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1. Introduction

The COSY facility at Forschungszentrum Jilich (Germany)gases sources for unpolarized
and polarized beams, an injector cyclotron (JULIC) and tbeage and cooler ring with a circum-
ference of about 184 m [1]. It stores, accelerates and caalmb of protons and deuterons, which
may be polarized, and provides them at internal targeiosisitbr extracts them for use at external
targets and detectors. With a maximum beam momentum of 3V7cGieis well suited for a wide
range of hadron physics with hadronic probes — in fact it aodnsidered the hadron spin physics
machine because of its possibilities to produce, accelematnipulate and use polarized beams
and targets.

2. Experimental facilities- Internal Experiments

Different detection systems have been exploited or areistilse at COSY. While the first
generation equipment (BIG KARL, COSY-11, EDDA) has beerodamissioned during the recent
past (EDDA [2] is, however, still in use as an internal pataater), and a second generation detector
(PISA) has been transferred to CSR in Lanzhou (China), ihe: gleneration spectrometers ANKE,
TOF and WASA are heavily used for hadron physics experimdntaddition, a new internal so
called low section has been built and commissioned recently, whickdsthe PAX set-up.

Internal experiments are the unique possibility availadl@ storage ring like COSY: they
allow measurements with thin gas targets very close to loids where the recoil energies are
very small. They also permit experiments on neutrons viaiieeof deuterium and detection of the
spectator proton.

2.1 TheMagnetic Spectrometer ANKE

ANKE (Apparatus for Studies of Nucleon and Kaon Ejectiléq)$ a large acceptance forward
spectrometer in the COSY ring. The central dipole is movabéaljust the momenta of the detected
particles independent of the beam momentum. FurthermdiKEAhas the capability to detect
both positive and negative charged final state particled itarses gas targets and thin foil targets
as well as a polarized internal target with a storage celic&summer 2005 ANKE is equipped
with PIT located between the dipole magnets D1 and D2.

The latter allows double—polarized experiments to be perdol. The ANKE experimental
program focuses on: (i) nucleon—nucleon scattering, itiquéar with the di—proton final states,
(ii) deuteron breakup, also with di—protons, (iii) mesoondguction without and with strangeness
on nucleons and in proton—nuclear collisions.

2.2 The WASA Detector

WASA (Wide Angle Shower Apparatus) [4] is an internat 4pectrometer for charged and
neutral particles. It was originally set up at CELSIUS of Ti8lUppsala (Sweden), and transferred
to COSY in 2005. After refurbishment it is in operation siregaly 2007. WASA comprises an
electromagnetic spectrometer, a very thin supercondydaienoid, inner and forward tracking
and energy—loss detectors and a frozen (hydrogen or dewfepellet target. The main emphasis
of the WASA program is on symmetries in nuclear reactions @mgseudoscalar meson decays
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and search for and the investigation of symmetry breakirgprd were several contributions from
WASA collaboration to this conference proceedings, as amgne see [5].

2.3 TheLow-f3 Section for PAX

During the summer shut-down in 2010, a new internal targeiost has been set-up at COSY,
which will be used for the PAX commissioning experiments aot@n spinfiltering. This is the only
viable method known to produce a beam of polarized antipstafter our precursor experiment
[6] at COSY had shown that spin—flip from electrons (posi)oim protons (antiprotons) will not
work. In order to set-up the equipment for spin—filteringhnaintiprotons with the goal in order to
determine and optimize the method to produce an intense bépolarized antiprotons for a pos-
sible future HESR-at-FAIR upgrade, a so called I@isection has been designed and constructed
at COSY. This section houses: (i) magnetic quadrupoleetsplii) an atomic beam source (ABS)
plus a Breit—Rabi polarimeter (BRP), (iii) an openable atr cell (SC), into which the polarized
hydrogen or deuterium gas is injected and which is travebgdtie COSY beam, and (iv) a silicon
tracking detector system (STT), which is currently desijné) - (iii) have been commissioned
in autumn 2010. With this set—up, proton spin—filtering [@ktbeen repeated in Septemebr 2011
and the analysis are in progress (see contribution to tiifeoence proceedings prepared by Dieter
Oellers).

3. Experimental Program at COSY

The hadron physics program at COSY can be summarized asagumgy, spin, and symme-
try. Under the headline spectroscopy the foremost reseasgtt is the nucleon and its mutual
interactions as well as its excited statds’s andA's) and possible exotics. The role and mani-
festation of the strange quark is an issue studied in agsdgmoduction of hyperons and strange
mesons. Recently symmetries and their breaking have caiméhia focus of investigations, after
the WASA detector has been brought to and installed at COB4llF medium modifications in
the form of final state interactions or possible bound stateslso being investigated. With proton
and deuteron beams, isospin and polarization of beam agelttare used as a tool, and photons
serve as a selective (final state) probe.

4. Recent Highlights
In the following, a few selective examples of recent (ANKE3ults are presented.

4.1 NN Scattering

A good understanding of the Nucleon—Nucleon interactidhretnains one of the most im-
portant goals of nuclear and hadronic physics. Apart froair timtrinsic importance for the study
of nuclear forcesNN data are necessary ingredients in the modelling of mesatuption and
other nuclear reactions at intermediate energies. It gat®w saying therefore that any facility
that could make significant contributions to this importdatabase should do so.

The ANKE collaboration has embarked on a systematic prograno measure the differen-
tial cross section, analysing powers, and spin correlato@ificients of thaﬂrj — {pp}sn deuteron
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charge—exchange breakup reaction [8]. The aim is to dedhgcertergy dependence of the spin—
dependennp elastic amplitudes. By selecting the two final protons witlv lexcitation energy,
typically Epp < 3 MeV, the emerging diproton is dominantly in t& state. In impulse approxi-
mation the deuteron charge-exchange reaction can be eoedids amp — pn scattering with a
spectator proton.
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Figure 1. Left panel: Cartesian tensor analysing powAgg (green dots) andhy (blue dots) of the
(JTp—» {pp}sh reaction at beam energies §f = 1.2,1.6, and 18 GeV for low diproton excitation energy,
Epp < 3 MeV. The solid red curves are results of an impulse appration calculation, where the input
np amplitudes were taken from the SAID program at the appropgaaergies. Right panel: measured ob-
servable ratios as functions gffor two different beam energies. Solid lines are impulseragimation
predictions.

The spin dependence of theg charge—exchange amplitude in the cm system can be displayed
in terms of five scalar amplitudes as [9]:
fop = a(0) +iy(0)(G1 + G2) - i+ B(a) (01 - 1) (T2 - 1)
+6(0)) (31 - M)(Bz - )+ £(q) (Gr-1)(Ta - T

N
N

where a is the spin—independent amplitude between the initial mauand final protony is a
spin—orbit contribution, an@, §, ande are spin—spin terms. In tH& limit of the impulse approx-
imation, thedp — {pp}sh observables are directly related to thp spin—dependent amplitudes
through:

d*o 2
S = 13 {s k),

| = |BPP+|yI*+]|e*+|0]°Re,
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IAJ =0, IA) =—2Im(B*y),

|Axx = |B|2+|V|2+|E|2_2|5|2R2>

| Ay = [OPR+ |e[*—2|BI* — 2|yP?,

ICyy = —2Rg€*S)R, ICyxx = —2Ree*B),

whereR = {S"(k,q)/S™ (k, q)}2 andS* are form factors that can be evaluated using low energy
NN information. Herek is the pprelative momentum in the diproton addhe momentum transfer
between the deuteron and diproton.

Although corrections due to finé- and highempp waves have to be taken into account in the
detailed analysis, it is clear that in the I&, limit a measurement of the differential cross section,
A, andAyy would allow the extraction ofB(q)|? + |y(q)|?, |5(q)|?, and|e(q)|? over a range of
values ofq.

For the above to be the realistic objectives, the methogolas to be checked in energy
regions where thep amplitudes are reasonably well known. An extended papegrhaé re-
cently been published with this in mind. The new ANKE residtsthe deuteron Cartesian tensor
analysing power#\y andAyy at three beam energies are shown in Fig. 1 as functions of the m
mentum transfer. The agreement between the experimertaladd the impulse approximation
predictions obtained using the reliable SAHp amplitudes [11] as input ak, = 600, 800, and
900 MeV, is very encouraging. This success provides a mativdor repeating these measure-
ments at higher energies where tiinput is far less certain.

The deficiencies of the SAID inputp amplitudes at 1.135 GeV can be shown more explicitly
by forming the following combinations of the observables:

(1= Ap) /(14 At Ayy) = (1B +IvP)/ e,
(1—Aw)/ (14 At Ayy) ~ 87/ |€]?,
(1-Ax)/(1—Ay) = [82/(IBI*+ V%)

The variation of these quantities withare presented in Fig. 1 (right panel) for the 1.2 and
2.27 GeV data. Whereas at the lower energy all the ratios atkedescribed by the model, at
the higher it is seen that it is onlyp|2/(| 3|2+ |y|?> which is well understood. It seems that the
SAID program currently overestimates the valuessofit smallg. This will become clearer when
absolute values of the cross sections are extracted at 297 G

The final goal is to go to even higher energies by using a proéam (available up to 3 GeV at
COSY) incident on a polarized deuterium targa:f,—> {pp}sh. This could be very fruitful because
so little is known about the spin dependence ofitheharge exchange reaction much above 1 GeV.

It was shown at Saclay [12] that & = 2 GeV theA(1232 isobar can be excited in the
dp— {pp}sA° reaction and substantial tensor analysing powers wereureghsIn impulse ap-
proximation, these are also sensitive to a spin—trangben the neutron to the proton imp — pA°.
The AP is seen clearly also in the ANKE charge-exchange breakupatat.6, 1.8, and 2.27 GeV.
The missing-mass spectrum in thp— { pp}sX reaction measured at three beam energies is shown
in Fig. 2 (left panel). The neutron peak that has been usedtkimnalysis of thep— {pp}sn re-
action is very clean, with almost no background. More detilthe current analysis results can be
found in [13].
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Figure 2: Left panel: The missing—mas4, distribution for the reactionTp—» {pp}sn at three deuteron
beam energies. In addition to the neutron peak, one seasesigi@nce for the excitation of th& isobar.
(The data in the high mass region have been scaled up by fafcéight.) Right panelAxy andAyy tensor
analysing powers at three deuteron beam energies. Highses magion is used only.

Until the relative contributions of the two driving mechamis (and their possible interfer-
ences) is sorted out, it is premature to compare the measmagsing power data with theory.
However, one can assume that at high the direct production dominates. We show only such
data in Fig. 2 (right panel) as a function of the transversener@um transfeg;. In the forward
direction,q: = 0 and one must then hayg, = Ayy because there is no way of separatingtaedy
directions. The behaviour of both observables is similallahree energies. However, it is impor-
tant to note that the signs of the analysing powers are ofgpiosihose of thel p— {pp}snreaction
shown in Fig. 1. These will prove to be valuable constraimsh@ modeling of thggn — A°p am-
plitudes, once we have sorted out the relative contribstimfithe two driving mechanisms.

4.2 Pion Production

A significant step forward in our understanding of pion react at low energies will be to
establish that the same short—ramgd — NN7Tvertex contributes to botp—wave pion production
and to low energy three-nucleon scattering, where theichkdmperator plays an important role [14,
15]. Although there are extensive low energy data on piodyction in thepp— drr™ reaction, the
crucial physics of interest here is hidden in the much smatless sections associated with isospin
I = 1 nucleon-nucleon final states. There is therefore a progeuet the COSY-ANKE facility
of the Forschungszentrum Julich to perform a complete seteafsurements ddN — {pp}sTat
low energy [8]. Here the pp}s denotes a proton-proton system with very low excitationrgye
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Epp- At ANKE we select events witlep, < 3 MeV and, under these conditions, the diproton
is overwhelmingly in the'Sy state with antiparallel spins. This simplifies enormouslg spin
structure and allows one to extract information on the petidn amplitudes without having to
make measurements of the final proton polarizations.

As the first part of this larger programme, we report in theseference proceedings on a
measurements of the cross section and proton analysingr povlee pp — {pp}st° andiip —
{pp}sT reactions [16].

4.3 n Mass Detrmination

The precise value of the mass of tipeneson has been the subject of intense debate for several
years. The situation seems to have been resolved with tHecatign of three experiments that
obtained consistent results to high accuracy (for refaesee [17]). In all these new experiments
the meson was cleanly identified through one of its decay swode

It is, however, curious that experiments where theneson is identified through a missing—
mass peak in a hadronic production reaction have all reppartewer value for the mass, typically
by about 05 MeV/c?. This was the case for the™ p — nn reaction, where the beam momentum
was determined to high precision macroscopically usingfltteging wire technique [18]. In the
two experiments where thip — 3Hen reaction was studied [19, 20], the beam momentum was
measured by studying other two—body reactions with knowal firasses. One concern is therefore
whether the background under thepeak is slightly distorted by a strong coupling of, for exdenp
n3He= mrPHe. Alternatively, perhaps the beam momenta were incdyreatibrated, though this
was done using different techniques for these experimé@&sl1o, 20]. The situation can only be
clarified through the performance of a more precise experime

The mass of theg meson has been measured at COSY-ANKE using pure kinematiteb
determination of the production threshold of ttie — 3Hen reaction. Therefore a data set of
final state moment@; and beam momentpy were measured with highest precision. The beam
momentum was determined with a relative precisioApfp < 6 x 10~° [(31000+0.2) MeV/c]
by using a polarized deuteron beam and inducing an artifidpblarizing resonance, which oc-
curs at well-defined frequency [21]. The final state momendélnove threshold was measured
with an absolute precision of better tharB® MeV/c by studying the size of the momentum
ellipse in the focal plane of the ANKE spectrometer. The iprglary value obtainedm, =
(547.869+0.00740.040) MeV/c?, is consistent with other recent measurements where thermes
was detected through its decay products. For more deta&ilssdribution [17].

5. Outlook - Snake concept

The physics case for longitudinally polarized protons @sely linked to the aspects outlined
before. By means of a Siberian snake, the spin closed ofbié ddcation of the polarized target can
be aligned along the direction of motion of the stored pkaticThe required field strengths that can
be obtained with a solenoid together for the various expemiad investigations [16, 22, 23, 24, 25]
are listed in table 1. The snake is ordered and will be dediveluring the next year.

The concept is based on a fast ramping device that providetdaritegral of 4.7 Tm, which
can be either installed opposite the ANKE target locatioth@tPAX interaction point. Installation
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Table 1: Required field integrals for the Siberian snake in the preg@xperiments.

Purpose/Measurement /' Bz-dl (Tm)
Determination ofA, in pri — {pp}smr at ANKE requires aff, = 353 MeV 3.329
PAX at COSY requires &I, = 140 MeV 1.994
PAX at AD requires alf, = 500 MeV 4.090
EicT breakup studies in the range §f = 30— 50 MeV require up to 1.165

of the snake at the ANKE target location allows one to provigitudinal beam polarization in
the straight section of COSY opposite the snake.

6. Summary

COSY is the only facility worldwide which provides polarizbeams of protons and deuterons
in the intermediate energy range for internal and exterxadements. Together with existing and
new detection systems, it is an indispensable facility fodies of hadron physics with hadronic
probes. Its importance is further strengthened by the neqeetform preparatory tests for the
upcoming EDM measurements at COSY (see [22]).
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