36]. The basic design of this detector [35] is
illustrated in fig. 9.

Outer layer

Middle layer

Inner layer

Fig. 9. One half of the ENSTAR detector surrounding the tar-
get. It consists of wedges made of scintillating material and the
read-out is ensured by scintillating fibres collecting the light in
grooves milled in the wedges and transporting it to phototubes.
For clarity, some elements of the middle and outer layers have
been moved along the beam direction to provide an inner view.
Figure reprinted from ref. [35] with permission of Elsevier.

ENSTAR is cylindrically shaped, with three layers of
plastic scintillators that are used to generate ΔE-E spec-
tra for particle identification and to obtain total energy
information for the stopped particles. Each layer is di-
vided into a number of pieces to obtain angular informa-
tion. The detector consists of two identical half cylinders
that are placed symmetrically on either side of the tar-
get. There is effectively full azimuthal angular coverage,
but the modest resolution in φ of about 45◦ is sufficient
for the envisaged η-mesic nucleus search [35]. The corre-
sponding limits for the polar angle are 15◦ < θlab < 165◦.

Though, like MOMO, there is no magnetic field to help
with the particle identification, the background could be
suppressed by demanding strict timing coincidences be-
tween ENSTAR and Big Karl [35,37].

2.2.9 The EDDA detector

It could be argued that EDDA has been the most suc-
cessful detector employed at COSY because it was specif-
ically optimized for one series of experiments. It relied on
the stability and reproducibility of the circulating proton
beam because data were taken at a continuum of energies
during an acceleration or deceleration mode in COSY and
the necessary statistics were acquired through the addi-
tion of data from many such cycles. Although designed for
the measurement of proton-proton elastic scattering, the
principles could be extended to other two-body reactions,
such as pp → dπ+, where two final particles are detected
in coincidence and the resulting geometrical constraints
eliminate much of the background.

The azimuthal symmetry of EDDA, which is so impor-
tant when studying spin-dependent observables, is well il-
lustrated by the drawing in fig. 10. This shows the form of
the detector used for measuring analyzing powers and spin
correlations in pp elastic scattering [38]. Less redundancy
was required in the measurement of the unpolarized cross
section and an even simpler version could be used for the
final EDDA incarnation as the default polarimeter for ex-
periments at COSY. Since the detector was used only for
the measurement of pp → pp, most of the details of its
application there are to be found in sect. 3.1 and we here
concentrate on describing the relevant hardware.

The need to detect both final particles in a reaction
puts strong constraints on the angular acceptance. Thus
for very small angle pp scattering the recoil proton emerges
almost perpendicular to the beam with low momentum
and would not be detected. In practice, therefore, the
EDDA pp elastic scattering measurements were restricted
to c.m. angles 30◦ � θcm � 150◦.

EDDA consists of two cylindrical detector shells,
though only the outer shell was needed for the unpolarized
cross section measurements. This shell consists of 32 scin-
tillator bars (B) which are mounted parallel to the beam
axis. They are surrounded by scintillator semi-rings (R)
and semi-rings made of scintillating fibres (FR). The re-
sulting polar and azimuthal angular resolutions are about
1◦ and 1.9◦ FWHM, respectively.



Page 10 of 82 Eur. Phys. J. A (2017) 53: 114

FR

COSY−
Beam

Target−
Beam

P

P

R

B

HELIX

x y

z

1 m

Fig. 10. Schematic drawing of the EDDA detector as used
for the polarized target experiments [38]. The outer hodoscope
consists of scintillator bars B, scintillator semi-rings R and
semi-rings made of scintillating fibres FR. The inner hodoscope
HELIX consists of four layers of scintillating fibres, helically
wound in opposite directions.

In experiments involving polarized hydrogen, the tar-
get is far from point-like. There can be a non-negligible
background associated with scattering events from the un-
polarized hydrogen atoms surrounding the polarized hy-
drogen beam. This can be reduced significantly if the reac-
tion vertex is well identified, which is achieved through the
implementation of the inner detector shell, called HELIX
in the figure. HELIX is a cylindrical hodoscope consisting
of four layers of 640 plastic scintillating fibres of 2.5mm
diameter, helically wound in opposite directions so that
a coincidence of hits in the two spirals determines the
point where the ejectile traversed the hodoscope. Com-
bined with the spatial resolution of the outer detector
shell, the helix fibre detector allows vertex reconstruction
with a FWHM resolution of 1.3mm in the transverse di-
rections and 0.9mm in the COSY beam direction. Using
a fit of the vertex and scattering angles with constraints
imposed by pp elastic scattering kinematics the resulting
polar and azimuthal angular resolutions are, respectively,
about 0.3◦ and 1.3◦ FWHM.

After the completion of the EDDA physics programme,
a stripped-down version of the detector has been used ex-
tensively at COSY as an on-line beam polarimeter. For
this purpose the central helix shown in fig. 10 was re-
moved. Only carbon fibre targets were used and these
could be moved remotely into the beam in order to mea-
sure the polarization. The resulting polarimeter consists
of 29 pairs of half-rings placed to the left and right of
the beam to detect coincidences from quasi-free scatter-
ing from the carbon. The asymmetry is determined in-
dividually for each pair of half-rings and the weighted
average evaluated. This is converted into a value of the
beam polarization using dedicated C/CH2 measurements
and the EDDA values of the elastic pp analyzing powers
at that particular energy [38]. The systematic uncertainty
in the polarizations is estimated to be ≈ ±3% at each
energy [39]. It should be noted that, unless great care is
taken [40], the interaction of the beam with the target
makes the residual beam unusable for precision experi-
ments, so that generally the EDDA polarimeter is only
employed at the end of a COSY cycle.

2.3 Targets and equipment

2.3.1 The Atomic Beam Source

For experiments with an external beam, the particles pass
only once through the target so that, in order to obtain
meaningful counting rates, the targets have to be “thick”.
This causes particular problems for polarized targets be-
cause it has not been possible to produce a polarized tar-
get of pure hydrogen or deuterium on a macroscopic scale.
For example, the alcohol pentanol, which has often been
used for a polarized target, has a hydrogen content of less
than 16% and this clearly reduces the figure of merit for
any experiment [41].

The situation is very different for experiments carried
out inside a storage ring such as COSY because the beam
traverses the target a myriad of times and so much thinner
targets must be used. Polarized hydrogen and deuterium
ions are routinely produced using an Atomic Beam Source
(ABS) and, although this may not lead to targets that
are sufficiently thick, this can be compensated by using
the ABS in combination with a gas cell, as described in
sect. 2.3.2.

Several ABS systems have been used at COSY, includ-
ing those at EDDA [38], ANKE [42], and PAX [43]. These
are technologically very complex devices and the inter-
ested reader is directed to these references. Only the ba-
sic principles of an ABS, which are completely analogous
to the devices used for producing polarized beams, are
outlined here. In a static magnetic field the energy levels
of an atom split into four (hydrogen) or six (deuterium)
distinct lines though, as summarized by the Breit-Rabi
diagrams [44], the relative separations between the lines
change significantly with the field strength.

Transitions between the hyperfine states are induced
by the magnetic component of an rf field, and this leads
to changes in the populations of the states, and hence to
a possible polarization. However, very different effects can
be achieved in weak fields, where the total atomic spin is
a good quantum number, from medium and strong fields.
For hydrogen it is in principle possible to produce spin-
“up” protons with transitions in a medium strength field
whereas spin-“down” requires supplementary transitions
in a weak field. It should therefore not come as a surprise if
the polarizations “up” and “down” differed in magnitude.

The situation with deuterium is much more com-
plicated because, in addition to the vector polarization
pz = (N+−N−)/(N+ +N0 +N−), there is also the tensor
polarization pzz = (N++N−−2N0)/(N++N0+N−) to be
considered. Here the Ni are the populations of the three
magnetic sub-states for a spin-one particle in the quan-
tization direction of the source. In order to get different
mixtures of vector and tensor polarizations, various com-
binations of hyperfine transitions in weak, medium, and
strong fields must be introduced.

In the ideal case, the settings on the transition units
would specify the polarizations of the source but, due to
imperfections, this does not happen in practice and the re-
sultant polarizations have to be measured independently.
This can be done quite precisely with the help of a Lamb
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Table 2. Values of the polarizations achieved for hydrogen
and deuterium in a test experiment with the ABS used at
ANKE [42].

Beam (pz, pzz)ideal pz pzz

Hydrogen (+1,−) +0.89 ± 0.01 —

(−1,−) −0.96 ± 0.01 —

Deuterium (+1, +1) +0.88 ± 0.01 +0.88 ± 0.03

(−1, +1) −0.91 ± 0.01 +0.85 ± 0.03

(0, +1) +0.005 ± 0.003 +0.90 ± 0.01

(0,−2) +0.005 ± 0.003 −1.71 ± 0.03

Shift Polarimeter (LSP) [45], which can also be used to
optimize the polarization of the atomic hydrogen and deu-
terium beams delivered by the ABS.

In tests carried out on the ABS used at the ANKE
target station, the values of the polarizations achieved for
hydrogen and deuterium are reported in table 2 [42]. How-
ever, these are just typical examples and the choices of
hyperfine transitions, and hence polarizations, can be tai-
lored to the needs of a particular experiment. Note also
that there may be polarization losses when a beam from
an ABS is used inside COSY.

2.3.2 Polarized gas cell targets

Though an ABS can produce high quality polarized beams
of hydrogen and deuterium, they are generally too weak to
provide acceptable luminosities in a storage ring such as
COSY. The general solution to this dilemma is to use the
ABS beam to supply a storage cell that holds the polarized
atoms in the vicinity of the passage of the high-energy
circulating beam. In this way the target density can be
increased by up to two orders of magnitude compared to
the direct ABS beam [46]. Such a storage cell was routinely
used by the HERMES Collaboration working at the DESY
electron storage ring [47] and at COSY they have formed
parts of the EDDA, ANKE, and PAX programmes.

The basic design of the T-shaped system illustrated
on the left of fig. 11 is fairly general. There is a verti-
cal feeding tube that catches the gas flow from the ABS
to guide it into the horizontal tube of the storage cell
that lies along the circulating beam of the accelerator. The
minimum feeding tube diameter, which is of the order of
10mm, is determined by the extension of the focused gas
beam from the ABS. The areal density of the target in-
creases roughly like L2/d3, where d is the diameter of the
storage cell and L its length [46]. The highest density is
therefore achieved with a long target cell with the smallest
possible diameter.

The minimum diameter of the storage cell is defined by
the beam extension and, depending on the beam energy
and the cooling capabilities of the machine, diameters d
from 10 to 12mm are reasonable. With a storage cell of
length L = 390mm, this would lead to target areal densi-
ties from 3 to 6×1013 cm−2 compared to the 1×1012 cm−2

obtained directly from the ABS.

Fig. 11. Design for the openable storage cell for use at
ANKE [49] showing the typical T-shape layout, with the ver-
tical feeding tube that connects to the ABS and the storage
cell itself that lies along the COSY beam. Unpolarized hydro-
gen and deuterium gas can be introduced through the smaller
tube to the left, as can the nitrogen used for background stud-
ies. There is also an outlet to the baratron pressure monitor.
The cell can be opened (or closed) vertically along its length
with the use of a precision piezoelectric drive.

A storage cell with a diameter of 10–12mm would,
however, pose a serious obstacle for the COSY beam at
injection and during electron cooling. This would restrict
the beam intensity and hence the luminosity. One way to
overcome this limitation is to design a cell that is open at
the start of a COSY cycle and only closes once the beam
has been well prepared and is stable. The design for such
a cell is illustrated in fig. 11. The two halves of the cell
open and close vertically around the beam at each cycle
of the accelerator and in this way the storage cell is not
the limiting factor in the COSY beam intensity.

The choice of material for the walls of the storage cell is
critical. Aluminium is suitable for a rigid cell because the
target polarization is not destroyed and all but the lowest
energy ejectiles can pass through the 0.2mm walls. How-
ever, for an openable cell, such walls are too flexible to pro-
vide firm closure over the 272mm length shown in fig. 11.
Stainless steel has the necessary rigidity but, even after
coating with PTFE, there is serious loss of polarization
due to recombination effects on the walls. The successful
cell was made from titanium, which was as thin as 0.1mm
in the region of interest, coated with a 0.005mm layer of
PTFE. The rigid support structures allow the precise and
reproducible positioning of the half-tubes of the cell [48].

The cell polarizations were measured for both �H and
�D targets with the 580MeV proton beam, using the free
or quasi-free pp → dπ+ reaction for the polarimetry, with
both the d and π+ being measured in ANKE, with identifi-
cation made on the basis of time of flight. The value of the
polarization for hydrogen in the cell was 86±5%, which is
only slightly lower than the highest ABS jet polarization
observed in laboratory tests. As expected, the polarization
of the rest-gas around the cell was very low. The vector
polarization of the deuterium target was 61± 10%, which
is also consistent with there being little polarization loss
on the titanium walls [49].
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It therefore seems that the openable storage cell tech-
nology represents a major advance for the use of polarized
targets in storage rings.

2.3.3 Silicon Tracking Telescopes

The original motivation for the design of the Silicon Track-
ing Telescope (STT) was the detection of low-energy pro-
tons emerging from a deuterium target [50]. In a hard pro-
cess, such as pd → pspdη, a recoiling proton with a momen-
tum less than say 150MeV/c might be considered to be a
spectator, psp, which only influences the reaction through
the kinematic changes that it induces. In this case the re-
action can be interpreted in terms of quasi-free pn → dη.

Spectator detection in internal measurements at stor-
age rings is made easier because the low energy protons
are not lost in a liquid target and an initial trial of the
method was carried out at the CELSIUS ring [51]. How-
ever, more dedicated equipment has been constructed at
COSY [50] and the STT have found other uses, such as
the measurement of recoil protons from pp elastic scatter-
ing or facilitating the vertex location when using a long
polarized cell target.

The COSY STT have been developed to trigger, iden-
tify, and track low energy protons and deuterons. Three
layers of silicon strip detectors act as a range telescope,
combining particle trigger and time-of-flight information
with particle tracking and energy loss determination over a
wide dynamic range. Stopped particles are unambiguously
identified by the ΔE/E method and their four-momentum
determined. With the STT acting as modular building
blocks, an extended vertex detector covering a large ac-
ceptance can be setup depending on the needs of an indi-
vidual experiment.

A single STT is made up of three layers of 70, 300 and
5000μm thick double-sided structured silicon-strip detec-
tors to guarantee particle triggering and tracking over the
full energy-loss range of 0.05–50MeV. Each detector has
an active area of 64 × 64mm2. The 70 and 300μm thick
detectors have 128 strips (0.5mm pitch) per side whereas
the 5000μm thick detector has 64 segments (1mm pitch)
on each side. The segmentation and geometry have been
chosen taking into account the limitations due to small
angle scattering within the detector planes. The electron-
ics that provide information for each individual strip are
placed behind the detectors so as not to disturb the par-
ticle detection. There are independent cooling branches
so that the electronics can be kept at room temperature
whereas the detectors can be cooled down to −20 ◦C.

The layout of the STT inside the high vacuum of the
ANKE target chamber is shown schematically in fig. 12.
There is some flexibility in the location of the detector
but the first silicon layer could be placed as close as 1 cm
from the cluster-jet target so that the angular acceptance
would then be even larger than that indicated in the fig-
ure. In order to pass through the three layers, the protons
must have kinetic energies of at least 2.5MeV, 6MeV,
and 30MeV, respectively. The first of these criteria is the
most severe because about half the spectator protons from

Fig. 12. Schematic diagram of one possible layout of the three
STT layers inside the ANKE target chamber when used in
conjunction with a cluster-jet target [50].

Fig. 13. A fully assembled STT detector [50].

a deuterium target have energies below this and so such
events cannot be reconstructed.

For stopping protons with energies below 30MeV the
particle identification is unambiguous and greater preci-
sion in the angle of the recoiling proton is achieved by
deducing it from the energy measured in the telescope
rather than from a direct angular measurement. However,
by studying the energy deposited principally in the third
layer, it is also possible to deduce the energy of punch-
through protons up to 90MeV, thus expanding consid-
erably the angular coverage of the telescope. The fully
assembled STT detector illustrated in fig. 13 is compact
and transportable.

The demand that the STT identifies and determines
the track of a charged particle means that this must pass
through the first layer and hit (and possibly stop) in the
second layer of the detector. This allows the STT to be
used with a long target, such as the cell filled with po-
larized gas. The downside is the fact that a proton must
have a minimum momentum of about 70MeV/c to pass
through the first layer. In the case of elastic proton-proton
scattering it can only be used for four-momentum trans-
fers |t| > 0.005 (GeV/c)2. To access smaller momentum
transfers requires changed criteria and a different design,
an example of which is the KOALA detector.
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Fig. 14. Schematic view of the KOALA recoil detector [52],
showing the complete setup with a movable detector plane in
order to cover the desired range of recoil angles depending upon
the chosen beam momentum.

2.3.4 The KOALA detector

The prime motivation for the development of the KOALA
(Key experiment fOr pAnda Luminosity determinAtion)
detector by the PANDA Collaboration is the study of anti-
proton-proton scattering at small momentum transfers at
HESR. Since the evaluation of the pure Coulomb differen-
tial cross section, which proportional to 1/t2, is unambigu-
ous, a measurement in the region of Coulomb dominance
would determine the p̄p luminosity in an independent way
and allow parameters of the p̄p interaction to be extracted.
For this to be feasible the device must allow smaller val-
ues of momentum transfers to be studied than is possible
with the STT. This in turn requires that the particle be
registered on the front layer of a detector and that the
track be determined by demanding the beam-target inter-
action to be point-like. As described in sect. 3.1, such a
detector could also be used to investigate proton-proton
elastic scattering at COSY.

The general layout of the KOALA detector is shown in
fig. 14 [52]. In order to optimize the settings for different
beam momenta, it is possible to adjust remotely the dis-
tance of the detector plane from the interaction point. The
recoil detector will measure both the kinetic energy and
the polar angle of the recoil protons which will provide
two determinations of the momentum transfer t.

As used at COSY, the KOALA detector plane, con-
taining two 76.8mm×50mm×1mm silicon strip sensors,
was positioned about 1m from the target. Each silicon
detector has 64 strips with 1.2mm pitch. In order to mea-

sure higher-energy protons, two germanium strip detectors
with 5 and 11mm thickness were also added. These each
have have 67 readout strips and a strip pitch of 1.2mm.

2.4 Technical experiments

Two of the more difficult challenges that must be faced
when carrying out experiments inside a storage ring are
the evaluation of the beam-target luminosity L and the
precise determination of the beam momentum. At an ex-
ternal target position the beam is generally much smaller
than the area of the target and, by taking a target of uni-
form thickness, L will not depend on fine details of the
beam properties. If the fluxes of the incident and scat-
tered particles are measured, the absolute cross section
of a reaction can be determined. Even here there may be
complications due, for example, to the bulging of the win-
dows of a liquid target.

In an internal experiment the beam-target overlap
and the target thickness are very hard to estimate from
macroscopic measurements and another method must be
sought to determine the luminosity. To avoid the asso-
ciated normalization uncertainties, many experiments at
COSY have derived cross sections by comparing produc-
tion rates with those for processes with known differential
cross sections, often elastic or quasi-elastic scattering.

A much more ingenious method was implemented by
the EDDA Collaboration in their measurement of proton-
proton scattering. As described in sect. 3.1, this involved
evaluating the numbers of electrons knocked out of the tar-
get by the proton beam. Since this is an electromagnetic
process, its cross section can be calculated quite reliably.
A different approach to the problem, which is also based
upon electromagnetic processes, viz. the energy losses of
energetic charged particles as they pass through matter,
is discussed in sect. 2.4.1. The energy loss of the stored
beam, which is proportional to the target thickness, builds
up steadily in time and leads to a shift in the revolution
frequency of the machine, which can be determined by
measuring the Schottky spectra. If the characteristics of
the machine are known, the effective target thickness can
be deduced [53].

Regarding the second challenge, when performing a
precision measurement, such as determining the mass of
the η meson discussed in sect. 9.2, it is important to know
the COSY beam momentum to a fraction of a MeV/c.
Though the circulation frequency is known to better than
10−5, the same cannot be said for the length of the COSY
orbit because there may be small but significant and un-
controlled deviations from the ideal path. An alternative
approach, such as that described in sect. 2.4.2, is necessary
if great accuracy is required.

The momentum of a stored polarized proton or
deuteron beam in COSY can be determined by sweep-
ing an rf magnetic dipole or solenoid field over a spin
resonance. This perturbation induces a beam depolariza-
tion that is maximal at the resonance frequency. Taken
together, the resonance and beam revolution frequencies
completely determine the beam’s Lorentz γ factor. This
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allows the corresponding beam momentum to be deter-
mined at least one order of magnitude more precisely than
with macroscopic methods [54].

There were other technical experiments, especially sev-
eral carried out by the SPIN@COSY collaboration [55,56],
but these had less direct influence on the hadron physics
programme and will not be described here. The one that
is described explicitly is the PAX programme to study the
production of polarized protons by spin filtering. Though
the PAX experiments could have no direct influence on
the hadronic physics programme at COSY, it has been
suggested that such a technique could be used to produce
polarized antiproton beams at FAIR.

2.4.1 Determination of beam-target luminosity

When the particles in a closed orbit in COSY lose energy
in passing through the target, the fractional change in the
momentum p is proportional to the fractional change in
the frequency f of the machine:

1
p

dp

dt
=

1
η

1
f

df

dt
, (1)

where η is the so-called frequency-slip parameter. Once
this constant of proportionality is known, the rate of
change of frequency determines the effective target thick-
ness nT through [53]

nT =
(

1 + γ

γ

)
1
η

1
(dE/dx)m

T

f2

df

dt
, (2)

where T is the kinetic energy of the beam particles of mass
m, γ the Lorentz factor, and dE/dx the stopping power
of the target material.

The η-parameter, which reflects a competition between
the slowing-down due to the energy loss and an apparent
speeding up following an orbit adjustment, is a property of
COSY that is quite independent of the particular target.
Though it can be estimated from the general machine pa-
rameters, it is best measured by varying the field strength
in the bending magnets by a few parts per thousand. As
seen from fig. 15, obtained for a proton beam with a mo-
mentum of about 3.463GeV/c, the resulting frequency
change is quite linear and the slope α leads to a value
of η = 1/γ2 − α = −0.115 ± 0.003 [53].

The frequency shift is measured by analyzing the
Schottky noise power spectrum of the coasting proton
beam at a sequence of times. The origin of the Schottky
noise is the statistical distribution of the particles in the
beam, which gives rise to current fluctuations that induce
a voltage signal at a beam pick-up. The centroids of these
power spectra are shown in fig. 15 at ten equally spaced
intervals in time. After neglecting the first and last points,
the slope of these data gives df/dt = (0.163±0.003)Hz/s
for pp interactions at 3.463GeV/c [53]. By inserting the
values of df/dt and η into eq. (2), a value of the effective
target thickness can be deduced which, without any loss
of precision, can be converted into one of luminosity by
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Fig. 15. Top: variation of the revolution frequency with field
strength in the bending magnets, both in parts per thousand.
Bottom: typical mean frequency shifts derived from the Schot-
tky power spectra at ten equally spaced intervals of time. Both
measurements were conducted for settings corresponding to
protons with momenta 3.463 GeV/c [53].

multiplying by the number of beam particles measured in
the same cycle with a high precision beam current trans-
former.

The measurement relies on the particles in the beam
passing through the target more or less the same num-
ber of times so that they build up similar energy shifts.
This is confirmed by the Schottky spectrum at the end of
a cycle being similar in shape to that at the beginning.
Several corrections, described in detail in ref. [53], have to
be applied before a reliable value of the luminosity can be
obtained. The biggest of these is to account for the energy
loss caused by the interactions with the residual gas in
the ring. After making such corrections, the uncertainty
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in the luminosity in this initial experiment was estimated
to be on the 5% level [53].

Even greater precision was achieved when the Schot-
tky technique was used in the normalization of the ANKE
measurements of the proton-proton differential cross sec-
tion described in sect. 3.1. However, it is important to
note that, with the actual settings in COSY, η changes
sign for a proton kinetic energy around 1.3GeV. Due to
the resulting large error bars, the Schottky technique is of
little value for energies in this neighbourhood.

2.4.2 Precision determination of beam momentum

The determination of the momentum of a polarized elec-
tron beam through the study of induced depolarizing res-
onances was used at the VEPP accelerator to measure the
masses of a variety of neutral mesons from the φ to the
Υ [57–59]. A similar technique has been used at COSY
to measure the momentum of a vector polarized deuteron
beam [54]. If fres is the frequency of the depolarizing rf
field and f0 the revolution frequency of the beam in COSY
then the total energy Ed of a deuteron in the beam is
given by

Ed =
mdc

2

|Gd|

(
k − fres

f0

)
, (3)

where k is an integer. Under the actual conditions of
COSY, k = 1. Thus, by measuring the two frequencies it
is possible to determine Ed in terms of the deuteron mass
md and its gyromagnetic anomaly Gd = −0.1429873.

The revolution frequency f0 was measured by using
once again the Schottky noise of the beam. From all the
spectra taken over five days that were measured under the
same conditions at a particular energy, one mean spec-
trum was constructed, an example of which is presented
in fig. 16. The small tail at lower frequencies is well un-
derstood. The FWHM of the peak is below 50Hz and an
average revolution frequency of f0 = 1403831.75±0.12Hz
was deduced [54]. The tiny statistical error here is dwarfed
by the systematic uncertainty of Δf0 ≈ 6Hz that arose
from the limited preparation of the Schottky analyzer used
in the experiment. As a consequence the value of f0 was
only determined with a relative precision ≈ 4 × 10−6.

At COSY a horizontal rf field from a solenoid was
used to induce a depolarizing resonance in the deuteron
beam [54]. The polarization was measured with the EDDA
polarimeter discussed in sect. 3.1 using deuteron-proton
elastic scattering. The absolute calibration of this po-
larimeter is unimportant because it is only the frequency
dependence of the signal that is relevant. Figure 16 shows
the measured deuteron beam polarization as a function
of the rf solenoid frequency fres with statistical errors.
The major contribution to the width of the signal comes
from the momentum spread of the deuteron beam inside
COSY, which is about δp/p ≈ 2× 10−4. This value agrees
with that deduced from the study of the kinematics of the
dp → 3He η reaction described in sect. 9.2.

The structure in the middle of the resonance frequency
scan of fig. 16 is due to the interaction with a broad-band
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Fig. 16. (a) Mean Schottky power spectrum extracted from
measurements over five days at a single energy. (b) Spin-
resonance measurements at a single energy. The frequencies
shown were displaced by (a) 1.4 MHz and (b) 1.0 MHz. The
measurements were carried out with a deuteron beam of mo-
mentum ≈ 3.1 GeV/c [54].

barrier-bucket (stabilizing) cavity in COSY and does not
affect the mean position of the resonance frequency, which
was determined with a precision of ≈ 1.5×10−5. It is this
uncertainty that dominates the error in the extraction of
the deuteron energy, and hence its momentum, on the
basis of eq. (3). This resulted in a limit of Δpd/pd � 6 ×
10−5 for pd ≈ 3.1GeV/c [54]. This is over an order of
magnitude better than ever reached before for a standard
experiment in the COSY ring and is quite sufficient for
measuring the η mass, as discussed in sect. 9.2.

The method described here is far more general than the
one applied on an external proton beam using the Big Karl
spectrometer [60]. This technique was specific for the mo-
mentum 1930.477MeV/c, where the forward-going pion
from the pp → dπ+ reaction has the same momentum as
the backward-going deuteron. An experiment based upon
this principle resulted in a precision of about 5 × 10−5,
though small corrections had to be made to account for
the energy losses in the target and its windows.
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2.4.3 Spin-filtering experiments

The ultimate aim of the PAX (Polarized Antiproton eX-
periment) Collaboration is to produce beams of polarized
antiprotons that can be used to study a variety of double-
polarized p̄p interactions [61, 62]. Of particular interest
here is the transversity distribution that can be measured
in the Drell-Yan production of lepton pairs in double-
polarized p̄p collisions. The basic principle of the PAX
approach is quite straightforward but the methodology
should first be refined for proton beams.

For beam and target polarized transversally in the y-
direction, the proton-proton total cross section has the
spin structure

σtot = σ0 + σ1PQ, (4)
where P is the beam polarization and Q that of the tar-
get. Thus, if σ1 is non-zero, the pp total cross section will
depend on the relative orientations of the beam and tar-
get spin orientations. In this case, when an unpolarized
beam passes through a polarized target, one of the beam
spin orientations is preferentially absorbed and the resid-
ual beam thus acquires a polarization. The obvious disad-
vantage of this spin-filtering method is that, unless σ1/σ0

is very large, the beam intensity would be much reduced
before a significant polarization could be built up. There
are some similarities here with the measurements of the
beam lifetime discussed in connection with the TRIC ex-
periment, the difference being that in the study of Ay,y

the beam was initially polarized [63].
A proof-of-principle experiment was carried out at the

Test Storage Ring at Heidelberg using 23MeV protons
passing through a cell filled with transversally polarized
hydrogen supplied by an atomic beam source. Beam polar-
izations (both “up” and “down”) of over 1% were achieved
after about 80min of spin filtering [64].

A similar experiment was carried out by the PAX
Collaboration at COSY close to the injection energy of
45MeV [65]. The polarized hydrogen target cell was in-
stalled in one of the straight sections of COSY, in the
position previously taken by the PISA detector shown in
fig. 1. As at Heidelberg, this was fed from an atomic beam
source but the target polarization was controlled much
more precisely through the inclusion of a Breit-Rabi po-
larimeter. The electron cooler was used to compensate for
multiple small-angle Coulomb scattering and the energy
loss in the target and the residual gas in the machine [43].
The beam polarization was measured in the other straight
section of COSY using the ANKE facility, which does not
seriously affect the beam quality. The setup for this was
very similar to that used for the measurement of the an-
alyzing power in pp scattering [66], except that the target
was in the form of a deuterium cluster jet. The asymmetry
of elastically scattered deuterons was measured in a pair
of STT, with the two telescopes being placed on either
side of the target.

The rate of polarization build-up through spin filter-
ing was much slower in the COSY experiment compared
to that of Heidelberg, due mainly to the differences in
the machine frequencies and the relative sizes of the spin-
dependent cross sections. Thus about 0.8% was achieved

after 270min. It is important to realize that a beam pro-
ton has to scatter through some minimum angle in order
to leave the ring acceptance and this has to be taken into
account when making estimates of σ1 from phase-shift am-
plitudes [67]. After making this correction, there is good
agreement with the COSY data at 49.3MeV [65].

Faster polarization build-up would be possible with
an increased target thickness and this would be allowed
with an openable cell of the type discussed in sect. 2.3.2.
Also, in order to be independent of the ANKE facility, a
dedicated polarimeter, with better azimuthal coverage is
under construction. Although the COSY experiment has
shown that spin filtering works and is well understood, the
test only applies to transverse polarizations. Any test of
longitudinal spin filtering would involve a rotation of the
beam polarization and this will require the use of the new
Siberian snake.

3 Nucleon-nucleon elastic scattering

A good understanding of the nucleon-nucleon (NN) inter-
action is one of the principal goals of nuclear and hadron
physics. Apart from their intrinsic importance for the
study of nuclear forces, NN elastic scattering data are
also necessary ingredients in the modeling of meson pro-
duction and other nuclear reactions at intermediate ener-
gies. It is therefore clear that all facilities must try to fill
in any remaining gaps in our knowledge in the area. In
this respect COSY has certainly taken its responsibilities
seriously because the measurements of proton-proton elas-
tic scattering carried out at this machine have completely
revolutionized the pp database above 1GeV, where pre-
viously there had been relatively few systematic experi-
ments [68, 69]. However, as shown in sect. 3.2, significant
advances in the measurements of neutron-proton elastic
scattering have also been made at COSY.

3.1 Proton-proton elastic scattering

It is important at the outset to realize that the exter-
nal beam intensities at COSY are not sufficient to make
the study of the polarizations of recoil particles through
double-scattering experiments a very attractive proposi-
tion. On the other hand, the possibility of using a thin win-
dowless target at an internal target station of COSY offers
significant advantages over the methods used in standard
external experiments. By exploiting the repeated passage
of the polarized or unpolarized proton beam through such
a polarized or unpolarized target in COSY it was possible
to measure the differential cross section [70, 71], the pro-
ton analyzing power [38,72], and spin-correlations [73,74]
with the EDDA detector described in sect. 2.2 and illus-
trated in fig. 10. This approach allowed these observables
to be studied over effectively a continuum in energy but,
for presentational reasons, the final results were neces-
sarily published in finite-energy bins. Though a similar
technique was used earlier at the SATURNE synchrotron,
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the measurements there were restricted to the unpolar-
ized cross section and only at centre-of-mass angles close
to θcm = 90◦ [75].

Proton-proton elastic scattering can be cleanly iden-
tified by geometry if the directions of the two recoiling
protons are measured. In this case the laboratory polar
angles of fully coplanar events must satisfy

cot θ1
lab cot θ2

lab = 1 + Tp/2mp, (5)

where Tp is the laboratory kinetic energy of the beam and
mp the proton mass. Imposing this condition suppresses
significantly the contributions of multibody final states,
such as meson production. In contrast to the single-arm
measurements that are discussed later in this section, a
detailed study of the recoil energies is not required.

In all measurements of a differential cross section in
an internal experiment at an accelerator, a crucial ele-
ment is the determination of the absolute normalization,
i.e., of the beam-target luminosity L. The technique used
at EDDA involved the evaluation of the numbers of elec-
trons kicked out of the target through purely electromag-
netic proton-electron scattering. The requirements of this
procedure had a significant influence on the target design,
to which we now turn.

The EDDA targets for the cross section measurements
were made of strips of polypropylene (CH2) of dimension
4 × 5μm2 coated with a very thin layer of aluminium.
These were then strung horizontally between the prongs
of a metal fork such that they could be moved remotely
into the path of the COSY beam. The carbon background
under the pp elastic scattering peak was already much re-
duced by the coplanarity cut and the correlation require-
ment of eq. (5). In addition, the shape of the residual
background could be determined with high accuracy by
using similar carbon fibres as targets.

A key feature of the EDDA cross section measurement
is that it possessed two independent methods to deter-
mine the electron loss from the target fibres. Though these
studied electrons in widely different kinematic regions, on
average the deviations between the two methods was be-
low 1.5%. The secondary electron monitor (SEM) mea-
sured the electric current through the metal supporting
fork of the target. This current of electrons replaced the
low-energy secondary electrons emanating from the target
surface due to the interaction with the proton beam. The
alternative technique involved detecting higher-energy δ
electrons kicked out of the target in two PIN-diodes placed
downstream of the target. It must be stressed that, due to
uncertainties in the geometry etc., neither of these could
give reliable absolute normalizations. However, since the
proton-electron cross section and its energy dependence
are calculable, both methods provide excellent relative lu-
minosity determinations.

Since the target used for the differential cross sec-
tion experiment was relatively narrow, the inner shell
of the EDDA detector, called the helix in fig. 10, was
not needed for the vertex reconstruction and so only the
outer shell was left in position. There are, of course, many
detailed refinements in the very careful analysis of the
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Fig. 17. Differential cross section for elastic proton-proton
scattering at a centre-of-mass angle θcm = 89◦. The (black)
stars are EDDA points [71] whereas the (red) crosses are a se-
lection of earlier results taken from the SAID database [68,69].
The (red) dashed curve represents SAID solution SM94 be-
fore taking the EDDA data into account whereas the (blue)
solid line is that of SP07, where all the EDDA data are in-
cluded [68,69].

EDDA data [71] but, by normalizing the results on an
angular integral of the precise LAMPF measurements at
Tp = 793MeV [76], values of the pp elastic differential
cross section could be obtained from 230 to 2590MeV with
a 1% overall systematic uncertainty. In total about 4×107

good pp elastic scattering events were registered and so the
statistical uncertainties were also very low.

To illustrate the influence of the (combined) EDDA re-
sults on the phase shift analysis, we show in fig. 17 these
data at θcm = 89◦ compared to SAID solutions before and
after the EDDA results were available [68,69]. It should be
noted that the earlier SAID solution was only valid up to
1.6GeV. Also shown are a selection of results from previ-
ous experiments. The improvements in the data and their
representation are manifest. The complete EDDA 89◦ data
set is shown in fig. 18, where deviations from the SAID
SP07 are only evident at very low energies, where many
results from other experiments are available to constrain
the solution.

Due to the necessity to detect both protons in the de-
tector, the major drawback in all the EDDA data sets is
the lack of acceptance near the forward or backward direc-
tions. The lowest c.m. angle for the differential cross sec-
tions was typically θcm ≈ 35◦, depending upon the beam
energy, though this was reduced to ≈ 32.5◦ for the spin-
dependent observables.

The proton-proton differential cross sections measured
with the EDDA detector at two beam energies are shown
in fig. 19, where they are compared with the SP07 and,
at the lower energy, with a pre-EDDA partial-wave solu-
tion [68, 69]. It must be stressed that these are just two
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Fig. 18. Differential cross section for elastic proton-proton
scattering at θcm = 89◦. The EDDA data [71] are compared to
the SP07 SAID partial wave solution [68,69].
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Fig. 19. Differential cross sections for elastic proton-proton
scattering. The EDDA data (stars) [71] at the two marked
beam energies are compared with the SP07 SAID solution and,
at the lower energy, with the SM94 solution (dashed curve) [68,
69]. Early data from ref. [77] are also shown as (red) crosses.
For clarity of presentation the data and predictions at the lower
energy have been scaled by a factor of 2.

out of the very many EDDA measurements, as already in-
dicated by the 89◦ data set shown in fig. 18. The change
between the SM94 and SP07 solutions is clear and the fact
that the SP07 SAID solution passes through almost all of
the EDDA points proves that these data completely dom-
inate the SAID database above about 1GeV. One reason

for this may, of course, be the limitations of the other data
shown in fig. 19.

A full partial wave analysis clearly needs information
from spin-dependent measurements and so we now turn to
the contributions in this field made by the EDDA Collabo-
ration. The EDDA proton analyzing power, Ay, measure-
ments were carried out using the unpolarized COSY pro-
ton beam incident on a polarized hydrogen target [38,72].
This approach avoids the difficulties associated with the
depolarizing resonances in COSY so that all the EDDA
Ay results are inversely proportional to the same factor,
namely the polarization of the target. Its value can be
most reliably deduced by comparing the EDDA data at
730MeV with the results of a precise external target ex-
periment in the angular range 45 � θcm � 70◦ [78].

The target used in the EDDA experiments was a po-
larized hydrogen gas jet fed from the atomic beam source
(ABS). The typical width of the jet in the region of in-
tersection with the COSY beam was about 12mm. The
resulting luminosities of almost 1028 cm−2 s−1 were ade-
quate for the programme because of the comparatively
large cross section for proton-proton elastic scattering.
The effective polarization seen by the COSY beam was
diluted by the background of unpolarized hydrogen gas in
the COSY ring. This resulted in a variation of the effec-
tive polarization across the jet width and its effects in the
longitudinal direction were especially important at small
angles and had to be taken into consideration.

Because of the symmetry of the detector in the az-
imuthal angle φ shown in fig. 10, EDDA is ideally suited
for measuring asymmetries. The polarized differential
cross section may be written

dσ

dΩ
=

(
dσ

dΩ

)

0

[1 + Ay(Qy cos φ + Qx sin φ)] , (6)

where (dσ/dΩ)0 is the unpolarized cross section and Qy

and Qx are the target polarizations in the (transverse) y
and x directions, respectively, which were cycled around
the +x, −x, +y, and −y directions. Since, using the φ
dependence of eq. (6), any one of these polarizations would
be sufficient for the extraction of Ay, the extra redundancy
allowed the authors to eliminate the false asymmetries
that would still be observed with no target polarization.

A typical excitation function at θcm = 56◦ of the
EDDA pp elastic analyzing power above 1GeV is shown
in fig. 20, where it is compared to pre- and post-EDDA
solutions. This is just a small fraction of the total EDDA
data set and the statistical fluctuations would be reduced
if wider energy bins were used. However, such a wider bin-
ning would not be of any real benefit for the partial wave
fits. As an extra consistency check, data were taken dur-
ing the deceleration of the COSY proton beam as well as
in the acceleration mode.

Angular distributions of Ay are shown at two energies
in fig. 21, where the EDDA results [38] are compared with
small-angle data obtained at ANKE [66] and partial wave
solutions [68, 69, 79], which will be discussed later in this
section.
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Fig. 20. Proton analyzing power in pp elastic scattering mea-
sured by the EDDA Collaboration at θcm = 56◦ as a function
of the proton beam energy [38]. The curves correspond to the
SAID SP07 (blue solid line) and SM94 (red dashed line) solu-
tions, though the latter is only valid up to 1.6 GeV.
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Fig. 21. Comparison of the ANKE measurements of the pro-
ton analyzing power in pp elastic scattering at two (out of
six) energies using the STT (red filled circles) and FD (blue
filled triangles) systems [66] with results from EDDA (black
crosses) [38] for energies that differed by no more than 7 MeV.
If continuity in energy were imposed, many of the EDDA statis-
tical fluctuations would be significantly diminished. The curves
correspond to the SAID SP07 (solid black line) solution [68,69]
and a revised one (dashed red) [79].

The culmination of the innovative EDDA campaign
was provided by measurements of the spin correlations
Ayy, Axx, and Axz in pp elastic scattering [73,74]. For this
purpose the operation of the polarized gas jet target de-
scribed for the Ay measurements was extended so that the
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Fig. 22. Transverse spin correlations measured by the EDDA
Collaboration at nine flat tops above 1GeV at the fixed angle
of θcm = 57.5◦ [74]. These are compared to the results of SAID
solution SP07 [68,69].

polarization cycle included also ±z modes as well as ±y
and ±x. When using a polarized proton beam in conjunc-
tion with such a target, the dependence on the azimuthal
angle φ is more complicated than that of eq. (6) [73]. How-
ever, by studying the φ variation for different target polar-
izations it was possible to extract the value of the asym-
metry due to the beam in terms of that of the target. Since
the target polarization, or equivalently the target proton
analyzing power, had been precisely measured in the Ay

studies with an unpolarized beam [38], this led to accurate
values of the beam polarizations.

The spin-correlation measurements were carried out
using two modes, either as a study of excitation functions
with a quasi-continuous beam energy or as a series of ten
fixed energies, the so-called flat tops. One critical prob-
lem when accelerating polarized protons in a circular ma-
chine is handling the depolarizing resonances which, in the
most serious cases, is achieved by flipping the proton po-
larization. Thus, in the vicinity of the pp = 2443MeV/c
(Tp = 1678MeV) resonance the statistics in the excitation
functions are rather poor, due to the low beam polariza-
tion. The data for Ayy and Axx shown in fig. 22 were
those obtained at the nine flat tops above 1GeV at the
fixed c.m. angle of θcm = 57.5◦ [74] compared to the SAID
SP07 solution [68,69].

The angular distributions of Ayy and Axx at 1.8GeV
are shown in fig. 23 as functions of the scattering angle.
Note that both these observables are symmetric about 90◦.
The EDDA Ayy results are in reasonable agreement with
the earlier SATURNE experiment [80] but far less so with
the later one [81]. There are no other data to which one
could compare the Axx results. It is seen from both figs. 22
and 23 that the SAID SP07 solution still needs further
refinement if it is to accommodate the EDDA transverse
spin correlations. Though considerable effort was put into
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Fig. 23. Transverse spin correlations measured by the EDDA
Collaboration at 1.8 GeV as functions of the scattering angle
θcm (stars) [74]. The crosses [80] and open circles [81] represent
Ayy data taken in external target experiments at SATURNE.
The results are compared to the SAID solution SP07 [68,69].

the measurement of Axz, all the EDDA results for this
observable are consistent with zero and this is in accord
with the SAID partial wave analysis [68,69].

It is hard to overstate the impact that the EDDA data
have had on the partial wave analysis of proton-proton
elastic scattering above 1GeV. However, the basic design
of EDDA means that measurements could not be carried
out with this apparatus for c.m. angles below about 30◦.
To fill some of the void left by EDDA in this region, mea-
surements of the unpolarized differential cross section [82]
and proton analyzing power [66] have been carried out
at small angles at several discrete energies at the ANKE
facility.

The ANKE measurements differed from those carried
out with EDDA in several important respects. At ANKE a
polarized proton beam was incident on a hydrogen cluster-
jet target so that no C/CH2 subtraction was required.
Furthermore, the ANKE experiments involved single-arm
measurements, where the energy of one of the final protons
as well as its direction were measured. This allowed the
second proton to be identified through the peak in the
missing-mass distribution.

Fast protons were measured in the forward detector,
which covered 10◦–30◦ in c.m. polar angles for pp elastic
scattering and ±30◦ in azimuth, though the angular range
was cut in order to minimize acceptance uncertainties. In
the analyzing power experiment the slower recoil protons
were detected in one of the STT described in sect. 2.3.
These were placed inside the vacuum chamber near the
target, symmetrically to the left and right of the beam.
Although there was a large overlap in acceptance angle
between the FD and STT data, the latter allowed mea-

surements in c.m. angle down to ≈ 5◦. For protons stop-
ping in the third layer of the STT, greater precision in the
angle of the recoiling proton was achieved by deducing
it from the energy measured in the telescope rather than
from a direct angular measurement.

Although there were events where one proton was mea-
sured in the FD and the other in the STT, unlike the
EDDA experiment, such a coincidence requirement was
not placed on the trigger. However, for events where both
of the protons were simultaneously measured in the two
detectors it was possible to make two determinations of
the scattering angle and typically θcm(STT)−θcm(FD) ≈
0.3◦. This offset is fortunately much smaller than the bin
width used to present the data.

Just as for the EDDA spin-correlation experiments [73,
74], the use of a (vertically) polarized proton beam neces-
sitated overcoming the depolarizing resonances in COSY.
The analyzing power measurements were carried out at
796MeV and five other fixed beam energies between 1.6
and 2.4GeV that were well away from the resonances. The
values of the six beam polarizations were determined at
the end of each COSY cycle using the EDDA polarimeter
that was discussed in sect. 2.2.9 [39].

Though not possessing the same azimuthal acceptance
as the EDDA detector, the symmetric positioning of the
STT did allow the left-right asymmetry to be robustly
evaluated. On the other hand, the ANKE forward detec-
tor only covered part of one hemisphere and an asymme-
try could only be deduced if the relative luminosities for
polarizations “up” and “down” could be determined with
high precision. This was achieved by comparing the rates
of charged particle production in angular regions where
the beam polarization could have no influence. As is seen
in fig. 21, the two very different methods gave remarkably
consistent results in the overlap region, differences being
typically on the 1% level. This agreement suggests that
most of the systematic errors in the asymmetry determi-
nations are under control and that the dominant uncer-
tainty arises from the ±3% of the EDDA polarimeter [39].

Figure 21 also compares the small-angle ANKE results
at two beam energies with larger angle taken with EDDA
at neighbouring energies. Such a presentation does not re-
flect fairly the EDDA statistics because their data were
obtained at many closely spaced energies. Although there
is no overlap in angle between the EDDA and ANKE
data, there is no obvious discrepancy between the two
experiments. The solid lines represent the predictions of
the SAID solution SP07 [68, 69], which was heavily in-
fluenced by the combined EDDA data set. Since these
curves do not reproduce the rapid variation of the ANKE
measurements at small angles, partial-wave solutions were
sought that included these results along with the EDDA
and other data in the fitting process. This resulted in
the broken curves in fig. 21, which reproduce far bet-
ter the shapes defined by the ANKE points, though even
here there seem to be systematic differences at the larger
ANKE angles [79].

The luminosity in the ANKE measurement of the dif-
ferential cross section for elastic pp scattering was evalu-
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Fig. 24. Combined ANKE data set at eight beam energies of
pp elastic differential cross sections with respect to the four-
momentum transfer t [82] compared to fits made on the basis
of eq. (7). The correct values are shown at 1.0 GeV but, for
clarity of presentation, the data are scaled down sequentially
in energy by factors of 1.2. The typical systematic uncertainty
is of the order of 3%.

ated using the so-called Schottky technique discussed in
sect. 2.4.1. It was shown here that this was even more ac-
curate than the ±4% found in the initial experiment [53].
Though the cross section can be deduced from the count
rates in either the FD or STT, the acceptance can be more
reliably estimated for the forward detector and the results
shown in fig. 24 were obtained using this system.

The energy dependence of the ANKE measurements
of the pp elastic differential cross sections [82] can be seen
most clearly in terms of the four-momentum transfer t and
the results at the eight energies are shown in fig. 24. The
data in the measured region vary very smoothly on this
logarithmic plot and can be well represented by

dσ

dt
= A exp

(
−B|t| + C|t|2

)
. (7)

Good fits could be obtained at low energies with C = 0.
The perfect agreement with the ANL data at 2.2 and

2.83GeV [83] may be fortuitous because these measure-
ments have a quoted normalization uncertainty of ±4%.
The other data that overlap the ANKE results were ob-
tained at Gatchina at several energies up to 992MeV us-
ing the IKAR recoil detector [84]. These 992MeV points
are about 8% lower in normalization than the ANKE
1000MeV values.

Although the ANKE results are not inconsistent with
the EDDA data [70,71], the gap in angle between the two
data sets means that one cannot use this as direct evi-
dence in favour of the ANKE normalization. On the other
hand, the modified (“new”) SAID partial-wave solution
of fig. 25 can describe both data sets provided that the
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Fig. 25. Scaled ANKE proton-proton elastic differential cross
sections at 1.0, 2.0, and 2.8 GeV with statistical errors [82]
compared to the SAID SP07 solution [68, 69] and a “new”
partial-wave solution where the ANKE data have been taken
into account. For presentational reasons the 2.0 and 2.8 GeV
data and curves have been reduced by factors of 0.5 and 0.25,
respectively. The best agreement with the new partial wave
data was achieved by scaling the ANKE data with factors 0.97,
0.96, and 1.03 at the three energies. The deviations from unity
are consistent with the overall systematic uncertainties.

ANKE results are scaled by factors that are consistent
with the overall systematic uncertainties [79].

In the forward direction the number of proton-proton
elastic scattering amplitudes reduces from five to three
and the imaginary parts of these amplitudes are de-
termined completely by the spin-averaged and spin-
dependent total cross sections through the generalized op-
tical theorem. The corresponding real parts have been es-
timated from forward dispersion relations, where these to-
tal cross sections provide the necessary input [85]. All the
terms contribute positively to the value of A and, using
the optical theorem, the lower bound, A ≥ (σtot)2/16π, is
obtained by taking the pp spin-averaged total cross sec-
tion σtot. This lower bound and the full Grein and Kroll
estimates for A [85] are both shown in fig. 26.

Before extrapolating to t = 0 the data have to be
corrected for Coulomb effects. In the Gatchina case this
was done by adding a spin-independent Coulomb ampli-
tude [84] whereas the “new” SAID fit with and without
Coulomb provided a means to correct the ANKE data [82].
Both sets of extrapolated values are shown in fig. 26 and
the agreement of the ANKE results with the theoretical
curve is very encouraging. It is, however, unfortunate that
similar data were not taken below 1GeV.

The KOALA detector described in sect. 2.3.4 is capa-
ble of studying the proton recoils from pp or p̄p elastic scat-
tering in the momentum transfer range 10−3 � |t| � 10−1
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Fig. 27. Elastic proton-proton differential cross sections at
small momentum transfers t. The preliminary values measured
by the PANDA Collaboration with the KOALA detector at
2.5, 2.8, and 3.2 GeV/c [86] are compared to the angular de-
pendence measured at ANL at 3.0 GeV/c [83]. The normaliza-
tions of the KOALA data at the three momenta are still under
study [87] and all data are given in arbitrary units.

(GeV/c)2 [52] so that it covers different regions where the
Coulomb, the Coulomb-nuclear interference, and the nu-
clear are all significant. The detector was tested at COSY
by investigating proton-proton elastic scattering at 2.5,
2.8, and 3.2GeV/c [86]. The preliminary values obtained
for the differential cross sections are shown in fig. 27,
where they are compared with the results from ANL at
2.2GeV [83]. The overall normalizations of the KOALA
data have not yet been determined because the completely
pure Coulomb region was not fully accessed and the anal-
ysis is still proceeding [87].

It is intriguing to note that, if two KOALA arms had
been used at small momentum transfers in the ANKE

proton-proton analyzing power experiment [66], the re-
sulting data could have been sensitive to magnetic mo-
ment effects and this would have provided extra con-
straints on the amplitude analysis.

3.2 Neutron-proton elastic scattering

Since COSY was not designed for the production of ex-
ternal neutron beams, the only contributions that could
be made in neutron-proton elastic scattering have been
through quasi-free scattering with a deuterium target or a
deuteron beam and several measurements of interest have
been performed in this way.

As part of their programme to study the properties of
the possible dibaryon found in two-pion production de-
scribed in sect. 5.2, the WASA-at-COSY Collaboration
measured the analyzing power in np quasi-elastic scatter-
ing in the vicinity of the dibaryon mass of 2.38GeV/c2 [88,
89]. For this they used a polarized deuteron beam of the
maximum energy available at COSY, viz. 2.27GeV, and
detected the recoil proton in coincidence with the spectator
proton. The values of the vector and tensor polarizations
of the beam were determined using deuteron-proton elas-
tic scattering that had been measured at ANKE [90]. The
methodology was also checked by studying in parallel the
analyzing power in pp quasi-elastic scattering.

The design of the WASA detector, with its azimuthal
symmetry, makes it very suitable for measuring analyzing
powers and the full set of results is shown in fig. 28. Al-
though the SAID np analysis has been used up to a beam
energy of 1.3GeV [68,69], the data upon which it is based
are rather sparse above 1.0GeV and this leads to large
uncertainties in its application at the higher energies.

By detecting the spectator proton it is also possible to
separate the data into intervals in the total c.m. energy√

s, as for the dibaryon studies in sect. 5.2. However, this
was not done for the results shown in fig. 28 and, instead,

Fig. 28. Angular distribution of the neutron analyzing power
measured in np quasi-elastic scattering in the

√
s = 2.377 GeV

region by the WASA-at-COSY Collaboration [88]. Also shown
by the (black) solid line are the SP07 predictions [68,69], aver-
aged over the deuteron momentum distribution and the WASA
acceptance. An updated SAID solution, similarly averaged, is
shown by the (blue) dashed line.



Eur. Phys. J. A (2017) 53: 114 Page 23 of 82

the SP07 predictions [68,69] have been averaged over the
c.m. energies produced by the deuteron Fermi momenta,
as moderated by the WASA acceptance. It is immediately
clear that the SP07 partial wave solution does not repro-
duce satisfactorily the new WASA measurements. A mod-
ified solution that does take these data into account is
shown by the dashed curve [91]. The major change com-
pared to SP07 is in the 3D3 wave, where a pole has been
generated. This structure therefore gives extra evidence in
support of the dibaryon hypothesis discussed in sect. 5.2.

In summary, the WASA results show that the isoscalar
part of the SP07 solution is in conflict with data in the
1.135GeV region. Given the limited number of other mea-
surements available above 1GeV, it was possible to modify
this solution to yield the satisfactory agreement shown in
fig. 28 though, it must be stressed, there may still be ambi-
guities in this revised solution. The partial wave solutions
are considered in ref. [91], where double-spin experiments
that might clarify the dibaryon hypothesis are discussed.
There are, in fact, other measurements at COSY that have
questioned the validity of the SAID np SP07 partial wave
solution at 1.135GeV, and we now turn to these.

It has been known for many years that the charge ex-
change of deuterons on hydrogen, �dp → {pp}sn, is very
sensitive to the deuteron tensor polarization provided that
the excitation energy Epp in the recoiling proton pair is
low [92]. In this case the diproton is dominantly in an S-
wave and the Pauli principle then demands that the pro-
ton spins are antiparallel in the 1S0 configuration. There
is therefore a spin-isospin flip from the (S, I) = (1, 0) of
the deuteron to (0, 1) of the diproton. At small momentum
transfers between the deuteron and diproton the transition
amplitudes are well described in impulse approximation
in terms of the three spin-spin small-angle neutron-proton
charge-exchange amplitudes, i.e., the three spin-spin large
angle neutron-proton elastic amplitudes [92,93].

There has been an extensive programme at ANKE to
study the charge exchange of polarized deuterons on hy-
drogen and, by using a polarized target, this was also ex-
tended to include measurements of deuteron-proton spin
correlations. The polarized deuterium ion source at COSY
is capable of producing beams with a variety of vector (pz)
and tensor (pzz) polarizations. The z-direction indicated
here is the quantization axis in the polarized source sys-
tem and this is relabeled as the y-direction in the COSY
frame. This is perpendicular to the COSY ring, i.e., along
the direction of the holding fields, and it is only in this
direction that the polarization is not modified by the spin
precession.

Although some information on the beam polarizations
was available from the low-energy and EDDA polarime-
ters at 75.8MeV and 270MeV, respectively, the ANKE
Collaboration wished to measure the polarizations at the
energy of the primary experiment. This was achieved by
comparing the results for various nuclear reaction, viz.
�dp → 3He π0, �np → d π0, and �dp elastic scattering, with
values obtained in external target experiments [94]. Fol-
lowing this procedure, no evidence was found for deuterons
being depolarized during acceleration and this is com-
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Fig. 29. Differential cross sections for the dp → {pp}sn reac-
tion at 1.2 and 2.27 GeV [96] compared with impulse approxi-
mation predictions based upon the SAID SP07 solution [68,69].
The data are integrated over Epp < 3 MeV. Only statistical
errors are shown. The systematic uncertainty of ≈ 5% is par-
ticularly large at 2.27 GeV. The dashed curve at this energy
corresponds to the longitudinal np spin-spin amplitude being
reduced by 25%.

pletely consistent with the absence of depolarizing reso-
nances for deuterons over the entire COSY energy range.
Using these values of the beam polarization, together with
neutron-proton elastic scattering amplitudes taken from
the SAID PWA [68, 69], the impulse approximation de-
scribed well the dp → {pp}sn differential cross section and
tensor analyzing powers at 1.17GeV [95]. Since this reac-
tion is easily identified, and has a large figure of merit, the
results at the neighbouring energy of 1.2GeV were used
in all the subsequent ANKE experiments to determine the
tensor polarization of the beam. This is very much in the
spirit of the original work, which proposed that the reac-
tion could be used as the basis of a tensor polarimeter for
deuterons [92].

Measurements of the differential cross section and ten-
sor analyzing powers of the �dp → {pp}sn reaction were
made at 1.2, 1.6, 1.8, and 2.27GeV at ANKE using
an unpolarized hydrogen cluster-jet target [96, 97]. The
results at the lowest and highest energy are shown in
figs. 29 and 30, where they are compared to impulse ap-
proximation predictions based upon the SAID SP07 so-
lution [68, 69]. Whereas the data are well reproduced at
1.2GeV, as they are also at 1.6GeV and 1.8GeV, seri-
ous discrepancies are evident at 2.27GeV, despite the fact
that the impulse approximation approach should get bet-
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Fig. 30. Tensor analyzing powers Axx (squares) and Ayy (tri-

angles) of the �dp → {pp}sn reaction at 1.2 and 2.27 GeV for
Epp < 3MeV [96] compared to impulse approximation predic-
tions based upon the SAID SP07 solution [68,69]. The dashed
curves at 2.27 GeV correspond to a uniform reduction of the
spin-longitudinal amplitude by 25%. In addition to the error
bars shown, there could be an overall uncertainty of up to 4%
in the beam polarization at 2.27 GeV.

ter as the energy is increased. In order to see whether
these could be explained as arising from the np input, the
spin-longitudinal input amplitude at 1.135GeV was re-
duced uniformly by an ad hoc factor of 0.75. This results
in much better agreement for the analyzing powers and re-
duces significantly the discrepancy for the cross section at
2.27GeV, though it should be noted that the systematic
uncertainty in the luminosity (5%) is particularly large at
this energy.

The spin-correlation experiments were carried out at
1.2 and 2.27GeV, with a deuteron beam with a limited set
of polarization modes, incident on a teflon-coated (closed)
aluminum storage cell target, fed with a jet of polarized
atomic hydrogen [96, 97]. The polarization of the target
was flipped between “up” and “down” every five sec-
onds. Both the polarization of the hydrogen target and
the vector polarization of the deuteron beam were deter-
mined from measurements of the analyzing power of the
�np → dπ0 reaction.

By using a polarized gas target, it was possible to mea-
sure also the proton analyzing power in the d�p → {pp}sn
reaction. The impulse approximation model reproduces
the Ap

y data very well at 1.2GeV but fails completely at
2.27GeV, which is a strong indication of problems with
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Fig. 31. Spin-correlations Cx,x and Cy,y for the dp → {pp}sn
reaction at Td = 1.2 GeV and 2.27 GeV for Epp < 3 MeV [96]
compared to impulse approximation predictions [93]. The
dashed curves at 2.27 GeV correspond to the longitudinal np
spin-spin amplitude being reduced by 25%.

the spin-orbit amplitude in the isospin-zero part of the
SP07 solution [68,69].

The spin-correlation results are shown in fig. 31 and
the message here is very similar to that given by the other
ANKE data. Though there is broad agreement with the
model at 1.2GeV, at 2.27GeV the theoretical description
is improved significantly if the longitudinal np spin-spin
input is reduced by 25%.

It is immediately obvious from looking at the four fig-
ures that the ANKE data are reasonably well described
by the model at 600MeV per nucleon but the agreement
is less satisfactory at 1.135GeV, where the model should
be more reliable. The deviations in the differential cross
section are on the 10–15% level, as they are also for the
deuteron tensor analyzing powers and the spin correla-
tions. These discrepancies can be largely eliminated if the
np longitudinal spin-spin amplitude is reduced by a factor
of 0.75. This should not be taken as proof of the validity
of such a reduction; rather it indicates that a revised np
partial wave solution could give a much better description
of the ANKE data. The situation is even more extreme for
the proton analyzing power since this shows that the spin-
orbit term is very badly described in the SP07 solution.

To put some of these discrepancies into context, and
to link up to the WASA neutron analyzing power exper-
iment [89], one sees from figs. 30 and 31 that the mea-
sured values of Axx and Cx,x, extrapolated to q = 0,
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are −0.38 ± 0.03 and −0.39 ± 0.05, respectively, where
uncertainties in the beam and target polarizations have
been included. These are to be compared to the SP07
predictions shown in the figures of −0.30 and −0.48. On
the other hand, the revised np partial wave solution dis-
cussed in connection with the WASA data [89] yields
rather −0.42 and −0.31, respectively. Given that the new
solution is far from being unambiguous with respect to
observables in this region, the fact that the changes from
SP07 are both in the right direction and are of the right
order of magnitude, is very promising. Thus both the
WASA np analyzing power measurement and the ANKE
deuteron charge-exchange data indicate in similar ways
that the SAID SP07 solution [68, 69] requires modifica-
tion at 1.135GeV.

In order to go to higher energies in quasi-free interac-
tions on the deuteron at COSY, one must use a deuterium
target rather than a deuteron beam. A feasibility test was
carried out at ANKE with a 600MeV unpolarized proton
beam incident on the cell target that had been fed with
polarized deuterium atoms from the ABS [98]. Protons
from a charge exchange then had very low energies and
these were detected in STT placed to the left and right of
the target. The values of Ayy extracted from these data
at low Epp showed good continuity in three-momentum
transfer q with those obtained with a deuteron beam [96].
The major drawback of the deuterium target approach is
that it is not possible with the current STT to investigate
the region where Epp and q are simultaneously small.

Since there were successful measurements at ANKE
of the analyzing power in elastic pp scattering at small
angles that were shown in fig. 21 [66], it is natural to
wonder whether similar data could be obtained in quasi-
free �pn elastic scattering. For this purpose the collision of a
polarized proton beam with a deuterium cluster-jet target
was studied at 796MeV and five other beam energies from
1.6 to 2.4GeV and these data are still under analysis [99].
The fast proton was measured in the forward detector and
the supposed spectator proton in one of the two STT that
were placed symmetrically inside the vacuum chamber to
the left and right of the beam. The �pd → ppn reaction
could then be identified through the missing-mass peak
corresponding to the undetected neutron. Just as in the
pp case, the proton beam polarization was established on
the basis of measurements with the EDDA polarimeter.
Although the data are broadly similar to the measured
free np elastic analyzing power at 796MeV, the paucity
of the database above 1.3GeV has limited the influence of
the ANKE results.

The deuteron charge exchange reactions discussed in
this section so far are soft processes, where the momentum
transfer between the initial deuteron and the final dipro-
ton is very low. These are not to be confused with the
large momentum transfer pd → {pp}sn reactions where,
in the c.m. frame, the diproton emerges in the backward
direction with respect to the incident deuteron. The kine-
matics are then very similar to those of proton-deuteron
backward elastic scattering. The unpolarized differential
cross section for hard proton-deuteron breakup was mea-
sured at ANKE at ten proton beam energies from 0.5GeV
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Fig. 32. Differential cross section in the c.m. frame for the
pd → {pp}sn reaction averaged over the angular interval 172◦–
180◦ versus the beam energy. The experimental points are
taken from the ANKE experiments of ref. [100] (open circles)
and ref. [101] (closed circles). The predictions of one nucleon
exchange are shown by the dashed line and those of the Δ
mechanism by the thin solid line. The total predictions of the
model developed by Imambekov and Uzikov [104], including
small single-scattering contributions, are shown by the thick
solid line [101]. The upper scale shows the internal momentum
q of the nucleons in the deuteron (or diproton) for the one
nucleon exchange.

to 2.0GeV with the standard Epp < 3MeV cut [100, 101]
and the results are shown in fig. 32.

It should be noted that, throughout the energy range
shown in fig. 32, the differential cross section for the back-
ward pd → {pp}sn reaction is about two orders of magni-
tude less than that for pd → dp. However, it was sug-
gested many years ago that backward proton-deuteron
elastic scattering at high energies may be driven by the
virtual excitation of the Δ(1232) isobar and estimates of
its effects were derived in a phenomenological model using
a π+d → pp input [102, 103] and a similar approach was
initiated for diproton production [104,105].

At low energies one would expect the reaction to be
dominated by purely nucleonic degrees of freedom, so that
the main driving term is that of one-proton exchange,
which depends on the wave functions of the deuteron and
diproton. In the calculations of ref. [101], this predicts a
node for Tp ≈ 0.8GeV and in this region the Δ provides
the main contribution. Taking into account also small ef-
fects from impulse approximation terms, the overall the-
oretical description given in fig. 32 is reasonable and it
reinforces the suggestion that Δ degrees of freedom can-
not be ignored in high momentum transfer reactions even
if they involve only initial and final nucleons.

In a further investigation, the proton analyzing power
Ap

y in the �pd → {pp}sn reaction was also measured near
the backward direction at 0.5GeV and 0.8GeV [106]. It is
interesting to note that at 0.8GeV Ap

y remains small over
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Fig. 33. Total cross sections near threshold for pp → ppη,
pp → ppω, pp → ppη′, pp → ppφ, and pp → ppK+K− as
functions of the total c.m. energy available for meson produc-
tion. The (red) circles and stars represent COSY measurements
while the open (black) symbols were obtained at other labo-
ratories. The phenomenological curves are discussed with the
specific reactions.

the measured angular range from 167◦ to 180◦ whereas at
0.5GeV it becomes very large below 170◦. This different
behaviour might be linked to the dominance of different
driving terms seen in fig. 32. However, since Ap

y represents
an interference between amplitudes, it is hard to draw firm
conclusions from such data.

4 Single non-strange meson production in
nucleon-nucleon collisions

The energy range of COSY is such that it is possible to
produce non-strange mesons in nucleon-nucleon collisions
with masses up to that of the φ. This section will detail
the COSY efforts in this field, though the φ itself will
be considered in sect. 8.2 since its detection is intimately
connected with kaon pair production.

However, before we go into details of specific reac-
tions, we show in fig. 33 the total cross sections for meson
production near threshold in proton-proton scattering in
terms of the total c.m. energy W minus twice the proton
mass. This figure, which is an update of that presented in
a 2002 review [107], shows the overwhelming contribution
that COSY has made in the field from the η to kaon pair
production. It is extended even further in sect. 7 to en-
compass hyperon production, where the COSY data are
completely dominant.

4.1 Phenomenological description

In a reaction such as pn → pnη′ near threshold, the in-
teraction of the η′ with either of the two recoiling nucle-

ons is quite weak. In contrast there is a very strong Final
State Interaction (FSI) between the neutron and proton
which might even lead to the formation of a deuteron.
Although this could be taken into account by construct-
ing an np final-state wave function, it is nevertheless use-
ful to have simple closed-form expressions that describe
semi-quantitatively the main effects observed in the pro-
duction of both non-strange and strange mesons. This has
been achieved in a series of papers [108–111] and the prin-
cipal results of the approach are outlined here before the
individual experiments are discussed.

The starting point is the observation that for a real lo-
cal potential the bound state wave function u(r) and scat-
tering state wave function v(k, r) are intimately linked. If
these are chosen to satisfy real boundary conditions, then
in the S-wave

v(k, r) ≈ − 1
√

2α(α2 + k2)
u(r). (8)

Here k is the relative momentum in the scattering state
and α2 = mredB, where B is the binding energy of two
particles with reduced mass mred. The result is exact when
extrapolated to the pole at k2 = −α2, but it is generally
a good first approximation at small r and k.

If the meson production operator is of short range,
eq. (8) shows that the final S-wave triplet contribution
to the differential cross section for pp → npπ+ should be
related to that for pp → dπ+ through

d2σ

dΩ dx
(pp → npπ+) ≈ q(x)

q(−1)

√
x

2π(x + 1)
dσ

dΩ
(pp → dπ+).

(9)
The dimensionless variable x is defined as x = Qpn/
BI=0 = k2/2mredBI=0, where q(x) and q(−1) are the mo-
menta of the pion in the three- and two-body reactions,
respectively. The excess energy Qpn is the total c.m. en-
ergy in the pn system minus the rest masses. In some of
the literature it is denoted by ε.

It is important to note that eq. (9) only predicts
the S-wave spin-triplet np production in a truly model-
independent way as x → −1. Thus it breaks down at large
x when P and higher waves become important and the
shape dependence of the S-wave is significant. It also as-
sumes that the distortion introduced by pion-nucleon scat-
tering is similar for the two- and three-body final states.
More subtly, it ignores the coupling between the S and D
waves through the np tensor force. These drawbacks will
come to the fore when discussing the Big Karl experiment
in sect. 4.3.3.

Equation (9) is useful in the description of the high
energy tail of inclusive pion production, i.e., small x, even
away from threshold but it can also be integrated analyt-
ically to predict the energy dependence of the total cross
section near threshold. If the deuteron production cross
section varies like phase space, σd ≈ D

√
Q, then, using

non-relativistic integration, the three-body total cross sec-
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tion behaves as

σI=0(Q) ≈ 1
4
D

√
Q

(
Q

BI=0

)3/2 (
1 +

√
1 + Q/BI=0

)−2

,

(10)
where Q is the excess energy for either the two- or three-
body final state. It is, however, important to repeat that
this formula only corresponds to S-wave spin-triplet np
final states. The formula can be extended to take into
account the more complex energy dependence seen in
pp → dπ+ near threshold [111].

For the spin-singlet final states, which are relevant in
the pp → ppπ0 reaction, there is no bound state to which
one can normalize the cross section, i.e., there is no equiva-
lent of eq. (10). Nevertheless there is a pole corresponding
to a virtual state very close to threshold with a “binding”
energy BI=1 ≈ 0.5MeV. We would then expect this fea-
ture to dominate the pp → ppπ0 reaction close to threshold
to give an energy dependence of the form

σI=1(Q) ≈ C

(
Q

BI=1

)2 (
1 +

√
1 + Q/BI=1

)−2

, (11)

Equation (11) is often used to describe reactions such as
pp → K+Λp or pp → ppη′ but in the latter case one must
realize that there is some ambiguity in the value chosen for
BI=1 because the formula neglects the Coulomb repulsion
between the two protons.

The approach can easily be extended to the case where
the final state interaction is described by the more com-
plete Jost function (k− iα)/(k+ iβ). The results of eq. (9)
should be multiplied by (β2+k2)/(β2−α2) and an analytic
formula has been derived for the near-threshold energy
dependence of the corresponding total production cross
section [112].

4.2 Hard bremsstrahlung in proton-proton scattering

The photon is clearly not a meson, but it is neverthe-
less convenient to consider its production here because the
principle of measuring the pp → ppγ reaction by detecting
the two protons and reconstructing a missing-mass peak
is identical to that used extensively at COSY for several
mesons. Indeed the cross section for hard bremsstrahlung
production is often obtained as a by-product of a study of
the pp → ppπ0 reaction.

The threshold for π0 production in pp collisions is at
about 280MeV and so, when the first pp → ppγ exper-
iment was carried out at COSY-TOF at 293MeV [113],
pion production was much reduced by the proximity to
threshold. Since no large-acceptance photon detector was
then available at COSY, the reaction was studied by de-
tecting the two protons in the most basic version of the
COSY-TOF spectrometer. Peaks in the pp missing-mass
distribution were seen that corresponded to the produc-
tion of the π0 and the γ. The latter suffered from a large
random background, whose shape was determined from
empty-target measurements.

In most of the earlier hard bremsstrahlung experiments
carried out at other laboratories, the two protons were
measured in pairs of counters placed on either side of the
beam line and, as a consequence, they had little or no
acceptance at small pp excitation energy. A total cross
section was estimated by summing data taken at differ-
ent angles. In contrast, a large fraction of the pp → ppγ
phase space was covered in a single setting at COSY-TOF
and this allowed a Dalitz plot to be constructed. For low
pp invariant masses, i.e., energetic photons, there was a
coverage of over 95%. The coplanar photon angular dis-
tributions that could be extracted from the COSY-TOF
data were shown to be in good agreement with earlier
results, though there was an overall 20% normalization
uncertainty.

A notable feature of these data is that there was no ob-
vious evidence for the production of the 1S0 enhancement
of the pp final state, which was seen in the COSY-TOF
data on pion production. This could of course be a statis-
tical fluctuation arising from the small number (< 1500)
of events, of which only a tiny fraction would fall in the
FSI region. Alternatively, it was argued that the effect
might be caused by the electromagnetic transition opera-
tor coupling only weakly to a spin-singlet pp state [113].
This latter possibility was excluded by a later experiment
at CELSIUS, where a large FSI enhancement was seen
in the 58,000 pp → ppγ events measured using a simi-
lar missing-mass technique [114, 115]. The beam energy
of 310MeV was only slightly higher than that used at
COSY-TOF and the windowless target in the CELSIUS
experiment meant that the random background was al-
most non-existent. However, it must be noted that the
CELSIUS data at small pp excitation energy are strongly
forward peaked [114] and this might affect the measured
COSY-TOF statistics [113].

In complete contrast to the large geometric acceptance
of the COSY-TOF detector, the ANKE facility can only
measure fast protons emerging at small angles with re-
spect to the beam direction. This means that the accep-
tance for two protons from a pp → ppX reaction is maxi-
mal when these have similar momentum vectors, i.e., the
excitation energy Epp in the final pp rest frame is small. In
such cases the Pauli principle requires the diproton to be
in the 1S0 configuration. Taking a cut with Epp < 3MeV,
the group made small angle measurements of pp → {pp}sγ
at six energies between 353MeV and 800MeV [116, 117].
Such small angle studies were possible at ANKE because
of the absence of a beam-pipe hole.

Missing-mass distributions from the ANKE experi-
ment are shown for two beam energies in fig. 34 [116,117].
Although there is no real difficulty in identifying the γ
peak at 353MeV, the same is not true at 625MeV where,
for kinematic reasons, the π0 peak is considerably wider.
The bremsstrahlung reaction could then only be isolated
through a careful fitting process.

The luminosity L in the ANKE experiments was de-
termined from the number of elastically scattered protons
detected in parallel and these led to normalization uncer-
tainties that varied between about 3% and 5%, depending
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Fig. 34. Distributions in the square of the missing mass in the
pp → {pp}sX reaction at beam energies of 353 and 625MeV
for proton pairs with θpp < 20◦ [116, 117]. The expected π0

position is indicated by the arrow. In the fits, the shaded area
corresponds to the γ peak, the dashed line to the π0 peak, the
dotted to the linear accidental background, and the solid to
the sum of these three contributions.

upon the energy. In the c.m. frame the γ polar angle θγ

is 180◦ minus the diproton angle and in fig. 35 the ANKE
data at four energies are shown in terms of cos2 θγ . The
CELSIUS 310MeV data have also been evaluated for the
Epp < 3MeV cut [114] and the one point that falls within
the ANKE domain is also shown. At 310MeV it might
be reasonable to keep just the lowest multipoles, viz. E1
and M2, and these would lead to a linear dependence of
the cross section on cos2 θγ . The fit to the CELSIUS data,
0.27 + 4.27 cos2 θγ , which is also plotted, corresponds to a
forward enhancement, whereas the ANKE higher energy
data show evidence for some suppression for small θγ .

The integral of the ANKE cross section for 0◦ < θγ <
20◦ is maximal for a beam energy at around 650MeV and
the authors [117] argue that this might be associated with
a Δ(1232)N intermediate state in a relative P -wave, the
S-wave being forbidden by selection rules.

It is clear from looking at fig. 34 that the identifica-
tion of the pp → ppγ reaction through the missing-mass
peak becomes more difficult as the beam energy is raised.
This problem can be circumvented by measuring directly
the photon as well as the two protons in the WASA de-
tector. In the preliminary missing-mass spectrum taken at
a beam energy of 550MeV and shown in fig. 36 there is
a peak containing about 1.3 × 106 events at zero missing
mass sitting on a smooth background associated mainly
with photons that come from π0 decay [118]. Here both
protons were detected in the WASA Forward Detector and
about the same statistics are available where one of the

Fig. 35. Angular dependence of the differential cross section
for the pp → {pp}sγ reaction at four beam energies measured at
ANKE [116, 117]. Experimental results are shown at 353 MeV
by (black) circles, at 500 MeV by (red) squares, at 550 MeV
by (blue) triangles, and at 700 MeV by (magenta) stars. Also
shown by the (black) circled cross is the one point in this an-
gular domain measured at CELSIUS at 310 MeV [114]; the
straight line is the fit to all the 35 CELSIUS points.
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Fig. 36. Missing-mass-squared distribution for the two protons
from the pp → ppγ measured with the COSY-WASA detector
at 550 MeV [118]. These preliminary results were obtained by
measuring the photon in coincidence and putting a cut on its
c.m. energy relative to that of the two protons.

protons was measured in the Central Detector, though it
must be realized that the resolution on the momentum
of this proton is poorer than that of the one entering the
Forward. The only cut applied to these data is that the
missing energy of the two protons in the c.m. frame should
be at least 100MeV bigger than the photon energy. This
criterion, which does not eliminate good pp → ppγ events,
is responsible for producing the clear bremsstrahlung peak
in fig. 36 at 550MeV despite there being little sign of it
in fig. 34 at 625MeV.

Though the energy cut is useful way of obtaining a
reliable estimate on the number of bremsstrahlung events,
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a much more robust way of eliminating the background
comes from noting that, in the c.m. frame, a single photon
should move in the opposite direction to the proton pair.
Thus, in a two-dimensional plot of θpp + θγ versus |φpp −
φγ | there is a clear island of pp → ppγ events centred at
180◦ × 180◦ which extends only a few degrees in either
direction.

This data set probably represents the largest collection
of clean pp → ppγ events ever obtained above the pion
production threshold but results are not yet available on
the differential cross sections [118].

4.3 Single pion production in nucleon-nucleon
collisions

At the start up of most new accelerators some of the first
experiments that are performed involve pion production
from nuclear targets. The general aim of such tests is to
find optimal conditions for the creation of pion beams but,
since at COSY there were no plans to use secondary pion
beams, all research in this area was focussed on the under-
standing of the underlying reaction mechanisms. A useful
description of meson production more generally is to be
found in ref. [119].

It has already been stressed that COSY-TOF has the
big advantage of a large geometric acceptance which is so
important when measuring reactions with three or more
particles in the final state far away from threshold. The
only other spectrometer at COSY with large acceptance
is WASA, but this has a hole in the detector to allow the
unscattered beam to emerge. This subtends an angle of
about 3◦ in the laboratory and, if either proton from say a
pp → ppX reaction is produced within this cone, the event
is lost. This becomes more problematic at low energies
where, as threshold is approached, more and more events
fall into the beam pipe trap. Since there is a strong proton-
proton final state interaction, it has been argued [120] that
results of the near-threshold missing-mass measurements
carried out at IUCF [121] and the PROMICE-WASA facil-
ity at CELSIUS [122] have significant model dependence
caused, in part, by uncertainties in the Monte Carlo esti-
mation of the acceptance.

A pp → ppπ0 experiment was carried out at three ener-
gies very close to threshold by detecting the two final pro-
tons at COSY-TOF [120]. The luminosity was established
by measuring in parallel elastic proton-proton scattering
for which the uncertainty in the differential cross section
is less than 5%. Since the cross section for pion production
varies very fast with energy in the near-threshold region, it
was equally important to establish this energy to high pre-
cision. This was achieved by measuring both final particles
in the two-body pp → dπ+ reaction, which determined the
proton beam energy to 0.3MeV.

The measured total cross sections for excess energies
between about 6 and 9MeV seem to be about 50% higher
than those found at IUCF [121] and CELSIUS [122] and
the COSY-TOF authors speculated that this might be
associated with the beam-pipe problem in these two ex-
periments. This could have significant implications for the

value of the s-wave π0 production amplitudes but a greater
energy range would be needed to confirm this. Such a pro-
gramme was indeed carried out for η and η′ production at
COSY11, and this will be discussed in sect. 4.4.

Pion production in unpolarized proton-proton colli-
sions was also studied well away from threshold at a beam
energy of 397MeV [123, 124]. Since the momenta of all
three particles in the pp → ppπ0 reaction were measured
or reconstructed over a very large fraction of phase space,
an intrinsic problem was choosing which variables to use
in the presentation of the data. One that is of great inter-
est to other experiments at COSY and CELSIUS is that
of the angular distribution of the pion in bins of the exci-
tation energy Epp in the final two-proton system.

If the data in the c.m. frame are parameterized in the
form dσ/dΩ ∼ 1 + b cos2 θπ, the COSY-TOF data yield
b = −1.00 ± 0.02 for Epp < 3MeV and b = −0.17 ± 0.01
for the whole data sample. The corresponding numbers
obtained in the PROMICE-WASA (CELSIUS) experi-
ment at 400MeV [122] are b = −0.58 ± 0.03 and b =
+0.19± 0.01, respectively. There are therefore unresolved
systematic differences that are much larger than the statis-
tical uncertainties. As discussed in sect. 4.3.2, the ANKE
data at 353MeV [125] seem to be consistent with the
PROMICE-WASA results at 360MeV [122].

Since the two incident protons are identical, the pion
c.m. angular distribution must be symmetric about 90◦
and this is one test of whether systematic effects are under
control. Although this was successfully passed for the π0

at COSY-TOF [123], the group only measured π+ data
in one hemisphere. There were also clearly problems in
one hemisphere of the CELSIUS experiment when the two
photons from the π0 decay were detected in coincidence
with the two protons [126].

Though the experimental procedures were very simi-
lar for the pp → pnπ+ reaction measured in parallel at
397MeV [124], the results are significantly different be-
cause the data are dominated by the onset of the JP = 2+

Δ(1232)N intermediate state. A cut had to be imposed
to stop leakage from the pp → dπ+ reaction, where the
deuteron broke up in a secondary reaction. The strong
angular dependence, where the pion is produced prefer-
entially along the beam direction, which is illustrated in
fig. 37, is very similar to that of pp → dπ+. The measured
slope parameter is b = 2.8 ± 0.1 compared to b ≈ 3.6 for
the pp → dπ+ reaction [127].

Of course, in the case of the three-body final state
there are also S-wave spin-singlet pn contributions and
these have been estimated from the pp → ppπ0 data in
the phenomenological model presented in sect. 4.1 [111],
whose results are also shown in fig. 37. In this approach it
is assumed that the π+d final state is produced by a fusion
of the spin-triplet proton and neutron pair in the three-
body π+pn channel in a final state interaction. Starting
from experimental data on pp → dπ+, an evaluation of
the final state interaction model at 397MeV gives b ≈ 3.1,
which is very close to the COSY-TOF value [124].

The FSI model also predicts [111] a pp → pnπ+ total
cross section of about 600μb at 397MeV compared to an
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Fig. 37. Differential cross section for the pp → pnπ+ reaction
at 397 MeV in terms of the pion angle θ [124]. The best straight
line fit (dashed blue) gives an integrated cross section of (470±
20) μb whereas the FSI model of ref. [111] (solid red) predicts
about 600 μb.

experimental value of (470± 20)μb [124], where the error
bar is the authors’ estimate of the systematic uncertainty.
Given the uncertainties in both the measurement and the
calculation, the experimental result could be consistent
with the theoretical estimate. This reinforces the COSY-
TOF conclusion that it is the same intermediate state that
governs both the dπ+ and pnπ+ channels. While accepting
this, it may be a step too far to agree with the authors’
suggestion that both productions are associated with an
isovector 2+ dibaryon [124]!

To obtain information on pion production in the
isospin-zero channel requires data from neutron-proton
collisions and, in the absence of neutron beams at COSY,
this necessarily involves the use of a deuteron beam or
target. The former is clearly more suitable for COSY-
TOF because the spectator proton is then fast and all four
charged particles from dp → pppπ− can be measured. In
an initial experiment [128] the group showed that it was
possible to isolate the spectator proton (psp) so that the
resulting data could be interpreted in terms of quasi-free
np → ppπ− production.

Due to the Fermi motion of the neutron inside the
deuteron, a measurement of dp → pspppπ− provides a
scan of np → ppπ− over a range of excess energies. This
was exploited in the second COSY-TOF experiment [129],
which was carried out at a beam energy of 759MeV. The
value of the excess energy Q depended primarily on the
momentum vector of the spectator proton and the overall
energy resolution was estimated to be about 8MeV. The
data were therefore put into six bins in Q between 0 and
90MeV.

The pion angular distributions for the six mean values
of Q are shown in fig. 38. It should be noted that the
angle is here defined with respect to the direction of the
incident (virtual) neutron and not the proton that was
used for the ANKE data [130] shown in fig. 42, where only
events with the final pp excitation energy Epp < 3MeV
were considered. After taking this angle definition into
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Fig. 38. Angular distributions of the π− from the quasi-free
np → ppπ− reaction with respect to the neutron direction for
selected mean excess energies 〈Q〉. The COSY-TOF data [129]
are shown together with quadratic fits in cos θπ. The data are
normalized at 〈Q〉 = 54MeV to the PSI results [131], shown
by the dashed (blue) curve. The earlier results of Handler [132]
at this energy are parameterized by the dotted (red) curve.

account, one sees some similarities between the COSY-
TOF and ANKE data.

It is seen from fig. 38 that, even at the highest ex-
cess energy, the data can be represented by a quadratic in
cos θπ, which is a reflection of the dominance of low partial
waves in this reaction. No attempt was made to determine
the absolute luminosity and the data were normalized to
PSI measurements with free neutrons [131] that are shown
in the figure at 54MeV.

Though the COSY-TOF data show evidence for a pp
FSI, the data do not allow the angular distributions to
be displayed in bins of pp excess energy. A simple esti-
mate of the total cross section for Epp < 3MeV from the
pp effective mass distributions of ref. [129] would suggest
a somewhat lower value than the ANKE result [130] dis-
cussed in sect. 4.3.2, but such an evaluation is very crude.

4.3.1 The pp → dπ+ reaction

Over the last sixty years there have been countless mea-
surements of the pp → dπ+ or the inverse π+d → pp
reaction. One therefore has to wonder if it is possible for
COSY to add useful information in this field. Neverthe-
less, there are two experiments that are worthy of note.

The COSY-GEM Collaboration measured the pp →
dπ+ differential cross section with the Big Karl spectrom-
eter at five c.m. energies up to 3.6MeV [30, 133]. They
checked isospin invariance by comparing the integrated
Coulomb-corrected cross sections with those obtained for
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Fig. 39. The differential cross section for the pp → dπ+ reac-
tion 3.6 MeV above threshold in the c.m. frame [30, 133]. The
curve is the group’s straight line fit to the data in terms of
cos2 θ.

np → dπ0. This is clearly not without problems because,
unless one has a good reaction model, Coulomb correc-
tions are somewhat ambiguous and pion mass differences
are significant. Furthermore, absolute cross sections al-
ways present a challenge with neutron beams.

Far less contentious were the group’s measurements of
the angular distributions, an example of which is shown
in fig. 39. Due to having identical protons in the initial
channel, the cross section is symmetric about 90◦ in the
c.m. frame, so that it is a function of cos2 θ. It also means
that there can be no interference between even and odd
pion waves so that the first deviations from isotropy must
arise from either s-d interference or the squares of p-wave
amplitudes. Since s-wave pion production is expected to
be generally weak, the second of these options would seem
to be the more likely.

The data in fig. 39 are consistent with a linear be-
haviour, dσ/dΩ = a0 + a2 cos2 θ and the same is true
for the COSY-GEM data at lower energies. At 3.6MeV
the parameters are a0 = (3.31 ± 0.59)μb/sr and a2 =
(1.54±0.33)μb/sr so that, even very close to threshold, the
differential cross section displays significant anisotropy.
The near-threshold COSY-GEM data are consistent with
a2/a0 ≈ 11 η2, where η is the pion c.m. momentum in
units of the pion mass. The ratio is, of course, indepen-
dent of the uncertainties in the absolute normalization,
and may provide a more robust method to check charge
independence. Some evidence of isospin breaking in the
pion p-waves was shown many years ago in measurements
of π±p and π±d total cross sections [134] and this might
be relevant for the value of a2.

Since there is only one isospin amplitude, all the spin
observables in the pp → dπ+ and np → dπ0 reactions
should be identical. As by-products of other studies, there
were measurements at ANKE of the spin correlations Ax,x

and Ay,y in the quasi-free np → dπ0 reaction at 353 and
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Fig. 40. The combination 1 + Ax,x + Ay,y measured in the
�n�p → dπ0 reaction at 353MeV [135] as a function of cos2 θπ,
where θπ is the pion c.m. angle with respect to the neutron
direction. The (blue) squares are ANKE data (with statistical
uncertainties) in the forward hemisphere and the (magenta)
circles in the backward hemisphere. These results are compared
with the SAID �p�p → dπ+ predictions (dashed curve) [127].
Also presented are IUCF data for Az,z taken at 350MeV for
the �p�p → dπ+ reaction (red triangles) [136] and the SAID
prediction for this observable (solid curve).

600MeV [135]. Figure 40 shows the ANKE measurements
of the combination 1 + Ax,x + Ay,y at 353MeV, together
with the SAID prediction [127] of this observable. If one
neglects pion d-waves, which the SAID analysis suggests
is a very good approximation at 353MeV, this observable
is identical to the longitudinal spin-correlation parame-
ter Az,z, for which there are some measurements from
IUCF [136]. Though these have large error bars, they are
not incompatible with the ANKE results. All the ANKE
data [135] are consistent with the current SAID pp → dπ+

solution and no sign was found for any breaking of isospin
invariance.

4.3.2 Partial-wave analysis of the NN → {pp}sπ reaction

There were pioneering measurements of the pp → {pp}sπ0

differential cross section carried out at the CELSIUS stor-
age ring at a series of beam energies from close to thresh-
old up to 425MeV [122]. Here the {pp}s denotes a proton-
proton pair with low excitation energy Epp such that the
Pauli principle forces them to be in the 1S0 state. The
CELSIUS group chose to impose the cut Epp < 3MeV
and, even if this is a little arbitrary, it became the standard
for most subsequent experiments carried out at ANKE.

In some ways the pp → {pp}sπ0 reaction is an ideal one
to study at COSY because the 1S0 diproton configuration
means that there are no spin degrees of freedom in the
final state that have to be determined through a double-
scattering measurement. The differential cross section was
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measured at 800MeV at ANKE [137] by detecting both
protons in the Forward Detector, with the π0 being recog-
nized from the peak in the missing-mass spectrum. How-
ever, this restricted the angular coverage to diproton c.m.
angles less than about 15.4◦. The measurements were later
extended to cover the energy range from about 500MeV to
2.0GeV, but always in a similar small angle region [138].

The quasi-two-body pp → {pp}sπ0 reaction is kinemat-
ically very similar to that of pp → dπ+, though it must
be noted that an intermediate S-wave Δ(1232)N state,
which is so important for π+ production, is not allowed
in the π0 case. As a consequence, it is expected that the
maximum cross section would occur at a somewhat higher
energy, and that was precisely what was seen in the ANKE
data [138]. Furthermore, the ratio of π0 production to that
of π+ through these (quasi) two-body processes increases
with energy, albeit from a very low base. However, the
only ab initio theoretical estimation of π0 production with
a low Epp cut [139] fails completely to describe the exper-
imental data. It should be noted though that there can be
delicate cancelations between different partial waves. This
was shown more clearly in an amplitude analysis that took
into account new ANKE measurements of the analyzing
power. This provided evidence for resonance structure in
both s- and d-wave π0 production [140].

The most ambitious programme of measurements was
carried out at 353MeV per nucleon, where the aim was
to perform a full spin-isospin analysis of pion production
leading to the 1S0 diproton state. It was then hoped that
this would lead to the isolation of a term that was rele-
vant for chiral perturbation theory [141]. At ANKE such
experiments are only possible close to threshold, where
the spectrometer acceptance covers a large fraction of the
solid angle. The programme involved the measurement
of the differential cross section and analyzing power in
pp → {pp}sπ0 [125], the differential cross section and an-
alyzing power in quasi-free �pn → {pp}sπ− with a deu-
terium target [142], and the analyzing powers and spin-
correlations in quasi-free �n�p → {pp}sπ− with a polarized
deuteron beam and a polarized hydrogen cell target [130].

The pp → {pp}sπ0 study was carried out in a similar
manner to the earlier π0 experiments at ANKE [137,138],
but it is important to realize that the differential cross
section is symmetric about 90◦ and the analyzing power
is antisymmetric. This feature provides a useful extension
to the limited ANKE acceptance. So close to threshold
one would expect only low partial waves to contribute
and the ANKE data shown in fig. 41 are consistent with
the behaviour dσ/dΩ = a0 + a2 cos2 θπ and Aydσ/dΩ =
b1 sin 2θπ. Even if one only considers terms up to pion d-
waves, there are three complex amplitudes that can con-
tribute and the information from the three real parame-
ters must be supplemented by other constraints in order
to achieve a full amplitude decomposition.

Studies of the pn → {pp}sπ− reaction were carried
out in two stages, the first with a polarized proton beam
incident on a deuterium pellet target [142]. The full kine-
matics were determined by detecting either the spectator
proton in an STT or the produced π− in the negative de-
tector, in coincidence with the diproton pair. In the sub-
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Fig. 41. Upper panel: differential cross section for the pp →
{pp}sπ0 reaction at 353 MeV as a function of the cosine of the
pion c.m. angle. The solid (black) circles represent the ANKE
measurements [125] whereas the open (red) circles are CEL-
SIUS data obtained at 360MeV [122]. The curve is a linear fit
in cos2 θπ to the ANKE data. Lower panel: the corresponding
product of the measured analyzing power and differential cross
section for the �pp → {pp}sπ0 reaction [125]. The curve is of the
form b sin 2θπ, where the parameter b is fitted to the data.

sequent experiment, a polarized deuteron beam collided
with a polarized hydrogen cell [130]. In this case the fast
spectator proton was measured in the forward detector of
ANKE and the diproton pair in the positive detector. In
both cases the momentum of the spectator in the deuteron
rest frame was restricted such that the spread in effective
energies was not as wide as in the COSY-TOF experi-
ment [129].

The most important information obtained from the np
experiments is summarized in fig. 42. This shows the mea-
surements of the differential cross section, the proton ana-
lyzing power Ap

y, and the transverse spin correlation Ax,x,
where x lies in the horizontal COSY plane, perpendicular
to the beam direction z. Also shown are the predictions
of three possible amplitude analyzes.

In addition to the three isospin-one amplitudes needed
to describe the pp → {pp}sπ0 observables up to pion d
waves, two more isospin-zero amplitudes are required for
the pn → {pp}sπ− data. Since the 3P0, 3P2, and 3F2 pp
waves are either uncoupled or weakly coupled, the au-
thors [125] assumed the Watson theorem and took the
phases of the pion production amplitudes to be the same
as those of elastic proton-proton scattering. Taken to-
gether with the data shown in fig. 41, this fixes completely
the values of the three complex I = 1 amplitudes given in
table 3. Particularly striking is the fact that the produc-
tion from the initial 3F2 state is consistent with zero.
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Fig. 42. Predictions of the partial-wave analysis for the polar-
ized pn → {pp}sπ− reaction at 353MeV with the Epp < 3MeV
cut. The full, long-dashed, and short-dashed lines correspond
to solutions 1, 2, and 3, respectively. The ANKE experimental
data with statistical errors correspond to (a) the differential
cross-section [142], (b) Ap

y [130], and (c) Ax,x [130]. There are
no experimental data to compare with the predictions for Ax,z

shown in panel (d).

On the other hand the 3S1 and 3D1 waves are strongly
coupled by the tensor force and so it is much harder to
justify invoking the Watson theorem in this case. Fortu-
nately, the extra np information contained in fig. 42 allows
a complete amplitude reconstruction, apart from some dis-
crete ambiguities. The three possible solutions are listed
in table 3 and the resulting predictions for the observables
are shown in fig. 42.

The phase assumptions in the I = 1 case mean that
there are no discrete ambiguities in the pp → {pp}sπ0

analysis and the three solutions presented in table 3 lead
to indistinguishable curves in the two panels of fig. 41.
In contrast, in the np case there are three solutions that
are statistically very similar. As shown in fig. 42(d), a
measurement of the spin correlation parameter Ax,z in
the pn → {pp}sπ− reaction would allow one to resolve
these discrete ambiguities. However, such a measurement
could only be carried out with a polarized deuterium cell
and would require a Siberian snake to rotate the spin of
the incident proton into the beam direction. The latter
facility was not available before the termination of the
hadron physics programme at COSY.

It is nevertheless interesting to study the phases of the
two pion p-wave amplitudes from the three solutions given
in table 3, which are Im(3S1 → 1S0p)/Re(3S1 → 1S0p),
Im(3D1 → 1S0p)/Re(3D1 → 1S0p) = (−0.44,−1.32),
(0.02,−0.48), and (0.29,−0.53) for solutions 1, 2, and 3,

Table 3. Values of the real and imaginary parts of the ampli-
tudes for the five lowest partial waves deduced from fits to the
ANKE measurements at 353MeV.

Amplitude Real Imaginary

Solution 1: χ2/ndf = 101/82
3P0 → 1S0s 53.4 ± 1.0 −14.1 ± 0.3
3P2 → 1S0d −25.9 ± 1.4 −8.4 ± 0.4
3F2 → 1S0d −1.5 ± 2.3 0.0 ± 0.0
3S1 → 1S0p −37.5 ± 1.7 16.5 ± 1.9
3D1 → 1S0p −93.1 ± 6.5 122.7 ± 4.4

Solution 2: χ2/ndf = 103/82
3P0 → 1S0s 52.7 ± 1.0 −13.9 ± 0.3
3P2 → 1S0d −28.9 ± 1.6 −9.4 ± 0.5
3F2 → 1S0d 3.4 ± 2.6 0.0 ± 0.0
3S1 → 1S0p −63.7 ± 2.5 −1.3 ± 1.6
3D1 → 1S0p −109.9 ± 4.2 52.9 ± 3.2

Solution 3: χ2/ndf = 106/82
3P0 → 1S0s 50.9 ± 1.1 −13.4 ± 0.3
3P2 → 1S0d −26.3 ± 1.5 −8.5 ± 0.5
3F2 → 1S0d 2.0 ± 2.5 0.0 ± 0.0
3S1 → 1S0p −25.4 ± 1.9 −7.3 ± 1.5
3D1 → 1S0p −172.2 ± 5.6 92.0 ± 6.2

respectively5. These can be compared with the nucleon-
nucleon phase-shift analysis values of (tan δ3S1 , tan δ3D1) =
(0.03,−0.46) [68,69], which are well within the error bars
of Solution 2. If Solution 2 were indeed the correct one,
then it would suggest that the concerns over the use of
the Watson theorem for coupled channels might be less
serious than feared and this can have important conse-
quences for the modeling of meson production. However,
if the truth corresponded to one of the other solutions, one
would have to explain why the phases had suffered such
severe modifications.

4.3.3 Comparison of pp → pnπ+ and pp → dπ+

The FSI approach discussed in sect. 4.1 predicts the differ-
ential cross sections for S-wave spin-triplet np production
in the pp → π+pn reaction in terms of the cross section
for pp → π+d [109], as shown in eq. (9). The theorem is
derived on the assumption that the np potential is local
and that the coupling induced by the tensor force can be
neglected. Though, under these conditions, the theorem
is exact when extrapolated to the bound state pole, de-
viations in the physical region are minimized if the pion
production operator is of short range. The relation given in
eq. (9) was investigated in several experiments at COSY.

The ANKE pp → π+np experiment at 492MeV [143]
used a CH2 target but isolated the production on the pro-
ton by measuring the final pπ+ pairs in coincidence. The

5 We are here using the standard notation of L�, where L is
the angular momentum in the NN system and � is the angular
momentum of the meson with respect to the NN .
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Fig. 43. The results from the first Big Karl experiment (his-
togram) [144] compared with the prediction (curve) of the S-
wave final-state interaction theorem of eq. (9) [109] for pure
spin-triplet pn production.

normalization was assured by measuring also pions com-
ing from the π+d final state, though greater care had to
be taken here with the carbon background and this was
one contributor to the overall systematic uncertainties of
approximately 8%. The width of any spin-singlet contri-
bution was determined by the angular integration in the
ANKE data rather than the intrinsic energy resolution of
the apparatus.

The ANKE results were successfully discussed in the
framework of the FSI theorem of eq. (9). The shape of
the np spectrum for an excitation energy Enp < 3MeV
can be explained in terms of pure spin-triplet production
and an upper limit of any spin-singlet production of about
10% was found. This limit is not really competitive with
the direct measurements of spin-singlet production in the
pp → ppπ0 channel discussed earlier in this section. To
improve on this limit requires better effective resolution
and also the simultaneous measurement of the π+d and
π+np final states under identical conditions in order to
eliminate any normalization ambiguities. A pure hydrogen
target is clearly preferable for this purpose. These criteria
were met in experiments carried out by the COSY-GEM
Collaboration using the Big Karl spectrometer [144,145].

The Big Karl experiments were carried out at 401, 601,
and 951MeV. Only the π+ was detected in the spectrom-
eter, set close to the forward direction. In order to opti-
mize the resolution, a liquid hydrogen target of only 2mm
thickness was used, with windows made of 1μm Mylar. As
can be seen from the 951MeV data [144] shown in fig. 43,
a resolution of σ = 97 keV was achieved on the deuteron
peak and this was sufficient to put stringent bounds on the
production of the very narrow peak that would correspond
to the np spin-singlet final state.

Though corrections for acceptance, etc., were included,
these varied relatively little for Q < 20MeV so that the
data provide a robust measurement of the ratio of the
production of the π+pn and π+d final states. Also shown
in the figure is the prediction of eq. (9), where the nor-
malization was taken from the area of the deuteron peak.

Though the shape is similar to that of the experimen-
tal spectrum, it is too low by a factor of N = 2.2 ± 0.1.
This factor is reduced to about 1.8 if the model-dependent
term (β2 + k2)/(β2 − α2) is included with the value of
β = 0.927 fm−1, taken from the spin-triplet scattering
length and effective range.

Deviations from eq. (9) were also studied at the two
lower energies measured, where normalization factors of
N = 0.51±0.06 and 1.06±0.04 were required at 401MeV
and 601MeV, respectively [145]. The authors could not
explain the energy dependence of N in terms of the np
tensor force and the resulting deuteron D-state. Instead
they suggested that the culprit might be the long-range
part of the pion production operator associated with on-
shell intermediate pions. It should be noted in this context
that N changes from below to above unity at an energy
that corresponds to the Δ threshold.

Bubble chamber data are available on the pp → π+pn
and pp → π+d reactions at three energies in the 900–
1000MeV region [146–148]. Although the statistics in the
low Q region are much poorer than those of the COSY-
GEM experiment [144,145], and the resolution is far infe-
rior, the acceptance approaches 100%. These data confirm
the large normalization factor found by the COSY-GEM
Collaboration at 951MeV. However, the fully constrained
events allowed the angular distribution of the recoiling pn
system to be constructed and this showed clear evidence
for higher pn partial waves, even for excitation energies
below 20MeV [149]. It seems likely that it is the excita-
tion of these non-S-wave terms that leads to the devia-
tions from the final state interaction predictions discussed
in sect. 4.1.

4.4 η production in proton-proton collisions

By far the most extensive series of measurements of the
pp → ppη reaction near threshold was undertaken by the
COSY-11 Collaboration [17, 150, 151] and this has led to
the bulk of the low energy points shown in fig. 44. The

Fig. 44. Total cross sections for pp → ppη (upper points) and
pp → ppη′ (lower points). The η data are taken from refs. [152–
155] (closed red circles), COSY-11 [17, 150, 151] (closed black
stars), and [156] (blue crosses). The η′ data are from ref. [154,
155] (blue crosses), [157] (green star), and COSY-11 [158–161]
(closed black stars). The solid curves are arbitrarily scaled pp
FSI predictions of eq. (11).
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Fig. 45. One-dimensional distribution measured in the pp →
ppη reaction by the COSY-11 Collaboration at Q = 15.5 MeV
[150]; to a very good approximation the abscissa represents
4mpEpp. The (red) chain curve corresponds to a phase-space
distribution and weighting this arbitrarily with the pp S-wave
FSI or a P -wave factor gives the (blue or green) dashed curves.
The sum of Ss and Ps contributions (solid black curve) de-
scribes well the shape of the data.

two emerging protons were identified and their momenta
measured and the reaction isolated by finding the missing-
mass peak corresponding to the production of the η me-
son. Very close to threshold this peak stands out clearly
from the multipion background, though more care has to
be taken at the higher excess energies.

Also shown in fig. 44 is a curve corresponding to the en-
ergy dependence expected according to the pp FSI model
of eq. (11). This assumes that the data are dominated
by S-wave pp final states but this is in conflict with the
differential data at Q = 72MeV, where the valley along
the diagonal of the Dalitz plots shows strong evidence for
the production of Pp or higher waves [162]. This sug-
gests that the deviations from the curve in fig. 44 for
Q � 40MeV might be associated with the excitation of
higher partial waves. This cannot be the explanation of the
relatively high cross sections at low Q, which are proba-
bly driven by the strong ηp interaction, which is already
well known in the pd → 3He η reaction to be discussed in
sect. 9.2.

More detailed information can be obtained from look-
ing at differential distributions and the spectrum of the
excitation energy Epp in the pp system is shown in fig. 45
at an excess energy of Q ≈ 15.5MeV [150]. What is im-
mediately striking here is the sharp peaking of the experi-
mental data at very low Epp that is due to the dominance
of the Ss wave and the very strong final state interaction
between the two protons. There are minor differences in
the literature on how the FSI is modeled and the curve
shown in fig. 45 does not include Coulomb repulsion or
experimental resolution, Nevertheless, it is clear that the
model falls well below the data at large Epp. A natural
assumption is that at large Epp there are contributions
associated with Ps final waves and the combination of Ss
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Fig. 46. The pp → ppη cross section as a function of the
cosine of the η polar angle in the overall CM frame. The data
from the CELSIUS-WASA experiment [162] at Q = 72 MeV
(open circles) and Q = 40MeV (filled circles) are compared
with those of COSY-TOF [163] at Q = 41 MeV (triangles).
The Q = 72 MeV points have been shifted down by a factor
0.5 for ease of presentation. The systematic uncertainties in the
CELSIUS data are shown by the grey and black histograms,
where the black corresponds to the Q = 40 MeV data.

and Ps final waves describes the COSY-11 data very well.
Fully reconstructed pp → ppη events were also obtained
in a COSY-TOF experiment at 15MeV and 41MeV [163]
and at the higher energy these seem to show an even larger
fraction of events at large pp invariant masses.

The COSY-TOF experiment also produced angular
distributions of both the η and the pp relative momen-
tum [163] and the η differential cross section at 41MeV
is shown in fig. 46, where it is compared with CELSIUS-
WASA measurements at 40MeV and 72MeV [162]. The
shape of the distribution seems to be better defined by the
CELSIUS experiment.

Data were also obtained at ANKE in a missing-mass
experiment at Q = 55MeV and 270MeV, where a cut
of Epp < 3MeV was placed on the excess energy of the
outgoing pp pair [164]. At such high excess energies only
data at small η angles were accessible and, putting a fur-
ther cut of cos θη > 0.95, a preliminary cross section of
(4.3 ± 0.8) nb at 55MeV could be extracted, where only
the statistical error is quoted. The CELSIUS-WASA ex-
periment [162] was not very sensitive to this kinematic
region but the ANKE value does raise questions regard-
ing the restricted amplitude analysis used at CELSIUS to
extrapolate into this region.

Although the WASA programme on pp → ppη was
primarily directed towards the study of the rarer η de-
cays described in sect. 11.1, the azimuthal symmetry of
the detector makes it an ideal instrument with which to
measure analyzing powers. In order to avoid unwelcome
rotations of the proton spin and the consequent loss of
beam polarization, the field in the solenoid was switched
off [165, 166]. This was possible because at WASA the η
could be detected through the η → 2γ and η → 3π0 decays
as well as a missing-mass peak. The beam polarizations
were deduced from measurements of elastic pp scattering,
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Fig. 47. Measurement of the proton analyzing power in the
�pp → ppη reaction with respect to the η polar angle in the
c.m. frame at Q = 72MeV [165, 166]. Only statistical errors
are shown. The fits on the basis of eq. (12) used differential
cross sections measured at CELSIUS [162]. The dashed (blue)
curve represents the sin θη component, the dot-dashed (ma-
genta) curve corresponds to the sin 2θη term, whereas the solid
(red) curve is their sum. It appears from these data that the
analyzing power is driven mainly by Ps : Pp interference.

with one proton being registered in the forward detec-
tor and the other in the central detector. These asym-
metries were converted into polarizations using the ana-
lyzing powers measured by the EDDA Collaboration [38].
The experiments, which were carried out at Q = 40MeV
and 72MeV, complemented the earlier COSY-11 measure-
ments at 10MeV and 36MeV, which showed no significant
analyzing power signal [167,168].

Figure 47 shows the WASA data on the analyzing
power of the �pp → ppη reaction at an excess energy of
Q = 72MeV as a function of the c.m. polar angle of the
η [165, 166]. Near threshold we can expect Aydσ/dΩ to
be a linear combination of sin θη and sin 2θη. Taking the
unpolarized angular distribution at this energy from the
earlier WASA measurement at CELSIUS [162] shown in
fig. 46, the Ay data are well described by

Ay = (C1 sin θη + C2 sin 2θη)/(0.88 + 0.92 sin2 θη), (12)

where C1 = 0.208±0.008 and C2 = 0.018±0.009. The er-
ror bars are statistical but there may be systematic effects
in C2 arising from slightly different acceptances in the two
hemispheres. The fit is shown in fig. 47 along with sepa-
rate curves corresponding to the sin θη and sin 2θη com-
ponents. It is clear from this that the former, which arises
principally from Ps interfering with Pp waves, is much
bigger than the latter, which is probably driven mainly
by Ss : Sd interference. This is not a total surprise since
the CELSIUS data [162] have shown that the Pp contri-
bution is very strong at 72MeV and there is evidence in
fig. 45 for a Ps contribution already at 15.5MeV. In con-
trast, the group found no significant analyzing power at
Q = 15MeV [165, 166] but this is also not unexpected so
close to threshold.

4.5 η production in proton-neutron collisions

Although there were measurements of the cross section
for the quasi-free pn → pnη reaction at CELSIUS [14],
these were not carried out in the immediate vicinity of
the threshold. What is remarkable in these data is the
large ratio of η production in pn compared to pp colli-
sions, with cross section ratios being typically Rpn/pp ≈ 7.
The pd → psppnη reaction was measured closer to thresh-
old by adding the neutral particle detector to the stan-
dard COSY-11 facility [169]. The outgoing neutron was
then measured in this detector, which delivered informa-
tion about the position and time at which the registered
neutron induced a hadronic reaction. By using a single
beam energy (1.34GeV) and exploiting the spread in ex-
citation energies Q caused by the deuteron Fermi motion,
the COSY-11 authors extracted values of the pn → pnη
total cross section in three bins in Q. Although the value
of Rpn/pp was consistent with the CELSIUS results for
10 < Q < 15MeV, the COSY-11 results closer to thresh-
old were much lower than the CELSIUS factor of seven.

As the authors pointed out [169], much of this variation
could arise from the different final state interactions in the
nucleon-nucleon I = 1 and I = 0 channels. Following the
arguments given in sect. 4.1, if this factor alone is included,
one might expect that near threshold the ratio should vary
as [108]

Rpn/pp = 0.5 + C
BI=1

BI=0

(
1 +

√
1 + Q/BI=1

1 +
√

1 + Q/BI=0

)2

, (13)

where BI=0 = 2.23MeV and the authors assumed BI=1 ≈
0.68MeV. The 0.5 corresponds to the I = 1 component
in the initial pn wave and the parameter C reflects the
basic production mechanism that is outside the remit of
the FSI approach. By taking C ≈ 7, which is consistent
with high energy data, much of the near-threshold de-
crease in Rpn/pp could be explained, though more refined
data would be required to isolate clearly this effect [169].

An attempt was made at ANKE to measure the cross
section for np → dη by using a deuteron beam with the
maximum COSY energy of 2.27GeV [170]. Since the cen-
tral neutron energy is below the dη threshold, which is
at about 1.26GeV, only the upper part of the Fermi mo-
mentum contributed to η production. As can be judged
from the missing-mass distribution shown in fig. 48, it
is straightforward to identify the reaction but, being so
far below threshold, it has not been possible to sepa-
rate quasi-free production cleanly from more complicated
three-nucleon effects.

To go higher in energy at COSY, the experiment
must use a deuterium target and isolate the pd → pspdη
by detecting explicitly the spectator proton. Such an
experiment was undertaken at ANKE, where the specta-
tor proton was detected in one of the two STT [171]. The
data, which covered the range 0 < Q < 100MeV in excess
energy, are still under analysis but preliminary results in
the range below 20MeV indicate an ηd scattering length
of magnitude |aηd| ≈ 1.2 fm [172].
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Fig. 48. Missing-mass spectrum after background subtrac-
tion for the dp → dpX reaction at 2.27 GeV from preliminary
ANKE data for 5 < Q < 10 MeV [170].

4.6 ω production in proton-proton scattering

With the possible exception of the η′, the natural widths
of the other mesons discussed in this section are much less
than the resolution of the detectors available at COSY.
As a consequence, any improvement in the resolution au-
tomatically improves the signal-to-background ratio. This
is no longer true for ω production because in the COSY
experiments the missing-mass peak is dominated by the
natural meson width of Γω = 8.49 ± 0.08MeV/c2 [173].
There is therefore a large background of mainly two- and
three-pion production that has to be mastered.

In some experiments only the two final protons were
measured [174,175] but in more refined approaches the π+

and π− from the three-pion decay of the ω were detected
in coincidence [176–180]. However, in all cases one is still
faced with the problem of separating the ω signal from the
background. Although this can be done by fitting smooth
curves on either side of the ω peak, there are two other
procedures that deserve closer attention.

In the COSY-TOF missing-mass spectrum of fig. 49,
the background was explicitly modeled in terms of ρ pro-
duction and decay plus larger contributions coming from
direct two- and three-pion production. By allowing each
of these contributions to be included with fitted weights,
a good overall description of the multipion background
could be achieved. However, it was assumed in this analy-
sis that these non-ρ pion productions followed phase space
although in reality the spectra would be distorted in some
way by Δ or N∗ isobar production.

In an alternative, more empirical approach, it was as-
sumed that in experiments with magnetic spectrometers
the shape of the multipion background was determined
mainly by the limited spectrometer acceptance, so that
the shape of the background was taken from sub-threshold
measurements. Rather than simply shifting the data from
negative Q to positive Q, in the Saclay experiment the
sub-threshold data were analyzed as if they had been
taken at the energy of the ω signal [174]. The ANKE data
were taken at only two energies, well above threshold, but
a similar procedure was adopted, taking the background
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Fig. 49. Proton-proton missing-mass spectra at an excess en-
ergy of Q = 128 MeV with respect to the nominal ω thresh-
old [180]. Also shown are normalized Monte Carlo distributions
obtained for resonant pp → pp (ρ → π+π−) and plane-wave
two- and three-pion production. The sum describes the non-ω
background very well.

Fig. 50. Total cross sections for pp → pp ω in terms of the
nominal value of Q, i.e., neglecting the ω width. The data are
taken from refs. [174] (blue stars), [175] (red squares), and [180]
(black circles). The (blue) dashed curve is an arbitrarily scaled
pp FSI prediction of eq. (11), whereas the (red) solid one has
been smeared over the ω width.

away from the ω peak at one energy and using it un-
der the ω peak at the other [175]. The practice of using
sub-threshold data to determine the shape of multipion
background is quite common at COSY, for example in
the measurement of dp → 3He η at COSY-11 [181] and
ANKE [182].

The values of the low energy pp → ppω total cross
sections extracted from the COSY and earlier Saclay ex-
periments are shown in fig. 50 along with the arbitrarily
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normalized pure pp FSI prediction of eq. (11). This as-
sumes that the final pp pair is in the 1S0 state and the
deviations at large Q are, like the η production data of
fig. 44, due to P and higher waves in the pp system. The
deviations close to threshold probably arise from the finite
width of the ω and smearing the pp FSI predictions over
this width gives the modified curve that is also shown in
the figure.

Apart from reducing somewhat the multipion back-
ground, detecting the decay products of the ω allows one
to determine the tensor polarization (the alignment) ρ00

of this meson. At threshold the only transition allowed
is 3P1 → 1S0s and this leads to ω spin projections of
mω = ±1 along the beam axis and hence ρ00 = 0. The
COSY-TOF Collaboration has measured ρ00 at excess en-
ergies of Q = 92, 128, and 173MeV and seen a significant
departure from the threshold value towards the unpolar-
ized value of ρ00 = 1/3 [180]. The results at the three
energies could be parameterized as ρ00 = Q/3(Q + A),
where A = 90 ± 35MeV.

In principle the various angular distributions in the
pp → ppω reaction could be investigated by just mea-
suring the two final protons but the large data sample
of relatively clean ω events in the COSY-TOF experi-
ments, especially at 128MeV, has allowed angular dis-
tributions to be extracted in the c.m., the helicity, and
the Jackson frame [180]. At this energy the proton an-
gular distribution is relatively flat in all three frames
though the ω c.m. dependence is quite strong, varying
like 1 + (0.97± 0.21) cos2 θω. These two facts suggest that
the other important final wave is 1S0p, though this would
give an angular dependence to ρ00.

The other valuable piece of evidence that is rele-
vant for the presence of higher partial waves comes from
the measurements of the proton analyzing power of the
�pp → ppω, where a value consistent with zero was found
at Q = 129MeV [183]. This would follow if the extra par-
tial waves were spin-triplet since there would then be no
interference with the threshold spin-singlet for the ana-
lyzing power. However, this would also be the case for the
differential cross section, so that this may not be the origin
of the observed anisotropy in θω. Of course, the vanishing
of the analyzing power could be the result of an accident in
the phases of the production amplitudes. The rich COSY-
TOF pp → ppω data set [180, 183] will certainly provide
a challenge for modelers.

There was one measurement of quasi-free pn → dω
production, where the spectator proton in the pd → pspdω
was measured in two energy regions in an early version of
a Silicon Tracking Telescope [184]. Though the total cross
sections could be a little larger than those for pp → ppω,
the error bars are large, due to the limited statistics and
the very significant multipion background.

4.7 η′ production in proton-proton scattering

A particularly interesting case of near-threshold meson
production is the COSY-11 study of the pp → ppη′ re-
action. This is because the meson has a natural width of
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Fig. 51. The missing-mass spectrum for the pp → ppX re-
action at an excess energy of Q = 0.8 MeV with respect
to the ppη′ threshold [185]. The experimental data are pre-
sented as points while the line corresponds to the sum of
the Monte Carlo generated signal for the pp → ppη′ reac-
tion with Γη′ = 0.226 MeV/c2 and the background obtained
from another energy. Having a reliable parametrization of the
background, it is straightforward to extract the numbers of η′

mesons produced from the missing-mass peak.

some hundreds of keV/c2, which is comparable to the res-
olution of the spectrometer. The COSY-11 measurement
of the pp → ppX missing-mass distribution at an excess
energy of Q = 0.8MeV with respect to the η′ threshold is
shown in fig. 51 [185]. Since the COSY beam momentum
was not known with sufficient precision from macroscopic
measurements, it could be fixed to ±0.2MeV/c by using
the standard value of the η′ mass, as given in the PDG
tables [173].

The acceptance of the COSY-11 or ANKE spec-
trometer for such reactions increases as threshold is ap-
proached from above because the two final protons are
then squeezed into a smaller and smaller forward cone.
This advantage no longer holds for, e.g., the MOMO
and WASA detectors where particles are lost down the
beam pipe. The missing-mass resolution also improves
near threshold because, just as for the pd → 3He η reac-
tion discussed in sect. 9.2, the value of MX is stationary
at threshold. As a consequence, the missing-mass peak in
fig. 51 stands out very clearly.

The background in the figure is mainly due to multi-
pion production which changes very smoothly with beam
energy. The shape of the background, which is fixed dom-
inantly by the characteristics of the spectrometer, can be
determined by fitting data taken at a different energy and
then shifting the spectrum so that the kinematic limits
coincide. This method gave a very good description of the
background at all the energies studied and it allowed the
η′ peak to be isolated for the different values of Q. Even at
the highest COSY-11 energy of Q = 46.6MeV, the rather
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flat angular distribution was consistent with pure s-wave
production [160].

The series of measurements at COSY-11 [161,185,186]
yielded two important Physics results. The 21 COSY-11
points completely dominate the energy dependence of the
pp → ppη′ total cross section displayed in fig. 44, where
the values are typically a factor of 30 or more below those
for η production. It is also immediately apparent from
this figure that any enhancement of the cross section at
low Q is much less than that for η production. It would
therefore seem that the magnitude of the η′p scattering
length, aη′p, must be significantly smaller than that of
η p. Numerical estimates of aη′p were given in ref. [161],
though there is some model dependence in the imaginary
part. The relatively weak interaction of the η′ with the
proton has significant consequences for the chances of this
meson binding to nuclei.

The Particle Data Group obtained a value of the nat-
ural width of the η′ by making fits to 51 measurements
of partial widths, integrated cross sections, and branch-
ing ratios [173]. The existing direct measurements of the
line width had very large uncertainties and a more accu-
rate one was clearly highly desirable. This was achieved
with the COSY-11 data [185]. In the η′ threshold region
the circulating proton beam has a momentum spread of
FWHM = 2.5MeV/c. However, due to the position of the
COSY-11 target in a dispersive region of COSY, the mo-
mentum spread seen at the target could be reduced down
to a mere ±0.06MeV/c. This therefore gave a negligible
contribution to the total experimental missing-mass reso-
lution of FWHM ≈ 0.33MeV/c2.

By analyzing simultaneously data taken at five ex-
cess energies, from 0.8 to 4.8MeV, the width was de-
termined to be Γη′ = (0.226 ± 0.017(stat) ± 0.014(syst))
MeV/c2 [185]. This direct measurement is to be compared
with the PDG fit value of (0.198 ± 0.009)MeV/c2, which
was obtained by summing the partial cross sections and
normalizing on the γγ → η′ production rate [173]. The
agreement is very reassuring.

5 Two-pion production in nucleon-nucleon
collisions

5.1 Two-pion production in proton-proton collisions

Although much of the excitement in recent years has been
connected with two-pion production in neutron-proton
collisions, COSY has also made some useful contributions
in proton-proton collisions. The simplest of these to dis-
cuss is the ANKE experiment where, in an inclusive mea-
surement, only two protons from the pp → ppX reaction
were detected at pp excitation energies Epp < 3MeV [164].
This was already mentioned in connection with η produc-
tion in sect. 4.4, where it was stressed that, under these
conditions, the diproton acts kinematically like a single
particle. The acceptance at ANKE is restricted to very
small angles and the raw data shown in fig. 52 were ob-
tained for the cosine of the c.m. diproton angle bigger than
0.95.
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Fig. 52. Distribution in missing-mass squared for the pp →
{pp}sX reaction for Epp < 3 MeV and cos θpp > 0.95 at (a) 0.8,
(b) 1.1, (c) 1.4, and (d) 2.0 GeV [164]. The η signal seen at the
two higher energies was already mentioned in sect. 4.4. The
curves represent normalized simulations within a phase-space
model.

There is a region of missing masses 270 � MX �
420MeV/c2 where the data in fig. 52 must correspond
to two-pion production and it was argued [164] that even
at higher MX two-pion production probably dominates.
Even if this were true, one has no way of knowing the
relative weights of π+π− and π0π0 in the final state. Nev-
ertheless, there is one intriguing feature to note in the
data. At 1.1GeV and possibly also at 1.4GeV there is a
strong enhancement compared to phase space at low di-
pion masses. This is the so-called ABC effect [187] that
will be described in some detail in sect. 9.3. On the other
hand, at 0.8GeV, i.e., Q ≈ 80MeV, there is a kind of anti-
ABC effect where the enhancement comes at the largest
dipion masses. Exactly the same behaviour is observed in
the pd → 3He π+π− reaction by the MOMO Collabora-
tion [33], as discussed in sect. 9.3. This striking feature
should be reproduced in any modeling of the ABC phe-
nomenon.

Whereas the ANKE measurements [164] covered only a
tiny region of phase space, much more global studies were
undertaken in experiments carried out at COSY-WASA
and COSY-TOF. The COSY-TOF measurements of pp →
ppπ+π− were carried out at 747 and 793MeV using a
polarized proton beam [188]. Although both protons fell
within the geometric acceptance of COSY-TOF, the same
was not true for the pions. However, since the detection
of two protons and one pion was sufficient to reconstruct
the event in COSY-TOF, most of the reaction phase space
was covered, especially for the unpolarized cross section,
which is symmetric in the c.m. frame.

The fully reconstructed events allowed the authors to
extract a wide variety of one-dimensional distributions in
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Fig. 53. COSY-TOF measurements of the differential distri-
butions of the invariant masses Mππ and Mpp in the pp →
ppπ+π− reaction at Tp = 793 MeV [188]. They are compared
to phase-space distributions (shaded areas) as well as to an
N∗-Roper–inspired model (solid lines).

invariant masses and proton and pion angles and in fig. 53
we show the differential cross section at 793MeV in terms
of the π+π− and pp masses. The ANKE data [164] would
correspond to just the first point in the pp distribution
and, if we make simple assumptions on the angular distri-
butions, it is clear that the normalizations of the ANKE
and COSY-TOF data are at least broadly consistent at
800MeV. On the other hand, the shapes of the ππ distri-
butions in figs. 52 and 53 at this energy look very different
and so any anti-ABC behaviour is only apparent for very
low values of Epp.

Having a good absolute normalization is, of course,
critical when one is looking at the energy dependence
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Fig. 54. Total cross section for the pp → ppπ+π− reaction
as a function of the proton beam energy. Closed (red) circles
are WASA data taken at CELSIUS [189] whereas the (blue)
squares were obtained by the collaboration at COSY. A col-
lection of older data is also shown [190–195]. Solid and dashed
curves correspond to theoretical calculations of ref. [196] with
and without the pp FSI. The shaded area represents the
phase space dependence adjusted arbitrarily to the value at
Tp = 750MeV.

of the total cross section measured at different facilities.
Shown in fig. 54 are the points obtained by the COSY-
TOF Collaboration [188] and values from an early version
of WASA at CELSIUS [189]. These data seem to behave
more or less like phase space, whose dependence is shown
by the shaded area. On the other hand, these points are
low compared to other data in the literature [190–195],
which are also shown. Two calculations by the Valencia
group [196], one with and one without the pp final state
interaction, are also illustrated. Since the pp FSI must ex-
ist, it is clear that more work is required on the theoretical
modeling of this reaction.

For a four-body final state the analyzing power Ay can
be measured with respect to several different planes. Thus
the values of Ay for the final pion and dipion directions
in the c.m. frame showed some small non-zero signals at
750MeV and, since the associated unpolarized cross sec-
tions were fairly isotropic, Ay could be fitted directly in
terms of sin θ and sin 2θ [188].

On the basis of all the differential distributions, it was
claimed that the dominant mechanism involved the exci-
tation of the Roper resonance, which decayed through the
emission of an s-wave dipion. This would not, of course,
describe the pp → π+π+nn reaction, which was searched
for at 800MeV by the COSY-TOF Collaboration [197].
Only an upper limit was found and this was over an order
of magnitude less than the cross sections for producing
other two-pion channels. The result did not therefore in-
validate the N∗ (Roper) hypothesis for π+π− production
at low energies.
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However the situation for pp → ppπ0π0 was clarified
significantly by a subsequent measurement by the COSY-
WASA Collaboration at 1.4GeV, where about 5 × 105

events were analyzed [198]. The π0p invariant-mass dis-
tributions showed that at this energy the reaction was
driven mainly by intermediate Δ(1232)Δ(1232) states. It
would therefore seem that there could be two competing
mechanisms involved, with the Roper N∗ being dominant
only close to threshold.

5.2 Two-pion production in neutron-proton collisions

One of the most exciting measurements in medium energy
nuclear physics in recent decades was that of the differ-
ential cross section for the pn → dπ0π0 reaction carried
out by the WASA Collaboration, first at CELSIUS [199]
and then more extensively at COSY [200, 201]. In quasi-
free production on a deuterium target, the centre-of-mass
energy W in the pn system has to be reconstructed from
the measurements in WASA of the deuteron and the pho-
tons arising from the decays of the two π0. On the other
hand, the deuterium target allowed the measurement to
be carried out at a range of values of W while keeping
the proton beam energy fixed. The results were later con-
firmed at COSY by using a (polarized) deuteron beam,
where the fast spectator proton could be measured explic-
itly [202].

Figure 55 shows the WASA measurements of the to-
tal cross section for the quasi-free pn → dπ0π0 reac-
tion [200, 201] and the np → dπ0π0 reaction [202]. All
these data are consistent and indicate a sharp peak at a
mass of 2.38GeV/c2 and a width of about 70MeV/c2. It
should be noted at this point that, in order to avoid using
events corresponding to very large Fermi momenta in the
deuteron, the full width of the peak in fig. 55 was scanned
by using more than one beam momentum setting.

It was suggested by the WASA authors that this peak
corresponded to a resonance with baryon number equal
to two, i.e., that it was a dibaryon, which they denoted
by d∗(2380). The other interesting piece of experimental
information is that the two-pion spectrum associated with
this peak seems to display the ABC effect, which shows
up as an enhancement in the π0π0 mass distribution that
is strongest around 310MeV/c2 [187]. At such a low mass
the pions must be dominantly in a relative s-wave so that
the dipion has then quantum numbers6 (JP , I) = (0+, 0),
which means that the peak in fig. 55 must also be in the
isospin I = 0 channel. If, as seems likely, the dynam-
ics of two-pion production are driven by an intermediate
Δ(1232)Δ(1232) state then the Pauli principle requires
them to be antisymmetric so that the peak must cor-
respond to either the JP = 1+ or 3+ wave. It was ar-
gued that the angular distributions strongly favoured the
JP = 3+ assignment [200]. A similar conclusion was also
reached using very different reasoning, to which we now
turn.

6 Isospin-two pion pairs are ruled out for the dπ0π0 final
state by overall isospin conservation.
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Fig. 55. Total cross section for the quasi-free pn → dπ0π0

reaction as a function of the total energy W in the c.m. frame.
The data with a deuterium target are taken from refs. [200]
(open circles) and [201] (open diamonds). Results obtained
with a deuteron beam come from ref. [202] (closed circles).
The data from the two other sets were normalized to those of
ref. [201] at the maximum of the peak.

In sect. 4.1 a method was presented to make simple
estimates of the cross section for the production of S-
wave isoscalar np states in the reaction pp → {pn}π+

in terms of that for pp → dπ+. This can be extended
to estimate the rate for pn → {pn}ππ in terms of that
for pn → dππ [203, 204]. Due to the different kinematic
factors, these estimates have to be made separately for
the two spin hypotheses but, when this is done for the
JP = 1+ case, it is seen that the sums of the dππ and
{pn}ππ productions significantly exceeds the total inelas-
tic cross section in the SAID SP07 solution [68,69] in the
combined 3D1+3S1 states. This argument is, of course, not
watertight because the neutron-proton input to the SAID
solution is rather incomplete above 1GeV. Nevertheless, it
does suggest that, if there is a dibaryon resonance, then it
is more likely to be in the 3+ wave, where the inelasticity
constraints are much less severe.

The use of the deuteron beam at COSY allowed the
WASA group to measure the quasi-free dp → psppnπ0π0

cross section in the vicinity of the d∗(2380) [205]. Only
six values close to the resonance peak were obtained and
the maximum in the pn → pnπ0π0 total cross section was
found to be 295 ± 14 ± 29μb compared to the 275μb for
np → dπ0π0 shown in fig. 55. Of course the pn → pnπ0π0

reaction also has contributions associated with isovector
np pairs. Since there is also production of isospin-two π0π0

pairs in the pn → pnπ0π0 reaction, it is not possible to
make model-independent estimates of the extra I = 1 np
contributions.

The WASA authors [205] presented results based upon
a modified Valencia model that had been tuned to fit the
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pp → ppπ0π0 data [196]. This predicts about 100μb for
the I = 1 np → npπ0π0 cross section at the d∗(2380)
peak but it is impossible to quantify the associated theo-
retical uncertainty. Nevertheless, if we accept this value, it
means that σ(np → {np}I=0π

0π0)/σ(np → dπ0π0) ≈ 0.7
compared to the 0.8–0.9 predicted in the simplest FSI
model [203]. Though this does not prove the dibaryon as-
sertion, it clearly does not invalidate it.

In the search for extra data to test the d∗(2380) hy-
pothesis, the WASA Collaboration also extracted analyz-
ing powers Ay of the quasi-free �np → dπ0π0 from the
polarized deuteron beam data [202]. It is expected that a
non-zero value of Ay would arise from an interference of
the d∗ with the non-resonant background. However, the
data are hard to interpret, in part due to the limited
range of masses covered. Below resonance the analyzing
powers with respect to the final deuteron direction are
small. They do increase with W , but it is difficult to see
in these data the rapid phase variation associated with the
d∗(2380) pole.

The group also made measurements at COSY of the
closely related pn → dπ+π− and pp → dπ+π0 reactions in
the d∗(2380) region [201]. In the first reaction the pn, and
hence the π+π− system, is a mixture of isospin I = 0 and
I = 1, whereas the π+π0 system must be purely I = 1.
Since these amplitudes do not interfere in the expression
for the total cross section, they can be subtracted to give
the pure I = 0 cross section and this has been done in
fig. 56 [206]. Within experimental uncertainties the di-
rectly measured I = 0 total cross section shown in fig. 55
is consistent with the one measured indirectly and pre-
sented in fig. 56. Both data sets show the very strong
peaking for W ≈ 2380MeV.

The d∗(2380) interpretation has been questioned [204]
on the basis of the comparison of pn → dπ+π− and pn →
pnπ+π− data but, as discussed in the context of a higher
energy experiment [207], any apparent discrepancy might
be connected with the limited pn → pnπ+π− database in
the vicinity of the resonance peak.

Although the original idea [208] that the ΔΔ channel
might serve as the entrance channel for the np → dπ0π0

reaction, and hence for the ABC effect, might be valid,
no realistic calculations have yet reproduced the striking
behaviour seen in fig. 55. One obvious problem is that
the width of the structure is of the order of 70MeV com-
pared to the 120MeV that one normally associates with
the Δ(1232). In part this difference may be connected
with the reduction in the average Δ mass to 1190MeV/c2,
which would certainly have an influence on the p-wave de-
cays. Pauli blocking may also have some effect but this
might be compensated by the extra width coming from
the ΔΔ → np decay.

Even if the dibaryon exists, the interesting question
is, of course, whether the relevant degrees of freedom are
those of six quarks or those of ΔΔ, i.e., pions and nu-
cleons. The nucleon-nucleon force that gives rise to the
only stable dibaryon, the deuteron, is conventionally de-
scribed in terms of nucleons and mesons with the bind-
ing depending critically on many refinements, such as the
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Fig. 56. Dependence of the total cross section for the pn →
dπ+π− reaction (red triangles) and its isospin decomposition
into an isoscalar part that should be compared to 2σ(pn →
dπ0π0) (blue circles) and an isovector part corresponding to
1
2
σ(pp → dπ+π0) (black squares) as functions of the centre-of-

mass energy W [206]. Figure c© The Royal Swedish Academy
of Sciences. Reproduced by permission of IOP Publishing. All
rights reserved.

S–D coupling driven by the tensor force of the one-pion-
exchange. The coupled NN : ΔΔ force is likely to be
even more complicated. Even if such a force could gener-
ate a d∗(2380) pole it will not necessarily describe quan-
titatively the pn → dπ0π0 reaction; all the many angular
and Dalitz plot distributions extracted by the WASA Col-
laboration must also be explored.

The d∗(2380) peak in the pn → dπ0π0 reaction seems
to be associated with the ABC effect in the π0π0 sys-
tem. This is not unexpected if both are driven by the
ΔΔ intermediate state. The ABC effect is seen also
in pd → 3He π0π0 and, most spectacularly, in dd →
4He π0π0 [209,210]. However, in the dd case the cross sec-
tion and deuteron tensor analyzing power have been de-
scribed using conventional physics without the need for
the d∗(2380) [211]. It may therefore be that there is no
single mechanism that is responsible for generating the
ABC effect for all reactions. More evidence is certainly
required before it is safe to assume that the existence of
an ABC effect must be a signal for the importance of the
d∗(2380) in a particular reaction.

In summary, the WASA Collaboration have found a
very striking peak in the pn → dπ0π0 reaction and all
the data, including the energy dependence of the neutron
analyzing power in np elastic scattering, seem to be con-
sistent with the d∗(2380) dibaryon hypothesis. Even if it
is later shown that the dibaryon assumption is untenable,
the group will still have made a remarkable and most un-
expected discovery in the domain of hadron physics.
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6 Inclusive strangeness production

6.1 The pp → K+X+ reaction

If the momentum of a well-identified K+ emerging from
proton-proton collisions is measured then this will pro-
vide information on the recoiling system, X+, which
has baryon number +2 and strangeness −1. For miss-
ing masses below the ΣN threshold, mX < mΣ + mN ,
the only strong interaction channel that is allowed is
pp → K+{Λp} so that these measurements provide a sim-
ple way to investigate the Λp interaction. The situation
is far more complicated at higher mX because, in addi-
tion to real Σ production, there is strong channel cou-
pling between Λp and ΣN final states. This problem will
be discussed in connection with the cusp phenomenon in
sect. 7.4 and Σ+ production in sect. 7.5.

The first high-resolution measurement of the pp →
K+X+ reaction was carried out at SATURNE II with
proton beam energies of 2.3 and 2.7GeV at four fixed lab-
oratory angles at each energy [212]. The outgoing kaons
were detected at small angles in the focal plane of the
SPES4 spectrometer. Decay corrections were important
because of the length of this spectrometer.

Characteristic structures were seen at both the Λp
and ΣN thresholds and the first of these could be un-
ambiguously associated with the strong and attractive Λp
final-state interaction. These data were therefore used to
extract estimates for the scattering length and effective
range from the low energy Λp data. A major difficulty
in the determination of low energy Λp parameters from
these data within a final state interaction model was the
resolution in the missing-mass, which was typically about
4MeV/c2. An attempt was made by Laget [213] to de-
scribe the whole data set, though one must recognize the
ambiguities inherent in such an inclusive measurement. It
is also important to note that the S-wave Λp system can
be in either the spin-triplet or spin-singlet state and the
pp → K+Λp reaction produces some mixture of these that
need not follow a statistical population rule.

In addition to the Λ and Σ threshold phenomena, the
SPES4 group found suspicions of a peak in the vicin-
ity of 2097MeV/c2, though its statistical significance was
far from convincing [212]. The experiment was there-
fore repeated at beam energies of 1.953 and 2.097GeV
by the COSY-HIRES Collaboration using the Big Karl
spectrometer, where a missing-mass resolution of σM ≈
0.84MeV/c2 was achieved [214,215].

In order to cover the range 2050–2110MeV/c2 in miss-
ing mass, data were taken using three overlapping settings
of the spectrometer, with enhanced luminosity in the high-
est mass interval. As shown in fig. 57, no structure was evi-
dent in the 2097MeV/c2 (Q = 43MeV) region and upper
limits were determined on the production cross sections
of narrow strange dibaryons over the whole missing-mass
range [215].

Also clearly seen in fig. 57 is the rapid rise from the
Λp threshold, which is very unlike the shape of the three-
body phase space that is also shown (with arbitrary nor-
malization). The COSY-HIRES authors tried to fit simul-
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Fig. 57. Missing-mass spectrum of the reaction pp → K+{Λp}
measured at Tp = 1.953 GeV with the Big Karl spectrometer
placed at θK = 0◦ as a function of the excitation energy Q
in the Λp system [214]. Solid (black) line: Fit including the
Λp FSI. Dashed (blue) line: pp → K+Λp phase-space distribu-
tion. Chain (red) curve: The fitted FSI factor obtained by the
COSY-HIRES Collaboration. In the COSY-HIRES fits, the ef-
fects of the resolution on the curves was taken into account but
this has only a minor effect near the Λp threshold [214].

taneously this spectrum together with the limited data
on Λp elastic scattering assuming that the final state in-
teraction could be parameterized by the Jost function in
the form of (q − iα)/(q + iβ) for both the singlet and
triplet Λp states [214]. However, it was difficult to recon-
cile the two data sets and they found a best fit to the two
sets where spin-singlet production completely dominated
the pp → K+Λp reaction. If the Λp system is indeed in
a pure singlet state then the analyzing power measured
with polarized protons should be antisymmetric around
θK = 90◦. The COSY-TOF data discussed in sect. 7.3 do
not support such a conclusion.

By considering only the COSY-HIRES production
data they found scattering length and effective range of
ā = −2.43 ± 0.16 fm and r̄0 = 2.21 ± 0.16 fm, but these
values represent some unknown averages for singlet and
triplet production [214]. In terms of the Jost function pa-
rameters, α = −0.31 fm−1 and β = 1.215 fm−1, so that
there is a virtual state of the Λp system with a “binding
energy” of about 3.6MeV. We will return later to attempts
to the determine the scattering length in the context of the
exclusive COSY-TOF measurements.

6.2 Hypernuclei lifetime measurements

In free space the Λ hyperon decays principally through the
channels Λ → pπ− or Λ → nπ0 with a mean lifetime of
τfree = 263±2 ps [173]. The energy release in such a decay
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Fig. 58. Schematic view of the COSY-13 experimental setup
illustrating the recoil shadow method. An idealized trajectory
of a decay product from a produced hypernucleus is shown
arriving in the region of the shadow. A particle coming directly
from the target region is allowed in the forward hemisphere but
is blocked by the target holder in the backward hemisphere.

is about 38MeV so that, when a Λ is bound deep inside a
heavy hypernucleus, these decays are strongly suppressed
by the Pauli blocking of the recoil neutron or proton. On
the other hand, this reduction might be compensated by
the non-mesonic decays Λp → np or Λn → nn. The nu-
cleons from such decays have typically energies of about
80MeV, so that they are largely unaffected by nuclear
effects. It is therefore suggested that the study of the life-
times of heavy hypernuclei might be a useful way of in-
vestigating non-mesonic decays.

The lifetimes of heavy hypernuclei have been inves-
tigated through the interaction of antiprotons with Bis-
muth and Uranium, but the resulting error bars are quite
large [216]. The COSY-13 Collaboration [217] measured
the decay of hypernuclei produced in the interaction of
≈ 1.9GeV protons with Bi, Au, and U targets using the
recoil shadow method. The principle of the technique is
illustrated schematically in fig. 58.

After the proton beam hits a thin ribbon target, any
particle emerging directly from the intersection region is
blocked by the target holder so that it is not detected on
the left-hand side of the multiwire proportional chambers.
When a produced hypernucleus travels along the beam di-
rection, the products of its delayed decay may indeed reach
the shadowed region, as indicated by the idealized trajec-
tory shown in the figure. The obvious difficulty with this
approach arises from the low production rate of hypernu-
clei, such that the background from fragments of non-Λ
delayed fission of recoil nuclei populates significantly the
shadowed region. This was estimated using data taken at a
lower proton beam energy, where hypernucleus formation
is negligible.

The distribution of events in the shadowed region will
reflect the hypernucleus lifetime but significant modeling
is required because the recoils do not emerge from the

target with a unique speed and, moreover, they do not
represent a unique hypernuclear species. Nevertheless, the
lifetimes deduced from all three targets are consistent and
give a mean average of τ = (145 ± 11) ps. This is also
compatible with the value of (143 ± 36) ps obtained from
antiproton interactions in Bi and U targets [216].

In terms of the free Λ decay time, the COSY-13 result
may be written as τ = (0.55 ± 0.04) τfree. Such a value
is hard to explain theoretically but could be understood
if the ΛN → NN transition were much stronger on neu-
trons than protons, but this would imply a violation of the
ΔI = 1

2 rule [217]. However, this is in conflict with the
neutron/proton transition ratio of 0.51 ± 0.14 found for
12
ΛC [218]. Another alternative might be that the system-
atic effects were underestimated in the COSY-13 experi-
ment. The COSY-13 result was criticized by the authors
of an electroproduction experiment [219] but that paper
was subsequently withdrawn from the arXiv!

It has been stressed that “COSY-13 was a sim-
ple experiment while we were waiting for ANKE to be
ready” [220].

6.3 Inclusive K+ production on nuclei

The threshold for producing a K+ in proton-proton col-
lisions is at Tp = 1.58GeV but the meson might be pro-
duced at much lower energies in collisions with a nuclear
target due to a variety of effects, including Fermi motion,
two-step contributions, clustering, and kaon-nucleus po-
tentials. These are all phenomena that are exciting to in-
vestigate.

The inclusive momentum spectrum of K+ emitted at
laboratory angles θK < 12◦ was measured for 1.0GeV pro-
tons hitting C, Cu, and Au targets [221]. The experiment
was carried out at ANKE using the delayed-veto tech-
nique on the range telescopes [20]. Each telescope covered
a well-defined interval of K+ momentum pK so that the
15 elements spanned the momentum range from 200 to
520MeV/c [221]. There were typically 100 K+ counts per
telescope from a four-day run with a carbon target. Inter-
preted naively, the resulting cross section spectrum would
suggest that of the order of 5-6 target nucleons were in-
volved in the production process.

Many of the experimental uncertainties cancel when
evaluating ratios of cross sections for different nuclear tar-
gets and the average values measured were R(Cu/C) =
4.0 ± 0.3 and R(Au/C) = 6.8 ± 0.38, but with a slight
indication that these values might increase with K+ mo-
mentum.

Though it is difficult to get a clear message from the
1.0GeV data, the group also made similar measurements
with the same strip targets plus Ag below and above the
free pp threshold, where the cross sections are naturally
much higher [222]. They measured the production cross
sections relative to C as a function of the K+ momentum
for 1.5, 1.75, and 2.3GeV protons. What is striking is the
rapid decrease in the ratios for all targets and energies for
pK � 200MeV/c. This is illustrated for the 2.3GeV data
in fig. 59.
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Fig. 59. Ratios of the K+ production cross sections on Cu
(red triangles), Ag (blue squares), and Au (magenta circles)
to C measured at a proton beam energy of Tp = 2.3 GeV as a
function of the laboratory kaon momentum [222].

A large part of the suppression is due to the repulsive
Coulomb potential VC(r) between the K+ and the residual
nucleus. The situation has a parallel in the well-known
suppression of β+ emission in heavy nuclei at low positron
momenta. Thus a K+ produced at rest at some radius R in
the nucleus would, in the absence of all other interactions,
acquire a momentum of pmin =

√
2mKVC(R). Taking R

to be the nuclear edge, this purely classical argument leads
to a minimum K+ momentum for Au of about 130MeV/c.
It is thought that, in addition, the strong interaction K+-
nucleus potential is itself mildly repulsive. A fit to the
data within a transport calculation suggests that this is
about +20MeV at normal nuclear matter density, ρ0 ≈
0.16 fm−3 [222].

Later experiments by that group involved also a deu-
terium target with the aim of investigating the production
on the neutron [223], but the resulting uncertainties were
very large.

7 Hyperon production

Almost all measurements in hyperon production in
proton-proton collisions close to threshold were carried
out at COSY. This dominance is well illustrated by the
summary presented in fig. 60, where the only non-COSY
point is derived from the 11 bubble chamber events cor-
responding to the pp → K+pΛ reaction [224].

7.1 The pp → K+pΛ and pp → K+pΣ0 reactions

Away from the threshold region the acceptance of the
COSY-11 spectrometer decreases rapidly and the extrap-
olation to the whole of phase space that is necessary in

2500 2600 2700 2800 2900

Fig. 60. Total cross sections for Λ and Σ production in proton-
proton collisions near threshold as functions of the total energy
in the c.m. system. Since the values for the various Σ channels
overlap, the pp → K+pΣ0 data are denoted by (red) inverted
triangles, the pp → K+nΣ+ by (blue) stars, and the pp →
K0pΣ+ by (black) triangles. All the data were obtained at
COSY with the exception of a bubble chamber measurement
of Λ production [224] that is shown by the (black) cross. The
phenomenological curves are discussed in the text.

order to evaluate a pp → K+pΛ or pp → K+pΣ0 total
cross section becomes more model dependent. Neverthe-
less several pioneering measurements of the total cross sec-
tions near threshold were made at this facility [225–227].
Though the acceptance of the ANKE spectrometer is
somewhat larger than that of COSY-11, it has rather simi-
lar limitations and this also restricted its use at the higher
COSY energies [228,229].

In contrast, COSY-TOF has a much larger geomet-
ric acceptance and this enabled reliable measurements to
be made up to higher energies and also yielded differ-
ential distributions that are so valuable for understand-
ing the underlying physics [230–235]. Results on hyperon
production were obtained at COSY-TOF at beam mo-
menta of 2.5, 2.59, 2.68, 2.7, 2.75, 2.85, 2.95, 3.06, 3.2,
and 3.3GeV/c, though the data in later years were much
more detailed as the equipment was refined through the
addition of the straw tubes mentioned in sect. 2.2.4.

It must be recognized that COSY-TOF is not well
suited to the measurement of small cross sections at low
excess energies so that most of the data below about
Q ≈ 100MeV come from COSY-11 whereas at higher ex-
cess energies COSY-TOF measurements are dominant.

The principle of the COSY-11 and ANKE experiments
looks simple: identify and measure a K+ and proton from
a pp → K+pX reaction and then isolate the Λ and
Σ0 from the missing-mass peaks. This is not completely
straightforward, especially at the higher energies. In the
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Fig. 61. Numbers of events in a missing–mass distribution of
K+p pairs from pp collisions at 2.2 GeV [229]. The two peaks
correspond to direct protons from the pp → K+pΛ/Σ0 re-
actions. The continua, evaluated in Monte Carlo simulation,
arise from secondary protons. The most important of these
is pp → K+p (Λ → π−p) (blue histogram), which gives the
main background under the Λ and Σ0 peaks. The sum of the
pp → K+p (Σ0 → γΛ → γπ−p) and pp → K+n (Σ+ → π0p)
contributions, shown by the magenta histogram, are partic-
ularly important at large missing masses and the behaviour
here allows preliminary estimates of Σ+ production to be
made [229].

Fig. 62. Upper (blue) points are experimental measurements
of the pp → K+pΛ total cross section whereas the lower
(red) points represent data from the pp → K+pΣ0 reaction.
Stars are COSY-11 values [225–227], squares are from COSY-
TOF [230–233], and circles from ANKE [228, 229]. Note that
not all systematic uncertainties have been included. The soli-
tary bubble chamber point for Λ production [224] is shown
by the (magenta) triangle. Σ0 production seems to follow
the indicated Q2 behaviour that is expected from three-body
phase space but there is evidence for a Λp final state inter-
action and the (blue) curve is evaluated from eq. (11) with
B0 = 5.20 MeV [233].
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Fig. 63. Ratio of the total cross sections for the pp → K+pΛ
and pp → K+pΣ0 reactions at the same values of excess energy.
The (blue) stars are from COSY-11 work [226, 227] and the
(red) square from COSY-TOF [233]. Only data measured for
the two hyperons at similar values of Q are shown here. The
curve of eq. (14) assumes that there is a final-state interaction
purely in the Λp system.

COSY-11 case there was a non-physical background from
misidentified kaons, which was estimated from sideband
contributions around the K+ mass. However, even if the
K+ is unambiguously identified, there remains a physical
source of coincident protons, coming mainly from the de-
cay Λ → pπ−. This is illustrated by the data in fig. 61,
obtained at ANKE at 2.2GeV with well-identified K+

mesons [229].
The total cross sections for Λ and Σ0 production ob-

tained at the different COSY facilities are illustrated in
fig. 62. It is obvious from this presentation that there
has been a truly impressive amount of work done in this
field at COSY. The only previous data came from bub-
ble chamber work, where 11 K+pΛ events were found at
Q ≈ 156MeV [224]. These data did at least show that the
cross section was small! The total cross section for Σ0 pro-
duction seems to follow closely the Q2 behaviour expected
from undistorted three-body phase space and, as will be
shown later in this section, such a behaviour is consistent
with data on other Σ production reactions.

If one considers only the effects of an S-wave Λp
final state interaction then the expected energy variation
is that given by eq. (11) [108]. The Λ data are well
fit with the position in energy of the antibound state
B0 = 5.20MeV (α ≈ −0.37 fm−1) [233], though it must
be noted that this is an effective parameter that will
depend on the relative production of spin-singlet and
spin-triplet S-wave Λp states.

Deviations from eq. (11) are, however, easier to see on
the linear scale of fig. 63. Here is shown the ratio R of mea-
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sured pp → K+pΛ and pp → K+pΣ0 total cross sections
compared to the predictions that follow from eq. (11);

R = C ′
/(

1 +
√

1 + Q/B0

)2

. (14)

7.2 Differential distributions

Most phenomenological descriptions of the pp → K+pΛ
reaction are based upon some form of a one-boson-
exchange model and there has been considerable contro-
versy among theorists as to whether the data are domi-
nated by the exchange of strange (e.g. K̄) or non-strange
mesons (e.g. π). This problem was brought to the fore
by the DISTO measurement of the spin-transfer parame-
ter DNN between the incident proton and final Λ in the
pp → K+pΛ reaction [236]. The negative value of DNN

found was taken as evidence for the dominance of kaon
compared to pion exchange [213], but it is important to
stress that the possibility of ρ exchange was not considered
in this discussion.

In contrast, the early COSY-TOF differential cross sec-
tion results came down in favour of non-strange meson
exchange by showing that the pp → K+pΛ data have ev-
idence for the excitation of N∗ isobars in the final K+Λ
channel [231, 232]. This approach has far less model de-
pendence than the DNN studies. The COSY-TOF Collab-
oration found that the S11(1650) plays a prominent role
near threshold and there are certainly similarities with the
pp → ppη reaction, which is dominated by the analogous
S11(1535) near threshold. Away from the threshold region
the group also found evidence from the Dalitz plots for the
importance of the P11(1710) and/or the P13(1710) isobars
in Λ production [231,232].

Of great importance for theoretical modeling are the
angular distributions measured by the COSY-TOF Col-
laboration, only a small fraction of which are shown for
pp → K+pΛ at 2.95GeV/c in fig. 64 and pp → K+pΣ0 at
3.06GeV/c in fig. 66. The resulting differential cross sec-
tions in the overall c.m. frame with respect to the incident
proton direction should be symmetric about 90◦ because
of the identical particles in the initial state. In order to
check for instrumental bias, this has not been imposed for
the p and K+ in the fits shown but the coefficients of the
terms that are odd in cos θ are small and often consistent
with zero [233]. Tables of preliminary values with finer
binning are to be found in some COSY-TOF theses, e.g.,
at 2.7GeV/c [27].

There has been a remarkable advance in both the
quantity and quality of the COSY-TOF pp → K+Λp data
in recent years and this is most evident in fig. 64 which
shows data on this reaction published in 2010 [233] and
2015 [28]. Though the two data sets are clearly consistent,
the newer one allows the fit parameters to be determined
much more precisely. On the other hand, the quality of the
data shows more clearly the limitations of COSY-TOF in
the forward direction.

Apart from providing invaluable data for models, the
results are also useful in checking some of the assumptions
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Fig. 64. Differential cross section for the pp → K+pΛ reaction
at 2.95 GeV/c in the overall c.m. frame. The (black) crosses are
recent COSY-TOF results [28] and these are to be compared
to the collaboration’s earlier data shown as (red) circles [233].
The distributions are for the proton (top panel), kaon (middle
panel), and Λ (bottom panel). Beneath each distribution is
shown the value of the detector acceptance and efficiency.

made at other COSY facilities that do not have the ad-
vantage of COSY-TOF’s extensive angular coverage. It is,
for example, very helpful to see that the K+ distribution
in fig. 64 is essentially consistent with isotropy, though the
proton and Λ distributions are forward-peaked.

In addition to the distributions in the c.m. angle shown
in figs. 64, the collaboration also evaluated distributions in
the Jackson and helicity angles [27, 28, 233]. By fitting si-
multaneously the angular distributions in all three frames
of reference, it was possible to confirm the importance of
P11(1710) and/or the P13(1720) isobars away from thresh-
old [233].

The azimuthal symmetry of the COSY-TOF detec-
tor minimizes many systematic uncertainties in measure-
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Fig. 65. COSY-TOF measurements of the pp → K+Λp re-
action at a beam momentum of 2.7 GeV/c (red downward-
pointing triangles) and 2.95 GeV/c (blue upward-pointing tri-
angles) [237]. Shown are the Λ polarization, the proton analyz-
ing power with respect to the Λ direction, and the transverse
spin-transfer coefficient DNN between the incident polarized
proton and the produced Λ.

ments involving polarized particles. Figure 65 shows sev-
eral measurements carried out at 2.7 and 2.95GeV/c in
the pp → K+Λp reaction [237]. Though all the events
were fully reconstructed, only observables associated with
the direction of the Λ are shown here. The first thing to
notice is the change of sign in the Λ polarization as the
beam momentum is increased by 250MeV/c. The proton
analyzing power also changes, but not as dramatically and
only in the forward hemisphere. Both these quantities are
sensitive to interferences between partial waves but the
transverse spin-transfer parameter DNN is a much more
robust observable that lends itself to more direct interpre-
tation. As already noted in connection with the DISTO
data, Laget [213] has shown that a positive value of DNN

generally favours pion exchange whereas kaon exchange
would generally lead to negative values. This argument
may have little real relevance since it is believed that,
even for η production, ρ-meson exchange is more impor-
tant than pion [238] and this trend is likely to be reinforced
for the production of even heavier systems.

0

0.2

0.4

0

0.2

0.4

0

0.2

0.4

-1 -0.5 0 0.5 1

Fig. 66. Differential cross section for the pp → K+pΣ0 reac-
tion at 3.06 GeV/c in the overall c.m. frame [233]. The distri-
butions are shown separately for the three particles in the final
state, though symmetry around 90◦ has not been imposed in
the fits shown. Although the beam momentum is higher than
that shown in fig. 64, the excess energy for Σ0 production is
somewhat less than that for the Λ.

Although one sees from fig. 64 that the differential
cross section depends strongly on the Λ c.m. angle, in most
of the analyzes it has nevertheless been assumed that one
can expand the polarization as a series in associated Leg-
endre polynomials. This makes it even harder to identify
contributions from individual partial waves.

The corresponding cross section data for the pp →
K+pΣ0 reaction are shown in fig. 66 at a beam momen-
tum of 3.06GeV/c. Because of the much smaller cross sec-
tions the data have been put into wider bins. Nevertheless
one can see qualitative differences with Λ production; the
K+ distribution is more bowed though the Σ0 looks flat-
ter than the Λ. These differences might arise from the
possibilities of kaon exchange or Δ∗ excitation in Σ pro-
duction [233].

7.3 Polarization and the Λp scattering length

Data with a polarized proton beam were taken by the
COSY-TOF Collaboration at 2.95GeV/c [235] and at
2.7GeV/c [27]. Although one should expand Ap

ydσ/dΩK

in terms of associated Legendre polynomials, the fact that
the cross section in fig. 64 is almost independent of the
kaon angle means that a direct expansion of Ap

y for the
kaon asymmetry is not unreasonable. The fit

Ap
y = (−0.145±0.013)P 1

1 (cos θ)+(0.065±0.010)P 1
2 (cos θ)

is shown in fig. 67. At least two terms are required in this
description, suggesting that kaon d-waves are important,
despite there being no sign of their presence in the differ-
ential cross section.
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Fig. 67. The proton analyzing power AK
y with respect to

the kaon direction for the full range of data taken on the
�pp → K+pΛ reaction at 2.95 GeV/c [235]. Since it is seen in
fig. 64 that the K+ angular distribution is essentially isotropic,
it is useful to expand AK

y in a series of associated Legendre
polynomials to give the fits shown.

The results at 2.7GeV/c are broadly similar [27] and
they both show that the component that is symmetric
about θK = 90◦ is as important as the one that is anti-
symmetric. This proves that, in conflict with the COSY-
HIRES fit [214], there must be significant amount of Λp
spin-triplet production, the argument being very similar
to that for pion production in the pp → {pp}sπ0 reaction
discussed in sect. 4.3. Of course, since the analyzing power
represents interference between amplitudes, it is not possi-
ble from this picture to determine the relative magnitudes
of the singlet and triplet contributions, though some weak
limits might be established, depending upon the phase as-
sumptions.

Since the Λp spin-singlet contribution to the analyz-
ing power with respect to the kaon direction must vanish
at θK = 90◦, the product Ap

ydσ/dΩ|θK=90◦ is sensitive
to the spin-triplet scattering length. However, to study
this quantity in fine steps in the Λp invariant mass would
require very high statistics. The IKP theory group pro-
posed an alternative procedure that exploits more seri-
ously the analyticity properties of the production ampli-
tudes [239, 240]. This involves the evaluation of a disper-
sion integral which, it is claimed, is less sensitive to the
mass resolution and can lead to a robust estimate of the
error associated with the theory.

In the dispersion approach, a = limm→m0{a(m)},
where

a(m) =
1
2π

√
m0

mred
P

∫ m2
max

m2
0

dμ2

√
m2

max − m2

m2
max − μ2

× 1
√

μ2 − m2
0 (μ2 − m2)

log
{

1
p

(
d2σ

dμ2dt

)}
.

(15)

Here mred is the reduced Λ and proton mass and m0 =
mp + mΛ. The bracket contains the double-differential
cross section for producing a Λp pair of invariant mass

μ, p is the relative momentum between that pair, and
t is the four-momentum transfer between the incident
proton and final kaon. The choice of the cut-off param-
eter mmax is rather subjective. It should be as large
as possible, subject to the Λp system still being in an
S-wave and, in the ideal world, the theoretical correc-
tions would be minimized if one could let mmax → ∞.
The authors argued that it would be sufficient to take
mmax = m0 + 40MeV/c2 [239,240].

In the evaluation of eq. (15) it is very convenient to
parameterize the production cross section in order to pro-
vide a simple estimate of the principal value (P) inte-
gral. A particular choice of fit function even allows the
integral to be evaluated analytically [239, 240]. The ap-
proach was tested on the Saclay inclusive K+ produc-
tion data at 2.3GeV. A spin-average scattering length of
ā = (−1.5±0.15±0.3) fm was obtained, where the first er-
ror corresponds to the uncertainty from the data and the
second from the theory. Already in this case it was found
that the experimental error is smaller than the theoretical
one [239,240].

Since the statistics are so much higher for the unpo-
larized distributions, the dispersion integral method [239,
240] was first used to determine a spin-average scattering
length from the COSY-TOF data [241]. This led to values
for ā of

(−1.25 ± 0.08 ± 0.3) fm at 2.95GeV/c,

(−1.38+0.04
−0.05stat ± 0.22syst ± 0.3theo) fm at 2.7GeV/c.

for refs. [235] and [27], respectively. The uncertainty in the
2.95GeV/c value should be increased to include the sys-
tematic effects of distortions due to the N∗ isobars [235],
which seem to be far less important at 2.7GeV/c, giving
there perhaps an uncertainty of only ±0.1 fm [27]. How-
ever, using the more recent unpolarized COSY-TOF data
at 2.95GeV/c [28] would lead to smaller statistical errors.

The average scattering lengths from the COSY-TOF
data [235,241] are not inconsistent with the value (−1.5±
0.15 ± 0.3) fm obtained from the SPES4 data [212] using
the same analysis technique. However, they are in conflict
with the (−2.43 ± 0.16) fm quoted by the COSY-HIRES
Collaboration [214]. In this context one should note that
the COSY-HIRES data were obtained at a similar momen-
tum (2.735GeV/c) to those of COSY-TOF [241], but with
the Big Karl spectrometer being set to take data around
the forward direction. It seems likely that most of the
discrepancy in the scattering length determinations arises
from relatively small differences in the input in the loga-
rithm of eq. (15) near the kinematic threshold of mp+mΛ.

The polarized COSY-TOF data at 2.95GeV/c were
not precise enough to extract a useful value for the spin-
triplet scattering length by weighting the data with the
K+ analyzing power [235]. The conditions are far more
favourable at 2.7GeV/c and a value of

at = (−2.55+0.72
−1.39stat ± 0.6syst ± 0.3theo) fm

was obtained, where the error bar includes an estimate of
the possible N∗ distortion [27]. The value found for the
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triplet scattering length is not inconsistent with the spin-
average result and, in view of the large error bars, it is
clearly going to be very hard to separate the singlet value
from the triplet with this method.

It has recently been pointed out that, although the
scattering length changes significantly when the maxi-
mum energy in the dispersion integral of ref. [239, 240]
is reduced, the position of the Λp virtual bound state
at k = iα hardly moves at all [242]. In fact, for the
Jost parametrization used by the COSY-HIRES Collab-
oration [215], the position of the virtual bound state is
completely independent of the cut-off energy in the dis-
persion relation. The COSY-TOF spin-average value of
α(TOF) = −0.42 fm−1 should be compared to the COSY-
HIRES result of α(HIRES) = −0.31 fm−1 and α(σT ) =
−0.37 fm−1 deduced from the energy dependence of the
pp → K+Λp total cross sections shown in fig. 62. In or-
der to assess the significance of the deviations between
these values, careful studies of the systematic and statisti-
cal uncertainties in the different experiments are required.
All the Λp potentials discussed in a recent review [243]
generate virtual bound states and these are typically at
α(singlet) ≈ −0.28 fm−1 and α(triplet) ≈ −0.38 fm−1.
These are not very different from the values derived from
the COSY-HIRES and COSY-TOF data but the COSY
experimental results correspond to unknown spin aver-
ages.

However, all these analyses assume that the recoil-
ing Λp system is in an S-wave and this must be checked
through the construction of the Λp angular distribution
for an appropriate cut-off in the Λp excitation energy, as
was done for the analogous pp → π+pn reaction [149].
This is, of course, far less of a concern for the determi-
nation of the virtual state pole position which is fixed by
data at much lower excitation energy.

7.4 The Λ : Σ cusp effect

It was already suspected from earlier COSY-TOF work
that there was some kind of anomaly in the differential
distribution of the pp → K+pΛ reaction at a Λp invariant
mass corresponding to the ΣN threshold [231,232]. How-
ever, by far the most detailed study of this region is to be
found in their refs. [234,235], where the effect is ascribed to
a cusp associated with the very strong S-wave Λp � ΣN
transitions. As shown in fig. 68, there is a sharp but asym-
metric peak in well-identified pp → K+pΛ events. These
data resulted from the high-resolution COSY-TOF exper-
iment at 2.95GeV/c, where the invariant-mass resolution
of 2.6MeV/c2 was much narrower than the cusp peak.

There is a long history of cusps in nuclear and particle
physics, especially in connection with the production of
strange particles [244]. In lowest order of the transitions,
the peak in fig. 68 can be understood as being caused by
an interference between a direct pp → K+Λp amplitude
and one arising from pp → K+ΣN followed by the con-
version ΣN → Λp. The on-shell part of this second term
is proportional to the c.m. momentum in the ΣN system,
qΣN . But this variable changes from being purely imagi-
nary below the ΣN threshold to purely real above, which

Fig. 68. The spectrum of pΛ invariant mass taken from the
high-resolution pp → K+pΛ COSY-TOF data at 2.95 GeV/c
in 2 MeV/c2 bins [235]. The data have been corrected for the
acceptance (A) that is shown at the bottom of the figure. The
vertical lines indicate the positions of the two ΣN thresholds.
An arbitrarily scaled phase-space distribution (dashed line) is
shown to guide the eye. The solid (red) line at low invariant
masses represents the data used in the scattering length deter-
mination discussed in the previous subsection.

means that the interference between the direct and con-
version terms changes very abruptly at the ΣN threshold,
often giving rise to a cusp shape.

The on-shell contribution, which is really a reflection of
unitarity, could be calculated using the physical ΣN → Λp
amplitudes (if we knew them) but the off-shell ones would
require a model for the coupled channel ΣN : Λp poten-
tial. Since the cusp manifests itself largely as an interfer-
ence term, there is no reason for it to be symmetric or to
be Breit-Wigner in shape [234]. A full simulation of the
effect would depend on knowing both the pp → K+Λp
and pp → K+ΣN amplitudes as well as the ΣN : Λp po-
tential, or at the very least the ΣN → Λp amplitude. The
situation is further complicated by the fact that one has
also to consider total spin-one and -zero in the ΣN : Λp
channels.

It is clear that it will take considerable effort to extract
the full information from the data shown in fig. 68. The
peak structure in fact looks very similar to the very strong
cusp effect observed with stopping kaons in the K−d →
π−Λp reaction [245]. Just as in fig. 68, there is also an
unexplained enhancement on the high-mass side of the Λp
peak. However, there is no reason for the cusp structure
to look identical for the two reactions. Of course, if much
higher statistics were available, then one might expect the
angular distribution to change through the cusp region
but it seems that in any case the cusp peak is less than
20% of the total events in the threshold region of fig. 68
and this will limit the size of any angular change.

It could be argued that such a strong peak as that seen
in fig. 68 would only occur if the interaction had given rise
to a virtual state in the ΣN system but there is no obvious
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evidence for a significant final-state interaction from the
energy dependence of the pp → K+Σ0p reaction in fig. 62.

Since there is a mass splitting between the Σ0p
and Σ+n thresholds, one might hope to see a double
cusp [244] but this would require mass resolutions that
better than the 2MeV/c2 threshold difference. Only the
COSY-HIRES inclusive K+ production data achieves this,
but even here it is hard to be sure if there is a two-peak
structure in the data [214].

7.5 pp → K+nΣ+

There are many reliable measurements of the pp → K+pΛ
and pp → K+pΣ0 total cross sections presented earlier in
this section that were achieved by detecting the K+ and
proton in coincidence and identifying the neutral hyperons
through peaks in the missing-mass distributions. It is far
harder to extend such a method to Σ+ production.

The most direct approach to the study of the pp →
K+nΣ+ reaction was attempted at Q = 13 and 60MeV
at COSY-11 [246], where the momenta of the K+ and neu-
tron were measured and the corresponding missing mass
evaluated. For this purpose the standard COSY-11 facility
was supplemented through the introduction of a neutron
detector. The total cross sections thus obtained were ex-
traordinarily large, being about two orders of magnitude
higher than those for Σ0 production at similar values of Q
and also much larger than the results reported from later
COSY experiments [228,229,247,248].

In order to avoid problems associated with the detec-
tion of neutrons, a different three-prong approach was un-
dertaken at ANKE at five beam energies, corresponding
to Q = 13, 47, 60, 82, and 128MeV [228, 229]. All three
methods used the delayed-veto technique [20], that was
already mentioned in connection with sub-threshold K+

production in nuclei in sect. 6.3. The approaches followed
were:
a) A conservative upper limit on Σ+ production was de-

duced through the study of inclusive K+ production
in the pp → K+X reaction. This method suggested
that the cross section for Σ+ production was broadly
similar to that for the Σ0. This limit was already in
severe conflict with the COSY-11 claim [246].

b) As discussed with respect to fig. 61, there are two sig-
nificant contributions to the K+p missing-mass dis-
tribution in pp → K+pX near the highest values of
mX . These are pp → K+p (Σ0 → γΛ → γπ−p) and
pp → K+n (Σ+ → π0p). The first of these could be es-
timated from the measured Σ0 production rate. After
taking this into account, the measurement gave values
for the Σ+ cross section that were below the upper
limits set in (a). However, it is hard to estimate quan-
titatively the systematic uncertainties involved.

c) Although the statistics were not high, the cleanest sig-
nal for Σ+ production was found from the K+π+ cor-
relations that arise from the pp → K+n (Σ+→π+n)
reaction. Even at the highest excess energy the back-
ground from the direct pp → K+nΛπ+ is believed to
be less than of the order of 2%.

Fig. 69. Values of the total cross section for the pp → K+Σ+n
reaction extracted from COSY experiments. The (magenta)
triangles are the original COSY-11 measurements [246]; (red)
stars were obtained at ANKE [228,229]; the (green) circle was
deduced from the COSY-HIRES inclusive K+ data [214]; the
(blue) open rectangle is the range of values allowed by the
COSY-TOF measurement at the 68% confidence level [248]. In
all cases the systematic and statistical errors have been added
in quadrature. Also shown by (black) squares are three points
corresponding to the pp → K0pΣ+ total cross section mea-
sured by the COSY-TOF Collaboration [251]. Note that one
of these partially obscures the highest ANKE point. The curves
represent the Q2 three-body phase-space behaviour normalized
arbitrarily to the ANKE 82 MeV point and the COSY-TOF
161 MeV point.

All three methods gave consistent results. The ratio
R(Σ+/Σ0) of Σ+ to Σ0 production was found to be 0.7±
0.1 [229]. As a cross check, the cross sections derived for
the Σ0 and Λ production cross sections from the missing-
mass peaks were found to be consistent with other results
shown in fig. 62, though there were more uncertainties in
the Λ case because of the higher excess energies and the
limited ANKE acceptance.

The COSY-11 total cross sections for Σ+ produc-
tion [246] are compared with those obtained at ANKE
[228,229] in fig. 69. Also shown is the Q2 dependence ex-
pected on the basis of pure three-body phase space.

The COSY-HIRES Collaboration [214], whose results
were discussed extensively in sect. 6, measured the inclu-
sive pp → K+X cross section in fine steps in kaon momen-
tum using the high-resolution Big Karl spectrometer. The
data taken at 2.87GeV/c show a big jump in the missing-
mass spectrum around the threshold for Σ production and
it was assumed that this was mainly associated with the
pp → K+pΣ0 and pp → K+nΣ+ reactions, with some
localized effect coming from Λ/Σ channel coupling. Us-
ing techniques developed earlier [249], and knowing the
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value of the Σ0 production cross section, they claimed
that R(Σ+/Σ0) ≈ 5 ± 1 at Q = 129MeV [247].

Although the COSY-HIRES result casts doubts on
the COSY-11 values in fig. 69, there remains a very se-
rious disagreement with the ANKE data. It has been ar-
gued [250] that the COSY-HIRES analysis should really
be considered as an upper limit, principally because it un-
derestimates the significance of the coupling between the
pp → K+pΛ and pp → K+NΣ channels. The very robust
measurements of the exclusive pp → K+pΛ reaction by
the COSY-TOF Collaboration displayed in fig. 68 show a
very strong cusp effect in the Σ threshold region [231,232]
associated with Λp � ΣN transitions. As a consequence,
some of what had been assumed by the COSY-HIRES
group to have been Σ production [247] could, instead, be
due to Λ production, where the K+ missing-mass distri-
bution is far from smooth [231,232].

The geometric acceptance of the COSY-TOF detec-
tor is much larger than that of ANKE but, as discussed
in sect. 2.2.4, it was designed mainly for the detection of
charged particles. In order to study the pp → K+nΣ+

reaction, the standard COSY-TOF design was extended
through the addition of a large neutron detector that was
placed outside the COSY-TOF barrel, some 5.17m down-
stream of the target. An unambiguous signature of the
pp → K+nΣ+ reaction was a primary track due to a
charged kaon, a hit in the neutron detector, and a decay
of the Σ+ hyperon, which resulted in a kinked track [248].

Although the COSY-TOF events are very clean, the
statistics achieved at Q = 129MeV were extremely lim-
ited. Of the 9 identified events, it was estimated that per-
haps 2 were due to background and the rest to Σ+ produc-
tion. Applying Poisson statistics, the authors concluded
that (2.0 ± 0.8) < σ(pp → K+nΣ+) < (5.9 ± 1.2)μb
at the 68% confidence level [248] and this limit is shown
in fig. 69 by the open (blue) box. The ANKE value
at 129MeV [228] clearly falls within this range but, if
one assumes a reasonable energy dependence, the COSY-
HIRES point at 103MeV seems very high.

Limits on the pp → K+nΣ+ cross section can also be
derived by combining data on the pp → K+Σ+n and pp →
K0Σ+p channels. However, as will be discussed in the
following subsection, these are comparatively weak limits
and merely suggest that the COSY-11 point at 60MeV
is likely to be in error. There are also bubble chamber
data that are shown in some of the publications cited but
these were taken at much higher excess energies, where
the underlying Physics might be significantly different

7.6 pp → K0pΣ+

The pp → K0pΣ+ reaction is much more closely matched
to the capabilities of the COSY-TOF detector than pp →
K+Σ+n because the K0

s decay into two charged pions
occurs mainly within the barrel [251]. Since the decay
Σ+ → pπ0/nπ+ largely happens after the start counter,
this means that there is the excellent trigger of two
charged tracks turning into four tracks within the volume
of the detector. Kinematic fitting procedures could then

be applied with confidence because there is relatively little
background. This channel was the basis of the COSY-TOF
pentaquark search that is described in sect. 7.8.

Extensive angular and mass distributions were ob-
tained at three excess energies, Q = 126, 161, and
206MeV [251] and the resulting total cross sections are
also shown in fig. 69. Over the small range in excess energy,
these behave like three-body phase space, i.e., σ ∝ Q2,
which is also indicated. This variation, which is similar
to that observed in pp → K+pΣ0 and pp → K+nΣ+,
suggests that any ΣN FSI is quite weak. Just as for Λ
production [233], the angular distributions were analyzed
in the three frames of reference and it was found that one
nucleon isobar with a mass ≈ 1720MeV/c2 and width
≈ 150MeV/c2 could describe the bulk of these data.

Isospin invariance allows one to put limits on the pp →
K+nΣ+ cross section in terms those for pp → K+Σ+n
and pp → K0Σ+p:

[√
2σ(pp → K+pΣ0) −

√
σ(pp → K0pΣ+)

]2

≤

σ(pp → K+nΣ+) ≤
[√

2σ(pp → K+pΣ0) +
√

σ(pp → K0pΣ+)
]2

. (16)

Using the COSY-TOF values [233, 251] as input, this re-
sults in the rather wide limits [248]

(0.9±0.8)μb ≤ σ(pp → K+nΣ+) ≤ (16.8±0.8)μb, (17)

which provide little constraint in fig. 69. The triangle con-
straint of eq. (16) is also valid for differential distributions
but the available data do not suggest that this would cur-
rently offer a very profitable approach.

7.7 The production of heavy hyperons

Of the heavier hyperons, there is great interest in the pro-
duction of the Λ(1405) because models based on unitary
chiral perturbation theory find two poles in the neighbor-
hood of the Λ(1405) that evolve from a singlet and an octet
in the exact SU(3) limit [252]. The existence of two poles
means that the lineshape measured in an experiment will
depend upon the particular reaction being studied [253].
This unusual situation is discussed clearly in ref. [254].

Naively one might hope to carry out the same type
of missing-mass experiment that was so successfully used
for Λ and Σ0 production. This is in fact not possible be-
cause of the presence of a nearby isospin-one resonance,
the Σ(1385). Due to their finite widths, the two states
overlap and cannot be separated in a simple pp → K+pX
experiment. Secondary protons are also more troublesome
when the peaks are not narrow. Extra particles have there-
fore to be detected and, in a spectrometer such as ANKE,
this leads to reduced acceptance and much greater ambi-
guity in the evaluation of cross sections.

The suppression of the Σ(1385) in the ANKE exper-
iment [255] was achieved by looking for neutral decays
because isospin forbids the reaction Σ0(1385) � Σ0π0.
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Fig. 70. Missing-mass distribution from the pp → K+pΛX
reaction at 2.83 GeV [255]. The (red) circles are experimental
data whereas the (blue) stars are simulations of the reaction
chain leading to X = π0γ normalized to the large MX data.
After subtracting this contribution, the (black) inverted trian-
gles are a fitted Gaussian representation of the X = π0 signal.

The basic principle of the experiment was the search
for the four-fold coincidence of two protons, one posi-
tively charged kaon and one negatively charged pion, i.e.,
pp → pK+pπ−X. These could correspond to the reaction
chains

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

ii) pp → pK+Λ(1405) → pK+Σ0π0 → pK+Λγπ0

→ pK+pπ−γπ0.

Having identified the Λ from its π−p decay, the final piece
in the jigsaw is to separate the missing masses correspond-
ing to the π0 (the Σ(1385) case) and π0γ (the Λ(1405)
case). This is illustrated in fig. 70 for the ANKE data
taken at 2.83GeV [255]. The experimental points are com-
pared to the simulation of the Λ(1405) channel, where the
X = π0γ distribution should be little affected by any un-
certainties in the experimental resolution. The remainder
is a Gaussian fit to the π0 peak, which arises from the
Σ0(1385) contribution. This fit shows that only about 4
of the Σ0(1385) events lie above the experimental cut of
190MeV/c2 that was chosen to select the Λ(1405) sig-
nal [255].

The biggest uncertainty in the quoted cross section,

σtot(pp → pK+Λ(1405)) = (4.5 ± 0.6stat ± 1.8syst)μb,

comes from the extrapolation from the miniscule ANKE
acceptance to the whole of phase space, which is certainly
a leap of faith. The rather complex analysis reported in
ref. [255] is typical of the approaches that have to be un-
dertaken in the study of heavy hyperon production at

ANKE. The acceptance at COSY-TOF is much larger but
this spectrometer was not designed for events with two
neutral particles.

The Λ(1405) mass spectrum produced in a single re-
action [255] sheds little light on the two-pole hypothe-
sis [253], though it is informative regarding the interpre-
tation of kaon pair production presented in sect. 8.1.

A more detailed experiment was carried out at the
higher energy of 3.5GeV using the HADES spectrom-
eter at GSI [256]. Within the uncertainties of the two
ANKE and HADES points, it seems that the Q depen-
dence of σtot(pp → pK+Λ(1405)) could be similar to that
for σtot(pp → pK+Λ).

An earlier experiment at ANKE [257] investigated the
three-particle correlations in pp → K+pπ−X+ and pp →
K+pπ+X−, also at 2.83GeV. For both reaction channels
evidence was found for bumps that could correspond to a
heavy hyperon with mass M(Y 0∗) = (1480 ± 15)MeV/c2

and width Γ (Y 0∗) = (60 ± 15)MeV/c2. The isospin de-
pendence of this effect was not established and there is
little supporting evidence for either a Λ or a Σ state in
this region in the current PDG tables [173].

7.8 Pentaquarks

Following the introduction of the quark model, mesons
were generally categorized as qq̄ pairs and baryons as qqq
triplets; any state that did not fit into this scheme was
classed as being exotic. A prime example of this was the
Z∗

0 baryon, which has isospin-zero and strangeness +1.
Searches were made for such a state in the nineteen six-
ties through the comparison of total cross sections of K+

interactions with hydrogen and deuterium but, because of
decay losses in the kaon beams of low momenta, the data
were not sensitive to low-mass states [258,259].

The subject was opened again towards the end of the
century with the proposal for a narrow (Γ < 15MeV/c2)
Z∗

0 baryon with a mass of ≈ 1530MeV/c2 [260], which
fell below the energy region of the total cross section ex-
periments [258, 259]. This suggestion inspired numerous
enthusiastic searches for such a state, which had been
renamed Θ+ by the theorists involved. Unlike some of
the other members of the proposed antidecuplet of states,
there could be no doubt that one in the K+n or K0p chan-
nel would be exotic and so had, in the quark model, to be
of the form qq̄qqq, i.e., be a pentaquark.

In view of the mixed results achieved at other labora-
tories, the search carried out at COSY-TOF looked very
clean and promising because it was well adapted to the
unique characteristics of the spectrometer [261]. The ex-
periment consisted of a measurement of the pp → K0pΣ+

reaction, which was already described in sect. 7.6. At a
beam momentum of 2.95GeV/c, the excess energy was
only Q = 126MeV, which limited the K0p invariant mass
to lie below about 1562MeV/c2.

Immediately after the COSY-TOF start counter there
were two tracks from the proton and the Σ+ but, after
a K0

s → π+π− decay, these become four tracks within
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Fig. 71. Invariant K0p mass distribution from the pp →
K0pΣ+ reaction. The points represent the results of the initial
COSY-TOF experiment at Q = 126MeV [261]. The shaded
band corresponds to the spectrum evaluated in the second ex-
periment at Q = 161 MeV [262]. To account for the differ-
ent values of Q, the invariant-mass axis has been scaled ac-
cording to the kinematically allowed range and the height of
the band adjusted so that the averages agreed for data where
m(K0p) > 1480 MeV/c2.

the COSY-TOF barrel. Also within the barrel the Σ+ de-
cays into either π0p or π+n, and events were retained that
showed the resulting kink in the track. The decay kine-
matics and angular distributions allow a clear suppression
of the main background arising from the pp → K+pΛ
reaction. Clear peaks were seen in the reconstruction cor-
responding to the Σ+ and K0 and the resolution in these
masses was consistent with the simulations, which showed
that the resolution in m(K0p) should be 18 ± 3MeV/c2.
There were some 939 events that passed all the required
cuts.

The initial data shown in fig. 71 display a peak at
1530±5MeV/c2 with a width of 18±4MeV/c2 (FWHM),
which is completely consistent with the expected mass res-
olution. This seemed to present strong evidence for the
existence of the Θ+ with the expected properties.

The definitive COSY-TOF experiment was carried out
at the slightly higher momentum of 3.059GeV/c [262],
so that the upper limit of the K0p invariant mass was
increased to 1.597GeV/c2, which is further away from
the suggested pentaquark peak. The experimental method
was similar to the previous one [261] but with the much
higher statistics of more than 12000 independent events.
In addition, three different approaches were used in the
analysis, depending largely on how the information re-
garding the Σ+ track was included. All three results
agreed within statistical uncertainties.

No evidence was found for any peak, especially one
in the 1530MeV/c2 region, and an upper limit of the
pp → Σ+Θ+ production cross section of 150 nb was found
at the 95% confidence level. It should be noted here that
systematic studies of the instrumental background allowed
corrections to be made to the second data set [262] that
were not available for the earlier results [261]. An even

lower limit was found in a subsequent analysis [263], de-
pending upon the assumed Θ+ mass.

To give a qualitative illustration of the difference be-
tween the two sets of COSY-TOF results, we show in
fig. 71 the original COSY-TOF points [261] together with
a grey band corresponding to the newer COSY-TOF re-
sults [262]. To account for the different beam energies, the
K0p invariant mass axis has been scaled according to the
kinematically allowed range.

A very different approach was undertaken at ANKE,
where the four-body final state in the pp → K0pπ+Λ
reaction was investigated at 2.83GeV [264]. Here the Λ
was identified through its π−p decay so that the ac-
tual final state was K0ppπ+π−. Rather than measuring
the K0 through its π+π− decay, as was done at COSY-
TOF [261, 262], it was deduced from the missing mass
of the other four particles, viz. ppπ+π−. With this se-
lection procedure, 1041 events were found corresponding
to the pp → K0pπ+Λ reaction. Assuming a phase-space
dependence this led to a total cross section of σ(pp →
K0pπ+Λ) = 1.41 ± 0.05 ± 0.33μb.

No peak was found that could correspond to the Θ+

and the upper limit for producing this state

σ
(
pp → Λπ+Θ+

)
< 58 nb

at the 95% confidence level depended weakly on the as-
sumed position and width of the state. Without a reaction
model for the production of this non-existent state, it is
not useful to try to compare this limit with that obtained
at COSY-TOF for the pp → Θ+Σ+ reaction [262], though
the order of magnitude larger statistics in the COSY-TOF
case should certainly be noted.

Despite the negative results of the COSY-TOF experi-
ment, pentaquarks are far from being dead since the LHCb
Collaboration at CERN have recently claimed two peaks
in the J/Ψp system with high statistical significance but
with masses over 4GeV/c2 [265].

7.9 Hyperon production in proton-neutron collisions

There is relatively little information available on hyperon
production in proton-neutron collisions and what does ex-
ist is rarely very systematic. The first indications of the
strength of production on the neutron came from a com-
parison of inclusive K+ production by protons on hydro-
gen and deuterium targets [266]. Below the threshold for
Σ production, the K+ rates are dominated by quasi-free
pp → K+pΛ and pn → K+nΛ reactions but, at higher en-
ergies, Σ production and even the formation of kaon pairs
must also be considered.

The obvious disadvantage of this approach is that the
centre-of-mass energy is not well determined, due to the
Fermi motion in the deuteron target, and some model-
ing is required. After doing this, it was found that the
weighted average of the production ratio over the three
lowest beam energies was σK+

pd /σK+

pp = 1.4 ± 0.2 which,
after taking shadowing into account, means that the ratio



Eur. Phys. J. A (2017) 53: 114 Page 55 of 82

of K+ production cross sections in pn and pp collisions

R = σK+

pn /σK+

pp = 0.5 ± 0.2. (18)

At low energies, where only Λ production is possible,
the 0.5±0.2 is comfortably above the isospin lower bound
R � 0.25. The result in this region for the ratio of cross
sections of definite isospin becomes

σI=0(NN → KNΛ)/σI=1(NN → KNΛ) = 1.0 ± 0.8.
(19)

It should, of course, be noted in this context that, for a
neutron target, half of the I = 0 signal would be associated
with K0 production.

The inclusive approach was later refined by detecting
a spectator proton in an STT in coincidence with the K+

measured in ANKE [267]. Apart from being more selec-
tive, the spectator proton allowed the reconstruction of
the c.m. energy on an event-by-event basis. Although ex-
tensive data were taken below the Σ threshold, definitive
results on the quasi-free pn → K+Λn cross section are
still not available.

A similar use of the STT was made in the study of
the quasi-free measurement of the pd → pspK+pΣ− re-
action at ANKE [268]. By measuring the spectator pro-
ton psp in a silicon tracking telescope, a scan over a wide
range of centre-of-mass energies was achieved while keep-
ing the beam energy fixed. The K+ and primary proton
could then be detected in ANKE and the Σ− identified
through the missing-mass peak. The experiments were
carried out at beam momenta of 2.915 and 3.015GeV/c. If
these had been undertaken on a free neutron target they
would have corresponded to excess energies of about 110
and 140MeV, respectively. These values are reduced by
the deuteron binding energy and the energy taken by the
spectator proton in the STT. However, the biggest effect
comes from the placing of the STT towards the backward
hemisphere so that the useful coverage shown for the total
cross sections of fig. 72 is 30 ≤ Q ≤ 130MeV.

Due to complications in evaluating the acceptance in-
volving the STT, the total quasi-free pn → K+pΣ− cross
sections of fig. 72 have not yet been reliably normalized
and they are displayed in arbitrary units. Nevertheless,
over the range of energies shown, the cross section seems to
follow the Q2 behaviour expected from three-body phase
space. This is seen in other Σ production reactions but, of
course, the effects of a strong ΣN final state interaction
might well only show up closer to threshold.

By charge symmetry, the cross sections for pn → K0Λp
should be identical to that for pn → K+Λn. The reac-
tion pd → pspK0pΛ was studied in the COSY-TOF de-
tector [269]. Immediately after the target, only the track
of the fast proton is seen, the spectator proton psp being
undetectable. However, after Λ → pπ− and K0 → π+π−

decays, five tracks are present, which is an excellent sig-
nal for a good event. The main difficulty is identifying the
two decay vertices from the four tracks with their mea-
surement errors —the combinatorial background. In prac-
tice, this combinatorial background can be much more of
a problem than the physical background.

0 25 50 75 100 125

Fig. 72. The total cross section for the quasi-free pn →
K+pΣ− reaction extracted from proton-deuteron collisions at
2.915 GeV/c (blue circles) and 3.015 GeV/c (red stars) [268].
Due to difficulties in evaluating the acceptance involving the
STT, these preliminary values are not normalized and the
3.015 GeV/c results have been multiplied by a factor of 1.3
compared to ref. [268] in order to ensure good relative nor-
malization between the two data sets. The curve, σ ∝ Q2,
represents undistorted three-body phase space.

In the data taken at 2.261GeV, fewer than one in 105

events corresponded to the pd → pspK0pΛ reaction and
so the robust trigger was crucial [269]. Nevertheless, the
preliminary cross section ratio of eq. (18) seems to be only
just above the isospin limit of R = 0.25, though this value
depends sensitively upon the detector efficiencies. In stark
contrast to the ANKE result [266], this would imply very
little isospin I = 0 production. However, a more detailed
COSY-TOF data set is currently under analysis [270].

8 Kaon pair production

Since strangeness is conserved in strong interactions, the
production of a K+ must be associated with that of par-
ticles with a net strangeness −1. In the previous section
these were hyperons but now we turn to K+K− produc-
tion. However, the specific case of pd → 3He K+K− will
be deferred until sect. 9.4, where it will be treated along
with other pd → 3HeX reactions.

8.1 Kaon pair production in nucleon-nucleon collisions

Well above the threshold for hyperon production in
proton-proton collisions it is possible to produce kaon
pairs through the pp → ppK+K− reaction. The early
COSY experiments in this area were carried out by the
COSY-11 Collaboration [271–274] and these results are
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crucial in the determination of the energy dependence of
the total cross section near threshold. The larger accep-
tance available at the ANKE spectrometer allowed exper-
iments to be carried out at higher excess energies, includ-
ing above the φ threshold. The higher statistics also meant
that more differential observables could be usefully mea-
sured [275–278].

In the COSY-11 experiments the two protons were
first identified and measured using the time-of-flight in-
formation in combination with the momentum analy-
sis [271–273]. Due to the decay of the K+, the probability
that it reached the second stop counter is of the order of
a few percent and so its four-momentum was evaluated
using the time difference from the target to the first stop
counter, using start information derived from the proton
measurements. Though K− were also detected by a com-
bination of scintillator and silicon pads, the reaction was
confirmed through the evaluation of the missing mass with
respect to the two protons and the K+ candidate, which
showed a peak at the K− mass. The value of the over-
all luminosity was reliably derived by measuring proton-
proton elastic scattering in parallel. More problematic was
the ≈ 10% uncertainty in the efficiency, which was esti-
mated by including only the pp final-state interaction in
the four-body phase space. Distortions due to the K−p
and K+K− final-state interactions were not considered
for this purpose.

The experimental procedure was somewhat different
at ANKE [275–278], where the K+ candidate was first se-
lected using time-of-flight information7. The signal from
the K+ stop counter was then used in the determination
of the momenta of the K− and one of the protons. The re-
action was finally identified by looking for the proton peak
in the missing mass with respect to the pK+K− recoiling
system. The uncertainties in the overall acceptance are
slightly less than those at COSY-11 but, for data taken
above the φ threshold, there is an additional uncertainty
associated with the separation of φ and non-φ events. The
resulting φ data will be reviewed in the next subsection.
Proton-proton elastic scattering was also used as the basis
for the luminosity determination, though there was greater
ambiguity in the pp database at the small angles used at
ANKE, which has only recently been clarified [82].

The total cross sections measured at COSY for the
non-φ contribution to the pp → ppK+K− reaction are
shown in fig. 73 along with one point measured earlier by
the DISTO Collaboration [177]. These show a steady rise
with excess energy Q but the four-body phase space nor-
malized in the 100MeV region seriously underestimates
the low-energy data8. Part of this can be compensated

7 A use of the delayed-veto trigger for the K+ would have
reduced the acceptance by almost an order of magnitude.

8 Unpublished COSY-11 data suggest that the cross sec-
tion is below 0.1 nb at Q ≈ 4.5 MeV [279], which is more re-
strictive than the previous COSY-11 upper limit of 0.16 nb at
Q = 3 MeV [280]. This departure from the trend shown by the
higher-energy data might be due to the Coulomb repulsion be-
tween the K+ and the two protons, which must be critical so
close to threshold.
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Fig. 73. Total cross section for the non-φ contribution to
the pp → ppK+K− reaction as a function of the excess en-
ergy Q. The data are taken from DISTO (triangle) [177],
COSY-11 (squares) [271–273], and ANKE (open and closed
circles) [275–278]. The dotted line shows the four-body phase-
space simulation, whereas the solid line represents the simu-
lations of eq. (21) with aK−p = 1.5i fm. The predictions of a
one-boson exchange model are shown by the dashed line [281].

through the introduction of a pp final-state interaction
but, in order to get a reasonable description near thresh-
old, some attraction is required between the K− and each
of the final protons. Clear evidence for this is to be found
in the differential distributions, to which we now turn.

It was first apparent in the COSY-11 data at Q = 10
and 28MeV [273] that the K−p interaction was strongly
attractive because the measured events clustered around
low K−p or even low K−pp invariant masses. This obser-
vation was taken up by the ANKE Collaboration [276–278]
which, following COSY-11, constructed the ratios of cross
sections with respect to the K±p and K±pp invariant
masses:

RKp =
dσ/dMK−p

dσ/dMK+p

, RKpp =
dσ/dMK−pp

dσ/dMK+pp

, (20)

The RKp and RKpp ratios at Q = 24MeV are shown in
fig. 74 [278].

It is well known that there can be no rigorous estima-
tion of an enhancement factor F when three or more par-
ticles interact in the final state. Nevertheless, in the case
of pp → ppη, where there are strong interactions between
all three pairs of particles, the data can be well described
by taking the overall enhancement as the product of the
three two-body enhancements [282]. This ansatz was also
adopted in the analysis of the ANKE data, where it was
assumed that

F = Fpp(qpp) × FKp(qKp1) × FKp(qKp2) × FKK(qKK),
(21)

where qpp, qKp1 , qKp2 , and qKK are the magnitudes of the
relative momenta in the pp, the two K−p, and the K+K−
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Fig. 74. The ratios RKp and RKpp of eq. (20) at Q =
24 MeV [278]. The red solid and broken black histograms repre-
sent estimations based on eq. (21) that take into account K−p,
pp and K+K− final state interactions with aK−p = 2.45i fm
and aK−p = 1.5i fm, respectively.

systems, respectively. It is believed that the K+p interac-
tion is weakly repulsive and may be neglected compared
to the uncertainties in the other effects.

The critical interaction in the RKp ratio of fig. 74 is
that between the K− and each of the protons. A good
description of the Q = 24MeV data is achieved by as-
suming a simple K−p scattering length formula with
aK−p = 2.45i fm [278]. What is more surprising is that
the ansatz of eq. (21) gives an equally good description of
the Kpp data. However, it must be admitted that aK−p

is an effective parameter and should not necessarily be
equated to the free K−p scattering length because the
factorization assumption clearly does not contain all of
the relevant physics. In fact the ANKE data above the
φ threshold are better fit with aK−p = 1.5i fm, though it
should be noted that the data are not very sensitive to the
phase of aK−p [276,277].

Interesting effects also arise from mass differences. For
example, 2mK0 − 2mK± ≈ 8MeV/c2 and a change in
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Fig. 75. Ratio of K+K− invariant-mass distributions mea-
sured at different energies at ANKE in the pp → ppK+K−

reaction [276–278] to a simulation that includes only K−p
and pp final-state interactions. The solid curve represents the
best fit in a model that includes elastic K+K− FSI and
K0K̄0 � K+K− charge-exchange [283]. The best fits neglect-
ing charge exchange or neglecting the elastic K+K− FSI are
shown by the dashed and dot-dashed curves, respectively.

behaviour might be seen at the K0K̄0 threshold in the
pp → ppK+K− data as a function of mK+K− shown in
fig. 75. The inclusion of final state interactions through
K0K̄0 � K+K− in a coupled-channel formalism was ex-
plored in ref. [283], though even these high-statistics data
were not sufficient to identify unambiguously a cusp at the
K0K̄0 threshold. On the other hand, there is no evidence
for the production of the a0/f0 scalar mesons in this re-
action, which was one of the motivations for measuring
pp → ppK+K−.

Another mass difference that might be significant is
mK0 + mn −mK− −mp ≈ 5.3MeV/c2, which means that
there might be some kind of anomaly in the K−p mass
distribution of fig. 74 at mK−p ≈ 1437MeV/c2, though
there is little sign of this in the data.

The inclusion of the pp, K−p, and K+K− final-state
interactions improves significantly the prediction of the
energy dependence of the pp → ppK+K− total cross sec-
tion shown in fig. 73.

The ANKE data on Λ(1405) production in the reaction
pp → K+p (Λ(1405) → Σ0π0) were discussed in sect. 7.7.
Although the centre of this hyperon lies just below the
K−p threshold, it has a finite width and the high-mass
tail can decay into the K−p channel. There is therefore a
strong possibility that some of the kaon pair production
observed at COSY might be proceeding through this door-
way state, i.e., pp → K+p (Λ(1405) → K−p). This would
account for the strong enhancements that are observed for
low K−p invariant masses. This idea has been tested in a
specific Lagrangian model [284] and the results are shown
in fig. 76.
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Fig. 76. Top: differential cross section for the pp → pK+K−p
reaction at Tp = 2.83 GeV as a function of the K−p invariant
mass [276]. The predictions of the Lagrangian model are shown
by the solid line [284]. Bottom: differential cross section for the
pp → pK+π0Σ0 reaction also at 2.83 GeV. The predictions of
the Lagrangian model (solid line) have been scaled by a factor
of 0.4 before being compared to the ANKE data [255]. In both
cases the dashed line represents normalized four-body phase
space [284].

The shapes of both mass distributions shown in fig. 76
are very encouraging and the normalization factor of 0.4
may be within the combined experimental and theoretical
uncertainties. Though the predictions were based upon a
specific model whose normalization was tuned to fit the
pp → pK+K−p data, it is quite likely that the results
and normalization for the pp → pK+π0Σ0 reaction are
more general than the particular model used in ref. [284].
It is clear that, if the Λ(1405) plays an important role
in kaon pair production, one will find it very hard to
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Fig. 77. Total cross section for non-φ KK̄ production in
nucleon-nucleon collisions near threshold. The closed circles
denote pn → dK+K− data [288] and the open triangles
pp → dK+K̄0 [285, 286], whereas the open circles show the
results for pp → ppK+K− up to 2008 [177, 271–273, 276]. The
dotted curve is the best fit to the pp → dK+K̄0 data within
a simple final state interaction model [108], whereas the solid
curve includes also the isospin-zero contribution needed to de-
scribe the energy dependence of the pn → dK+K− total cross
section.

identify a signal for the production of the scalar bosons
a0(980)/f0(980).

The background for the a0(980) could be smaller in the
K+K̄0 charged channel and searches were undertaken at
ANKE for scalar meson production in the pp → K+K̄0d
reaction at proton beam energies of 2.65GeV [285] and
2.83GeV [286]. Selection rules play a very important role
here because the combination of the Pauli principle and
angular momentum and parity conservation do not allow
all three final particles to be in relative s-waves. An analy-
sis of the two data sets suggests that it is the K̄0d system
that is dominantly in the s-wave, being driven by the at-
traction of the antikaon to nucleons and nuclei [287]. There
is only very weak evidence for the possible production of
the a+

0 (980) but the two final-state interactions together
do reproduce a little better the energy dependence of the
total cross section.

A closely allied reaction is pn → K+K−d, which was
studied at ANKE in quasi-free kinematics using a deu-
terium target [288]. The effective luminosity was deter-
mined using the Schottky technique that was discussed
in sect. 2.4 [53]. Though the beam energy was fixed at
2.65GeV, the reconstruction of the K+K−d centre-of-
mass energy allowed the reaction to be studied up to ex-
cess energies of around 100MeV. Above Q = 32.1MeV
there was also the problem of separating direct KK̄ pro-
duction from that of the φ, whose results are discussed in
sect. 8.2. The resulting total cross sections are shown in
fig. 77 along with those for pp → dK+K̄0 [285,286].
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The relationship between the two reactions is seen
more clearly in the isospin basis of eq. (22):

σ(pp → dK+K̄0)=σ1, σ(pn → dK+K−)=
1
4
(σ1 + σ0).

(22)
An interpolation of the pn results to energies where pp →
dK+K̄0 was measured [285, 286] gives isospin ratios of
σ0/σ1 = 0.9±0.9 at Q = 47MeV and 0.5±0.5 at 105MeV,
where the large error bars arise from the subtraction im-
plicit in eq. (22). All that one can reasonably conclude
from this is that σ0 cannot be much larger than σ1, de-
spite the necessity for having a p-wave in the final state
in the I = 1 case.

Also shown in fig. 77 are values of the pp → ppK+K−

total cross sections [177,271–273,276], which are very sim-
ilar in magnitude to those for pn → dK+K− [288]. How-
ever, some account must be taken of the difference between
the 3-body and 4-body final states but, when this is done,
one sees that

σ(pp → ppK+K−)/σ(pn → {pn}I=0K
+K−) ≈ 1.5,

(23)
though this estimate is rather model-dependent.

The K−d/K+d cross section ratio, i.e., the analogue
of eq. (20), shows the usual preference for the K− to be
attracted to the deuteron. A reasonable agreement with
the data was achieved with a scattering length of aK−d =
(−1.0 + i1.2) fm, which would be in line with theoretical
expectations [289].

8.2 pp → pp φ and pn → d φ reactions

The ANKE experiments on K+K− production in both
pp [275–277] and np [290] collisions were primarily moti-
vated by the study of φ production, where the meson was
detected through its decay φ → K+K−. Since the cross
sections are low, and the multipion backgrounds are high,
it is hard to isolate the φ in pp collisions just by detect-
ing the final protons. Even by reducing the background by
several orders of magnitude by demanding the presence of
a K+K− pair in the final state, the separation of the φ
from direct K+K− production is non-trivial, as illustrated
in fig. 78.

Of immediate interest here is the ratio Rφ/ω of the pro-
duction of the φ and ω vector mesons in reactions where
there are no strange particles in the initial state. Accord-
ing to the Okubo-Zweig-Iizuka (OZI) rule [291–293], one
expects Rφ/ω to be on the order of ROZI = 4×10−3. Using
ω production data from refs. [174,178] it was found that in
pp collisions Rφ/ω ≈ 6−8×ROZI [275] and a similar conclu-
sion was reached using later COSY-TOF data [179]. This
is consistent with the result obtained in the pn case [290]
on the basis of pn → dω data taken at COSY [184]. These
values are to be contrasted with the 1–2.4 × ROZI found
in high energy pp → ppV data [294].

Close to threshold, the two final-state protons in the
pp → ppφ reaction must be in the 1S0 wave, and the φ
in an s-wave relative to this pair. The φ is then aligned
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Fig. 78. The pp → ppK+K− differential cross section at
2.83 GeV as a function of the K+K− invariant mass [277]. The
error bars are statistical; systematic uncertainties are shown by
the hatched histogram. The dashed-dotted (red) curve repre-
sents four-body phase-space that is distorted slightly by the
FSI to give the dashed (blue) curve. The dotted curve is the fit
to the φ contribution, whereas the solid line is the incoherent
sum of the φ and non-φ contributions.

with polarizations m = ±1 along the beam direction. The
polar angular distribution of the decay kaons in the φ me-
son rest frame must then display a sin2 θK

φ shape, which
is consistent with the Q = 18.5MeV data [275]. On the
other hand, at Q = 76MeV the kaon angular distribu-
tion is almost isotropic, which means that the φ is essen-
tially unpolarized [278]. This is an unambiguous proof of
the importance of higher partial waves in φ production at
76MeV.

A similar conclusion can be drawn from the study of
the pn → dφ data [290]. At threshold a pure sin2 θK

φ is
required but, if the data are parameterized as

dσ/dΩK
φ = 3 (a sin2 θK

φ + 2b cos2 θK
φ )/8π, (24)

then the best fit gives b/a ≈ 0.012 (Q/MeV). The φ are
therefore produced unpolarized for Q ≈ 40MeV.

Despite the evidence for higher partial waves coming
from the angular distributions, there is no sign of their
effect in the total cross section. Thus the total cross section
for the quasi-free pn → dφ reaction shown in fig. 79 is
well described by the curve representing 48

√
Q/MeV. The

figure also shows that, over the range in Q measured, the
pn → dφ cross section is much bigger than that of pp →
ppφ, though one has to bear in mind the difference between
a two-body and a three-body final state.

8.3 pA → K+K−X and pA → φX

In the experiments described so far, and those that will
be discussed in sect. 9.4, only exclusive φ production was
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Fig. 79. Total cross section for the quasi–free pn → dφ re-
action as a function of the excess energy (filled circles) [290].
The curve represents a phase–space
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parison, also shown by open circles are the values obtained for
pp → ppφ in the first ANKE experiment [275].

studied. In such hard processes the interaction of the φ
with nucleons plays only a minor role compared to the
uncertainty of the reaction mechanism itself. In order to
investigate how the φ interacts with the nuclear medium,
its inclusive production was studied with 2.83GeV protons
incident on C, Cu, Ag, and Au nuclear targets [295, 296].
Only the K+K− pair was detected in the ANKE facil-
ity but, unlike the pp → ppK+K− experiments that were
the subject of sects. 8.1 and 8.2, the delayed-veto tech-
nique [20] was employed to identify the K+ unambigu-
ously.

The K+K− peak corresponding to the φ meson was
clearly seen for all four nuclear targets, the carbon exam-
ple being shown in fig. 80. The background, which was
dominantly due to direct pair production, was parameter-
ized by a quadratic function in mK+K− in order to make
subtractions under the invariant-mass peak. The resulting
number of reconstructed φ mesons for each target was be-
tween 7000 and 10000. It has, of course, to be recognized
that these numbers depended sensitively upon the ANKE
acceptance for the positive and negative kaons.

The standard way of describing such data is through
the evaluation of the so-called transparency ratios

R =
12σpA→φX′

AσpC→φX
(25)

normalized to carbon. Here σpA→φX′ and σpC→φX are in-
clusive cross sections for φ production in pA and pC col-
lisions, respectively. By dividing by the carbon data one
takes into account production on neutrons as well as pro-
tons, though it must be noted that there is a significant
neutron excess in the heavier targets.

The values obtained for the transparency ratios are
shown in fig. 81. Any interpretation of these data has to
rely on a detailed theoretical treatment and the curves
shown in the figure are the predictions of one specific
model [297] for various values of the φ width Γφ in nuclear
matter, taking into account the effects of the ANKE cuts
on the distributions in the laboratory φ momenta and pro-
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Fig. 80. Invariant-mass distributions for K+K− pairs pro-
duced in pC collisions at 2.83 GeV [295]. The experimental data
are not acceptance-corrected. The dashed line is a second-order
polynomial representation of the background in the region of
the φ peak.
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Fig. 81. Comparison of the measured transparency ratio R
with the predictions of the Paryev model [297] for various val-
ues of the φ width in the nuclear medium (in MeV/c2) [295].

duction angles. It should be noted that in the low-density
limit the medium contribution to Γφ is proportional to the
φ-nucleon total cross section.

The best fit for the in-medium width within this model
is achieved with Γφ = 73+14

−10 MeV/c2. Since the average
φ momentum at ANKE is around 1.1GeV/c, this corre-
sponds to Γφ ≈ 50MeV/c2 in the nuclear rest frame. How-
ever, there is significant model dependence, especially re-
garding the relative production rates on protons and neu-
trons, but also on the importance of two-step processes
induced, e.g., by intermediate pions. Independent of any
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particular model, the results suggest a substantial increase
in the total φ width in the nuclear environment.

In a subsequent analysis [296], the dependence of the
transparency ratio on the φ momentum was investigated
over the range 0.6 < pφ < 1.6GeV/c. In all the models
tested, the experimental results show evidence for an in-
crease of Γφ with the φ momentum. However, these mod-
els do not reproduce satisfactorily the large numbers of φ
mesons produced with momenta below 1GeV/c.

Figure 80 shows, in addition to the φ peak, a large
number of K+K− pairs produced “directly” in the pA →
K+K−X reaction. These have been used to investigate
the interaction of the K− with nuclear matter [298]. In
the framework of a specific reaction model [299], the data
are best described by a moderately attractive K−-nucleus
potential of depth ≈ 60MeV for an average kaon momen-
tum ≈ 0.5GeV/c.

9 The pd → 3He X0(3H X+) family of
reactions

Despite the pd → 3HeX0(3H X+) reactions generally in-
volving large momentum transfers, they have the big ex-
perimental advantage of requiring the measurement of
only one charged particle, 3He or 3H, in the final state
in order to reconstruct X through the missing mass in the
reaction. For this reason there have been numerous stud-
ies of such reactions over the years. At COSY there were
important measurements of single and two-pion produc-
tion as well as the formation of K+K− pairs, including φ
production. However, the most fascinating data are asso-
ciated with η production, which has proved to be a very
rich field to explore at COSY. Data taken at WASA on the
combined measurement of the production of η mesons and
single and multiple pions above the η threshold are cur-
rently being analyzed but definitive results with absolute
normalizations are not yet available [300].

9.1 pd → 3He π0 and pd → 3H π+

The most extensive published measurements of the differ-
ential cross section of the pd → 3He π0 and pd → 3H π+

reactions was undertaken by the COSY-GEM Collabora-
tion, where the final 3He or 3H was detected [301, 302]9.
Isospin invariance predicts that there should be a factor
of two difference in the cross sections, though the spin de-
pendence of the observables should be identical in the two
channels.

Data were taken over the whole angular range for
both π0 and π+ production for laboratory momenta be-
tween 750 and 1000 or 1050MeV/c. Samples of the π0

data are plotted in fig. 82. Also shown are data obtained
at TRIUMF at a beam momentum of 883MeV/c [303],

9 Data on the pd → 3He π0 reaction taken by the WASA
Collaboration at a variety of energies are currently under anal-
ysis [300].

Fig. 82. Differential cross sections for the pd → 3He π0 re-
action measured by the COSY-GEM Collaboration at the
three beam momenta indicated [301, 302]. For presentational
purposes, the data at 900MeV/c have been scaled by a fac-
tor of 2.25 and at 1000MeV/c by (2.25)2. The (blue) open
stars represent the results of the TRIUMF measurement at
883 MeV/c [303] using the 900 MeV/c scaling factor. Also
shown are the fits based upon eq. (26).

which are broadly in line with the COSY-GEM results at
900MeV/c.

The shape of the data changes with beam momentum
and the results are well fit with:

dσ

dΩ
= a + exp{b + c(cos θ − 1)}. (26)

The COSY-GEM authors [301,302] argue that the change
in the slope parameter c is mainly kinematic; at larger
beam momenta the momentum transfer between the 3He
and deuteron increases faster with angle. As a conse-
quence, the slope parameter should vary like pk, where
p and k are the proton and pion momenta in the c.m.
frame. This behaviour is clearly seen in the values of the
fit parameters shown in fig. 83.

Equation (26) also suggests that there are at least two
mechanisms that play important roles here. At small an-
gles the reaction might involve a spectator nucleon but at
large angles all nucleons seem to be involved [304].

As by-products of studying other reactions at ANKE,
data were taken on the proton analyzing powers in pd →
3He π0 and pd → 3Hπ+ and also the deuteron and proton
analyzing powers in �d�p → 3Heπ0 and �d�p → 3Hπ+ [305].
The proton analyzing power data shown in fig. 84 comple-
ment the earlier TRIUMF measurements at 350MeV [303]
and show much structure from the higher partial waves
than is apparent in the differential cross section shown in
fig. 82.

The deuteron beam measurements also allowed trans-
verse spin correlations to be studied for the first time and
values obtained for Cy,y and Cx,x at 363MeV per nucleon
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Fig. 83. Slope parameter c of eq. (26) deduced from fits to
the COSY-GEM data on pd → 3He π0 (closed circles) and
pd → 3H π+ (open circles) differential cross sections [301,302].
Since the slope parameters should be similar for the two chan-
nels, the values of c for the π+ case may be questioned at the
two highest momenta. Also shown is the arbitrarily normalized
curve 1.31pk, where the proton (p) and pion (k) c.m. momenta
are measured in fm−1.
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Fig. 84. TRIUMF data on the proton analysing power Ap
y in

the �pd → 3He π0 reaction at 350MeV [303] (magenta triangles)
are compared to ANKE results obtained at 353 MeV (blue open
circles) and at 363 MeV per nucleon with a polarized hydro-
gen target (black crosses) [305]. The curve corresponds to the
predictions by Falk in a cluster-model approach [306].

are shown in fig. 85 [305]. In the forward and backward
directions the number of independent amplitudes reduces
from six to two, A and B, and their values can be deter-
mined through measurements of the cross section, spin
correlation, and deuteron tensor analyzing power, T20,
which was measured at Saclay [307]:

dσ

dΩ
=

kp

3
(|A|2 + 2|B|2),

T20 =
√

2
|B|2 − |A|2
|A|2 + 2|B|2 ,

Cy,y = Cx,x = − 2Re(A∗B)
|A|2 + 2|B|2 , (27)
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Fig. 85. Transverse spin correlation coefficient Cy,y measured

in the �d�p → 3He π0 and �d�p → 3H π+ reactions at 363 MeV
per nucleon [305]. The (red) triangles were obtained through
3He detection and the (blue) stars through 3H detection. Only
statistical errors are shown. The systematic ones are about 11%
for 3He detection and a little bit larger in the 3H case.

where k and p are the pion and proton c.m. momenta.
Thus the ANKE measurements of Cx,x = Cy,y in collinear
kinematics determines the relative phase of the A and
B amplitudes. Whereas at 363MeV per nucleon there is
strong interference between A and B, at 600MeV per nu-
cleon the two amplitudes are almost out of phase in the
forward direction [305].

9.2 pd → 3He η

There have been numerous missing-mass measurements of
the differential cross section for the pd → 3He η reaction
away from threshold at COSY [308–311] and these have
confirmed the striking angular dependence illustrated at
two energies by the WASA data shown in fig. 86.

Although the cross section in the backward hemi-
sphere, where the momentum transfer between the
deuteron and the 3He is very large, is strongly suppressed,
the data seem to turn over well before reaching θ = 0◦.
This is in sharp contrast to the corresponding pion pro-
duction data discussed in sect. 9.1 and is an indication
that the impulse approximation might not be the domi-
nant driving mechanism for η production, even at small
angles. Three-nucleon mechanisms, involving intermediate
pions, have been suggested to describe these large momen-
tum transfer reactions. Though classical [312] and quan-
tum mechanical [313] calculations have had some success
near threshold, they have not provided any real insight
away from the small Q region.

The values of the total cross sections, which are sum-
marized in ref. [311], have a wide scatter, due in part
to the different techniques used to obtain the absolute
normalizations. An observable that is independent of such
uncertainties is the logarithmic slope at the mid-point,
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Fig. 86. Differential cross section for the unpolarized pd →
3He η reaction obtained at WASA-at-COSY [311] at Q =
49 MeV (blue filled stars) and 60 MeV (red open circles), re-
spectively. The curves are cubic fits in cos θ, where θ is the c.m.
angle between the initial proton and final η. The relative nor-
malization between the two data sets was established through
a comparison with the pd → 3He π0 results. The reliability
of this procedure is currently being checked on a larger data
sample [300].
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Fig. 87. Values of the symmetry parameter α, defined by
eq. (28), deduced from measurements of the pd → 3He η differ-
ential cross section. These are shown as (black) circles [314],
(blue) stars [310], and (red) triangles [311]. Only statistical
errors are shown.

defined by

α =
d

d(cos θη)
ln

(
dσ

dΩ

)∣∣∣∣
cos θη=0

. (28)

Apart from one exceptional point at Q = 59.4MeV
[310], the values of α shown in fig. 87 seem to display a
steady rise with Q. However, it is clear from the dispar-
ity between the different experimental results, which are
much larger than the statistical errors, that there must be
significant systematic uncertainties. These could originate
from the understanding of the acceptance of the various
spectrometers used. The conflicts are likely to be under-
scored when the new WASA data are published [300].

The general physics interest is much greater in the two
near-threshold measurements, carried out simultaneously

at COSY-11 [181] and ANKE [182], where values of the
dp → 3He η cross section were extracted at many energies
with robust relative normalizations. In both experiments,
only the recoiling 3He was detected and the η-meson iden-
tified through the peak in the missing-mass distribution.

The first point to note is that the missing-mass mX

resolution gets better as the threshold is approached. The
reason for this is most easily seen by using non-relativistic
kinematics in the c.m. frame, where

mX = W − mτ − k2/2mred. (29)

Here W is the total c.m. energy, mτ the mass of 3He, k
the momentum of the 3He, and mred the reduced mass of
mτ and mX . The η threshold corresponds to mX = mη

and k = 0, so that

|∂mX/∂k| = k/mred → 0 as k → 0. (30)

The value of mX is therefore stationary at threshold in the
c.m. frame and this is also true for small changes of the
3He momentum from threshold in the laboratory frame.

The improvement in resolution near threshold is, of
course, more general than this particular reaction and a
similar improvement in the missing-mass resolution is to
be expected in, for example, the pp → ppη′ reaction near
its threshold. The power of this result is, however, diluted
by the smearing arising from the finite momentum bite of
the COSY beam.

The early Saclay experiments [315, 316] showed that
the dp(pd) → 3He η total cross section jumped very
rapidly in the η threshold region and it was suggested that
this is likely to be the consequence of a strong η3He s-wave
final-state interaction, that might even lead to the η being
quasi-bound to the nucleus [317]. Such states had been
predicted previously [318, 319], but their positions were
rather ambiguous, due to uncertainties in the parameters
of the η-nucleon interaction. More detailed experiments
were needed to investigate the possible existence of 3

ηHe.
The COSY-11 and ANKE experiments were carried

out in very similar ways, using a deuteron beam that was
steadily accelerated through each cycle. The binning in
beam energy of events taken in this ramping mode could
be chosen at will at the analysis stage and, as will be shown
shortly, the two groups did make very different choices
here. The background to the dp → 3He η data was, in both
cases, estimated from data taken below the η threshold.
These were shifted so that the kinematic limits coincided
and scaled to give consistency outside the η-peak region.
As can be seen from the COSY-11 data shown in fig. 88,
this procedure gives a very plausible description of the
data.

The absolute normalizations of the cross sections were
achieved by measuring deuteron-proton elastic scattering
in parallel, though in different kinematic regions in the
two experiments. This gave overall systematic errors of
≈ 15% [182] and ≈ 10% [181] and these uncertainties are
not included in the results presented in fig. 89. Only the
small-Q region is shown because the total cross sections
at higher energies are almost constant, up to the limits of
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Fig. 88. Distribution of 3He momenta in the c.m. frame at
Q ≈ 1.88 MeV [181]. The dashed line represents a Gaussian
fit to the η peak and the shaded region corresponds to the
background estimated from below-threshold measurements.
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Fig. 89. Near-threshold dp → 3He η total cross sections
measured by ANKE (black circles) [182] and COSY-11 (red
stars) [181]. Only statistical errors are shown. The solid curve is
the fit of eq. (32) to the ANKE data, where a 171 keV smearing
in Q, arising mainly from the deuteron beam profile, is taken
into account. The dashed curve shows what the data should
look like if the deuteron beam were truly monochromatic and
other sources of smearing were neglected.

the two experiments [181, 182]. The larger acceptance for
single particles at ANKE allowed a somewhat larger range
in Q to be studied but this is not crucial here because the
important Physics is contained in the first few MeV of
excess energy.

It is important to note that the values of the COSY-11
and ANKE total cross sections shown in fig. 89 are com-
pletely consistent, especially in view of the overall lumi-
nosity uncertainties. The COSY-11 group omitted effects
associated with smearing in Q and, by fitting their data

with an η3He scattering length formula, obtained a rel-
atively modest value of the magnitude of the scattering
length. This can easily be understood because the energy
smearing softens the jump to the cross section plateau.

In the alternative approach, it was noted in the ANKE
data of fig. 89 that there were many η events produced be-
low the nominal threshold and these must have arisen from
the spread in momentum of the COSY deuteron beam.
The existence of such a spread of the right order of mag-
nitude was confirmed independently from the spin depo-
larizing measurements described in sect. 2.4.2 [54].

After defining an average production amplitude in
terms of the cross section by dividing by the ratio of the
η and deuteron momenta in the c.m. frame,

|f |2 =
pd

pη

dσ

dΩ
, (31)

the ANKE total cross section data were fitted with a two-
pole final-state interaction factor,

f =
fB

(1 − pη/p1)(1 − pη/p2)
, (32)

smeared with a Gaussian distribution in Q and put into
finite energy bins. Here fB is assumed to be constant over
the energy range where the FSI is important. The fit pa-
rameters obtained were [182]

p1 = [(−5.2 ± 7.0+1.5
−0.8) ± i(18.7 ± 2.4+0.7

−0.8)]MeV/c,

p2 = [(106.3 ± 4.5+0.2
−0.3) ± i(75.6 ± 12.5+0.7

−1.8)]MeV/c,

(33)

and a smearing that could arise from a beam spread of
δpd/pd ≈ 2.2 × 10−4. Here the first errors are statistical
and the second systematic. It is important to note here
that the error bars quoted refer to the specific form of
eq. (32) and the nearby pole may move by more than
these if one assumed a different fit function.

It is possible to deduce scattering length and effective
range parameters from the numbers given in eq. (33), but
it must be realized that p2 is really an effective parameter
that might be hiding some of the energy dependence of
fB . The real physics is contained in the value of p1, which
shows that there is a pole in the η3He scattering ampli-
tude at Qpole = [(−0.30 ± 0.15 ± 0.04) ± i(0.21 ± 0.29 ±
0.06)]MeV. The sign of the imaginary part of Qpole, i.e.,
whether the state is “bound” or “antibound” cannot be
determined from above-threshold measurements but, nev-
ertheless, the proximity of the pole to the origin and the
associated large scattering length have excited a lot of in-
terest in the mesic nuclei community.

It is important to check that the pole really is due to
an interaction in the s-wave η3He final state. This state
can be accessed from either the total spin S = 3

2 or the
S = 1

2 deuteron-proton initial system and the differences
will influence the deuteron tensor analyzing power T20.
The pure s-wave FSI hypothesis requires that T20 should
remain constant, despite the strange behaviour of the un-
polarized cross section.
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The tensor analyzing power of the �dp → 3He η to-
tal cross section was measured at ANKE for Q �
11MeV [320] using a similar system to that employed ear-
lier for the unpolarized cross section [182]. The results are
indeed consistent with a constant value of T20, which of-
fers strong support to the FSI interpretation of the near-
threshold energy dependence. It is important to note here
that the detection system was independent of the deuteron
beam polarization so that many of the systematic effects
cancel. The result is not totally unexpected because, if
the poles in the two threshold amplitudes had been signif-
icantly separated, the single pole fit of eq. (33) would not
have resulted in such a small value of the imaginary part
of Qpole.

Further evidence in support of the FSI hypothesis is
to be found from studying the Q dependence of the slope
parameter α of eq. (28) in the near-threshold region. At
high Q the cross sections are forward peaked and the α
of fig. 87 are all positive. However, there were already
suspicions from the Saclay data [316] that α might be
slightly negative near threshold and this was confirmed by
the ANKE data [182]. It was argued in ref. [321] that this
behaviour could only occur if the interference between the
s- and p-wave production amplitudes changed significantly
near threshold. This is precisely what would be expected
if there were a complex pole in the η3He amplitude.

Figure 90 shows the results for α obtained by the
ANKE [182] and COSY-11 [181] Collaborations and the
best fits to these data achieved when taking the phase
variation from the s-wave pole into account [321]. For
comparison, the best fit obtained when the phase vari-
ation is neglected is also shown. It seems clear that these
data are better described by including the phase varia-
tion. It is interesting to note that an analogous reversal
of the slope parameter near threshold is also observed in
the γ3He → η3He photoproduction data [322], though the
details will depend on the phase of the p-wave amplitude
in any particular reaction.

However, one must be cautious because data or their
interpretation may change. Thus it could well be argued
that, instead of using eq. (32), one would be on slightly
firmer ground by assuming that

f = fB × (1 − pη/p2)/(1 − pη/p1). (34)

As expected, by fitting the ANKE dp → 3He η total
cross section data [182] with eq. (34) it is seen that the
nearby pole is still in the region where |Q| < 1MeV,
but it seems now to be on an unphysical sheet with
p1 = −28 ± 2MeV/c, with a relatively small imaginary
part [323]. Since the extracted value of p2 is also large
and real, the phase of the s-wave amplitude changes little
with momentum and so the value of the slope parameter
α could never change sign and so the data shown in fig. 90
would not be reproduced in this model.

However, very precise dp → 3He η differential cross sec-
tion data were taken in connection with the measurement
of the mass of the η meson [324] that is discussed in the
next section. Unlike the ramping mode used in the initial
ANKE experiment [182], these consisted of a series of 14

Fig. 90. Slope parameter α of the dp → 3He η reaction as a
function of the η c.m. momentum. The experimental data from
COSY-ANKE (red closed circles) [182] and COSY-11 (blue
stars) [181] are compared to fits (solid red curve and blue dots)
where the phase variation of the s-wave amplitude is taken into
account. If the phase variation is neglected, the best fit (black
dashed curve) fails to describe the data.

flat tops with pη < 100MeV/c. In contrast to the data
shown in fig. 90, the very preliminary results from this
analysis show little indication of α going negative close to
threshold [325] and this is precisely what one would ex-
pect if the s-wave amplitude did not show a rapid phase
variation.

9.2.1 Measurements of the mass of the η meson

The first measurement of the mass at the η meson at
COSY by the COSY-GEM Collaboration [326] yielded a
value that was about 0.5MeV/c2 lower than the results of
other modern determinations that were reported by the
PDG group [173]. In contrast, the later experiment, car-
ried out with a circulating deuteron beam using the ANKE
spectrometer [324], is completely consistent with the PDG
recommended value and the error bars are among (or pos-
sibly are) the best in the World.

The COSY-GEM experiment used a proton beam that
was electron-cooled at injection energy and then stochas-
tically extracted. This was incident on a thin liquid target,
with the charged particles produced being detected in the
Big Karl spectrometer, described in sect. 2.2.5. Big Karl
was calibrated by measuring separately the proton and
positive pion from the pp → dπ+ reaction [326].

In order to extract a value for the η mass, the beam
momentum must be well measured and the kinematics of a
reaction where the η meson is produced fully determined.
These requirements were met in the Big Karl experiment
by measuring simultaneously the π+ and 3H from one
branch of the pd → 3H π+ reaction and the 3He from one
branch of pd → 3HeX at an excess energy Q ≈ 34MeV
with respect to the threshold for η production. At this en-
ergy the relevant π+, 3H, and 3He all have similar rigidi-
ties and can be detected in parallel in the Big Karl focal
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Fig. 91. Missing-mass distribution from the pd → 3He X dis-
tribution at Big Karl, where the beam momentum was deter-
mined through the simultaneous study of the pd → 3H π+ re-
action [326]. Only statistical errors are shown. The fitted curve
is a Gaussian plus a linear background.

plane. Though different in detail, there are some similari-
ties with the SATURNE experiment [327], where the same
η-production reaction was studied and pion production
was also used to determine the beam momentum.

It is clear from the missing-mass distribution shown in
fig. 91 that there is little difficulty in separating the η peak
(with FWHM ≈ 1MeV/c2) from the slowly varying back-
ground. The mass scale shown here was fixed using the
measurements in parallel of the pd → 3H π+ reaction. The
problem is that the central value of mη = 547.31MeV/c2

is lower than the PDG recommended mean by of the order
of 0.5MeV/c2. This disagreement is very large compared
to the ±0.03(stat) ± 0.03(syst)MeV/c2 errors quoted in
the COSY-GEM paper [326]. To put the deviation into
some kind of context, the 0.5MeV/c2 off-set would cor-
respond to about twice the energy loss of the 3He in the
1μm mylar window.

Rather than repeating the Big Karl experiment and
analysis, it was decided to carry out an η mass measure-
ment using the circulating deuteron beam in COSY [324],
with the aim of reducing the error bars to below those
quoted in the literature [173]. Such a dp → 3He η ex-
periment offered distinct advantages over the Big Karl
measurement. As shown in sect. 2.4.2, the momentum
of the deuteron beam could be determined to better
than 3 × 10−5 by inducing an artificial depolarizing res-
onance [54]. The energy loss of the 3He in the hydrogen
cluster-jet target is negligible and, by working very close
to threshold, good missing-mass resolution and low back-
grounds could be achieved [324]. Furthermore, as will be
shown later, this allowed the data to be extrapolated to
threshold, which reduced the systematic uncertainties.

As discussed earlier, the background under the η peak
in the missing-mass distribution could be reliably esti-
mated using data taken a little below the η threshold.
The 3He were measured in the Forward Detector of the
ANKE spectrometer and this has full geometric accep-
tance for the dp → 3He η reaction for Q � 11MeV. This
was of crucial importance because it allowed the study of

Fig. 92. The momentum of the circulating deuteron beam
pd compared to the square of the corresponding 3He momen-
tum pτ for the 12 points dp → 3He η points measured at
COSY [324]. The shape of the function pd = f(pτ ) and its
value at pτ = 0 are governed by the single parameter mη but
to a good approximation the data are well described by the
straight line shown, viz. pd = 3.14171 + 4.44 p 2

τ .

the effects of the finite momentum resolution in the three
different directions in space. If this had not been done,
the value obtained for mη would have depended on the
production angle, with differences of up to 0.5MeV/c2

between cos θτ = ±1 and cos θτ = 0. It may be inter-
esting to note that the Big Karl data were taken only
in the forward direction [326]. The careful corrections to
the measurements of the 3He momenta to compensate for
the spectrometer resolution are thoroughly described in
ref. [324].

Figure 92 shows the squares of the resolution-corrected
3He momentum pτ , as measured in the ANKE Forward
Detector at twelve incident deuteron momenta pd. It is
important to note that, for the kinematics of the dp →
3He η reaction, the only free parameter is mη so that, once
the intercept is fixed, the form of the fit function in fig. 92
is completely determined a priori. These considerations
show that the fit should deviate slightly from a straight
line and this must be taken into account when extracting
the best value for mη.

It is, however, sufficient for the discussion here to
consider the free linear fit shown in the figure, pd =
3.14171 + 4.44 p 2

τ . With a perfectly tuned spectrometer,
the slope of this line should be

slope =
(mτ + mη)2

mτmη

Ed

2mppd
= 4.54 (GeV/c)−1, (35)

where pd and Ed are, respectively, the deuteron momen-
tum and total energy evaluated at the η threshold. The
1.1% correction to the momentum that this exhibits,
compared to the 0.8% in the refined fit [324], is of no real
importance because it does not affect the extrapolation to
threshold. On the other hand it would be relevant if the
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experiment were conducted at an isolated energy above
threshold. Thus the extrapolation to pτ = 0 reduces the
systematic uncertainties in the mass determination.

The value of the η mass given in ref. [324] is

mη = (547.873 ± 0.005stat ± 0.023syst)MeV/c2, (36)

where the systematic error is dominated by that asso-
ciated with the determination of the beam momentum
through the induced depolarizing resonance technique.
This might be improved but there seems to be currently
no pressing need to know the value of the η mass to better
than 23 keV/c2. The statistical and systematic errors are
both marginally better than those of other modern mea-
surements quoted in the PDG compilation [173]. With a
relative uncertainty of about 4×10−5, this is certainly the
most precise measurement carried out within the hadron
physics programme at COSY.

9.3 The pd → 3He π+π− reaction

At the height of the meson hunt, Abashian, Booth, and
Crowe [187] measured the inclusive cross sections for
pd → 3HeX0 and pd → 3H X+ at a beam energy of
Tp = 743MeV. This corresponds to an excess energy with
respect to the π+π− threshold of Q = W−M3He−2Mπ+ =
184MeV, where W is the total energy in the centre-
of-mass system. In addition to the expected single-pion
peaks, a striking enhancement was seen in the 3He case
at a missing mass of about 310MeV/c2, with a width
≈ 50MeV/c2. Being so close to the π+π− threshold, it
could be assumed that the pions were in a relative s-wave
and hence had an overall isospin of I = 0. This is consis-
tent with the lack of a similar signal in the pd → 3H X+

data. This behaviour has since become known as the
ABC effect or enhancement. However, the ABC param-
eters change with the experimental conditions and it is
believed that the ABC is a kinematic effect, related to the
presence of nucleons, rather than the hoped-for s-wave
isoscalar ππ resonance [328].

A similar inclusive measurement could have been car-
ried out using the high-resolution Big Karl spectrome-
ter described in sect. 2.2.5. However, to investigate the
pd → 3He X+X− reaction in greater depth, one needs
more information on the distributions of the mesons X
produced. For this purpose Big Karl was used in con-
junction with the MOMO vertex detector that was de-
scribed in sect. 2.2.7. In a low-energy run, an event with
two charged particles in the vertex detector and a 3He
in Big Karl was considered to be a candidate for the
pd → 3He π+π− reaction. Its identification and com-
plete reconstruction involved a two-constraint kinematic
fit. About 15000 unambiguous events were obtained at a
beam energy of 546MeV (Q = 70MeV).

The only variable accessible in a single-arm exper-
iment [187] is the pion-pion excitation energy εππ =
(mππ−2mπ) c2, where mππ is the two-pion invariant mass.
This distribution, which is shown in fig. 93(a), could have
been studied using just the Big Karl measurement, but it

Fig. 93. Differential cross sections for the pd → 3He π+π−

reaction at Tp = 546 MeV [33] as a function of (a) the pion-pion
excitation energy εππ and (b) the angle θππp between the two-
pion relative momentum and the beam axis in the π+π− rest
frame. The dashed curve represents phase space normalized to
the data whereas the solid ones are predictions assuming that
the pion pair emerges in a relative p-wave with spin projection
m = ±1.

would then have summed the charged and neutral pion
data. In marked contrast to the original ABC experi-
ments [187], which showed an enhancement over phase
space in the region of εππ ≈ 30MeV, the MOMO data
were pushed towards maximum εππ. The MOMO authors
suggested that this distortion might be due to the π+π−

pair emerging in a relative p-wave and the solid curve in
fig. 93(a) represents phase space multiplied by a kinematic
factor of εππ.

Further evidence in support of the p-wave ansatz is
given in fig. 93(b), which shows the distribution in the an-
gle between the π+π− relative momentum in the dipion
rest frame relative to the beam direction. If the π+π− pair
had been in an s-wave, as was expected for the ABC, the
distribution would be isotropic. This is far from being the
case and the MOMO authors argued that the observed
sin2 θππp behaviour was consistent with the production
of a p-wave dipion with angular momentum projection
m = ±1 along the beam direction. Other distributions
presented by the MOMO Collaboration [33] did not dis-
agree with this p-wave hypothesis.

Although the angular distribution in fig. 93(b) clearly
demonstrates the presence of higher partial waves in the
π+π− system, the MOMO interpretation is not unambigu-
ous. Similar effects could arise from s-d interference in
the I = 0 channel and, in a two-step model [329], the
shape of the εππ distribution was described in terms of
π−p → π0π0p amplitudes. However, the uncertainty in
the normalization in such a model means that a signifi-
cant p-wave component cannot be excluded.

The anti-ABC behaviour near threshold was also
seen in subsequent MOMO data taken with proton and
deuteron beams at Q = 92, 28, and 8MeV [330]. The
clearest proof for the importance of higher partial waves
in the π+π− system produced in the dp → 3He π+π− reac-
tion at Q = 28MeV is provided by the distribution in the
Gottfried-Jackson angle θGJ . This is the angle between
the relative momentum between the two pions and the di-
rection of the deuteron beam, evaluated in the dipion rest
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Fig. 94. Distribution of the MOMO dp → 3He π+π− data at
Q = 28 MeV in the Gottfried-Jackson angle [330]. The data
are symmetric about 90◦ because the sign of the charges on
the pions was not measured. The solid curve is a linear fit to
the data in cos2 θGJ .

frame. The MOMO data shown in fig. 94 are symmetric
about 90◦ because the π+ and π− are not distinguished
in this detector. The deviation from isotropy could be a
signal for a superposition of s- and p-wave pion pairs but
even higher partial waves are not definitively excluded.

A different behaviour for the pd → 3He π+π− reaction
at low energies is also suggested by the simple Δ(1232) de-
cay model used to evaluate the acceptance for this process
at ANKE at Q = 265MeV, and which is discussed later in
this section. Though this does not predict the anti-ABC
shape shown by the MOMO data in fig. 93(a), it does
suggest that the ABC effect might have largely vanished
when the energy is reduced to Q ≈ 70MeV.

Values of the pd → 3Heπ0π0 cross section could be de-
rived by subtracting the exclusive pd → 3Heπ+π− cross
section measured using MOMO plus Big Karl from the
inclusive pd → 3HeX0 data obtained using Big Karl
alone [330]. However, it is hard to quantify the system-
atic errors associated with this procedure.

A first fully exclusive measurement of the pd → 3He ππ
reaction well away from threshold was undertaken by the
WASA Collaboration working close to the η threshold
at CELSIUS [331]. In addition to seeing ABC peaks in
both the π0π0 and π+π− invariant mass distributions,
the fully reconstructed events and the large WASA ac-
ceptance allowed the group to study also the individ-
ual 3Heπ+ and 3Heπ− mass distributions. The measure-
ments of pd → 3He π0π0 were continued by the group
working at COSY at a higher energy, corresponding to
Q = 338MeV [332].

Of greater interest for the low energy discussion is the
fact that data were also taken with a 1.7GeV deuteron
beam and the results analyzed in terms of quasi-free
dd → 3He π0π0nsp. For this purpose the photons from
the π0 decays were detected in coincidence with the 3He
and the neutron spectator nsp identified from the missing-
mass peak. This allowed the pd → 3He π0π0 reaction to
be studied simultaneously over a range of energies. It was
seen there that even as low as Q = 172MeV there was evi-

dence for some ABC enhancement at low ππ masses [332].
Of course it must be realized that pion-pion p-waves are
excluded in this channel and so it would really be most
interesting to get data also in the pd → 3He π+π− channel
above the highest MOMO energy of 92MeV.

The use of the ANKE magnetic spectrometer improved
the resolution relative to that achieved with WASA. Fur-
thermore, the higher beam energies available at COSY
meant that the dp → 3Heπ+π− differential cross section
could be measured with a deuteron beam incident on a hy-
drogen target which, in the absence of a beam pipe hole,
increases significantly the acceptance [333]. It is impor-
tant to realize that, in contrast to experiments using the
MOMO device, the charges on each pion could be deter-
mined. At least one pion had to be detected in coinci-
dence with the 3He, the other being identified through the
missing-mass peak, though in some cases all three parti-
cles were measured.

The ANKE dp → 3Heπ+π− data were also taken close
to the η threshold as background measurements in the ex-
periment to determine the mass of the η meson [324]. Since
the ANKE acceptance is very limited, a model was needed
to estimate the necessary corrections. The one used was
based loosely on the idea of the Roper resonance emitting
a p-wave pion and decaying into the Δ(1232) resonance,
which also emits a p-wave pion when it decays. They there-
fore assumed that

σ ∝
∣∣[M 2

π + B k1 · k2](3Δ++ + Δ0)
∣∣2 , (37)

where the ki are the pion momenta in centre-of-mass
frame, the factors 3 and 1 result from the isospin cou-
plings of the Δ propagators, and B is a complex fit pa-
rameter. Note that this ansatz neglects any dependence
on the direction of the beam. Other models gave rather
similar correction factors, as did that of the multidimen-
sional matrix approach.

The model of eq. (37) describes well the two M3He π

spectra of fig. 95 and their difference but the ABC peak
in the π+π− mass distribution is not quite sharp enough,
though this might be adjusted through the introduction
of a modest π+π− form factor. If the π+π− spectrum is
purely isoscalar then the π±3He distributions should be
identical but, as is clearly shown in fig. 95(b), the peak
in the π−3He distribution is at a lower mass than that of
π+3He. This is indicative of an Iππ = 1 amplitude inter-
fering with one for Iππ = 0. It is therefore a much more
sensitive test of isovector pion pairs than, say, a compar-
ison of π+π− and π0π0 production rates and, moreover,
there is no ambiguity accounting for the pion mass dif-
ferences. The broad features of the difference spectrum in
fig. 95(b) are reproduced by the simple model of eq. (37)
and this should contribute to the understanding of the
double-pion-production reaction. It further suggests that
there must have been also some isovector two-pion pro-
duction on the original ABC experiment [187]. It is unfor-
tunate that there are no similar fully exclusive measure-
ments closer to the MOMO domain.
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Fig. 95. Centre-of-mass double-differential cross sections for
the dp → 3He π+π− reaction averaged over 143◦ < ϑCMS

3He <
173◦ [333] in terms of (a) Mπ+π− and (b) M3He π+ (blue circles)
and M3He π− (red triangles). The differences between the two
M3He π distributions are plotted as black squares. There is,
in addition, an overall normalization uncertainty of 6%. The
curves correspond to eq. (37) and the shaded areas are phase-
space distributions normalized to the integrated cross section.

9.4 The pd → 3He K+K−(φ) reactions

The MOMO/Big Karl combination was also used to mea-
sure the pd → 3He K+K− differential cross section [34],
though the multipion background is here much larger than
for two-pion production [33]. In view of this, and in or-
der to identify the produced particles unambiguously as
kaons, the detector was supplemented by a hodoscope of
16 wedge-shaped scintillators. Charged kaons could thus
be detected and their production vertex measured with
full azimuthal acceptance within a polar angular range of
8◦ < θlab < 45◦.

The experiments were carried out at three beam mo-
menta, corresponding to excess energies of Q = 35.1, 40.6,
and 55.2MeV with respect to the 3HeK+K− threshold
(i.e., 3.0, 8.5, and 23.1MeV with respect to the nominal
3Heφ threshold). The separation of φ production from
direct K+K− production was done on the basis of the
K+K− invariant mass distribution, an example of which
is shown in fig. 96(a) at Q = 55.2MeV. This is in fact
the most challenging energy because, in addition to the

Fig. 96. Differential cross section for the pd → 3He K+K−

reaction at an overall excess energy of Q = 55.2 MeV [34]. The
curves are fits to the distributions in terms of phase space com-
ing from prompt K+K− production (dashed line), proceeding
via φ-meson formation (chain), and their sum (solid line). The
distributions are shown in terms of (a) the excitation energy ε
in the K+K− system and (b) that in the K3He system.

resolution getting worse kinematically as Q increases, the
beam conditions were also less favourable.

The φ contribution to the differential cross section
was modeled in terms of a peak with a natural width of
Γ = 4.2MeV, smeared with the expected energy resolu-
tion. In contrast, the direct K+K− component was taken
to be proportional to the three-body phase space, which
is very different to the distributions found by MOMO for
π+π− production [33]. The sum of these two elements re-
produces very well the K+K− data at all three values of
Q, an example of which is shown in fig. 96(a). This there-
fore gave confidence in using such a model in correcting the
overall acceptance. However, the large background under
the φ made it difficult to extract separate angular distri-
butions at this energy, though the conditions are much
more favourable close to the φ threshold.
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Fig. 97. Circles (blue) denote MOMO values of the amplitude-
square for φ production [34], as defined by eq. (31); the SPES4
result at Q = 0.3 MeV [335] is shown by a square. The data are
consistent with |f |2 being constant, as indicated. The MOMO
data for the total cross section for direct K+K− production
divided by the phase-space factor of Q2 are shown by the (red)
stars [34].

The distribution in the K 3He invariant mass shown
in fig. 96(b) is little sensitive to the φ/K+K− separation.
There is no sign of any K−p enhancement that was so
evident in the pp → ppK+K− case of sect. 8.1 because it
was not possible to distinguish between K− and K+ with
the MOMO detector.

By measuring all three final particles it was possible
to construct several angular distributions, the most inter-
esting of which is the angle between the relative K+K−

direction in its rest frame and the initial beam direction.
The Q = 35.1MeV data in a region where the φ can-
not contribute (ε < 28MeV) are flat. On the other hand,
the φ-rich region (ε > 28MeV) has a very strong angular
dependence that could only be explained by the φ being
produced almost exclusively with polarization projection
along the beam direction of m = 0. This effect is in com-
plete contrast to the behaviour in pd → 3He ω, where the
ω mesons are produced effectively unpolarized [334]. This
is the clearest signal for a violation of the OZI rule that
relates ω and φ production rates [291–293], since there is
much less ambiguity in accounting for the effects of the
meson mass difference.

Though the shapes of the distributions and the angu-
lar dependence are largely unaffected by the overall nor-
malizations, these are of course important for the cross
section evaluations, which have systematic uncertainties
of the order of 10%. The resulting energy dependence is
illustrated in fig. 97. For φ production, this is shown in
the form of the angular average of the square of the pro-

duction amplitude, as defined by eq. (31). Within the ex-
perimental uncertainties, |f(pd → 3He φ)|2 is consistent
with being constant, and this value agrees with the Saclay
near-threshold missing-mass measurement [335].

On the other hand, it is seen in fig. 96(a) that the cross
section for direct K+K− production looks very much like
phase space. This is confirmed in fig. 97, where it is shown
that the total cross section divided by a phase space factor
of Q2 is apparently constant.

Whereas in the vicinity of the φ threshold the resolu-
tion and the signal-to-background ratio allow the pd →
3He φ cross section to be measured in a missing-mass ex-
periment, at higher excess energies this is no longer pos-
sible and the detection of a K+K− pair in coincidence
is necessary. It is unfortunate that the MOMO detector
could not determine the charges on the mesons. Otherwise
it could have investigated the K−3He final state interac-
tion in pd → 3HeK+K−.

10 The dd → 4HeX0 family of reactions

Meson production rates in the dd → 4He X0 reaction
are expected to be very low because two deuterons, with
mean diameters of about 4 fm, have to be squeezed to
form the much smaller α-particle. An exception is the
dd → 4Heπ+π− reaction [210], but there may be special
reasons for this [211]. However, the rates are often disap-
pointingly low as, for example, in the search for evidence
for the production of the f0 meson in the dd → 4He K+K−

reaction [336]. Nevertheless, some channels have to be
studied in depth because of their importance in Physics
and two such examples are outlined in this section.

Evidence from COSY-11 and ANKE was presented in
sect. 9.2 for the possible existence of the 3

ηHe η-mesic nu-
cleus. The interpretation of these results suggest that the
η might bind to 4He but that signals could be harder to
detect for heavier nuclei. Given that the final s-wave is
forbidden by spin-parity constraints in the γ4He → η4He
reaction, and that the use of a tritium target in the
p3H → η4He reaction presents its own special problems,
the attention naturally turns to dd → η4He, which is the
subject of sect. 10.1.

Symmetry properties have been one of the cornerstones
of particle and nuclear physics and, as such, have been ex-
tensively investigated for over sixty years. In modern par-
lance, charge symmetry corresponds to invariance under
the interchange of the u and d quarks. It has even been dis-
missed as an accidental symmetry that arises because of
the near equality of the u and d masses. Charge symmetry
violation associated with isospin mixing within multiplets
is responsible for the well-known mixing of the ρ0 and ω
mesons but there has been far less direct evidence for such
violations in nuclear reactions.

Under the charge symmetry operation, the π0 changes
sign whereas the deuteron and α-particle are unaffected.
As a consequence, a non-vanishing rate for the dd → απ0

reaction, which is discussed in sect. 10.2, is a clear ex-
ample of charge symmetry breaking (CSB). It is also the
most convincing example in nuclear reactions because it
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is proportional to the square of a CSB amplitude, with no
contribution from interference terms.

10.1 The dd → 4He η reaction

The first measurements of the dd → 4He η total cross
sections were carried out using the SPES4 [337] and the
SPES3 [338] spectrometers at SATURNE. Figure 98 shows
the data converted into averaged-squared-amplitudes |fs|2
on the basis of the analogue of eq. (31) used for the
pd → 3He η reaction. Corrections, which will be discussed
later, have been made to eliminate effects of higher partial
waves. The first point to notice is that the production rate
at small pη is about a factor of 50 lower for 4He η than for
3He η.

Though the acceptance of SPES3 was much larger than
that of SPES4, its missing-mass resolution was certainly
poorer and it was therefore difficult to overcome the mul-
tipion background. However, the SPES3 experiment was
carried out with a polarized deuteron beam. Since s-wave
η production is forbidden by Bose symmetry for deuterons
with spin projection m = 0, the tensor analyzing power
near threshold must be Axx = − 1

2 . Any deviations from
this would be a signal for p or higher η partial waves. The
SPES3 analysis assumed that this constraint was also valid
for all the energies so that they studied the shape of the
multipion background by forming the m = 0 combination
(1+2Axx) dσ/dΩ. Thus, if the analyzing power were small
away from threshold, the SPES3 results for the total cross
section would be too low by a factor of 1.5.

The unpolarized differential cross section was stud-
ied later at two excess energies Q with the ANKE spec-
trometer [339]. Whereas the results were consistent with
isotropy at Q = 2.6MeV, there was clearly a need for a lin-
ear term in cos2 θη at Q = 7.7MeV. However, there is no
way from these data to discover if this effect is due to the
square of a large p-wave amplitude or arises from a much
smaller d-wave interfering with the dominant s-wave am-
plitude. For that one needs well identified events obtained
with a tensor polarized deuteron beam (or target).

The COSY-GEM Collaboration used the high resolu-
tion Big Karl spectrometer to study the dd → 4He η reac-
tion with both polarized and unpolarized deuteron beams
at an excess energy of Q = 16.6MeV [340]. By expand-
ing the unpolarized differential cross section in terms of
Legendre polynomials it was found that terms up to at
least P4(cos θη) were required to describe the data and
the corresponding coefficient a4 was in fact the largest in
the series. This demonstrated that the production involved
significant contributions from d or higher waves.

In the second stage, data were taken with a polarized
deuteron beam but, due to the side yoke in the first mag-
netic dipole of Big Karl, the acceptance had severe cuts
in the azimuthal angle and the results were only sensitive
to the Axx deuteron analyzing power [340]. Nevertheless
this is sufficient to separate the contributions from even
and odd partial waves. An analysis of the data shows that
at this energy the reaction is dominated by the d-wave
in the η4He system. By assuming that each of the partial

Fig. 98. Experimental values of the square of the dd → 4He η
s-wave amplitude. The data are taken from refs. [337] (red
circles), [338] (blue stars), [339] (magenta crosses), and [340]
(black closed square). The curve is a scattering length fit:
|fs|2 = 34/[1+(pη/64)2] nb/sr, where pη is measured in MeV/c.

waves varied with the threshold factor (pη)�η , it was pos-
sible to correct all the previous data in order to extract
values for the s-wave contributions, and this is precisely
what is shown in fig. 98.

It is clear that |fs|2 falls far less rapidly than the cor-
responding quantity for dp → 3He η discussed in sect. 9.2.
Even if one restricts a parametrization of the data to one
in terms of a scattering length, there would still be strong
coupling between the real and imaginary parts. The curve
shown in the figure, |fs|2 = 34/[1 + (pη/64)2] nb/sr, cor-
responds to a purely imaginary scattering length. Here pη

is measured in MeV/c and the pole is at Q ∼ −4MeV,
though there is no way of knowing from η production data
whether this would correspond to a bound or anti-bound
state.

Limits on the production of 4
ηHe were also obtained

through the COSY-WASA measurements of the cross sec-
tions for the dd → 3He pπ− and dd → 3Henπ0 reac-
tions, where the exotic nucleus is expected to decay via
ηn → π−p or ηn → π0n [341]. These limits are, how-
ever, comparable to theoretical estimates, which them-
selves have a large degree of uncertainty [342].

The use of a polarized deuteron beam helped signif-
icantly in the understanding of the dd → 4He η reac-
tion and constrained the position of the s-wave pole by
reducing the influence of higher partial waves. Unfortu-
nately this has not proved possible for the much rarer
dd → 4Heπ0 reaction, to which we turn in the next sec-
tion.

However, before we leave entirely the topic of η-mesic
nuclei, mention should be made of one COSY experiment
that investigated the possibility of the formation of heav-
ier nuclei [36, 37]. Here the ENSTAR detector, described
in sect. 2.2.8, was used in combination with the Big Karl
spectrometer. ENSTAR detected back-to-back π−p pairs
from the hoped-for ηN decays, with Big Karl measuring
the 3He in the p27Al → 3He p π−X reaction. The kinemat-
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Fig. 99. Counts for the p27Al → 3He p π−X reaction as a
function of the excess energy in the η25Mg system [36].

ics were cunningly chosen such that, for a weakly bound
η-nucleus state, the meson was produced almost at rest
so that it had a higher chance of sticking to the residual
nucleus.

It was suggested that the excess of events for Q ≈
−13MeV with a FWHM of ≈ 10MeV in fig. 99 might be
a signal for a 25

η Mg bound state. If this were indeed the
case, then the production cross section for this state is
estimated to be 0.46 ± 0.16(stat) ± 0.06(syst) nb. Haider
and Liu [343] predicted a state in 25

η Mg at Q ≈ −7MeV
but offered an explanation for the difference of 6MeV.
However it is still possible that the structure is a statistical
fluctuation and so further investigations are required.

10.2 The dd → 4He π0 reaction and charge symmetry

There have been many attempts over the years to detect
the dd → α π0 reaction but the first positive claim [344]
was possibly a misidentification of the non-pionic three-
body αγγ final state [345]. The first unambiguous mea-
surement of the dd → α π0 reaction was made at IUCF
at two energies close to threshold [346]. The momentum
of the α-particle was determined by magnetic analysis
and time-of-flight measurements, which allowed the miss-
ing mass in the dd → αX reaction to be evaluated re-
liably. Photons from the π0 decay were detected in lead
glass arrays placed to the left and right of the gas jet
target. The resulting missing-mass distribution was there-
fore that of dd → αγγ with the π0 in the final state be-
ing recognized through the peak in the distribution with
FWHM ≈ 600 keV/c2. The three-body αγγ background
was predicted to vary smoothly with mγγ , though the
rates extracted were about twice those estimated in an
ab initio model [345]. The IUCF total cross sections of
≈ 14 pb are shown in fig. 100 divided by the phase-space
factor and plotted in terms of the pion reduced momentum
η = pcm

π /mπ.
The two IUCF points shown in fig. 100 are consis-

tent with s-wave production but, in order to put extra
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Fig. 100. Values of the total cross sections measured for the
dd → α π0 reaction measured at IUCF (black) circle [346] and
WASA-at-COSY (red) triangle [347]. The data are multiplied
by the phase-space factor of the ratio of the initial to the fi-
nal c.m. momenta and plotted in terms the reduced pion c.m.
momentum η = pπ/mπ.

constraints on the theoretical modeling, data are required
away from the threshold region where higher partial waves
may play a role. The decay photons are, of course, very
well measured in the WASA central detector but the 4He
identification and measurement in the WASA forward de-
tector was less effective than in the IUCF setup and some
3He may have been falsely identified as 4He. In addition,
in common with many meson production experiments, the
missing-mass peaks become less pronounced as one moves
away from threshold.

The WASA-at-COSY experiment was carried out at
an excess energy of Q = 60MeV with respect to the π0

production threshold. The missing-mass distribution from
the initial publication is shown in fig. 101, which was eval-
uated on the assumption that all the remaining recoiling
helium ions were 4He [347]. Though much suppressed by
the kinematics, the most prominent peak is that due to the
charge-symmetry-allowed dd → 3He nπ0 reaction, which
was actually used to establish the normalization, using
data previously obtained by the group [348]. There is, in
addition, the rather featureless dd → 4He γγ background,
though there may also be a small contamination here from
the 3Henγγ final state. Nevertheless, the evidence for the
dd → 4He π0 reaction in fig. 101 is quite clear.

Extrapolating to the whole of phase space, including
events lost down the beam pipe, a total cross section
σtot = (118±24) pb was obtained, which is about 5×10−5

times smaller than the allowed dd → 3He nπ0 cross sec-
tion at the same beam energy [348]. The value obtained
for the total dd → 4He γγ cross section (≈ 1 nb) contained
significant model dependence and was not compared to
theoretical estimates.

The phase-space–modified dd → απ0 total cross sec-
tion is shown along with the IUCF points in fig. 100. The
increase in pcm

d σtot/pcm
π with η might be taken as evidence

for higher partial waves but is not conclusive. Limited in-
formation was also obtained on the angular distribution,
which suggests some anisotropy, which was confirmed in
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Fig. 101. Missing-mass distribution for the dd → 4He X re-
action measured by the WASA-at-COSY Collaboration [347].
Fits were made that included the three-body dd → 4He γγ
contribution (green dashed), plus the dd → 3He nπ0 reaction
(blue dotted), plus the desired signal (red solid).

a more extensive later run with higher statistics [349]. An
angular dependence could arise from either s-d interfer-
ence or from the square of a p-wave amplitude. These pos-
sibilities could only be separated through a measurement
of the deuteron tensor analyzing power, as was done for
the analogous but allowed dd → 4He η reaction [340]. Such
information would be very valuable for theorists trying to
understand the origin of the symmetry breaking.

11 Rare decays of η and π0 mesons

The initial motivation for the study of η decays at
hadronic machines came from the SATURNE measure-
ment of the dp → 3He η total cross section [315]. This
showed that there was a very strong η signal even within
a few MeV of threshold but that the multipion background
under the η missing-mass peak was very low. Some η de-
cays were studied at SATURNE using this facility but the
chance to create an η-meson factory [350] was lost when
the CsI crystals, which were the basis of the detector de-
sign, could not be delivered on time and in budget before
the closure of the SATURNE accelerator. Much of the
physics programme was taken up at the WASA detector
installed at the CELSIUS storage ring but the full impact
was only felt after the transfer of WASA to COSY.

It is important to realize that, although the tagging of
the η is very good indeed in the pd → 3He η reaction, the
counting rates are limited and so this source cannot be
used for the very rare decays. Higher counting rates can
be achieved in proton-proton collisions using the pp → ppη
reaction, though the backgrounds may then be larger than
those found at electron machines. Some WASA η-decay
data obtained with the pp → ppη reaction are still at the
analysis stage [23].

The situation is more challenging for the study of the
η′, where the production rates with proton beams are low
but the multipion background high [351].

11.1 η decays

The WASA detector, as installed at COSY, was intro-
duced in sect. 2.2.3. Its first production run at COSY used
η mesons generated in pp collisions at 1.4GeV [352]. The
1.2×105 fully reconstructed events of the η → π0π0π0 de-
cay were a sub-sample of the 8×105 identified pp → pp6γ
events. In order to select π0 candidates from the six re-
constructed photons, all fifteen possible combinations of
the photon pairs were considered and only solutions with
reasonable probabilities retained.

Since the final π0 are identical particles, the η →
π0π0π0 Dalitz plot must be symmetric under the ex-
change of any two of their kinetic energies Ti. For a con-
stant matrix element the population of the Dalitz plot
should be uniform but this may be distorted by, among
other things, pion-pion scattering in the final state. Be-
cause of the identity of the π0, one would expect the
population to vary as 1 + 2αz, where the variable z, de-
fined by z = [(T1 − T2)2 + 3(T3 − 〈T 〉)2]/3〈T 〉2, with
〈T 〉 = (T1+T2+T3)/3, is indeed symmetric under particle
interchange.

The asymmetry found, α = −0.027 ± 0.008(stat) ±
0.005(syst), is consistent with the other modern measure-
ments in the PDG tabulation [173], though the KLOE
and Crystal Barrel Collaborations quote slightly smaller
error bars. The statistical precision of the WASA data
is unfortunately insufficient to investigate the cusp effect
that must be present when the two-pion invariant mass is
around twice the mass of the charged pion.

Later experiments at WASA used the pd → 3He η re-
action as the source of η mesons but a compromise had
to be made between the better signal-to-background ratio
close to threshold and the larger η counting rates achiev-
able at a slightly higher energy. Thus, in the measurement
of the decay η → π+π−γ, the data were taken at a beam
momentum of 1.7GeV/c, which corresponds to an excess
energy of Q = 60MeV [353, 354]. Cuts were required to
remove unwanted backgrounds, some of which were reflec-
tions of other η decay modes or direct meson production.
The group reconstructed 1.4×104 η → π+π−γ events out
of a total of 1.2× 107 candidates that contained an η and
the resulting distribution in photon energy in the η rest
frame is shown in fig. 102.

Just as for the η → π0π0π0 mode, the differential dis-
tributions are strongly affected by ππ final-state interac-
tions. The big difference in this case is that the π+π−

spectrum is governed by the ρ-channel isovector p-wave
form factor, which tends to favour higher ππ masses. In
fig. 102, a ρ-dominance model is used [354] but in the
published work [353] a more sophisticated description is
attempted, based upon the theoretical work of ref. [355].

No attempt was made in ref. [353] to extract an over-
all η → π+π−γ branching ratio but the decay rates for
four charged modes were extracted in a later analysis
from an extended data set that started from 3 × 107 η
events obtained from twelve weeks of runs [23]. No abso-
lute values of the decay probabilities were extracted but
the rates were measured relative to the well-established
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Fig. 102. The photon energy distribution measured in the
η rest frame for the decay η → π+π−γ [353]. The dashed
(blue) curve represents the shape expected from a point in-
teraction matrix element squared, E2

γq2, with q being the rel-
ative momentum in the pion-pion rest frame. Multiplying this
by the square of the pion vector form factor evaluated in a
ρ-dominance model with mρ = 670MeV/c2 [354] leads to the
solid (red) curve. The normalizations of the curves are arbi-
trary.

Table 4. Summary of WASA measurements [23] of the branch-
ing ratios for charged η decays relative to the η → π+π−(π0 →
γγ) normalization channel.

Channel Branching ratio with respect to

η → π+π−(π0 → γγ)

η → π+π−γ 0.206 ± 0.003stat/fit ± 0.008sys

η → π+π−e+e− (1.2 ± 0.1stat ± 0.1sys) × 10−3

η → e+e−γ (2.97 ± 0.03stat/fit ± 0.13sys) × 10−2

η → e+e−e+e− (1.4 ± 0.4stat ± 0.2sys) × 10−4

η → π+π−(π0 → γγ) decay, which means that many of
the systematic effects cancel in the ratios.

The results for the η → π+π−γ, η → π+π−e+e−, η →
e+e−γ, and η → e+e−e+e− are shown in table 4 [353].
The value extracted for the η → π+π−γ channel is about
a factor of 1.1 larger than the PDG average [173], which
is based upon the results of other modern measurements.
The difference would correspond to 2.4 times the WASA
systematic error but, as yet, there is no explanation for the
discrepancy. The other three branching ratios reported in
table 4 are consistent with those reported by PDG [173].

One should note, however, the large statistical error
bar on the double Dalitz decay η → e+e−e+e−. With
such a small branching ratio the counting rate was only
about 1.5 per week and this shows the limitations of the
pd → 3He η reaction to access rare decays, such as those
associated with CP violation. Nevertheless, a search for

possible CP violation was attempted in the study of the
angular distribution between the π+π− and the e+e− de-
cay planes in the rest frame of the η. No significant asym-
metry was found but, once again, the limitation came from
the statistical precision.

The Dalitz plot for the η → π+π−π0 decay is clearly
much richer than that for the η → π0π0π0 because the
pions are no longer identical particles and at least five
parameters may be relevant. A study of the Dalitz plot
for this decay was carried out with the initial 1.2 ×
107 events obtained using the pd → 3He η reaction at
1.7GeV/c [356]. The basic limitation compared to existing
KLOE data [357] is the restricted statistics, which might
eventually be expanded using pp → ppη as the source of η
mesons. Although it is claimed that the results are gener-
ally compatible with those of KLOE, there are deviations
of more than 2σ in a few of the parameters, though one
has to realize that some of these were strongly correlated
in the fits.

Superficially the decay ω → π+π−π0 looks very similar
to the analogous η decay discussed earlier in this section,
but there are two very important differences. The natural
width of the ω means that in any production experiment
there will be a significant background, as illustrated in
fig. 49. This can be modeled in terms of explicit multipion
production [180] or fitted empirically using information
from data on either side of the ω peak.

The big theoretical difference is that the ω → π+π−π0

decay is allowed by the strong interaction conservation
laws and these show that each of the pion pairs must be
in a relative p-wave and this has to be taken into account
when modeling the Dalitz plot of the decay.

The three-pion decay of the ω was studied in three
runs by the WASA Collaboration working at COSY [358].
The pd → 3He ω reaction was measured at proton beam
energies of Tp = 1.45 and 1.50GeV and pp → ppω at
2.063GeV. In all three cases, combined fits were made for
an ω peak sitting on an empirical polynomial background.

Shortly after the ω discovery it was pointed out that
the simple p-wave form of the Dalitz plot would be dis-
torted by the strong p-wave attraction between pion pairs,
caused by the low mass tail of the ρ meson [359]. From
the combined study of 44,000 ω → π + π−π0 decays, the
WASA Collaboration has found the first clear evidence
of this effect at the 4.1σ level and determined deviations
from the simple p-wave Dalitz plot that are consistent
with the expectations of a ρ-meson-type final-state inter-
action [358].

11.2 Dark photons

One of the early extensions to the Standard Model of par-
ticle physics that could accommodate some aspects of dark
matter was the suggestion of an extra Abelian symmetry.
This would give rise to a U(1) vector boson that could mix
with the normal photon to form new eigenstates. This idea
has gained traction in recent years because of the sugges-
tion that such a dark photon might be the origin of the
3.6 standard deviations of the results of the muon g–2
experiment from theoretical explanations. In view of the



Eur. Phys. J. A (2017) 53: 114 Page 75 of 82

importance of finding physics beyond the Standard Model,
searches for such dark photons have been initiated at many
laboratories throughout the World.

The dark photon search at COSY involved the study
of the Dalitz decay of the π0 meson [360] using the WASA
detector that was described in sect. 2.2.3. The pions were
produced in the pp → ppπ0 reaction at 550MeV, which
is below the two-pion threshold. However, the large ex-
cess energy of Q = 122MeV meant that the geometric
acceptance for both protons to enter the WASA forward
detector illustrated in fig. 4 was only 19%.

The pp → pp (π0 → e+e−γ) reaction was clearly
identified by requesting, in addition to the two protons
in the forward detector, two oppositely curved tracks in
the MDC in the central detector of fig. 4 with scattering
angles between 40◦ and 140◦. A photon hit cluster in
the calorimeter with an energy deposit above 20MeV
was also demanded. Although the requirement of the
mere presence of electron tracks improved significantly
the background in the missing-mass spectrum, the most
accurate identification of the π0 signal came from the
e+e−γ invariant mass, where the π0 peak had a FWHM
≈ 30MeV/c2 with almost no background. The peak
was very well described by a Monte Carlo simulation
where, in addition to the Dalitz decay, there was also
a contribution from π0 → γγ where one of the photons
underwent an external conversion in the beryllium beam
pipe. This contribution could be largely suppressed by
identifying the origin of the e+e− pair and discarding
events that lay outside the target region.

The invariant mass distribution of the e+e− pair from
the Dalitz decay of the π0 can be predicted quite reli-
ably, the only significant ambiguity being associated with
a form factor, whose effects are small and slowly vary-
ing. The 5 × 105 events collected agree with the predic-
tion up to at least 0.1GeV/c2, after which point random
coincidences become relatively much more important. If
there were a contribution from a dark photon in the de-
cay π0 → γ (U → e+e−) it should show up as a peak in
this distribution, depending upon the (γ, U) mixing pa-
rameter ε and the mass mU of the state. No sign of such
a peak was seen in the data and this allowed the group
to put the upper limit on the dark photon that is shown
in fig. 103. Also shown in the figure is a grey area cor-
responding to the ±2σ band of values that could explain
the g–2 experimental data. From this it is seen that the
WASA data would not rule out this possibility in certain
regions in the plane.

Since dark matter is such an exciting area of current
research, the WASA limit could not be the last word on
the subject. In the year that followed there were measure-
ments by collaborations at HADES [361], BaBar [362],
MAMI [363], PHENIX [364], and NA48/2 [365] and the
much stricter upper limits found by summing all these
later results seem to exclude almost completely dark pho-
tons as being the origin of the g–2 discrepancy. However, in
general these were inclusive measurements and the WASA
data still represents the best exclusive measurement of the
Dalitz decay of the π0.
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Fig. 103. Summary of the 90% confidential upper limits for
the mixing parameter ε2 as a function of the dark photon mass
from the WASA experiment (red solid line). Other lines repre-
sent similar upper limits from earlier experiments but the grey
area represents the ±2σ preferred band around the present
value of the muon (g–2) measurement. Figure reproduced from
ref. [360] with the permission of Elsevier.

12 Future prospects

Though the hadron physics programme has terminated,
COSY has now embarked on a new career of precision
measurements and we should here like to sketch what the
future holds in this domain. Currently there are two main
themes that are in different stages of preparation. The
principal one involves the search for an Electric Dipole
Moment (EDM) of an elementary particle in an accelera-
tor environment. The second is the search for the breaking
of Time Reversal Invariance in COSY (TRIC) by measur-
ing a particular spin correlation in proton-deuteron colli-
sions. We give below outlines of these two important pro-
grammes.

The theory of the Big Bang postulates that, in the
initial stages of the development of the Universe, matter
and antimatter were produced in equal amounts. However,
the Cosmic Microwave Background Probe has measured
the ratio of the difference in the numbers of baryons and
antibaryons compared to the number of relic photons in
the visible part of the Universe and found a deviation of
eight orders of magnitude compared to the predictions of
the Standard Model of particle physics. This effect, the
so-called Baryon Asymmetry of the Universe, represents
one of the most serious challenges to the Standard Model.
There is clearly a need for new sources of CP violation
beyond the Standard Model to allow baryons to be gen-
erated at the expense of antibaryons.

Sakharov [366] set down three conditions that are nec-
essary in order that baryonic matter should dominate the
observable Universe:

– Baryon number conservation must violated sufficiently
strongly,

– C and CP must be violated so that baryons and an-
tibaryons are produced with different rates,
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– The Universe must have evolved outside a realm of
thermal equilibrium.

The COSY aim is therefore to try to find signals for the
violation of CP conservation that are bigger than the well-
known ones that are found, for example, in kaon decay. A
permanent electric dipole moment of an elementary parti-
cle would simultaneously violate both parity P and time
reversal symmetry T . Assuming that the CPT theorem
holds, it means that an EDM would also violate the com-
bined symmetry CP [367].

An EDM can arise due to the separation between the
charges in a particle so that the natural scale for an EDM
in atomic physics is 10−8 e · cm whereas the much smaller
sizes in hadronic physics bring this down to 10−13 e · cm.
A water molecule has an EDM of about 2×10−9 e · cm and
this is close to the natural scale because such objects have
degenerate ground states of opposite parity and so parity
violation does not lead to a big suppression. In contrast,
the neutron does not have a partner with opposite parity
and so it is not surprising that, despite steady improve-
ments over the years, there is currently only an upper limit
on its EDM of 3 × 10−26 e · cm [368,369].

For a neutron at rest, there is no Coulomb force associ-
ated with an electric field which thus acts only through the
neutron’s EDM. This leads to precession frequency shifts
that depend on the orientation of the neutron spin and
hence its EDM. It might seem to be much more difficult
to investigate an EDM of a charged particle under clean
conditions but that is the goal of the JEDI Collaboration
at COSY [370]. In the short term an EDM measurement of
a proton or deuteron will be undertaken at COSY but with
a limited sensitivity. On a longer time scale, the design of
a dedicated storage ring will be undertaken. A highly sen-
sitive accelerator-based experiment would allow the EDM
of a charged particle to be inferred from its very slow spin
precession in the presence of large electric fields, and could
reach a limit of 10−29 e · cm. This huge improvement over
current neutron values is due mainly to the larger num-
ber of particles available in a stored beam, compared with
the number of ultra-cold neutrons usually found in trap
experiments, and also the potentially longer observation
time that is possible because such experiments are not lim-
ited by the particle decay time. It must also be stressed
that, knowing the EDM of just one particle, would not
be sufficient to identify unambiguously the CP -violating
source. For this reason the new design must allow for its
use with a variety of light ions.

The basic ideas behind the COSY measurements are
as follows. The proton/deuteron spin precesses in the hor-
izontal plane at a rate determined by its magnetic dipole
moment. If the particle has an EDM, the spin vector ex-
periences an additional torque that will creates a verti-
cal spin component proportional to the size of the EDM.
The main challenge of such kind of experiment is the very
small expected vertical component of the spin excited by
the EDM and the relatively large contributions from false
spin rotations due to field and misalignments errors of ac-
celerator elements.

The coherent buildup of the vertical polarization only
takes place on a time scale where the spins of the particle
ensemble stay aligned. Since the spin tune is a function
of the betatron and synchrotron amplitudes of the par-
ticles in the six-dimensional phase space, spin decoher-
ence, which is caused by beam emittance and momentum
spread of the beam, leads to a gradual decrease of the po-
larization buildup rate in the vertical direction. To reach
the anticipated statistical sensitivity of 10−29 e · cm, a spin
coherence time of 1000 s must be reached. This has been
achieved for deuterons at COSY by a combination of beam
bunching, electron cooling, sextupole field corrections, and
the suppression of collective effects through beam current
limitations [40,371].

There are many technical problems to overcome, even
with the precursor experiment that aims to put limits on
the deuteron EDM. For example, half the time a longitudi-
nally polarized beam would have its polarization parallel
to its momentum and half the time antiparallel, which
could lead to no net EDM effect. This could be overcome
by making the spin precession in the machine resonate
with the orbital motion, which might be done through the
action of a judiciously tuned rf Wien filter, a possibility
that is now being actively pursued. After other upgrades
to COSY through, for example, the introduction of precise
beam position monitors, it should be possible to make the
first direct measurement of the deuteron EDM using the
COSY ring. This will provide a proof-of-principle mea-
surement for EDM searches of charged particles (and a
first direct measurement of EDM limits for protons and
deuterons) in storage rings. All the problems and chal-
lenges that have to be faced in turning this programme
into a reality will surely stimulate developments in stor-
age ring technology.

However, the use of the COSY ring, where the
orbits are governed purely by magnetic fields, may not
allow the EDM measurements of charged particles to
reach the limits that are suggested to be theoretically
interesting. For this purpose a new dedicated electric
storage ring, as illustrated schematically in fig. 104, might
be required and its design will be the major task for
the JEDI Collaboration in the upcoming years. Such a
precision storage ring for polarized light ions (proton,
deuteron, and 3He), possibly with two counter-rotating
beams, would unquestionably present a multitude of new
technical features. Preliminary estimates suggest that it
might be possible to get down to the 10−29 e · cm level
for these light ions with such a facility.

In contrast to the EDM searches, the TRIC experi-
ment seeks to find evidence for an interaction that breaks
time reversal but conserves parity [372]. There is in fact
an observable Ay,xz in proton-deuteron elastic scattering
with polarized beam and target that would vanish in the
absence of some T -odd P -even interaction. By the gener-
alized optical theorem, the imaginary part of this observ-
able in the forward direction is linked to the dependence
of the proton-deuteron total cross section on these spin
orientations. At COSY this could be studied by arranging
the proton beam polarization along the perpendicular to
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Fig. 104. In a dedicated experiment to measure the EDM of a
charged particle, a radial electric field would be applied to an
ensemble of particles circulating in a storage ring with polarisa-
tion vector aligned to their momentum [367]. The existence of
an EDM would generate a torque that would slowly rotate the
spin out of the plane of the ring and into the vertical direction.

the horizontal COSY plane while keeping the tensor po-
larization of the deuteron in the horizontal plane, with an
angle of 45◦ between the polarization vector and the beam
direction.

The principle of the experiment is illustrated in the
c.m. frame in fig. 105, where it is shown that the com-
bined application of the time-reversal and rotation opera-
tors leads to the same initial configuration but with signs
of the polarizations of either the proton or deuteron be-
ing reversed. Time reversal therefore means that the total
cross section measured with configuration (c) or (d) should
be identical to that obtained using (a). The ability to in-
vert either of these polarizations allows a useful check on
the systematics of the experiment.

The measurement of such a �p�d total cross section in a
transmission experiment with an external beam is prob-
lematic because of the difficulties in preparing a suitable
polarized deuterium target. In COSY one can measure a
total cross section by studying the lifetime of the beam as
it passes through the target with a revolution frequency
of up to 1.6MHz.

The first test of using the COSY beam lifetime to study
the spin dependence of a total cross section was carried
out several years ago at COSY [63]. The total cross section
asymmetry Ay,y in transversally polarized �p �p scattering
has been measured at 1690MeV/c with stochastic cooling
and polarizations of the beam and target above 80%. This
test measurement gave a total cross section difference of
−3.2±9.6mb compared to that deduced from direct total
cross section measurements of −3.0mb at this momen-
tum [373]. The experimental conditions were rather poor
and the error bar could have been reduced by a factor of
20 and even higher precision could be achieved now with
the current equipment available at COSY. This will be
further improved with the dedicated high-precision beam
current measurement system that is being specially built
for the TRIC experiment.

In principle the TRIC measurement of Ay,xz could
be undertaken at any proton beam energy, but there
are good arguments for choosing Tp = 135MeV. It was
predicted [374] that the sensitivity to T -violating forces
should be maximal for Tp of the order of 150MeV and this
has been checked independently [375], though a higher en-
ergy has also been suggested [376]. On the practical side,

Fig. 105. In-principle demonstration that a time-reversed sit-
uation is prepared by either a proton or a deuteron spin-flip.
(a) The basic system is shown. (b) The time reversal operation
is applied (momenta and spins are reversed and the particles
are exchanged). In order to have a direct comparison between
situation (a) and (b), two rotations Ry(π) or Rx(π) by 180◦

about the y- or x- axis are applied, leading to the situations
(c) and (d), respectively. This is allowed, since the time rever-
sal operation is invariant under rotations. ⊗ Proton spin up
(y-direction), � Proton spin down, ⇐⇒ Deuteron tensor po-
larization. Figure reproduced with the permission of Springer.

high-quality polarimetry data for proton-deuteron elastic
scattering are available at 135MeV [377]. At this energy
the electron cooler can continuously cool the COSY beam
over the complete cycle of measurements. It should also
be noted that only one depolarizing resonance has to be
crossed to arrive at this energy.

The TRIC experiment could be carried out at the PAX
internal target station, which was discussed in sect. 2.4.3.
This facility is located in one of the straight low-β sec-
tions of COSY, which leads to a reduction in the beam
emittance in the centre of the target. PAX is equipped
with a high intensity Atomic Beam Source, storage cell,
multi-purpose detector, holding field, and Breit-Rabi po-
larimeter. Using the new high precision beam current mea-
surement system, COSY will serve as accelerator, storage
ring, and ideal zero-degree spectrometer and detector for
the TRIC experiment. However, the timescale is a little
uncertain because TRIC is in competition for resources
with the EDM project, which has perhaps more world-
wide resonance.

13 Conclusions

As well as looking forward to the future, we must also
look back at the past. Since the aim of this review is to
emphasize some of the legacy left by the programme of
hadron physics carried out at COSY over twenty years,
it seems appropriate to finish by trying to identify some
elements that will leave a lasting impression on the field.
The ordering given below has no objective significance!

1) The systematic EDDA studies [38,70–74] of the differ-
ential cross section and a wide variety of spin observ-
ables in elastic proton-proton scattering over almost all
the COSY energy range have led to radical changes in
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the extraction of isospin I = 1 phase shifts. These data
have been supplemented by measurements at small an-
gles at ANKE but only of the differential cross section
and analyzing power and at discrete energies [66, 82].
Differential cross sections at even smaller angles have
been measured by the PANDA Collaboration with the
KOALA detector [86] and, when good data become
available in the Coulomb peak, this would lead to yet
another independent means to normalize the cross sec-
tions.

2) The WASA measurements of two-pion production in
the np → dπ0π0 reaction [199, 200, 202, 210] have
had an electrifying influence on the whole field be-
cause of the evidence for the production of an isoscalar
dibaryon resonance.

3) Extra evidence in support of the dibaryon hypoth-
esis was found from the WASA measurements of
the analyzing power in neutron-proton elastic scatter-
ing [88,89], which led to a revision of the SAID [68,69]
I = 0 amplitude analysis. There had already been indi-
cations from �dp → {pp}sn measurements at ANKE [90]
that the existing SAID np solution was defective at
high energies. Far more measurements are needed in
neutron-proton elastic scattering above 1GeV to give
definitive solutions.

4) The most ambitious programme of meson production
was carried out at ANKE [125, 130, 142] where the
aim was to perform a full amplitude analysis of the
Np → {pp}sπ reaction. Although there remain some
discrete ambiguities, this is the most complete data
set in the World to test theoretical models, be they
phenomenological or more fundamental, e.g., effective
field theory.

5) In order to constrain models in hyperon production
in nucleon-nucleon collisions one needs fully exclu-
sive measurements and the only facility for producing
such data at COSY is the Time-of-Flight spectrometer.
Of the many successful experiments carried out with
COSY-TOF, the one that stands out is the measure-
ment of pp → K+pΛ [234, 235], which shows a promi-
nent cusp at the ΣN thresholds due to the coupling to
the pp → K+ΣN channels. Though the resolution in
the K+ momentum was better in the COSY-HIRES
inclusive pp → K+X measurement [247], it was not
possible there to separate cleanly Λ from Σ produc-
tion.

6) Although close to threshold the pp → K+pΛ reac-
tion is dominated by the excitation of the N∗ isobar
S11(1650), it is only through the study of the differ-
ent angular distributions away from threshold that one
can confirm the importance of the higher N∗. Such an-
gular distributions could only be measured at COSY
with the help of the COSY-TOF detector [27,28,233],
and this is also true for the associated spin depen-
dence [237].

7) The COSY-11 and ANKE measurements of the pd →
3He η cross section near threshold [181, 182] have
proved crucial in the search for η-mesic nuclei. After
taking the beam momentum spread into account, the

data show that there is a pole in the η 3He system
within 1MeV of threshold [182]. This is the best sig-
nal of an η-mesic nucleus in the literature.

8) The COSY-11 measurements completely revolution-
ized the database on the total cross sections for sin-
gle meson production in proton-proton collisions near
threshold. This is best illustrated with the study of
pp → ppη′, where the precision was such that an abso-
lute value of the η′ width could be obtained [185] and
bounds deduced on the η′p scattering length [161].

9) COSY-11 data showed for the first time that the K−

in kaon pair production pp → ppK+K− is strongly at-
tracted to the proton [273] and this was made more
quantitative in later ANKE experiments [278]. The in-
teraction of K− with protons and light nuclei is likely
to remain an intriguing field for years to come.

10) The mass of the η meson was measured with unparal-
leled precision at ANKE [54] but this was only possible
because a technique was found to determine the mo-
mentum of the deuteron beam to about 10−5. The η
mass will probably stay with little impact at the head
of the PDG tables for years to come but more impor-
tant for the future at COSY is the determination of
the beam momentum with such precision.

The choice shown in the list above is clearly subjective,
but only time will tell whether some of the items selected
will have sunk without trace or whether others, that have
been overlooked, will flourish.

This review was commissioned by the Directors of the Institut
für Kernphysik of the Forschungszentrum Jülich working at the
COSY laboratory and the author is grateful for the material
and physics support offered by Professors Meißner, Ritman,
and Ströher. It would be invidious to list all the COSY col-
leagues who have supplied me with relevant information but
I have to take personal responsibility for the inevitable over-
sights and misunderstandings that have crept into this paper.
One of the colleagues insisted that the review was biased be-
cause it has been heavily influenced by the elements that I find
“interesting”. I apologize for this failing since it indeed may be
the case!
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149. G. Fäldt, C. Wilkin, Phys. Lett. B 770, 146 (2017).
150. P. Moskal et al., Phys. Rev. C 69, 025203 (2004).
151. P. Moskal et al., Eur. Phys. J. A 43, 131 (2010).
152. E. Chiavassa et al., Phys. Lett. B 322, 270 (1994).
153. H. Calén et al., Phys. Lett. B 366, 39 (1996).
154. A.M. Bergdolt et al., Phys. Rev. D 48, R2969 (1993).
155. F. Hibou et al., Phys. Lett. B 438, 41 (1998).
156. N. de Marco, private communication (2001).
157. F. Balestra et al., Phys. Lett. B 491, 29 (2000).
158. P. Moskal et al., Phys. Rev. Lett. 80, 3202 (1998).
159. P. Moskal et al., Phys. Lett. B 474, 416 (2000).
160. A. Khoukaz et al., Eur. Phys. J. A 20, 345 (2004).
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