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NEW PERSPECTIVES FOR ANTIPROTON PHYSICSTHE HESR-PROJECT AT GSI�Volker MetagII. Physikalis
hes Institut, Universität GiessenHeinri
h-Bu�-Ring 16, 35392 Giessen, Germany(Re
eived De
ember 27, 2001)Outstanding questions of Quantum Chromodynami
s in the non-per-turbative regime are dis
ussed. A resear
h program addressing these ques-tions is outlined. This program is based on the availability of antiprotonbeams of unpre
edented quality and intensity at the planned future a

el-erator fa
ility at GSI Darmstadt. The physi
s potential of this proje
t andthe a

elerator and dete
tor 
on
ept are presented.PACS numbers: 12.38.�t, 12.38.Aw, 13.75.�n, 14.20.Jn1. Introdu
tionWhen we analyze the matter whi
h surrounds us with ever in
reasingresolution a hierar
hy of di�erent stru
tures be
omes apparent: mole
ules,atoms, atomi
 nu
lei, nu
leons, and quarks. The �rst three systems havetwo general features in 
ommon: the 
onstituents of these systems haveall been seen as free parti
les, like free ele
trons or nu
leons. Se
ondly,the mass of these systems is equal to the sum of the 
onstituent masses,apart from binding energy 
orre
tions whi
h are on the per
ent level. Forthe nu
leon a 
ompletely di�erent situation is en
ountered. From deeplyinelasti
 lepton s
attering we know that the nu
leon has a substru
ture ofquarks and gluons but no one has ever seen free quarks; they are 
on�nedwithin the nu
leon. We know that the quarks inside the nu
leon have massesof only a few MeV/
2 but the mass of the nu
leon is 938 MeV/
2. Thesequestions address the 
entral outstanding issues of hadron physi
s:(i) How are hadrons (baryons and mesons) built from quarks and gluons?(ii) What determines the mass of hadrons?(iii) Can Quantum Chromodynami
s (QCD), the theory of the strong in-tera
tion, quantitatively a

ount for the 
on�nement of quarks withinhadrons?� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (81)



82 V. MetagQCD is extremely su

essful in des
ribing high energy pro
esses like jetprodu
tion at high energies, i.e. when one probes the intera
tion amongquarks at very short distan
es. The key to this su

ess is the small 
oupling
onstant �s � 0:1, whi
h allows perturbation theory to be applied. Atmu
h larger distan
es 
omparable to the size of the nu
leon, this approa
hbreaks down as the 
oupling strength approa
hes 1. This energy regime is
hara
terized by typi
al non-perturbative phenomena like 
on�nement, thefa
t that quarks are not observed as free parti
les but bound within hadrons,and 
hiral symmetry breaking, the breaking of a fundamental symmetry ofQCD whi
h o

urred in the early Universe when quarks 
oales
ed to formhadrons. This is where the intelle
tual 
hallenge is: to explore QCD inthe non-perturbative regime both experimentally and theoreti
ally. On thetheoreti
al side enormous progress has re
ently been made by Latti
e QCD
al
ulations and by developing �eld theoreti
al models.The essential di�eren
e to other �eld theories is that gluons, the medi-ators of the strong intera
tion, themselves 
arry 
olor 
harge. Therefore,they not only intera
t with quarks but also among themselves. As a 
onse-quen
e, systems 
onsisting of gluons, so 
alled glueballs should exist. Thesel�ntera
tion among gluons also leads to the formation of so 
alled �uxtubes between quarks whi
h generate a for
e of about 10 t whi
h is almostindependent of the distan
e between the quarks. As a result, quarks 
an-not be further separated from ea
h other, qualitatively a

ounting for their
on�nement within hadrons. The goal, however, is to a
hieve a quantitativedes
ription of these phenomena.2. The resear
h programDetailed dis
ussions of these fundamental questions within several work-ing groups have led to the formulation of a hadron physi
s resear
h programat the High Energy Storage Ring (HESR) whi
h is part of the proposal foran extension of the a

elerator fa
ility at GSI [1-5℄:(i) The most promising way to learn more about 
on�nement is 
harmo-nium spe
tros
opy, the study of the bound system of a 
harm and ananti
harm quark. The 

 spe
trum is analogous to that of positron-ium and 
an be 
al
ulated to a large extent by perturbation theory;deviations, in parti
ular in the higher lying states 
an be tra
ed to
on�nement e�e
ts.(ii) Glueballs and hybrids resulting from the gluon self-intera
tion are themost 
hara
teristi
 features of QCD and should be identi�ed. Here,the sear
h for heavy glueballs and 
harmed hybrids (

g) is parti
u-larly promising be
ause less mixing with normal mesoni
 modes is to



New Perspe
tives for Antiproton Physi
s: the HESR-Proje
t at GSI 83be expe
ted in this higher mass range (3�5 GeV/
2). The mixing ofgluoni
 modes with s
alar mesons in the 1.5�2.2 GeV/
2 mass rangehas so far prevented an unambiguous identi�
ation of glueball states.(iii) Studying the masses of 
harmed mesons (D-mesons) in the nu
learmedium is an extension to the 
harm se
tor of the ongoing resear
hprogram at GSI where medium modi�
ations of light mesons like pionsand kaons are being studied. These experiments aim at 
larifying theorigin of hadron masses.(iv) Adding strangeness to nu
lei opens up a new degree of freedom innu
lear spe
tros
opy whi
h is 
omplementary to ongoing and plannednu
lear stru
ture studies with exoti
 beams.(v) Further possibilities whi
h are envisaged on
e the full luminosity hasbeen a
hieved, in
lude the study of inverted deeply virtual Comptons
attering to �nd a 
omplementary a

ess to generalized parton distri-butions within the nu
leon, the study of CP -violation in the D and �se
tor where physi
s beyond the Standard Model might be found, theinvestigation of rare D-de
ays, and fundamental symmetry tests withantiprotons stopped in a trap.

Fig. 1. Expe
ted masses of qq�mesons, glueballs, hybrids, mole
ular quark 
on-�gurations, and parti
le�antiparti
le produ
tion thresholds. The 
orrespondingmomenta of antiproton beams, required for the produ
tion of these QCD-systems,are also indi
ated. The �gure is taken from [1℄.



84 V. MetagThe mass and momentum range for these investigations are shown inFig. 1. The hadroni
 systems of interest like 
harmonium (

), glueballs(ggg), 
harmed hybrids (

g) and the D-meson threshold are indi
ated. Assome phase-spa
e above threshold is needed, p-momenta up to 15 GeV/
 arerequired.In the following subse
tions, the di�erent resear
h topi
s are outlined inmore detail. 2.1. Charmonium spe
tros
opyDetermining the intera
tion potential of bound systems through pre
i-sion spe
tros
opy has been a su

essful tool at all levels of the stru
turalhierar
hy of matter, as for example in atoms and mole
ules. The funda-mental understanding of strong intera
tions in terms of QCD was greatlystimulated by the 1974 dis
overy of J=	 , the ve
tor state (JPC = 1��)
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Fig. 2. Charmonium states and their de
ay modes. Poorly known states are markedby dashes. The �gure is taken from [1℄.
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t at GSI 85of the bound 
harm quark and 
harm antiquark system (

). In this massrange, the strong 
oupling �s � 0:3 is su�
iently small to justify appli
ationof perturbative QCD, but the 
harm quark mass is not su�
iently large to
ompletely suppress non-perturbative 
orre
tions. Charmonium is thus anoptimum testing ground for studying the interplay of perturbative and non-perturbative e�e
ts and for a quantitative understanding of 
on�nement.Although many experiments at e+e� 
olliders and more re
ently at Fer-milab in pp 
ollisions provided many measurements of 
harmonium states,widths and bran
hing fra
tions, many open questions remain [6℄ whi
h willbe addressed by the GSI 
harmonium program. This in
ludes the sear
hfor the still un
ertain �
' state [7℄, the 
on�rmation of the 1P1-state whi
his important for a determination of a possible spin dependent part of the
on�nement potential, and in parti
ular the identi�
ation of states abovethe DD threshold, a mass range where very little is known, where, however,one en
ounters the highest sensitivity to the parameters of the 
on�nementpotential.2.2. The sear
h for heavy glueballs and 
harmed hybridsThe QCD spe
trum is mu
h ri
her than the naive quark model. Sin
egluons, whi
h mediate the strong for
e between quarks, 
an also intera
tamong themselves, new types of hadrons 
an be formed: glueballs and hy-brids. Glueballs are ex
ited states of almost pure glue, while hybrids arestates 
onsisting largely of a quark, an antiquark, and ex
ited glue. The ad-ditional degrees of freedom 
arried by gluons allow glueballs and hybrids tohave spin-exoti
 quantum numbers like JPC = 0��; 0+�; 1�+; 2+� that areforbidden for normal mesons. Exoti
 quantum numbers provide the easiestway to distinguish gluoni
 hadrons from qq states, but even non-exoti
 glue-balls and hybrids 
an be identi�ed by measuring an overpopulation of theexperimental meson spe
trum and by 
omparing their de
ay modes, massesand quantum numbers with Latti
e Quantum Chromodynami
s 
al
ulations(see Figs. 3,4) and model predi
tions.The identi�
ation of gluoni
 modes in the mass range of 1�2 GeV/
2 hasso far been hampered by the large number of about 100 normal qq states inthis range. With only eight, narrow 
harmonium states in the 0.8 GeV/
2region below the DD threshold and a relatively smooth 
ontinuum above,there are good 
han
es to identify and resolve gluoni
 modes unambiguouslyin this mass range whi
h will be
ome a

essible at the new GSI fa
ility.Re
ent experiments at LEAR have demonstrated that parti
les with gluoni
degrees of freedom are 
opiously produ
ed in pp annihilation, demonstratingthat p beams are the most promising probe for addressing this importantaspe
t of strong intera
tion physi
s.
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Fig. 3. Latti
e-QCD predi
tions for glueball masses [8℄. The states are denoted bytheir spin (J), parity (P) and 
harge 
onjugation (C) quantum numbers.

Fig. 4. Potential between stati
 quarks at separation R, in units of r0 � 0:5 fm, asderived from Latti
e QCD 
al
ulations [9℄. The VHybrid potential originates fromthe �rst ex
ited state of gluoni
 �ux, giving rise to 

g hybrid states.
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t at GSI 872.3. In-medium modi�
ations of 
harmed mesonsThe investigation of medium modi�
ations of hadrons embedded in had-roni
 matter is one of the main resear
h a
tivities at GSI at present andin the near future. The main physi
s goal is to understand the origin ofhadron masses in the 
ontext of spontaneous 
hiral symmetry breaking inQCD and their modi�
ation due to 
hiral dynami
s and partial restorationof 
hiral symmetry in a hadroni
 environment. Be
ause of the limited energyavailable, these studies have so far fo
used on the light quark se
tor. In par-ti
ular, the properties of pions [10℄ and kaons [11℄ in normal and 
ompressednu
lear matter have been studied.The proposed experimental program at the HESR will allow an extensionof these studies to the 
harm se
tor. Re
ent model 
al
ulations [12℄ predi
ta lowering of the D+ and D� meson masses with a mass split of the order of50 MeV/
2 (see Fig. 5). A measurable 
onsequen
e would be a sub-thresholdenhan
ement for D and D meson produ
tion in p annihilation on nu
lei [13℄.Moreover, a lowering of the DD threshold in the nu
lear medium by about100 MeV would allow the 	 0 and �
2 states of 
harmonium to de
ay intothis 
hannel [14℄. Also the width of the 	(3770) state whi
h is dominatedby the DD de
ay would be a�e
ted by a lowering of the D meson mass. Abroadening of these states 
ould be dete
ted via lepton pair spe
tros
opywith the proposed HESR dete
tor system. The HESR would thus o�er anoptimal framework for exploring the intera
tions of 
harmed quarks withnu
leons and nu
lei. Su
h investigations are of key importan
e to the basi
understanding of QCD in its non-perturbative regime.

Fig. 5. S
hemati
 plot of free meson masses and mass splitting in the nu
learmedium at normal nu
lear density. The �gure is taken from [1℄.



88 V. Metag2.4. Spe
tros
opy of � and double � nu
leiIntense p beams will provide a new approa
h to produ
e and study hyper-nu
lei, exploiting �+;�� produ
tion near threshold [1, 15℄. Hypernu
learphysi
s adds strangeness as a new dimension to the 
hart of nu
lei. Pre-vious investigations were hampered by the limited resolution (� 100 keV)of magneti
 spe
trometers and low statisti
s. Modern 
-ray dete
tion te
h-niques will allow spe
tros
opy of hypernu
lei with keV resolution. Many ofthe unanswered questions like the strength of the spin-orbit splitting will be-
ome a

essible. Of parti
ular importan
e is the study of double strangenessand even higher strangeness nu
lei whi
h are 
urrently either unknown orpoorly established. As illustrated in Fig. 6, the pairwise produ
tion of hy-perons and antihyperons o�ers the possibility to tag the produ
tion pro
ess:e.g., a �+ with large momentum at forward angles signals the produ
tion ofa ��(dss) whi
h, at low momenta, 
an be 
aptured in a se
ondary target,forming a �� hypernu
leus. Combining a high luminosity p-ma
hine like the

Fig. 6. S
hemati
 illustration of the two-step pro
ess for the produ
tion of double �hypernu
lei: a �� hyperon produ
ed in an antiproton-nu
leus 
ollision is stoppedin a se
ondary target and 
onverted into two �'s. The �gure is taken from [1℄.
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t at GSI 89HESR with a novel solid-state mi
ro tra
ker and a large angle Ge-array withhigh 
ount rate 
apability, high resolution 
-spe
tros
opy of double hyper-nu
lei will be
ome possible. These studies will provide dire
t information onthe �� intera
tion, the baryon�antibaryon annihilation dynami
s and theintera
tion of hyperons with nu
lei.3. Why antiprotons?What are the spe
i�
 advantages of antiproton beams for the des
ribedresear
h program? They are listed in the following:� p-beams allow high resolution spe
tros
opy in formation experimentswith resolution limited only by the momentum spread of the beam.The advantage over e+e� -
olliders, where states with JPC 6= 1��
an only be populated in produ
tion experiments, is demonstrated inFig. 7.

Fig. 7. Mass distribution of the �
1-state in Charmonium measured in a produ
-tion experiment at the e+e� 
ollider SPEAR with the Crystal Ball dete
tor (open
ir
les) and in a formation experiment with an antiproton beam (full 
ir
les) in theE835 experiment at Fermilab. The superior mass distribution a
hieved in the an-tiproton experiment is illustrated. The �gure has kindly been provided by K. Seth(Evanston).



90 V. Metag� Experiments at the Low Energy Antiproton Ring LEAR have demon-strated high produ
tion rates for gluoni
 ex
itations like glueballs andhybrids 
omparable to those for mesons [16℄.� In pp 
ollisions, parti
les and antiparti
les are produ
ed pairwise sothat one of them 
an be used as a tag for the subsequent rea
tionindu
ed by the other parti
le. This is parti
ularly important for theformation of double � hypernu
lei and D-meson physi
s.� In pp annihilation, massive parti
les 
an be produ
ed without mu
hmomentum transfer. This is essential for the study of in-medium prop-erties of the produ
ed hadrons whi
h one needs to �implant� in nu
lei.A high re
oil momentum would ki
k the produ
ed parti
les out of thenu
leus, making a study of in-medium properties impossible.� The lifetime of antiproton beams is not limited by de
ay-in-�ight butmainly by 
onsumption in the target. This allows 
omplex beam han-dling s
hemes like improving the emittan
e by sto
hasti
 and ele
tron
ooling. High quality beams are essential for mi
ro vertex triggers,espe
ially needed for D-meson physi
s.Antiprotons are 
onsequently an ex
ellent probe to address the outstandingissues in non-perturbative Quantum Chromodynami
s.4. Storage ring and dete
tor layoutThe p-storage ring and the dete
tor 
on
ept are illustrated in Fig. 8.The ring has a 
ir
umferen
e of 440 m, two straight se
tions of 105 m lengthand a maximum magneti
 bending power of 50 Tm. An essential and te
h-ni
ally very demanding feature of the High Energy Storage Ring (HESR)is the ele
tron 
ooler whi
h is required to rea
h and maintain a luminosityof L = 2 � 1032
m�2s�1. For the major part of the experimental programa general purpose dete
tor will be used. The dete
tor is almost hermeti
with a solenoid around the target and a forward spe
trometer. It makespossible the simultaneous dete
tion of neutral and 
harged parti
les overthe relevant angular and energy range. For this purpose, it will have highgranularity, parti
le identi�
ation, high 
ount-rate 
apability and a sophisti-
ated fast triggering s
heme. The inner part of the dete
tor 
an be modi�edfor the experiments with strange hypernu
lei or for the spe
ial needs of CP -violation studies. Further details of the HESR and the dete
tor system 
anbe found in [1℄.
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Fig. 8. Layout of the High Energy Storage Ring (HESR). The main features arethe ele
tron 
ooler and the almost hermeti
 dete
tor system.5. Con
lusionsThe intera
tion of 
ooled antiproton beams with nu
leons and nu
leiwill provide a broad and 
hallenging hadron physi
s resear
h program atthe HESR, fo
used on studies of Quantum Chromodynami
s in the non-perturbative regime. The high luminosity and mono
hromati
ity of the an-tiproton beams will provide high pre
ision data and high sensitivity to rarepro
esses. An extension of the resear
h program to tests of fundamentalsymmetries appears feasible. If realized, the HESR will allow GSI to playa leading role in the exploration of the strong intera
tion at long distan
es.The planned investigations at the HESR are 
omplementary to the nu
learrea
tion and nu
lear stru
ture programs proposed for the new fa
ility andwill thus be an integral part of GSI's e�ort to unravel all fa
ets of the strongintera
tion and of hadroni
 matter.The material presented in this arti
le is based on intensive dis
ussionswithin the study group whi
h has worked out the part of the GSI proposal onthe physi
s with antiproton beams. I would like to thank all 
olleagues whohave parti
ipated in this task and who have 
ontributed �gures to this arti
le,in parti
ular H. Ko
h, H. Orth, C. S
hwarz, K. Seth, and U. Wiedner. I amparti
ularly grateful to Jim Ritman for numerous dis
ussions and 
riti
al
omments on the manus
ript.
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