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1. Introduction

One of the most challenging and fascinating goals of modbeysips is the achievement of a
fully quantitative understanding of the strong interagtiovhich is the subject of hadron physics.
Significant progress has been achieved over the past few tlearks to considerable advances in
experiment and theory. New experimental results have &ibed a very intense theoretical activity
and a refinement of the theoretical tools.

Still there are many fundamental questions which remaiicaly unanswered. Phenomena
such as the confinement of quarks, the existence of gluebralbybrids, the origin of the masses of
hadrons in the context of the breaking of chiral symmetrylang-standing puzzles and represent
the intellectual challenge in our attempt to understandntitere of the strong interaction and of
hadronic matter.

Experimentally, studies of hadron structure can be perormith different probes such elec-
trons, pions, kaons, protons or antiprotons. In antiprgbaton annihilation particles with gluonic
degrees of freedom as well as particle-antiparticle paesapiously produced, allowing spectro-
scopic studies with very high statistics and precision. réfuge, antiprotons are an excellent tool
to address the open problems.

In addition, the availability of polarized antiprotons woyrovide access to numerous spin
observables, offering further opportunities to performvnanique measurements which would
significantly improve our knowledge of the spin structurdhsf nucleon.

The recently approved FAIR facility (Facility for Antipran and lon Research), which will be
built as a major upgrade of the existing GSI laboratory inrzaery, will provide antiproton beams
of the highest quality in terms of intensity and resolutiamich will provide an excellent tool to
answer these fundamental questions.

The PANDA experiment (Pbar ANnihilations at DArmstadt) Iwike the antiproton beam
from the High-Energy Storage Ring (HESR) colliding with aternal proton target and a general
purpose spectrometer to carry out a rich and diversifieddmgplnysics program, from charmonium
spectroscopy to the search for exotic hadrons and the sfudycteon structure, from the study of
in-medium modifications of hadron masses to the physics pémuclei.

Once a polarized antiproton beam becomes available the Rptienent (Polarized Antipro-
ton eXperiments), which will be installed also at the HESH, lve able to carry out measurements
such as the transversity distribution of the valence quarkbe proton, new measurements of
single-spin asymmetries and the first determination of étative phase of the electric and mag-
netic form factors of the proton in the time-like region.

This paper is organized as follows: in section 2 we will giveogerview of the FAIR facility
and the HESR; in section 3 we will discuss some of the mostifgignt items of the PANDA
experimental program; in section 4 we will give a brief dgsiton of the PANDA detector. Section
5 will be devoted to the PAX scientific program; section 6 vgite an overview of the PAX
experimental setup, whereas section 7 will briefly deal withquestion of antiproton polarization.
Finally in section 8 we will present our conclusions.
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Figure1: The FAIR complex.

2. The FAIR facility

The planned FAIR complex is shown in Fig. 1. The heart of thete3y consists of two syn-
chrotron rings, called SIS100 and SIS300, housed in the samel, which will provide proton and
ion beams of unprecedented quality. The SIS100, a 10@toton ring, will feed the radioactive
ion and antiproton beam lines for experiments to be carrigdrothe High-Energy Storage Ring
(HESR), the Collector and Cooler rings (CR) and the New Expental Storage Ring (NESR). The
SIS300 will deliver high energy ion beams for the study ofautelativistic heavy ion collisions.

The accelerators of FAIR will feature significant improvertseein system parameters over
existing facilities:

e beam intensity: increased by a factor of 100 to 1000 for primary and 1000Gémondary
beams;

e beam energy will increase by a factor 30 for heavy ions;

e beam variety: FAIR will offer a variety of beam lines, from antiprotons pootons, to ura-
nium and radioactive ions;

e beam precision: availability of cooled antiproton and ion beams (stocicaghd electron
cooling);

e parallel operation: full accelerator performance for up to four different, @pegndent exper-
iments and experimental programs.

These features will make FAIR a first rate facility for expeeints in particle, nuclear, atomic,
plasma and applied physics.
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Figure 2: Layout of the HESR.

2.1 TheHigh-Energy Storage Ring

The antiproton beam will be produced by a primary proton b&am the SIS100. The
production rate will be of approximately>210/s. After 5x 10° p have been produced they will
be transferred to the HESR, where internal experimentsamptimomentum range from 1 GeV/c
to 15 GeV/c can be performed.

The layout of the HESR is shown in Fig. 2. Itis a racetrack g4 meters in length, with
two straight sections which will host the electron coolimgl arespectively, the PANDA (and PAX)
experiments. Two modes of operation are foreseen: in thelbiginosity mode peak luminosities
of 2 x 10%cm2s~1 will be reached with a beam momentum spreéga/ p = 10, achieved by
means of stochastic cooling; in the high-resolution modé&am momenta below 8 GeV/c elec-
tron cooling will yield a smaller beam momentum spregg/p = 10> at a reduced luminosity
of 10°*cm~2s~1. The high-resolution mode will allow to measure directlg total width of very
narrow (below 1 MeV) resonances.

3. The PANDA Physics Program

The PANDA experiment has a rich experimental program whdtdmate aim is to improve
our knowledge of the strong interaction and of hadron stinectThe experiment is being designed
to fully exploit the extraordinary physics potential angifrom the availability of high-intensity,
cooled antiproton beams. Significant progress beyond tagept understanding of the field is
expected thanks to improvements in statistics and precidithe data.

Many experiments are foreseen in PANDA. In this paper wedigituss the following:

e charmonium spectroscopy;
e search for gluonic excitations (hybrids and glueballs);

e study of hadrons in nuclear matter;



Physicsat FAIR Diego Bettoni

e spectroscopy of single and douldlehypernuclei;

e measurement of the electromagnetic form factors of theoprist the time-like region.

3.1 Charmonium Spectroscopy

Ever since its discovery in 1974 [1] charmonium has been sepoool for the understand-
ing of the strong interaction. The high mass of thguark (m ~ 1.5 GeV/&) makes it plausible
to attempt a description of the dynamical properties of tt gystem in terms of non-relativistic
potential models, in which the functional form of the poiehis chosen to reproduce the asymp-
totic properties of the strong interaction. The free partansein these models are to be determined
from a comparison with the experimental data.

Now, more than thirty years after ttd¢ ¢ discovery, charmonium physics continues to be an
exciting and interesting field of research. The recent disdes of new states)f, X(3872)), and
the exploitation of the B factories as rich sources of chaniono states have given rise to renewed
interest in heavy quarkonia, and stimulated a lot of expenital and theoretical activities. Over
the past few years a significant progress has been achievieaittige Gauge Theory calculations,
which have become increasingly more capable of dealingtijavely with non perturbative dy-
namics in all its aspects, starting from the first principé€CD.

3.1.1 Experimental Study of Charmonium

Experimentally charmonium has been studied mainlg'ia~ andpp experiments.

In e"e~ annihilations direct charmonium formation is possibleydior states with the quan-
tum numbers of the photodf© = 1-—, namely thel/y, ¢/ and ¢(3770 resonances. Precise
measurements of the masses and widths of these states céab®o from the energy of the
electron and positron beams, which are known with good acguAll other states can be reached
by means of other production mechanisms, such as photdiplfiasion, initial state radiation,
B-meson decay and double charmonium.

On the other hand atic states can be directly formedfp annihilations, through the coherent
annihilation of the three quarks in the proton with the thae¢iquarks in the antiproton. This
technique, originally proposed by P. Dalpiaz in 1979 [2]uldobe successfully employed a few
years later at CERN and Fermilab thanks to the developmenstoshastic cooling. With this
method the masses and widths of all charmonium states carasumed with excellent accuracy,
determined by the very precise knowledge of the inifiplstate and not limited by the resolution
of the detector.

The cross section for the process:

Pp — (Tc) — final state (3.1)
is given (in unitsh = ¢ = 1) by the well known Breit-Wigner formula:

4 K (E—MR)2+T3/4

osw(E) = (3.2)

whereE andk are the center-of-mass (c.m.) energy and momeniuMg andl' g are the resonance
spin, mass and total width arigj, andBg are the branching ratios into the initighg) and final
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states. Due to the finite energy spread of the beam, the negbeross section is a convolution of
the Breit-Wigner cross section, eq. (3.2), and the beanggrastribution functionf (E,AEg); the
effective production rate is given by:

v=Lo {e/dEf(E,AEB)GBW(E) + ob} (3.3)

wherel is the instanteneous luminosity, an overall efficiencyx acceptance factor and, a
background term.

The parameters of a given resonance can be extracted by mmgethe formation rate for that
resonance as a function of the c.m. endtgy. The accurate determination of masses and widths
depends crucially on the precise knowledge of the absohgegg scale and on the beam energy
spectrum.
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Figure 3: Resonance scan at tlyg; carried out at Fermilab (a) and beam energy distributiorachedata
point (b).

The technique is illustrated in Fig. 3 which shows a scan®jth resonance carried out at the
Fermilab antiproton accumulator by the E835 experimentuf®jg the procespp — xc1 — J/Yy.
For each point of the scan the horizontal error bar in (a)esponds to the width of the beam
energy distribution. The actual beam energy distribut@shiown in (b). This scan allowed the
E835 experiment to carry out the most precise measurem#m afiass (351019+ 0.051+0.019
Mev/c?) and total width (876- 0.045+ 0.026 MeV) of this resonance.

3.1.2 Thecharmonium spectrum

The spectrum of charmonium states is shown in Fig. 4. It sbsif eight narrow states below
the open charm threshold (3.73 GeV) and several tens oksibtere the threshold.

All eight statesbelow DD threshold are well established, but whereas the triplet states are
measured with very good accuracy, the same cannot be satiefsinglet states.
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Figure 4: The charmonium spectrum.

The n; was discovered almost thirty years ago and many measursrokits mass and total
width exist, with six new measurements in the last four ye&tdl the situation is far from satis-
factory. The Particle Data Group (PDG) [4] value of the mas29804 + 1.2 MeV/c?, an average
of eight measurements with an internal confidence levelG#®. the error on thg. mass is still as
large as 1.2 MeVA; to be compared with few tens of KeV/for theJ/y andy’ and few hundreds
of KeV/c? for the x; states. The situation is even worse for the total width: tB&SRaverage
is 255+ 3.4 MeV, with an overall confidence level of only 0.001 and indihnal measurements
ranging from 7 MeV to 34.3 MeV. The most recent measuremegte khown that thg. width is
larger than was previously believed, with values which gffecdlt to accomodate in quark models.
This situation points to the need for new high-precision sneaments of thg., parameters.

The first experimental evidence of thig(2S) was reported by the Crystal Ball collabora-
tion [5], but this finding was not confirmed in subsequent clees inpp or ete~ experiments.
The n¢(2S) was finally discovered by the Belle collaboration [6] in thedionic decay of the B
mesonB — K + n¢(2S) — K + (KK~ ") with a mass which was incompatible with the Crystal
Ball candidate. The Belle finding was then confirmed by CLECaj® BaBar [8] which observed
this state in two-photon fusion. The PDG value of the mas$883 4 MeV/c?, corresponding to
a surprisingly small hyperfine splitting of 484 MeV/c?, whereas the total width is only measured
with an accuracy of 50%. The study of this state has justestaanhd all its properties need to be
measured with good accuracy.

ThelP; state of charmoniurmh) is of particular importance in the determination of thenspi
dependent component of tlyg confinement potential. The Fermilab experiment E760 replort
an he candidate in the decay channklym® [9], with a mass of 352@ + 0.15+ 0.2 MeV/c.
This finding was not confirmed by the successor experimensE8&Bich however observed an
enhancement in thgcy [10] final state at a mass of 3585+ 0.2+ 0.2 MeV/c®. The h; was
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finally observed by the CLEO collaboration [11] in the pracese™ — ¢/ — he + 1° with he —
nc+ Y, in which then. was identified via its hadronic decays. They found a valudHermass
of 35244+ 0.6+ 0.4 MeV/. It is clear that the study of this state has just started hadrhany
more measurements will be needed to determine its propenti@articular the width.

The regionabove DD threshold is rich in interesting new physics. In this region, close to
the DD threshold, one expects to find the four 1D states. Of thesetbel D, identified with
the @(3770) resonance, has been found. The 2 states (1D, and £D,) are predicted to be
narrow, because parity conservation forbids their decap@o In addition to the D states, the
radial excitations of the S and P states are predicted toradoove the open charm threshold.
None of these states have been positively identified.

The experimental knowledge of this energy region comes filama taken at the early e”
experiments at SLAC and DESY and, more recently, at the Bifas, CLEO-c and BES. The
structures and the higher vector states observed by the &t experiments have not all been
confirmed by the latest much more accurate measurements 8y BE A lot of new states have
recently been discovered at the B-factories, mainly in thdrdnic decays of the meson: these
new states (X, Y, Z ...) are associated with charmonium bex#uey decay predominantly into
charmonium states such as thap or the ¢/, but their interpretation is far from obvious. The
situation can be roughly summarized as follows:

e the Z(3931) [13], observed in two-photon fusion and deagyiredominantly intdDD, is
tentatively identified with the(»(2S);

e the X(3940) [14], observed in double charmonium eventserigatively identified with the
Nc(3S);

¢ for all other new states (X(3872), Y(3940), Y(4260), Y(4320d so on) the interpretation is
not at all clear, with speculations ranging from the missingtates, to molecules, tetraquark
states, and hybrids. It is obvious that further measuresnardg needed to determine the
nature of these new resonances.

The main challenge of the next years will be thus to undedstahat these new states are
and to match these experimental findings to the theoretiqakatations for charmonium above
threshold.

3.1.3 Charmonium in PANDA

Charmonium spectroscopy is one of the main items in the @rpatal program of PANDA,
and the design of the detector and of the accelerator amniagti to be well suited for this kind
of physics. PANDA will represent a substantial improvemavdr the Fermilab experiments E760
and E835:

e up to ten times higher instantaneous luminosi# € 2 x 10%?cm2s 1 in high-luminosity
mode, compared to:2 103cm2s~! at Fermilab);

e better beam momentum resolutiohp/p = 10~° in high-resolution mode, compared with
10~4 at Fermilab);
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e abetter detector (higher angular coverage, magnetic &bltity to detect the hadronic decay
modes).

At full luminosity PANDA will be able to collect several thgandct states per day. By means
of fine scans it will be possible to measure masses with aciesaf the order of 100 KeV and
widths to 10% or better. The entire energy region below armv@lmpen charm threshold will be
explored.

3.2 Gluonic Excitations

One of the main challenges of hadron physics, and an imgdtean in the PANDA physics
program, is the search for gluonic excitations, i.e. hasgliarwhich the gluons can act as principal
components. Thesguonic hadrons fall into two main categories: glueballs, states of pure glue,
and hybrids, which consist ofgq pair and excited glue. The additional degrees of freedomecar
by gluons allow these hybrids and glueballs to halle exotic quantum numbers: in this case
mixing effects with nearby[q states are excluded and this makes their experimentaifidation
easier. The properties of glueballs and hybrids are detexinby the long-distance features of
QCD and their study will yield fundamental insight into theusture of the QCD vacuum.

Antiproton-proton annihilations provide a very favoumatdnvironment in which to look for
gluonic hadrons. Two patrticles, first seen7iN scattering [15] with exotic quantum numbers
JPC = 177, 15(1400 [16] and 75 (1600 [17], are clearly seen ipp annihilation at rest. On the
other hand a narrow state at 1500 Me/ttiscovered inpp annihilations by the Crystal Barrel
experiment [18], is considered the best candidate for thetmlll ground stateJf¢ = 0+ ), even
though the mixing with nearbgg states makes this interpretation difficult.

So far the experimental search for glueballs and hybridsbeas mainly carried out in the
mass region below 2.2 MeVJc PANDA will extend the search to higher masses and in pdaicu
to the charmonium mass region, were light quark states fostruature-less continuum and heavy
guark states are far fewer in number. Therefore exotic mesdrothis mass region could be resolved
and identified unambiguously.

3.2.1 Charmonium Hybrids

The spectrum of charmonium hybrid mesons can be calculaikihvhe framework of vari-
ous theoretical models, such as the bag model, the flux tublelntbe constituent quark model and
recently, with increasing precision, from Lattice QCD (LRYCFor these calculations the parame-
ters are fixed according to the properties of the knggstates. All model predictions and LQCD
calculations agree that the masses of the lowest lying abvsitmm hybrids are between 4.2 Ge¥/c
and 4.5 GeV/E. Three of these states are expected to h&reexotic quantum numbers {0,
1+, 2t7), making their experimental identification easier sinagyttwill not mix with nearbyctc
states. These states are expected to be narrower than tonaécharmonium, because their de-
cay to open charm will be suppressed or forbidden belowDbé threshold. The cross sections
for the formation and production of charmonium hybrids asgneated to be similar to those of
normal charmonium states, which are within experimentatine Formation experiments will gen-
erate only non-exotic charmonium hybrids, whereas préoluexperiments will yield both exotic
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and non-exotic states. This feature can be exploited expeaitally: the observation of a state in
production but not in formation will be, in itself, a strongnhof exotic behavior.

3.2.2 Glueballs

The glueball spectrum can be calculated within the framkvadrLQCD in the quenched
approximation [19]. In the mass range accessible to PANDMagsy as 15 glueball states are
predicted, some with exotic quantum numbesddpalls). As with hybrids, exotic glueballs are
easier to identify experimentally since they do not mix watmventional mesons. The complica-
tions arising from mixing with normaiq states is well illustrated by the case of tRélb00). As
mentioned above, this narrow state, observed at LEAR by tist& Barrel [18] and Obelix [20]
experiments, is considered the best candidate for the drstate glueball. However this interpre-
tation is not unique, and relies on the combined analysibi®@itomplete set of two-body decays
of the §,(1500) and two other scalar states, th870) and theg(1710). This analysis yields the
following mixing picture [21]:

|fo(1710 >= 0.39/gg > +0.91/sS > +0.14NN > (3.4)
|f0(1500 >= —0.69/gg > +0.37sS> —0.62/NN > (3.5)
|f(1370 >=0.60/gg > —0.13|ss > —0.79NN > (3.6)

where|NN >= (Juu > +|dd >)/v/2. Other scenarios for the scalar meson nonet not involving a
glueball have been proposed and this makes the internetatithe §(1500) as the ground state
glueball ambiguous. This example highlights the need terekthe glueball search to higher mass
regions, which are free of the problem of mixing with convemal qg states.

3.3 Hadronsin Nuclear M atter

The study of medium madifications of hadrons embedded indmcimatter is aimed at un-
derstanding the origin of hadron masses in the context aftapeous chiral symmetry breaking in
QCD and its partial restoration in a hadronic environmeiatfe experiments have been focussed
on the light quark sector: evidence of mass changes for @adskaons have been deduced by
the study of deeply bound pionic atoms [22] and of K meson yebodn in proton-nucleus and
heavy-ion collisions [23].

The high-intensityp beam of up to 15 GeV/c will allow an extension of this prograotte
charm sector both for hadrons with hidden and open charminFhdium masses of these states
are expected to be affected primarily by the gluon condengecent theoretical calculations pre-
dict small mass shifts (5-10 MeV#gfor the low-lying charmonium states [24] and more consite
effects for thexey (40 MeV/&), ¢/ (100 MeV/@) and(3770) (140 MeV/@) [25].

D mesons, on the other hand, offer the unique opportunityudysthe in-medium dynamics
of a system with a single light quark. Recent theoreticatudations agree in the prediction of a
mass splitting for D mesons in nuclear matter but, unforteigathey disagree in sign and size of
the effect.

Experimentally the in-medium masses of charmonium staase reconstructed from their
decay into di-leptons and photons, which are not affectediriat state interaction. D meson
masses, on the other hand, need to be reconstructed by thak decays into pions and kaons

10
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which makes the direct measurement of mass modificatiofisuif Therefore other signals have
been proposed for the detection of in-medium mass shifts wfd3ons: in particular it has been
speculated that a lowering of tiD threshold would result in an increasBdandD production in
P-nucleus annihilations [26] or in an increase in width of dmarmonium states lying close to the
threshold [27].

Another study which can be carried out in PANDA is the meawsera ofJ/( and D me-
son production cross sectionsfmannihilation on a series of nuclear targets. The compari$on
the resonand/ yield obtained fromp annihilation on protons and different nuclear targets al-
lows to deduce thé/-nucleus dissociation cross section, a fundamental paesrteeunderstand
J/ @ suppression in relativistic heavy ion collisions intetprkas a signal for quark-gluon plasma
formation.

3.4 Hypernuclear Physics

Hypernuclei are systems in which up or down quarks are redldy strange quarks. In this
way a new quantum number, strangeness, is introduced iatoutieus. Although single [28] and
double [29]A-hypernuclei were discovered many decades ago, only 6 d@dublypernuclei are
presently known. The availability g@beams at FAIR will allow efficient production of hypernuclei
with more than one strange hadron, making PANDA competitiith planned dedicated facilities.
This will open new perspectives for nuclear structure spscbpy and for studying the forces
between hyperons and nucleons.

The production of doubl@&-hypernuclei in PANDA will be achieved by means of a multiste
process:

e using an energetip beam a=~ (together with its associated strange particles) is preduc
in a primary nuclear target;

e the producecE" is slowed down in a dense, solid material (e.g. a nuclear o)l and
forms a=" atom;

¢ after an atomic cascade the hyperon is finally captured bgans@ry target nucleus, leading
to the formation of a double hypernucleus via the proéesg — AA.

The spectroscopic information on double hypernuclei wdl dbtained by detecting thgrays
emitted in the decay of the excited hypernucleus to the gt@iate, by detecting the particles
coming from the weak decay of the hyperon from the groundestatd measuring their kinetic
energies.

3.5 Electromagnetic Form Factors of the Proton in the Timelike Region

The electromagnetic form factors of the proton in the tiike-region can be extracted from
the cross section for the procegs — e"e~. First order QED predicts:
do na2R2c?

4
ol = yGM\2(1+cosze*)+prGE\Z(l—cosze*) (3.7)

with Gg andGy the electric and magnetic form factors, respectively. BataighQ? are crucial

11
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Figure5: Measurements of the proton magnetic form fa¢@yi| in the time-like region.

to test theirQ? behaviour and the space-like—time-like equality for cepandingQ?.

The proton time-like form factors have been measured byrabegperiments in the lowQ?
region down to threshold. At higp? the only measurements have been achieved by E760 and
E835 at Fermilab [30] up t@? ~ 15 Ge\? (see also Fig. 5). However, due to limited statistics
|Gwm| and|Gg| have not been measured separately and could only be extrasitey the assumption
|Ge| = |Gm|. Recently new measurements|@f | have been obtained by the BaBar collaboration
[31] using Initial State Radiation.

In PANDA it will be possible to determine the form factors othe widestQ? range ever
covered by a single experiment, from threshold to 20 &eWabove, depending on beam time
availability. Due to much higher statistics it will be pdslsi to measur¢Gy | and|Gg| separately.
The real and imaginary parts of these time-like form factmsld be determined with polarized
beam and/or target. A modulation of the azimuthal distrdsutwill certainly help disentangling
the electric and the magnetic parts and give an informatiothe relative phase, even if this will be
most likely limited by the luminosity to modera@? values. Most of the anticipated measurements
could be run together with other programs. The proximityesionance peaks should be avoided to
reduce systematic uncertainties.

4. The PANDA Detector

In order to carry out the physics program discussed aboveAINDA detector must fulfil a
number of requirements: it must provide (nearly) full s@itfjle coverage, it must be able to handle

12
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high rates (2« 10’ annihilations/s) with good particle identification and mamtum resolution for
v, e, u, i, K and p. Additional requirements include vertex recorgdtam capability and, for
charmonium, a pointlike interaction region, efficient mpidentification and excellent calorimetry
(both in terms of resolution and of sensitivity to low-eneghowers).

A schematic view of the PANDA detector is shown in Fig. 6. Tiiotons circulating in
the HESR hit an internal hydrogen target (either pellet ostr jet), while for the nuclear part of
the experimental program wire or fiber targets will be usetie @pparatus consists of a central
detector, called Target Spectrometer (TS) and a Forwardt@peeter (FS).

hadron calorimeter

"W ToF stop
TOF stop

-~ _mpe __
™ R
o

MUo

................

solenoid 22'

RICH i EMC

Figure 6: Schematic view of the PANDA detector.

The TS, for the measurement of particles emitted at labgratogles larger than°Swill be
located inside a solenoidal magnet which provides a field ®f s main components will be a
microvertex silicon detector, a central tracker (eithertrave tube detector or a time projection
chamber), an inner time-of-flight telescope, a cylindribdRC (Detector of Internally Reflected
Light) for particle identification, an electromagnetic adineter consisting of PbW/crystals, a
set of muon counters and of multiwire drift chambers.

The FS will detect particles emitted at polar angles belowiti@he horizontal and Gin the
vertical direction. It will consist of a 2 ‘Tn dipole magnet, with tracking detectors (straw tubes or
multiwire chambers) before and after for charged partideking. Particle identification will be
achieved by means &erenkov and time-of-flight detectors. Other components®fS are and
electromagnetic and a hadron calorimeter.

All detector components are currently being developediwithvery active R&D program.
This continued development implies that the choice has ebbgen finalized for all detector ele-
ments.
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5. The PAX Physics Program

The possibility to polarize antiprotons at FAIR will allowigilue access to a number of new
fundamental physics observables, which cannot be studmtex facilities or at the HESR without
transverse polarization of protons and/or antiprotons.

The PAX experiment will be dedicated primarily to the studiyiacleon structure using polar-
ized antiproton-proton collisions, both in fixed target amthe collider mode.

The experimental program consists of a series of unigue une@ents; in this paper we will
discuss the following:

¢ the first measurement of the transversity distribution,laéiséleading-twist missing piece of
the QCD description of the partonic structure of the nucleon

¢ the investigation of (transverse) single spin asymmetries

¢ the measurement of the moduli and phases of the electroniafpren factors of the proton
in the time-like region.

5.1 Transversity in Polarized Deep Inelastic Scattering

In QCD the internal structure of hadrons is described by aahiby of parton correlation
functions, the simplest of which are the parton distritngioThree functions are needed at leading
twist for a full description of the parton structure of theclaon:

e the unpolarized quark distributiof (x);

e the helicity distributiong; (x), describing the quark longitudinal polarization insideadi-
tudinally polarized nucleon;

e the transversity distributioh; (x), describing the quark transverse polarization insiderestra
versely polarized nucleon (at infinite momentum).

Whereas the unpolarized distributions are well known, amdenand more information is
becoming available ogy, nothing is known experimentally on the nucleon transtgdistribution.
The reason is that transversity is a chiral-odd function as consequence, it cannot be measured
in inclusive deep inelastic scattering: since strong aerdteweak interactions conserve chirality,
h; cannot appear alone, but it must be coupled to another abdiuantity.

This is possible in two processes: semi-inclusive deemstiel scattering (SIDIS), where,
however,h; couples to a new, unknown fragmentation function, the @slfunction [32], and in
polarized Drell-Yan processes, which are sensitive to thdyrct of two transversity distributions
h1(x) x h1(X) and which therefore allow the direct measuremerit;of

Experimentally the most direct way to measure transveisitje measurement of the double
transverse spin asymmety in Drell-Yan processes with transversely polarized beadtarget:

_doll—dall  3qehiCa. M2hi(e M?)
do'l +do'! quaff(xl’MZ) flq(X27M2)

(5.1)
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Figure 7: Left: the (x1,x2) kinematical region covered by PAX. Right: The expected asgtny as a
function ofxg.

whereq=u,0,d,d, ..., M is the invariant mass of the dilepton pair aag+ is the double spin
asymmetry of the QED elementary procegs— |11~

The measurement d&rt can be carried out using polarizezp interactions, as is being
planned at RHIC [33]. In this case one measures the produtt@transversity distributions,
one for a quark and one for an antiquark (both from the protétt)RHIC energies one expects
x1% = M? /s~ 10-3, which means that mainly the sea quark content of the prottbhevexplored,
where polarization is likely to be small. In addition in thaall x region explored by RHI®; is
much smaller than the corresponding value§aindg;. All this makes the double spin asymmetry
expected at RHIC of the order of a few percent or less [34].

The PAX experiment, on the other hand, will measure the wense double spin asymmetry
using the polarized Drell-Yan procepsp! — I71~X, in which a transversely polarized beam will
hit a transversely polarized proton target (fixed target eyamt a transversely polarized proton
beam (fixed target mode). In the hypothesis of u-quark donc@ny,| >> |hiq| and the expres-
sion for Att for thepp process becomes:

hyu (X1, M2)hyy (X2, M2)
U(x1,M2)u(xz,M?2)

Art = arT (5.2)

The combination of the fixed target and collider modes witha@lPAX to explore ranges of s
between 30 Ge¥and 200 Ge¥ and M values between 4 Gé\and 100 Ge¥, where the values
of Ayt are expected to be large.

The (x1,X2) kinematical regions covered by PAX in the two operationable®are illustrated
in Fig. 7, left side. In fixed target mode one hax, = M?/s~ 0.2 — 0.3, which means that
the dominant contribution will come from quarks and antitggawith large x, that means valence
quarks and antiquarks for whithi is expected to be large. The plot on the right shows the eggect
values ofArt as a function oke = x; — X for different values o6 andQ? = 16 Ge\2. The curves
show that even at the highestvalues the double spin asymmetry remains above 20% for &lmos
all the range okg.
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The measurement of the double spin asymmetry in the pothppeDrell-Yan process will
offer a unique opportunity to measure the transversityitigions of the proton for valence quarks.

5.2 Single Spin Asymmetries

In addition to transversity there are several other spireclables which can be measured by
PAX, some of which might be within reach even before antigmgbolarization is achieved.

An example of this kind of observables is given by singleaspsymmetries (SSA). Sev-
eral mechanisms can generate SSA, both in the Parton Ddngitgtion (Sivers [35] and Boer-
Mulders [36] effects) and in the fragmentation function [iDs effect [32]). Let us consider as an
example the transverse SSA:

_do'—do!

- dol+dg! (5-3)

Large, unexpected transverse SSA have been observed byerpesments inp'p — X and
P! p — 1X: values as high as 40% have been measured in experimentsanttér of mass energies
ranging from 6.6 GeV to 200 GeV [37].

The PAX experiment can provide completely new insight it tinderstanding of this phe-
nomenon by studying SSA in D meson productign{ — DX or pp! — DX), a process which
allows to disentangle the Sivers from the Collins effecttht PAX collider energy, for a final state
D with a transverse momentum of about 2 GeV/c the dominarnpregkss isjq — ct followed
by the fragmentation of thequark into a charmed meson. In this elementary annihilgirocess
there is no transverse spin transfer and the fireahd< are not polarized. Therefore there cannot
be any contribution to the SSA from the Collins mechanisnmer&fore a measurement of the SSA
in p'p— DX or pp! — DX would allown a clean access to the Sivers functigh

In addition to that, and in conjunction with SSA data from tHERMES collaboration [38],
the PAX measurement of SSA in Drell-Yan production on transsly polarized protons can for the
first time provide a test of the theoretical prediction [38}tee sign reversal of the Sivers function
from SIDIS to Drell-Yan processes:

fi (DY) = — 5 (SDIS) (5.4)

This measurement is of crucial importance for our currewteustanding of T-odd parton distribu-
tions and of SSA within QCD.

5.3 Electromagnetic Form Factors of the Proton in the Timelike Region

The measurement of the electromagnetic form factors ofdmsdprovides fundamental in-
formation on their structure and internal dynamics. For phaton the form factors have been
measured both in the space-like and in the time-like regawmes an extended range gf. There
are, however, several outstanding issues. In the spaeedidions recent measurents carried out
at Jefferson Laboratory using the scattering pro@gss- ep with electron-to-proton polarization
transfer have shown that the ratio of the Sachs form facder®?) /Gu(g?) decreases monoton-
ically with increasingQ? = —g? [40], in strong contradiction witfGg /Gy scaling observed in
measurements carried out with the Rosenbluth separatidimocheln the time-like region, where
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Figure 8: The HESR accelerator setup for PAX.

the form factors are complex, only the moduli have been nredsururthermore, because of lim-
ited statistics, no experiment so far has been able to me#sgf and |Gy | separately and the
magnetic form factor has been derived from the measured sexgion assumin@sg | = |Gu| or
|Ge| = 0. The space-like and time-like form factors are connectedigpersion relations.

The relative phase of the proton form factors in the time-liggion can be derived from the
measurement of the transverse single spin asymmetry ipratdn annihilation on transversely
polarized protongp' — ete~. The asymmetry is given by:

oA sin20IMGg Gy
Y (14 co26)|Gw|2 + si? 6|Ge|2/T]/T

(5.5)

wheret = ¢?/4m2 and @ is the scattering angle. The PAX experiment plans to medbererans-
verse single spin asymmetry in the collisions of an unpadatiantiproton beam with a transversely
polarized, internal proton target. The maximum beam mouorerdf 3.5 GeV/c will allow the mea-
surement over a wide kinematical range, from close to tlaldshp to & = 8.5 Ge\~.

In addition to thatGg — Gy separation can be achieved with the measurement of theénses
double spin asymmetry ip! p! — 171, using a method which is complementary to the one used
by PANDA and discussed in section 3.5, thus providing a téfRasenbluth separation in the
time-like region.

6. The PAX experimental setup

The overall machine setup of the HESR complex needed for Aedxperiment is shown
schematically in Fig. 8. The Antiproton Polarizer (APR)vpiblarize antiprotons at kinetic ener-
gies around 56- 250 MeV to be injected into the other rings. The Cooler Syattbn Ring (CSR)
will store protons or antiprotons with momenta up to 3.5 GeWhe small straight section of this
ring will effectively provide a second interaction point @re the PAX detector could be installed,
thus allowing PANDA and PAX to be run in parallel.

The PAX scientific program discussed in the previous sestwill be carried out in two
phases:
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e in phasel a beam of unpolarized antiprotons with momentum up to 3.5/Gé&Vthe CSR
will collide with an internal hydrogen target. This phasd W& mainly dedicated to the mea-
surement of the time-like proton form factors discussethéngrevious section. Furthermore,
by detecting antiprotons scattered in the backward doectt will be possible to study hard
scattering at large

e in phase Il a beam of polarized antiprotons from 1.5 GeV/c to 15 GeV/cutating in
the HESR will collide with a beam of polarized protons with mmentum up to 3.5 GeV/c
circulating in the CSR. This phase will be dedicated to th&t filirect measurement of the
transversity distributiorn;. With suitable combinations of the energies of the two doily
beams this setup will allow a measurementhefin the valence region ok > 0.05 with
corresponding &= 4...100 GeV.

The PAX detector [41] is being developed by means of MontddCstudies aiming at an
optimization of the achievable performance. The detectthbe designed for a collider, but it will
be compatible with the fixed target running mode. In the presencept it will employ a toroidal
magnet and it will be optimized for the detectionedfe™ pairs from the Drell-Yan process.

7. Antiproton polarization

The feasibility and success of the PAX experimental progralrdepend crucially on the ca-
pability to produce a transversely polarized antiprotoarbewith polarizations in the range 0.2 -
0.3. The most promising approach towards this goal is th@ite spin filtering technique, based
on the interaction of unpolarized antiprotons with a pakdi hydrogen target. This technique
has been successfully tested and confirmed experimentityprotons by the FILTEX experi-
ment [42]. However the interpretation of the FILTEX data il somewhat controversial, and
there is no universally accepted explanation as to why sfierifig works. This highlights the
need for further experimental tests. In addition to thatrehs no data to predict what level of po-
larization could be achieved with antiprotons. For thessoas the PAX collaboration is planning
to conduct a series of test experiments, first with protorthetCOSY ring in Julich, then with
antiprotons at the Antiproton Decelerator at CERN. The dirthese tests is to fully understand
the mechanism of proton and antiproton polarization anddagure the level of polarization which
could be achieved for an antiproton beam.

8. Conclusions

The availability of high-intensity, cooled antiproton lem at FAIR will make it possible to
perform a very rich experimental program.

The PANDA experiment will perform high-precision hadrorespgoscopy from/s=2.25 GeV
to /s=5.5 GeV and produce a wealth of new results:

e precision measurement of the parameters of all charmontatass both below and above
open charm threshold, with the possible discovery of thesimjsstates (e.g. the D-wave
states), which will lead to a full understanding of the chaniom spectrum;
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the observation/discovery of glueballs and hybrids, paldrly in the mass range between 3
and 5 GeV/é, yielding new insights into the structure of the QCD vacuum;

e the measurement of mass shifts of charmonium and open chasaons in nuclear matter,
related to the partial restoration of QCD chiral symmetra itlense nuclear medium;

e the discovery and spectroscopy of new double-strange hypli, providing new insights
in the hyperon-hyperon and hyperon-nucleon interaction;

¢ high-statistics measurement of the electromagnetic faotof of the proton in the time-
like region over a wide &range from near threshold to about 20 GeWith the separate
determination of the electric and magnetic form factors ttie low @ region) by measuring
the angular distribution.

The possibility to polarize antiprotons will allow the PAXperiment to make new, unique
measurements of single- and double-spin observables:

¢ the first measurement of the transversity distribution efillence quarks in the proton;

e new measurements of single-spin asymmetries, leading tetterbunderstanding of the
Sivers and Collins mechanisms and of the origin of T-oddgpadistributions;

¢ the first determination of the relative phase of the ele@rnd magnetic form factors of the
proton in the time-like region.

All these new measurements will make it possible to achieverg significant progress in
our understanding of QCD and the strong interaction. We @wkihg forward to many years of
exciting hadron physics at FAIR.
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