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THE NUCLEON-ANTINUCLEON INTERACTION



Abstract

We present nucleon—antinucleon scattering experiments performed at the Low Energy Antiproton
Ring (LEAR) of CERN. The data are reviewed and the underlying physics is discussed, in particular
by comparison with the predictions of current models based on meson exchange and short-range
absorption. A detailed description is given of protonium, which gives information on the interaction

at zero energy and is the initial state when annihilation occurs at rest.
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Chapter 1

Introduction

1.1 From the Dirac equation to the discovery of the antiproton

The history of antimatter is well-known and hardly needs to be presented in detail. Several inter-
esting books have been written on the birth and the development of particle physics, with many
entertaining anecdotes. One may quote here Pais [1]€92hrCahn and Goldhaber [3], Leder-
man [4], etc.

We wish to remind only a few points. First, the antiparticle associated with the electron was
thought to be possibly the proton. The large mass of the proton, as compared to that of the electron,
could have been due to its carrying the inertia of the Dirac sea. In modern particle physics, we are
accustomed to symmetry breaking phenomena of such large magnitude. A serious problem with this
hypothesis, however, was to understand how the hydrogen atom could survive internal annihilation.
Of course, the discovery of the positron by Anderson in 1932 [5] clarified the situation.

A second problem arose after the measurement of the magnetic moment of the proton by O. Stern
in 1933, with the resultt ~ 2.8un, Whereuyx = ehi/(2m;,) is the value expected for a Dirac par-
ticle [3]. It was then not completely clear whether the proton possesses an associated antiparticle,
since it does not obey the Dirac equation strictly. The answer was given by the famous experiment by
Chamberlain et al. at Berkeley in 1955 [6]. We have eventually understood that the abnormal mag-
netic moment of the proton arises from its composite nature, and that particle—antiparticle symmetry
is more general than a peculiar property of the Dirac equation.

Another surprise came with the first measurement of antiproton cross sections [7]. The annihi-
lation part is much larger than the elastic one for low antiproton momenta. We shall often return
to this observation along this review. Let us briefly say here that this large inelastic cross section is
another consequence of the composite structure of the proton, i.e., its finite size.

1.2 Antiproton beams and facilities

In the early experiments performed at Berkeley, BNL, CERN or KEK, antiprotons were used just
after being produced, in the form of secondary beams with low intensity, ill-defined energy, and a
large contamination by negatively charged mesons. It was only in the last 20 years that new devices
were elaborated to provide antiproton beams with high purity, intensity and momentum-resolution,
at CERN and at Fermilab.

At CERN, in 1968, Simon van der Meer proposed the “stochastic cooling technique” to im-
prove beam quality and intensity in storage rings, and in the following years, experiments (ICE,
Initial Cooling Experiment) demonstrated its feasibility. In 1978, the decision to go ahead with the
Antiproton Project was taken at CERN, and an Antiproton Accumulator (AA) was built to apply
stochastic cooling to antiprotons. The AA started up in 1980, and in 1981 antiprotons were sent to
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the ISR (Intersecting Storage Ring, dismounted in 1983) and soon afterwards to the Super Proton
Synchrotron (SPS), converted into a proton-antiproton collider (tfig@SS3 collider). Thep beam

energy was first 27QieV, and then increased up to 31%V. The collider experiments at CERN

were stopped in 1990.

In 1982, LEAR (Low Energy Antiproton Ring) was launched for completion. This new machine,
which will be described in some detail in Chap. 2, provided very high quality antiprotons beams with
momenta between 10BleV /c and 2 GeV /c in the period 1983-1996, when it was stopped.

An proton—antiproton collider with centre-of-mass enes¢i{? in the range from about 2 to 8
GeV, SuperLEAR, was proposed at CERN, mainly to sty violation with AA systems and
heavy quark spectroscopy. The proposal was discussed by the CERN-SPSLC committee, but not
recommended for approval. Presently at CERN the grficility is AD (Antiproton Decelerator);
it provides antiprotons with momentum from 300 to 1BR:V /¢, without slow extraction.

Building on the CERN innovation and experiences, Fermilab constructed an antiproton source.
The firstpp collider run began late in 1986; with its centre-of-mass energy of 1.8 TeV (900 GeV on
900 GeV) it is today the world’s highest-energy accelerator. A crucial parameter is the luminosity,
and an upgrade of the antiproton source and of the Main Injector has been done recently. Fermi-
lab has today the world’s highest-intensity source (the production rate isplifour) and work is
going on for further improvement. Up to November 2000, precision experiments pisiogld be
performed by putting a hydrogen gas target in the Accumulator, where the antiprotons have about 8
GeV kinetic energy: this medium-energy program is now terminated, and for the next five years the
antiprotons will only be used for the Tevatron Run II.

In the future (very likely only after Run 1IB), it is possible that a new, small, low-engrtagility
will be built at Fermilab. The motivations for such a facility come both from nuclear and particle
physics, and from long-term future technical projects, fikeannihilation-fuelled interstellar travel
[8,9]. Both a low-energy ring (from ZzeV /¢ down to a few tens obMeV/c) and a larger storage
ring (1 to 10 GeV/c) are being considered.

Two other projects are presently being pursued. The first in Japan, where the Japan Hadron
Facility of KEK and the Neutron Science Project of JAERI (Japan Atomic Energy Research Institute)
have been merged to one project: the JAERI-KEK Joint Project for high-intensity proton-accelerator
facility. The Project was approved for construction in December 2000 by the Japanese Government.
The accelerator for the joint project comprises au#§ 50 GeV proton synchrotron, to explore a
broad range range of topics in nuclear and particle physics [10,11]. Secondary beams of antiprotons
will have the highest intensity in the world in this energy domain, and ideas to store them in LEAR-
like facilities will be pursued in the long term.

The second project has been proposed at GSI [12], as part of the hadron facility. It is based on
a new accelerator ring, using the present SIS18 accelerator as injector, but with a rigidity more than
an order of magnitude larger (protons will be accelerated t6:6¥ /c). The facility will comprise
ring(s) to accumulate, store and cool intense, highest-quality primary and secondary beams, from
short-lived exotic nuclei to antiprotons, for research in hadronic, nuclear, atomic and plasma physics.

1.3 Physics with antiprotons, an overview

The physics directly or indirectly associated with antiproton beams covers an enormous field. Al-
ready mentioned are particle—antiparticle symmetry, andstheross sections, whose low-energy
behaviour is discussed in Chapter 4.

Antiproton—proton colliders opened a new era in high-energy physics, reaching the TeV range.
At these high energies, there is a considerable interest in studying the diffraction peak and the energy
dependence of the cross sections. Colliders are more famous, however, for their contribution to the
physics of intermediate bosons, jets or heavy flavours. THeaw 2 bosons were discovered at
the CERN collider and the top quark at the Fermilab Tevatron, where the Higgs boson is presently
searched for actively.
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The quality of the new antiproton beams motivated experiments which were not conceivable
earlier. In the CERN ISR, antiprotons interacted with a thin hydrogen jet target to form charmonium
mesons. This experiment[13,14], later resumed at the Fermilab accumulator [15], gave very accurate
information on heavy quark—antiquark bound states.

Many experiments have been performed at LEAR. They dealt with many facets of physics.
Relevant to this review are experiments which measpgeendip total, elastic, and annihilation
cross-sections, and algp charge-exchange and strangeness-exchange reactions. In many instances,
precise differential cross-sections were first measured, as well as some spin parameters.

The first results at LEAR were obtained in experiments where antiprotons were scattered on
nuclei. The results on elastic and inelastic cross sections stimulated many theoretical papers [16,
17]. Annihilation on nuclei was compared wiiN annihilation [18], and heavy hypernuclei were
produced by annihilation of antiprotons on heavy nuclei [19]. More recent experiments deal with
fission and multifragmentation induced by antiprotons, and annihilation on peripheral neutrons [20].

Strong interactions at zero energy were studied with antiprotonic atoms. The topics involves
some atomic physics to understand how antiprotons are captured and cascade down to low-lying
orbits where they experience strong interactions. New metastable states of the éHgsystem
have been found [21] and will be further studied [22]. Let us also mention that antiprotons can be
used for some solid state experiments, where they are sometimes more appropriate than muons.

Alarge fraction of the LEAR experimental programme was devoted to spectroscopy, in particular
to the search of exotic meson statesg@fyaryonium states,qy hybrids, gg glueballs) produced in
the NN annihilation process, both at rest and in flight. The structure of the proton in the time-like
region was probed by measuring the rare annihilation chaginek™e™.

Fundamental symmetries were tested, with the comparison of the inertial mass of the antiproton
with that of the proton, as a test 6fPT", and the investigation afP asymmetries in the decay of
neutral kaons by the so-called CPLEAR collaboration [23]. New measurements of inertial masses
and gravitational tests are planned at the new AD facility of CERN [24]. The comparison of hydro-
gen and antihydrogen atomic spectroscopy will also probe symmetries with high accuracy.

The role of antimatter in astrophysics remains controversial. Some early cosmological models
suggested that antimatter was as abundant as matter in the Universe. Modern cosmology tends to
favour scenarios where antimatter has disappeared, thanks to baryon number viotatidolation
and absence of thermodynamical equilibrium in the early Universe. Antimatter had already disap-
peared when nucleosynthesis began: otherwise the present abundiideesbbuld be much larger,
due to antiproton annihilation otHe, which yields*He with high probability, as shown by the
experiment PS179 at LEAR [25]. For a recent discussion, see, e.g., [26]. Still, antiprotons and antin-
uclei are searched for in cosmic rays, perhaps as a result of dark matter interaction with galaxies. A
new generation of balloon, satellite or space-station experiments has started [27, 28].

1.4 Nucleon—antinucleon interaction at low energy

In this review, we shall concentrate on the aspects dealing with strong interaction physics at low
energy. This includes long-range and short-raNgieforces, the possibility oNN bound states or
resonances and the physics of protonium atoms. Both experimental and theoretical aspects will be
discussed.

The challenge of antiproton scattering and annihilation at low energy consists of combining long-
range physics, efficiently described by conventional meson-exchanges, and short-range physics,
where direct interaction between quarks and antiquarks presumably takes place.

The situation is similar to the one encounteredNIN physics, where long-range meson ex-
changes have to be supplemented by phenomenological hard cores, which still await a satisfactory
description in terms of quark dynamics. Sophisticated potential models have been constructed (Paris,
Bonn, Nijmegen,...), which summarise our theoretical knowledge of meson exchanges. The short
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range parts of the potentials have been parametrised on the data, and the overall result is that predic-
tions are in excellent agreement with the impresaidédata base.

Investigation of theNN sector allows to test on a new system the basic approasiitphysics
(necessity of all exchanges, values of the coupling constants, symmetry requirements), in the pres-
ence of a short-range dynamics (annihilation) which plays a much more important role fRan in
physics, and which is considerably more difficult to describe thaiNtfieore repulsion.

The present approach NN interaction is somewhat hybrid. The long-range part is described
in terms of meson exchanges, the same as those used in the meson theory of nucleon-¥igleon (
forces. The short-range part, and in particular the strong annihilation component is either mocked up
by anad-hoc imaginary potential or tentatively described in terms of quarks. Thus the phenomeno-
logical analyses aim at measuring the role of each part of the interaction. The theory should provide
a unified picture of long- and short-range forces. In spite of the inherent difficulties of the problem
(too many partial waves, complex phase-shifts), a phase-shift analySis dhta has been carried
out. It will be reviewed in Chaps. 3 and 6.

Optical-potential models incorporate our best knowledge of Yukawa forces, but describe annihi-
lation empirically, and thus cannot provide much insight on the microscopic mechanisms operating
at short distances. On the other hand, considerations based on flavour symmetry or on simple quark
diagrams suggest relations between branching ratios for annihilation into various channels. To test
these relations, one should take into account the probability of finding NNaowkrlapping. This
probability, which is likely to vary with spin and isospin, depends on the long-range dynamics.

NN physics is rich of many facets which are complementary and intimately connected. To extract
the physics, one better applies some filters. For instance, some specific spin observables enhance the
role of long-range forces, while in cross sections short-range dynamics plays a more important role.

When comparing the long-rangéN and NN potentials, one notices a much stronger attrac-
tion in the latter case, at least in some channels liNepotential turns out to depend on spin and
isospin significantly). This led Shapiro and his collaborators [29] to speculate about the possibil-
ity of deuterium-like bound states and resonances oNiNesystem. A comprehensive review was
given some years ago by Buck et al. [30].

The existence of such states, sometimes called quasi-nuclear bound states or resonances, or bary-
onia, heavily relies on annihilation not washing out the wave function built by the attractive elastic
potential. The range of annihilation is thus a crucial quantity: simple baryon-exchange diagrams
suggest a very short range, but huge form-factor corrections have to be applied; in the quark ap-
proach, the range is governed by the size of the quark distributions of the incoming nucleons and
outgoing mesons, and turns out to be ahiofu.

1.5 A guide to the related literature

The most direct and precise information on low-energy antiproton physics can be found in the Pro-
ceedings of the specialised Conferences and Workshops.

The series of European Antiproton Conferences was begun by L. Montanet at Chexbres [31] and
continued regularly up to the Mainz conference [32—-39].

The first LEAR Workshop was organised in 1979 at Karlsruhe [40] by Helmut Poth. Further
Workshops were held [41-43] to discuss the machine developments, the planned experiments, and
the interpretation of the results.

The European Symposia and the LEAR Workshops were merged in a new series of Low Energy
Antiproton Physics (LEAP) conferences. The first one has been organised at Stockholm [44], the
second in 1992 at Courmayeur, Italy [45], the third one in 1994, at Bled, Slovenia [21], the fourth at
Dinkelshihl, Germany in 1996 [46], the fifth at Villasimius, Italy, in 1998 [47], and the sixth one at
Venice in 2000 [48]. Intermediate workshops were organized in Russia [49], [50] and [51].

More pedagogical introductions can be found in the Proceedings of the Low Energy Antiproton
Schools organised at Erice irregularly [52-55]: the first one was devoted to fundamental symmetries,
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the second to hadron spectroscopy, the thirdidhandp-nucleus interaction, and the fourth was
more oriented towards the physics issues of SuperLEAR.

The physics of SuperLEAR was discussed in particular at Tignes [42], and then presented in a
document which was published in the Proceedings of a Workshop held at Les Houches [56]. A more
updated and complete survey can be found in the Proceedings of the Zurich Workshop [57]. See
also [58].

Finally, we shall also quote the reviews pmphysics by Walcher [59], Amsler and Myhrer [60],
Dover et al. [61], Amsler [62], and Eades and Hartmann [63].

1.6 Outline

This review is organized as follows. In the next chapter (2), we present the antiproton beam available
at CERN in the LEAR facility and discuss the set-up of the experiments mainly or partially devoted

to studyNN interaction. The formalism of elastic, charge-exchange and strangeness exbbange
scattering as well as protonium is presented in Chap. 3. The scattering data are presented and dis-
cussed in Chap. 4. Protonium formation and spectroscopy is the subject of Chap. 5. Chapter 6
contains a comparison between data and the most recent theoretical calculations. Conclusions are
proposed in Chap. 7.

A second review article, presently in preparation, will be devoted to annihilation dynamics [64].
This overview of strong interaction physics at LEAR is split into two parts only for the sake of conve-
nience, and for complying with the constraint of keeping a reasonable size. The physics of scattering
and annihilation are, however, intimately correlated. Annihilation occurs from a protonitNiv or
scattering state which is strongly distorted by initial-state interaction. Also exotic mesons can be
viewed either as composite of quarks, antiquarks and gluons or as hadron—hadron molecules. So a
good knowledge of both quark—gluon dynamics and hadron—hadron interaction is required to analyse
new meson states.
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Chapter 2

Beams and major experiments

In this Chapter we sketch the technological achievements of LEAR with respect to conventional
antiproton beams. The experiments at LEAR which investigit€dnteractions are introduced and
their design and performance are reviewed.

2.1 The LEAR facility at CERN

The possibility to store intense antiproton beams and to use them both in a high-energy proton-
antiproton collider and at low energy, was put forward in 1976 by the Novosibirsk group [65, 66],
soon after the feasibility of both stochastic and electron cooling had been demonstrated. As apparent
from Fig. 2.1, which shows thp yield (i.e., the number of’s which can be captured into a beam
channel of a given acceptance) as a function of the momentum gf'th¢he yield has a broad
maximum at 3.%5zeV /¢ (the incident proton momentum is 28V /¢, a typical CERN PS operation
energy) and falls off by many orders of magnitude for lower momenta (dashed curve). On the
other hand, if 3.%3eV /¢ antiprotons were stored in a ring, cooled to reduce phase-space, and then
decelerated to the desired energy, one could dispose of the same high flux at all energies. Cooling
is an essential part in the process: if the stored beam is decelerated without any cooling, the density
decreases due to the adiabatic increase of the emittance.

The LEAR project was approved at CERN in 1980, and in July '83 first beams were delivered
to the users. Fig. 2.2 shows a schematic layout of the PS accelerator. The particles created by
the extracted PS beam hitting the production target (typically a 3 cm diameter, 10 cm long metal
rod through which a current of up to 200 KA is pulsed to focus the prodpsdre stored in the
Antiproton Accumulator (AA), at a rate @f x 10° per pulse. In the AA, th@’s are stochastically
cooled and stacked into an intense stored beam, typigatlyl0'!* p’s, with vertical and horizontal
emittance of aboutz2, from which spills of 1 ta3 x 10° p’s are extracted and sent to the CERN PS,
where they are decelerated at @8V /c and transfered to LEAR.

Under the strong pressure to increasegtfiex to the SP$p Collider program, the AA complex
was stopped in 1987 to construct a new Antiproton Collector (ACOL) which allowed to separate the
p collection function from thé stacking, still performed in AA. The use of two rings and important
improvements of the antiproton production target system resulted in a net flux gain of a factor 10.
The new AA-ACOL complex was operational at the end of 1987: alsout10'° p’s could be
accumulated per hour, in stacks of abd@t? p's. All together, thep CERN complex has performed
remarkably well, as testified by the LEAR running statistics shown in Fig. 2.3. Up to 1991 LEAR
was operated in parallel with the SBS Collider, but since 1992 LEAR was the only user. The
program was terminated at the end of 1996.

A very important feature of LEAR was the ultra-slow extraction system, which allowed the
users to dispose of essentially DC beams. The extraction system could provide continuous spills of

13
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Figure 2.1: Momentum spectrum of antiprotons produced atith 23GeV /c protons on a lead tar-
get. The number gb per interacting proton is normalised to 1 msr solid angle-athéf momentum
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Figure 2.3: LEAR running statistics. The major gain occurring in 1988 is due to the Antiproton
Collector entering into operation.

up to 15 hours, i.e.10% times longer than the spills obtained in previous machines, corresponding
to less than one particle per turn (on average) leaving the machine. This system was invented for
LEAR [67], and is still regarded as the most innovative contribution of LEAR to accelerator physics
and technology.

Other features worth mentioning are:
- beams were provided between 105 and 20Y /c momentum;
- both stochastic and electron cooling were used;
- provisions were made for internal targets;
- three (later four) beam splitters on the extragidsbam line allowed to deliver antiprotons simul-
taneously to four (five) experiments.
Fig. 2.4 shows the arrangement of the LEAR ring in the South Hall of the CERN PS, the extracted
beam lines, and the locations of the experiments in the year 1983.
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2.2 Physics motivation of the LEAR scattering experiments

In the seventies, several @@ baryonium candidates had been observed, with masses either be-
low theNN threshold or above. At the time when LEAR was proposed and constructed the scientific
community had a strong interest in studyifigscattering in the region of incideptmomenta around
500MeV /¢, where many experiments had reported the presence of a narrow state, the S(1936). This
state was observed as a bump over a smooth background fpttaal and annihilation cross-
section. The observation came both from counter experiments and from bubble chamber measure-
ments. For a review on the S(1936) and other baryonium candidates in the pre-LEAR era see, e.g.,
Ref. [68].

At LEAR several experiments were proposed to study baryonium states of mass smaller than
two-nucleon mass, by spectroscopy studieppfindpd annihilation at rest. In a complementary
way, a humber of experiments were proposed to study the formation of baryoniprstattering
in the entire momentum range.

The first scattering experiments to be proposed and carried out (PS172 and PS173) did energy
scans of the integrated cross-sections for momenta smaller thaid0fx to confirm the existence
of the S-meson, measure its width and formation cross-section, and possibly identify new states.
As it is well known, far from confirming the original observations, these two experiments provided
conclusive evidence against the existence of the S-meson. It should be remembered, however, that
shortly before LEAR entered into operations the evidence for this state was questioned, in experi-
ments at BNL and KEK

Confirming the S-meson was only one point in the experimental program of the scattering experi-
ments. Independently of the existence of narrow baryonium states, a rich spectrum of baryonium res-
onhances, with typical strong-interaction width of about 100 MeV, was expected to exist and several
possible candidates had been observed in the momentum region from@e10/2. These obser-
vations were done by studying the two-meson annihilation chafipelst— 7+ andpp— K=K™.

The scattering matrix of these reactions depends on only two complex amplitudes, which can be
reconstructed in a phase-shift analysis if the differential cross-section and the analysing power are
measured at a sufficient number of energies. This programme was proposed by PS172 at LEAR in
the momentum interval from about 500 to 18@8V /c (to overlap with the previous measurements).

It was carried through successfully and subsequent amplitude analyses of the data have suggested a
number of high-spin resonances.

In parallel topp—7~ 7 andpp— K~K™, PS172 has measured the elastic chappel pp: a
comparison of the coupling of the resonanceSand to the mesons was regarded as necessary to
access the nature of the state, since{gdparyonium states were expected to couple more strongly
to NN than to multi-meson channels. For a correct isospin-value assignment, a similar investigation
of thepp — 1in charge-exchange channel was proposed (experiment PS199, measurement of differ-
ential cross-section and analysing power in the momentum range 500 t&/:30Q:), approved,
and performed.

The search of baryonium states was undoubtedly the main motivation of the scattering exper-
iments at LEAR. Later, annihilation channels as a function offthmomentum were studied in a
comprehensive way by the Crystal Barrel Collaboration. A large number of meson resonances were
identified. For none of these resonances a particularly strong coupl¥yy teas reported.

A second strong motivation for the scattering experiments was the understanding\o¥ tlee
action dynamics and its comparison with the knaMN interaction. As discussed in detail in this
review, potential models, based on well-known meson exchanges and supplemented by phenomeno-
logical description of annihilation, resulted in a number of definite predictions for cross-sections,
spin observables, and initial-state interaction in annihilation processes. Many experiments, PS172,
PS173, PS198, PS199, either had the studyMfreaction dynamics as important part of their pro-
gram, or were fully dedicated to it. A special mention has to be made of the PS185 experiment,
devoted to the study of the dynamics of strangeness production. The threshpidferAA is at

1see, for instance, Ref. [69].
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1.435GeV /c. The Lorentz boost provided by the largancident momentum makes the study of
these reactions near to threshold an interesting experimental problem.

The use of polarised targets and of the intepdgeam of LEAR allowed to detect large spin
effects in PS172, PS198 and PS199, and new proposals were put forward. At the Cogne meeting in
1990 [70], these proposals were not approved by the CERN Committee, and the investigation of the
NN reaction dynamics was stopped at LEAR.

With two exceptions. Experiment PS206 was approved to measureNiNecoupling constant
from a precision measurement of the differential cross-sectioppof> fin. Experiment PS201
(OBELIX), whose main objectives were spectroscopy studies, could use the general-purpose appa-
ratus to obtain a variety of cross-section data, in different channels, particularly at very low energy.

2.3 Description of the antiproton scattering experiments

Given the momentum range of interest, all the proposed experiments consisted of detectors typical
of particle physics (scintillation counters, multi-wire proportional chambers, drift chambers, limited
streamer tubes, etc.), and in spite of the capability of LEAR of delivering antiprotons with very low
momentum, no dedicated experiment was proposed to explrecattering at momenta smaller
than 20QMeV /c. The FILTEX Collaboration considered [71] the possibility of exploring this low
energy region, by using a polarised atomic hydrogen gas target in the LEAR ring, but the project was
not encouraged [70]. In the ACOL era, only the PS201 experiment (a Bologna - Brescia - Cagliari
- Dubna - Frascati - Legnaro - Padua - Pavia - Turin - Trieste - Udine collaboration, about 100
physicists) has measured cross-sections down to about 1iM#érgy, using special techniques, as
will be described in Section 2.3.3.

Six experiments were specifically devoted\l scattering:

e PS172 (SING), an Amsterdam - Geneva - Queen Mary College - Surrey - Trieste collaboration,
(about 20 physicists);

e PS173, a Heidelberg - Laval - Mainz - Rutgers collaboration, (about 15 physicists);

e PS185, a Carnegie Mellon - CERN - Erlangen - Freiburg - Urbaiidich)- Uppsala - Vienna
collaboration, (about 25 physicists);

e PS198, a Karlsruhe - Lyon - Saclay - PSI Villigen collaboration, (about 25 physicists);

e PS199 (POLCEX), a Cagliari - CERN - Geneva - Saclay - Trieste - Turin collaboration, (about
35 physicists);

e PS206 (CEX), a Cagliari - CERN - Geneva - Saclay - Trieste - Turin collaboration, (about 30
physicists).

The PS172 and PS173 experiments were designed, constructed, and operated in the pre-ACOL era
of LEAR, the other ones ran with ACOL. PS185 took data over the full LEAR life-time. Table 2.1
shows a survey of the data taken by the various experiments.

From Table 2.1 it should be apparent that the experiments at LEAR could perform only an ex-
ploratory work and no systematic study of tN& dynamics. In particular, proposals to polarise the
LEAR p beam, either by filtering one spin component by recirculation through a polarised jet target
(FILTEX), or by a coherent Stern-Gerlach mechanism using a “spin-splitter” [72—74], a combination
of two quadrupoles separated by a solenoidal magnet, were not accepted.

Scattering data have been obtained also by the experiment E760 (collaboration Irvine - Fermi-
lab - Ferrara - Genoa - Northwestern University - Penn State University - Turin) at the Fermilab
Antiproton Accumulator Ring.
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Table 2.1: Survey of low-energy antiproton and antineutron cross-section and scattering measure-
ments at LEAR.

| Measurement | Incomingp momenta MeV /c) | Experiment|
| integrated cross-sections |
oot (PP) 222 10 599 (74 momenta) PS172
181, 219, 239, 261, 287, 505, 590 PS173
Oann(PP) 177 to 588 (53 momenta) PS173
3810 174 (14 momenta) PS201
Otot(TP) 80 to 293 (18 momenta) PS201
O ann(TIP) 50 to 400 (18 momenta) PS201
| pp elastic scattering |
P 233, 272,550, 757, 1077 PS172
181, 219, 239, 261, 287, 505, 590 PS173
do/d§2 679 to 1550 (13 momenta) pPS172
181, 287, 505, 590 PS173
439, 544, 697 PS198
Aogn, 497 to 1550 (15 momenta) PS172
439, 544, 697 PS198
Donon 679 to 1501 (10 momenta, 23 points) PS172
| pp charge-exchange |
do/d§2 181 to 595 (several momenta) PS173
546, 656, 693, 767, 875, 1083, 1186, 1287 PS199
601.5, 1202 PS206
Aon 546, 656, 767, 875, 979, 1083, 1186, 1287 PS199
Donon 546, 875 PS199
[ bp — YY |

| several observables 1424 t0 1922 (several momenta) | PS185 |
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2.3.1 Experiment PS172

Experiment PS172 was designed to perform several different measurements, both with a liquid hy-
drogen target and a polarised proton target. For most of the measurements an energy scan was
foreseen, which was done by setting LEAR to the desired energies. This procedure was inconve-
nient for the total cross-section measurement, because of the number of steps required for a fine
scan. For these reasons, only a few energies were selected within the range of the scan and the beam
was slowed down with a suitably designed Carbon degrader.

The beam line and the measurement oAAyc

The C2 beam line was designed according to the needs of the measurements of the total cross-section
and of the analysing power {iC elastic scattering4sc).
The layout of the beam line is shown in Fig. 2.5. There,afRd k give the positions of the

Carbon
scatterer

Figure 2.5: Layout of the C2 beam line: Q denotes quadrupoles, D bending magnets and G,
collimators in the horizontal and vertical planes. The first and second carbon scatterers are located
at the two focal points Fand k.

first and second focal points. The layout was symmetric betweemér F (where the experimental
apparatus was located), so the magnification was 1. Momentum analysis was performed by the
horizontal collimator G; put at the intermediate focus. The main characteristics of the beam are:

- large angular acceptance,18 mrad horizontally and:36 mrad vertically, giving a good
intensity of the degraded beams;

- good momentum resolutionAp/p ~ +1%), necessary to reject antiprotons inelastically
scattered off carbon;

- achromatism, to minimise the beam spot, obtained with the use of the quadrupole&
tween the two momentum-analysing bending magngtariai D;.

In order to perform the measurement&fc, the first two bending magnets; and D, gave the
possibility of sweeping the extracted LEAR beam in the horizontal plane. This option was used to
measuredsc, by hitting the carbon scatterer in &t an angle varying from <9to +&°. The large
angular acceptance of the beam line guaranteed a reasonable intensity for the scattered beams. The
beam at Fr was monitored continuously using a MWPC with 1 mm wire spacing and a scintillation
counter BO.

The analysing poweA;c was measured in order to assess the possibility of polarising antipro-
tons by scattering off light nuclei. A largésc would have allowed to set up a polarisetheam in
analogy with what is routinely done with protons. Unfortunately, the valuégf [75, 76] turned
out to be too small.
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oot (PP) Measurements

PS172 measured thp total cross-section using the traditional transmission technigue @2
menta between 388 and 5968V /¢ [77] and at 45 |momenta between 221.9 and 41BI2V /¢ [78],
in few days of data taking. The different momenta were obtained using extradtedms of 388,
599, 352, and 43RIeV /¢, and carbon degraders of different thicknesses in F1.
The experimental set-up for the higher momenta measurements is shown schematically in Fig. 2.6;
for the lower-momentum measurements, some small changes were introduced.

Figure 2.6: PS172: Schematic side view of the set-up used for the measurementppfttial
cross-section.

The incoming beam was defined by the coincidence B of the signals from three thin (0.5 mm)
scintillation counters, BO, B1 and B2 (only B1 is shown in the figure). B2 had a diameter of 1 cm
and was placed in front of the target. BO was placed in front of the degrader at the first focus F
20 m upstream of the target. The time-of-flight between BO and B1 eliminated the small (less that
0.1%) contamination of pions (and decay muons) produced in the degrader. The beam focusing was
continuously monitored by two multi-wire chambers PC1 and PC2.

A liquid hydrogen target (LHT) was used, which was emptied for background measurements.
The target consisted of two cells (the first one had £384 cm length and 3.5 cm diameter, the
second one 1.170.03 cm length and 5 cm diameter), which could be filled and emptied indepen-
dently. The temperature was continuously monitored.

A box of scintillation counters S1-S5 surrounded the target except for holes at the top and for the
entrance and exit beam-windows. The box covered 90% of the solid angle around the target.

The transmitted beam was measured in thin scintillation counters in air light guides: a circular
one, T, and three overlapping concentric annular ones, A1-A3. The latter extended up to an external
radius of 10.8 cm; rings were chosen to minimis@nnihilation in the array. The signals from
these detectors were added electronically to form a set of four transmission fBj€¥B=T, T =
T+AL, etc.) corresponding to different maximum values of the momentum-transfer gqudrke
efficiency of counter T was monitored using the E1 and E2 counters.

The angular range between the backward hole of the target veto counters and the transmission
array was covered by two annular counters (S6 and S7). Tloeuters recorded predominantly
events with annihilation into charged pions and the OR of the signals from all of them (S) was used
to derive a second set of transmission ratés B, with a slope inft| dominated by elastic scattering.

At each incoming antiproton momentum, the two sets of transmission rates were corrected for
accidental coincidences and vetoing, for energy losses in the targets, and for residual hydrogen gas
present in the empty target. The partial cross-sections obtained from both sets were corrected for
Coulomb-nuclear interference and single Coulomb scattering. The linear extrapolatipa-to
gave two measurements of the total cross-section which turned out to be in very good agreement.



22 NUCLEON-ANTINUCLEON INTERACTION

The quoted normalisation error #80.7% at higher energies (long target), ahfl.9% at low
energies (short target). At momenta below 285V /¢, the correction for straggling and nuclear
attenuation in the apparatus became relevant and, at the lowest momenta, the error on the correction
was larger than the statistical error.

p measurements

The p parameter defined as ratio of real to imaginary part of the elastic scattering amplitude was
determined in dedicated measurements ofsihelastic scattering differential cross-section at small
angles, in the Coulomb-nuclear interference region. Data were taken at five momenta (233, 272,
550, 757, and 107¥leV /c p momenta at the target centre) under two different running conditions.

The lower energy measurements at 283V /c and at 2721eV /¢ [79] were performed with a
dedicated set-up, similar to that used for #hg, measurements and shown in Fig. 2.6. For these data
the set of annular transmission counters behind the target was replaced by a set of four multi-wire
proportional chambers (PC3, PC4, PC5 and PC6). The “short” liquid hydrogen target was used.
Scatteredd’s were detected by a counter (R), placed behind the last wire chamber. This counter
was made up by four partly overlapping rectangular scintillation counters, and had a square hole of
6 x 6 cm? for the outgoing beam.

The trigger for elastic events consisted in a first level trigger (given by the coincidernBé-B)
and in a second level trigger, which consisted of a software cut on the calculated distance between
the coordinates measured in the last multi-wire chamber and the nominal beam axis. After the cut,
the acceptance for events with a scattering angl€ efds larger than 80%, and the trigger rate was
reduced by a factor of 10 at 238V /¢, giving a typical rate of 250 events per second. Events with
trigger BOB1 were also collected to determine the angular resolution for full and empty target runs
and the angular acceptance of the elastic trigger.

Inthe analysis, the scattering angle was determined from the measured directions of the incoming
and outgoing as obtained from the two sets of multi-wire proportional chambers. Events gipe to
annihilation in the liquid hydrogen target were rejected by identifying the pions using the time-of-
flight between B1 and R. For the data at 238V /c the time-of-flight between B1 and S1-S5 was
also used to reject annihilation events.

The momentum spread of the incoming beam, determined from the BO-B1 time-of-flight spectra,
was smaller thant 1.2MeV /c. The average momentum loss in the liquid hydrogen target was
10MeV/c at 272MeV /c and 14MeV /c at 233MeV /c. Energy straggling calculations indicated
that less than 0.5% of the antiprotons stopped before reaching the R-counters at both momenta,
making negligible the effect on the measured angular distributions.

At these two lowp momenta, the experimental angular resolution was dominated by multiple
scattering (25.7 mrad with target full at 2F&V /¢); to fit the measured differential cross-section
a “folding” procedure had to be applied. The elagifr differential cross-section was published
in the range where the acceptance was higher than 70% (54 pointd itk 1072 < —t <
6.60 x 10~3 GeV and 69 points witl.07 x 1073 < —t < 8.98 x 1072 GeV, at 233 and 2721eV /c
respectively); the statistical errors are less than 10%.

The data at 5581eV /¢, and those at 757 and 10K&V /¢ [80], were collected during two sep-
arate runs, under somewhat different experimental conditions, in parallel with the measurement of
the analysing power ipC elastic scatteringlzc. The geometrical arrangement of the detectors was
optimised for thed;c measurements; in particular the “scatterpdieam (either at5and &) was
used. The Carbon scatterer was 5.2 ¢/thick and the scattered beam intensity was between 300
and 1000p/sec, depending on angle and extracted beam momentum (600.8, 800 andeM0f).

The apparatus, shown in Fig. 2.7, was very similar to the one used for the low energy measurements.
It consisted of the liquid hydrogen target (LHT), telescopes of multi-wire proportional chambers
(PCs in the figure), and scintillation counters. It allowed to measure scattering events on either the
liquid hydrogen target, or on a carbon target (C), and to extract the (eveptbhaBm polarisation

from the azimuthal asymmetry of the events. The scintillator boxes S1-S5 and P1-P5 ensured the
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Figure 2.7: PS172: Schematic top view of the set-up used for the measurement of smajipangle
elastic scattering differential cross-section at 757 and MgV /c.

scattering process on both targets to be elastic. The events on which the scattering took place on the
liquid hydrogen target were used to extrador the pp elastic scattering.

The differential cross-section was measured in the rarfex 1072 < —t < 65.5x 1073 GeV,
0.38x1073 < —t < 43.0x 1073 GeV, and0.60 x 102 < —t < 80.7x 1072 GeV, at 550, 757, and
1077MeV /c respectively. The corresponding total detection and reconstruction efficiencies were
estimated to a few per cent to be 75%, 89%, and 76% respectively. Also in this case, a “folding”
procedure had to be applied to measurediparameter.

Differential cross-section and analysing power irpp elastic scattering

The most important physics objective of PS172 was an energy scan of the differential cross-section
and the analysing power of the two-body annihilation chanpgls =7 andpp— K~K™, with

the aim of revealing the existencejgf s-channel resonances. A pentanol polarised target was used.
Data have been published for 20 momenta betwee®B60/c and 1550MeV /¢ [81], and analysed

in several papers (see e.g., Ref. [82-84]).

The same apparatus was also used to measure (in parallel) the same observables for the elastic
reaction. Thed,,, data are given for 15 momenta, between ¥8# /c and 155MeV /¢ [85]. Dif-
ferential cross-section data for thp — pp reaction are given at 13 momenta, down to 8%V /c
[86]: at lower momenta absorption of the outgoing particles in the target material led to large sys-
tematic uncertainties and the results were not published.

The experimental apparatus is sketched in Fig. 2.8. The pentanol target was a cylinder, 3 cm
long and 1 cm diameter, with a hydrogen content corresponding to 3.7 cm of liquid hydrogen. The
transverse proton polarisation, typically 75%¢4%, was reversed every few hours. The target was
placed in the nose of a cryostat, keeping the target temperature below 1K, and in a locally homo-
geneous field of 2.5 T, provided by a C-shaped dipole magnet (M in the figure). A liquid hydrogen
and “dummy” target, made of Teflon, were also used for absolute normalisation and to determine
the background.

The beam signal was given by the coincidence of three scintillation counter (B0, S1, and S2 or
S3), and the incoming particle trajectories were measured by two multi-wire proportional chambers
(the J and C chambers).

The scattered and recoil particles were detected by the multi-wire proportional chambers J, C,
and either R or L. The J and C chambers were operated in a high magnetic field region; their positions
were chosen to optimise the measurement of the outgoing particle momenta from the deflection in
the field of the dipole magnet. An array of trigger scintillation counters placed around the R and
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Figure 2.8: PS172: Schematic side view of the set-up used for the measuremenppfetiastic
scattering differential cross-section and analysing power.

L chambers completed the set-up. The R and L chambers and the scintillation counters could be
rotated around the magnet axis according to the beam deflection in the magnetic field.

The background due to scattering on quasi-free target nucleons was substantially reduced using
only events with both recoil and scattered particle detected. In the PS172 case, this request reduced
the geometrical acceptance both in the scattering afigleand in the azimuthal angle. The
acceptance, given by the minimal energy needed by the final particles to traverse the target and
the detectors, was-0.28 < cosd., < 0.28 at 497MeV/c and —0.84 < cosV., < 0.80 at
1550MeV /¢; only events withp| < 6° and 15 were used for thelo /dQ2 and Ay, measurements
respectively.

Corrections above 10% had to be applied to take into account the background subtraction, the
chamber inefficiencies, and the absorption of the secondary particles; all these points are relevant
for the differential cross-section measurement. The quoted systematic errors are about 10% in the
differential cross-section and 4.5% in the analysing power.

In parallel to theA,, measurements, the depolarisation paramékgf,, was measured [87]
using a standard polarimeter with a Carbon slab (shown in Fig. 2.8) as analyser for the proton po-
larisation. The polarimeter was built by a variable number (typically 6) of 1 cm thick C plates and
seven MWPC (three upstream and four downstream of the carbon plates), each with horizontal and
vertical wires.

The polarimeter was positioned to analyse the polarisation of recoil protons comingfrom
elastic scattering in the polarised target, in the angular range in which the proton is detected by the
J, C and R chambets From the left-right asymmetries in pC elastic scattering, measured for two
different orientations of the transverse spin of the polarised target protons, it is possible to extract the
spin correlation parametdp,,,q,. This measurement was severely limited in statistics:ptheas

2The original idea of analysing the scattefe¢hich would have lead to the measurement of the spin transfer parameter
Knroon) Was abandoned since tp€ elastic scattering analysing power turned out to be small.
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scattered in the backward hemisphere where the cross-section is small, and the measurement had to
be performed in the one or two days allocated at each momentum for the measuremgntirof
pp—7r 7, KTK™, pp.

2.3.2 Experiment PS173

The experiment PS173 was set up to measure with good precision cross sections for antiproton-
proton scattering in the low-energy domain. Total and the annihilation cross-sections, as well as dif-
ferential elastic and charge-exchange cross-sections were determined in the range fké&v 180

to 600MeV /c.

The experiment used the same C2 beam line designed for PS172, and, during the runs, the
apparatus was located in the focus F2 (see Fig. 2.5). The degrader placed in the first;focus F
provided a fine momentum scan (in 5 andMéV /¢ steps). The beam momentum was measured by
time-of-flight between the Ffocus and the beam detectors positioned,at F

Fig. 2.9 shows the projection of the apparatus in the horizontal plane. Details can be found in
Ref. [88].
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Figure 2.9: Schematic view of the horizontal plane of the PS173 experiment apparatus.

The beam impinged on a liquid-hydrogen target placed in the centre of the 1 m diameter vacuum
tank with 1 cm thick aluminium walls. The incomigwas identify by a coincidence between a
scintillation counter F1 placed in the first focus, close to the degrader, and two thim{(&€cintil-
lators placed in front of the target (SD and TD); the dimensions of SD and TD were chosen to define
a beam with+1° divergence and ainm diameter spot size at the target position.

Two target cells of different thickness (a vertical cylinder, 2 cm in diameter, and a 7 mm thick
planar disk, respectively) filled with liquid hydrogen were used, depending on the beam momentum.
Data collected with empty targets were used for background measurements.

Two 3 mm thick scintillator detectors (BA1 and BA2), located on the beam axis downstream
from the target, were used in some measurements to veto antiprotons that did not interact strongly
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in the target. These detectors were also used for the measurement of the total cross-section.

In the horizontal plane of the forward hemisphere, a cylindrical multi-wire proportional chamber
(MWPC) with two wire planes was located in front of a thin window. It measured charged scat-
tered particles with a resolution between 0.2 and @h3he scattering angle. The MWPC covered
scattering angles up to 73n the horizontal plane antt15° (full acceptancet10°) in the vertical
direction.

In the same plane, the apparatus was completed by a scintillator hodoscope (FHD, forward ho-
doscope) and a calorimeter-like detector array (ANC, antineutron calorimeter). The FHD consisted
of 32 pieces of plastic scintillator@@ x 50 x 3 mm?), positioned 66 cm from the target, and was
used for particle identification by energy loss and time-of-flight measurements. The ANC consisted
of 32 modules; each module contained 50 slabsmah6thick plastic scintillator and 50 plates of 4
mm thick iron, with a total thickness of 2.5 absorption lengths foiGe¥ /¢ antineutrons. The ANC
was used to detect and identifyannihilating in it; then-y separation was done using time-of-flight
and energy-loss measurements.

Charged mesons from antiproton annihilation were detected by the FHD and an upper, a lower,
and a backward plastic scintillator hodoscope (UHD, LHD, and BHD) surrounding the vacuum tank.
The solid angle covered by the hodoscopes was 73%r 0126 lead glass blocks above and below
the scattering chamber (not shown in the figure) detected the gamma-raysfriecays.

o ann (PP) Measurement

PS173 measured tieannihilation cross-section,,,,(pp) at 53 incidenp momenta between 180

and 59QMeV/c [89, 90]. The extracted beam momenta were 605, 547, 527, 467, 397, 305, 243,
and 19MeV /¢; the intermediate momenta were obtained using the Carbon degrader or a varying
number of 20Q:m thick polyethylene foils (for momenta below 300:V /¢) located in f.

The incoming beam was defined by the coincidenc&BID and the beam profile was moni-
tored by the MWPC. Both liquid hydrogen targets were used, in different momentum ranges.

The charged mesons producedibgnnihilation in the target were detected in the hodoscopes.
The gamma-rays from® decays were converted to electron—positron pairs in the wall of the vacuum
tank with the average probability of 6%, and were then detected by the same hodoscopes. Annihi-
lation channels with neutral particles only in the final state were detected if at least one gamma-ray
was converted in the region covered by the hodoscopes. Event$ wilstically scattered into the
FHD were eliminated by TDC—ADC correlation. The “reaction” trigger required a “beam” signal,
no signal in the beam veto-counter BA1, and at least one hit in the hodoscopes.

The effect of beam instabilities on the measured annihilation cross-section was evaluated to be
0.6% (point-to point systematic error); after all corrections, the precision of the beam-flux measure-
ment was estimated to be 1%. A correction to the cross-section was applied to accquelafstic
scattering at large angles followed pwynnihilation in the target; this correction is larger than the sta-
tistical error only below 3001eV /¢ (where the corresponding estimated systematic error becomes
not negligible). The corrections to the annihilation cross-section due to the overall charged-meson
acceptance and to the all-neutral channels detection efficiency (evaluated\dt¥29¢) were esti-
mated to bel0.4 £ 1.0% and3.0 £+ 1.1%, respectively. Further systematic errors were due to the
uncertainty about the target thicknessl ¢ and+4% for the thick and the thin target, respectively)
and the density of the liquid hydrogett(.7%). Summarising: the point-to-point systematic errors
due to beam instabilities arfdelastic scattering followed by annihilation in the target range from
0.5 to 6.1mb. The overall normalisation errors are 2.2% and 4.4% for the thick and the thin target,
respectively.

pp elastic differential cross-section measurement

Results have been published at 181, 287, 505, and/&90/c [91, 92]. The p and were detected
in the FHD and in the MWPC. Forwarp detected in the FHD were identified by time-of-flight
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and energy loss. At large scattering angles,ttennihilated in the target and pions coming from
annihilation were detected in the hodoscopes; the p was identified by the coincidence of a signal in
the FHD and a pion signal in one of the four hodoscopes. At intermediate angles, botp pamé
out of the target and could be detected in the FHD and the MWPC, giving a clear angular-correlation
signal. In this case, thg was identified by the detection of its annihilation products in the slabs of
either the ANC or the FHD next to the FHD-slab in which thevas detected.

The scattering angle was measured from the coordinates of the hit in the MWPC and the geomet-
rical centre of the target. The beam axis was determined and monitored with an accutdc$°of
The angular resolution due to beam divergence, uncertainty in the reaction vertex in the target, and
spatial resolution of MWPC, was estimated to be better tlhamvér the full angular range. Multiple
scattering was evaluated to be negligible for the published data.

Corrections for MWPC efficiency (98 to 99%) and geometrical acceptance were applied.

p measurement

The p parameter was determined at 181, 219, 239, 261, 287, 505, and&9Q: [92, 93], by
measuring the forward differential elastic cross-section and using the Coulomb-nuclear interference
method. The beam momenta were obtained by using directly the extfatteam (202, 309, and
609MeV /c) or by degrading its momenta to the desired value.

In the data analysis, corrections were applied for the FHD acceptance; the probalgpligbef
sorption in the window of the vacuum chamber and in MWPC was evaluated to be 0.15 to 2.5%,
depending on beam energy and scattering angle.

To measure, only data at angles outside the multiple Coulomb scattering region were used at all
momenta (40 to 50 points), so that this effect did not need to be considered. In the differential cross-
section fit, three free parameters were used{..(pp), and the slopé of the nuclear amplitude);
results were given for all of them.

pp charge-exchange differential cross-section

The pp differential charge-exchange cross-section was measured [94] gt foomenta, 590, 505
(degraded beam), 287, and 188V /¢, by measuring the angular distribution of the antineutrons
with the ANC calorimeter.

In the analysis, tha were defined asking for a hit with the correct TOF in the ANC and no early
7+/K* or p signal in the FHD. If any other hodoscope was fired, the signal had to be compatible
with pions froma annihilation in the ANC. This cut had to eliminate events with acattered at
large angle and annihilated in the vacuum-tank wall, sineeculd also not be detected in the
FHD or MWPC sector corresponding to the fired ANC module. To reject events with gjoéeng
through the gap of two FHD modules, it was required to have no MWPC hit witBimm from the
calculatedi trajectory.

The i scattering angle was measured with a precision ranging frdm® (forward direction,
first module) to£2.7° if only one ANC module fired; for the less than 35% of the events in which
two or more ANC modules fired, the angular resolution was not affected appreciably. To avoid edge
effects, the vertical acceptance was restricted to 75% of the geometrical height of the calorimeters.
The TOF separation betweerandn was considered sufficient to neglectontamination in th&
sample.

The n detection efficiency of the ANC was sufficiently low to assume pudetection, since in
the kinematic region in which both n amdcould be detected less than 5% of coincidences with the
correct correlation angle were found. This assumption could have been a source of systematic error
in the backward hemisphere where neutrons largely outnumber antineutrons. The detection effi-
ciency of then in the ANC was estimated to be 22%. Module-to-module variations of about 10%
were found and corrected for. The quoted overall normalisation error is 5%, due to the uncertainty in
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then detection efficiency and to uncertainties in the cuts for background reduction. At the smallest
angle, a systematic error of 5% duept@annihilation in the beam veto counters was estimated.

2.3.3 Experiment PS201

The aim of the second generation LEAR experiment PS201 (OBELIX) was the study of meson spec-
troscopy, as well as low-energyandn annihilation on nucleons and nuclei to investigate nuclear
dynamics effects.

A detailed description of the experimental apparatus can be found in [95]. It consisted of a
magnetic spectrometer (shown in Fig. 2.10) covering a solid angle of aboat &/lindrical target
located at the centre of the spectrometer, and a thin detector (abouth&% scintillator), placed
closed to the beam pipe window, to measure the incompibgam.

Figure 2.10: Schematic view of the PS201 experiment set-up. The numbers indicate the main com-
ponents of the apparatus: the Open Axial Field magnet (1), the SPC (2, 4), the TOF (3), the AFSJet
(5), the HARGD (6).

The spectrometer consisted of the Open Axial Field magnet, whose magnetic field was about
0.6 T in an open volume of about 33mand of four sub-detectors arranged inside and around the
magnet:

- spiral projection chambers (SPC): an imaging vertex detector with three-dimensional readout
for charged tracks and X-ray detection. This detector allows to take data with a large fraction
of P-wave annihilation.

- atime-of-flight system (TOF): two coaxial barrels of plastic scintillators consisting of 30 (84)
slabs positioned at a distance of 18 cm (136 cm) from the beam axis; a time resolution of
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1ns FWHM is achieved. This device provides information about multiplicity and topology of
annihilation events; it was used in the first level trigger.

- ajetdrift chamber (AFSJet, axial field spectrometer jet chamber): it was used for tracking and
particle identification byl £ /dz measurement. The chamber was split into two half-cylinders
(160 cm in diameter, 140 cm long) with a total of 3280 wires.

- a high-angular-resolution gamma detector (HARGD), consisting of four modules made by
layers of3 x 4 m? lead converter foils enclosed by planes of limited streamer tubes.

The target could be filled with different gases at different pressures or liquids, according to the
measurements to be performed.

Several measurements of the andnp integrated cross-sections were performed. These mea-
surements extend the existing data-base down to very low energies (about 1 MeV). The experimental
techniques are described in the following.

O ann (PP) Measurement

The pp annihilation cross-section was measured by PS201 at 14 incgsmmgmenta in the range
37.6t0 174.MeV /c [96,97].

The data were taken using an extracieldeam with 105 and 20¥eV /¢, in two different data
taking periods using the same procedure. The beam was degraded in mylar sheets before entering
the gaseous hydrogen target (75 cm length and 30 cm diameter) whose pressure could be varied to
allow the incidenp beam to stop near or upon the end window of the target tank. Using no degrader
or mylar sheets, 9 differet momenta at the entrance of the target were selected. For the data of
Ref. [96], 5 more bins in the incomingmomentum were obtained by dividing the target along the
beam axis in several fiducial regions.

The pp annihilation cross-section into charged particles was measured by counting the number
N, of annihilation events in flight within a fiducial volume inside the target, and the nuripert
p not interacting in the target and annihilating, at rest, near or in the end wall of the target tank. To
measurdVp, a scintillator disc positioned close to the end wall of the target tank was used, together
with the TOF system. The numbgpis crossing the fiducial volume, corrected for the efficiency of
the counting system, was used as incident beam rate to extract the annihilation cross-section.

For pp annihilating in flight, the coordinates of the annihilation point were measured with an
uncertainty of 1 cm using the tracking system of the spectrometers ; the annihilation time relative to
the beam detectors was measured with a total uncertainty of 1 ns by the TOF system detecting the
charged annihilation products. The correlation between the vertex coordinate of the reconstructed
annihilation point along the beam axis and the annihilation time was used to determine the incident
beam momentum (in good agreement with Monte-Carlo calculation) and to reject in-flight annihila-
tion events op with momentum in the low-energy tail of the distributiorz(8ut). Only annihilation
events inside cylindric fiducial volumes at a suitable distance from the entrance mylar window of the
target were considered.

Corrections were applied to take into account several effects, like annihilation detection effi-
ciency, all-neutral annihilation channels, background due to annihilation on the target walls whose
vertex was (wrongly) reconstructed inside the fiducial volume, the cut on the correlation between the
reconstructed annihilation point and the annihilation time, and the efficiency of the beam counting
system.

The overall normalisation error (to be added to the quoted systematic error) was estimated to
be 3.4% [96] and 2% [97]; it is mainly due to the corrections for the apparatus efficiency and for
all-neutral annihilation, and to the uncertainty in the target density. The quoted systematic errors
on B oann range from about 1.2% at 174MeV/c to 14% at 37.6VleV /¢, to be compared with
statistical errors between 3.8 and 1.9%.
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The n beam

To perform measurements with low energg, the OBELIX collaboration put into operation a
facility for the production of a collimated beam [98—-100]. Th& beam was produced via the
charge-exchange reactigip — nn on a liquid H, target, a technique already used at AGS by
T. Armstrong et al. [101] to produce beams of momenta between 100 and BR0/ /¢, and at
LEAR by experiment PS178 [102].

In PS201, the it production target” was a 40 cm long liquid hydrogen target, positioned 2 m
upstream of the centre of the main detector, on the nonpiais. The target thickness was chosen
as to stop thé beam (incident momentum 406eV /c) in the target. Charge-exchange events in
the production target were selected asking no signal in the veto box of scintillators surrounding the
target. The veto box could detect charged particles producpdnteraction in the target, ands
produced in annihilation into neutral particles and converted in a 5 mm thick lead shields wrapping
the target. The produced by charge-exchange in the forward direction were collimated using a
suitable shaped lead shield. The resultingeam had an intensity of 3 t x 10~° o/ p, and
momenta between 50 and 48RV /c.

Because of the structure of the apparatus, tHeeam could not be tagged by detecting the
associated n, thus the momentum of eaetas unknown. Foii’'s annihilating in the reaction target,
the annihilation point and time were measured; with an iterative procedurg ntementum could
be estimated from thgandn time-of-flight, with an error ranging from about\2eV /¢ at 50MeV /¢
to about 18IeV /c at 400MeV /c.

The flux was monitored byi annihilating in a nuclear target, 30 cm downstream the reaction
target, or an detector put at the end of the apparatus. TiHmeam intensity was evaluated by the
measured flux through Monte-Carlo simulation.

oot (p) Measurement

Thep total cross-section has been measured ai i®menta between 54 and 38RV /c using
the transmission technique in a thick target [100]. The reaction target was a 25 cm long liquid
hydrogen target, sitting in the centre of the spectrometerifamnihilating into charged mesons, the
annihilation vertex was reconstructed. Thenomentum was evaluated from the time of flight of the
charged particles produced in the annihilation and from the annihilation position. The annihilation
data were then grouped into 18 sets, corresponding to diffarem@mentum bins, 10 to 2UeV /c
wide, according to the momentum resolution. In each bin the total cross-section was evaluated from
the measured distribution (wherer is the depth in the target along the beam axis) of the annihilating
n, inside a fiducial region with a frustum of cone shape of small aperture (abd)t Ttge position
of the cone was defined taking into account beam misalignments. Corrections due to annihilation
events occurring after scattering were estimated with a dedicated Monte-Carlo to be 2 to 5% (at the
lowest momentum).

The quoted systematic errors are between 10 andi2@ess than 10% at the higher momenta
and about 5% at 6BleV /c); the statistical errors are of the same order at higher momenta and about
twice at the lower momenta.

O ann(0p) Measurement

The cross-section faip annihilation was measured at i8nomenta between 50 and 4BR:V /c.
The data are not yet published; information can be found in a Thesis [103] or in Conference pro-
ceedings [99,104,105].

The cross-section was extracted from the number of annihilation events in the liquid hydrogen
reaction target. The statistical errors are small, and the systematic error is about 10%, mainly due to
the uncertainties in determination of thélux.
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2.3.4 Experiment PS198

Experiment PS198 has measured differential cross-section and analysing p@perlastic scat-
tering at 439, 544, and 691eV /c [106, 107] in the full angular range. The measurements were
performed using a solid polarised proton target, and a one-arm magnetic spectrometer to select elas-
tically scattered.

The experimental set-up is sketched in Fig. 2.11. The incoming beam with an intensity of a few
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Figure 2.11: Schematic top view of the PS198 experiment set-up.

times 10 p/sec was monitored by the scintillation counter F, 0.3 mm thick, and by the “antihalo”
scintillation counter HF, 0.5 mm thick and with a circular hole of 12 mm diameter. Additional
monitoring was performed with the scintillation counter M, placed downstream of the target, outside
the acceptance of the spectrometer.

The polarised target consisted of a 5 mm thick slab of pentanol and was operated in the frozen-
spin mode. The 0.7 T vertical magnetic field needed to hold the proton polarisation was produced
by a superconducting split-coil magnet. The polarisation ranged between 68% and 85% and was
measured with an error af4%.

The forward final particle (thg for ¥.,, < 90°, the p ford., > 90°) was detected and its
momentum analysed with the magnetic spectrometer SPESII [108]. To cover the full angular range,
the spectrometer was rotated and set at the chosen scattering angles. The detection system of the
spectrometer consisted of four MWPC (CHO-CH3), all of them with horizontal and vertical wires,
and of a scintillation counter S. Protons and antiprotons were discriminated from the other particles
(mainly ) produced byp interactions in the target by means of time-of-flight, measured by F and
S. Using this technique, the complete reaction kinematics was reconstructed, and antiprotons scat-
tering off free protons of the target could be distinguished from those scattered off quasi-free target
nucleons, on the basis of the reconstructed missing mass. Athune- 90°, where the energy of
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the detected particle was minimal, the angular and energy straggling deteriorated the missing mass
resolution. To improve the signal to background ratio in this angular region and to check the back-
ground evaluation, a detector R, consisting of scintillator slabs and a MWPC, was added to detect
the recoil particle, thus improving considerably the kinematic reconstruction.

The systematic error in the differential cross-section (5%, included in the quoted error) is due
to background, acceptance, efficiency, and absorption evaluation. The quoted error does not include
the overall normalisation error of 10%. The total systematic errotgp is of the order of 8%, the
major contribution being the uncertainty about the target polarisation.

2.3.5 Experiment PS199

Experiment PS199 was proposed to measure spin effects in the charge-exchange ppaetian
at low energy, in particular the analysing peyvhy,, and the polarisation transfer paramelt&y,q,,,
using a solid-pentanol polarised target, THe differential cross-section was also extracted from the
same data and from the calibﬁmta collected using a liquid hydrogen targefatnomeentum
(693MeV /c). " =

The experimental apparatus is $hown in Fig. 2.12. The inco@igwgyere detected by two small
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Figure 2.12: Top view of the experiment PS199 set-up.

scintillation counters (not shown in the figure). The beam direction in the horizontal plane (indicated
by the continuous line in the figure) was monitored by the scintillation counter hodoscope HB.

The pentanol polarised target (PT) had 12 cm length and 1.8 cm diameter, and was operated in the
frozen-spin mode. During data taking, its polarisation was about 75%. To reduce systematic effects,
the spin orientation was reversed typically after four one-hour spills. For calibration purposes, the
polarised target could be replaced by a liquid hydrogen target, 12 cm length and 3.2 cm diameter.
The background from charge-exchange events on the bound nucleons of the polarised target was
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evaluated using data collected with a dummy target (DT), having the same mass and density as the
PT but all H atoms replaced by F atoms. The considerable amount of material in the target caused
a large energy loss of tigbeam in the target: at 903eV /¢ extracted beam momentum, the mean
reaction momentum was 8R%eV /c and the total range was about¥@V/c. A scintillator veto

box surrounded the target and rejected at the trigger level annihilation and elastic scattering events,
as well as non-interactings. The azimuthal acceptance was limitedtv5° by the polarised target
magnet (PTM) coils.

The neutron detectors NCNC,; and NG were made of vertical plastic scintillator bars [109].
Each bar (8 cm wide and 20 cm thick) was viewed at its end by two photo-multipliers (PM); the
coincidence between the two PMs defined a bar hit. In the off-line analysis, the n candidates were
identified by requiring one bar (or at most two adjacent bars) be hit in one NC hodoscope. The
neutron coordinates were given by the bar number in the horizontal plane. The vertical coordinate
was given by the difference between the time measured by the top and the bottom PM of each bar; it
was determined with a precision of 3.7 cm. The neutron time-of-flight was given by the mean of the
TOFs of all the PMs of the hit bars. Only neutron bars showing a stable behaviour (monitored with
a laser system during all data taking) were considered.

The antineutron detectors (ANGand ANG,) were designed to have good efficiency and an
excellent nih separation. Tha&'s were identified by reconstructing the trajectories of the charged
products of their annihilation. The geometry of thedetectors was chosen to have a maximum
antineutron annihilation rate on relatively thick absorbers, which were sandwiched by tracking de-
tectors to reconstruct the trajectories of charged particles. An antineutron-annihilation event was
identified in the off-line analysis looking for a “star” pattern in the detectors. With Monte-Carlo
events, the resolution in the transverse coordinates of the annihilation point was estimated to be
somewhat smaller than 1 cm, and about 2 cm inzteeordinate.

Each ANC [110] was built up using 5 identical basic units, the “modules”, separated by 4 iron
slabs, 30 mm thick, which made up most of the mass of the detector. The distance between the iron
slabs was 190 mm. Each “module” was made of four planes of vertical Limited Streamer Tubes
(LST) with one plane of scintillation counters in between, and was closed by two 6.35 mm thick Al
walls. The LST planes were used to reconstruct the trajectories of the charged particles produced
in thei annihilation. Each plane had an active surfacaaf x 200 cm? and was equipped with
192 strips to measure the horizontal coordinates and 160 strips for the vertical coordinates. The
planes were made up with PVC eight-tube chambers filled with a 30:70 Ari$@as mixture at
atmospheric pressure.

The scintillation counter planes were hodoscopes of six vertical scintillator slabs 10 mm thick,
33 cm wide, and 166 cm long. Each slab was viewed by two PMs and a scintillation counter hit was
given by the mean-time coincidence of the two PMs.

In the off-line analysis, the time-of-flight of the antineutron was computed from the mean of the
TOFs of the scintillation counters of the two modules sandwiching the absorber where the vertex of
the annihilation ‘star’ was reconstructed. A TOF cut allowed the rejectioparid« produced in
the target.

At the trigger level, & signal was defined as at least two fired counters in one ANC.

Measurement of Ag,, and do/d$2

Ao, was measured at 8 momenta between 546 and 128éV /¢, during two short runs in 1989
and 1990 [111-114].

The useful charge-exchange events were characterised by a neutron detected in one neutron
counter and an antineutron seen by the correspordidgtector (NG-ANC; and NG-ANC, for
the forward and backward angular range respectively). The requirement to detect both particles in
the final state implied that very forward and very backward scattering events could not be measured.
Only at 875MeV /c incidentp momentum, a measurement was done over a broad angular range
detecting only the [114].
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All events with a valid beam signal, with no signal from the veto box surrounding the target, with
at least one bar hit in a NC and withigsignal in the corresponding ANC were recorded on tape.

The data collected for thd,,, measurement were also used to extractifie~ mn differential
cross-section at afp momenta but 100DleV /¢ [115]. This was possible thanks to a calibration
method for the ANC detectors [116] which gave theletection efficiency with an error of few
percent. The quoted overall normalisation error of about 10% was mainly due to the uncertainty in
the polarised target length.

Using the calibration data collected with a liquid hydrogen target, the differential cross-section
was measured at 698eV /c over a wider anguar Enge [111].

Measurement of Dg,,0n
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Figure 2.13: Top view of the experiment PS199 set-up used for the measurenignief

The data were collected in a about 10 days run at each energy, almost equally divided among PT
spin up, PT spin down, and DT data.

The relevant detectors for th@,,,q,, measurement were thiecounter ANG and neutron ho-
doscopes ND and NG which made up the neutron polarimeter; AM& a LST module, used in
the off-line analysis to reject events with charged particles produced in ND Al used to mea-
sure in paralleldy,, anddo/dS in the backward hemisphere [114]. The useful events folihe).,
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measurement were those withiaproduced by charge-exchange on a free hydrogen of the polarised
target and detected in ANCand the associated n interacting elastically on a hydrogen nucleus of
the counter ND and then detected by NG. The polarisation of the n produced in the charge-exchange
reaction could thus be measured from the left-right asymmetry of the scattered neutrons, since the
analysing power of the np elastic scattering reaction is known. Only a small percentage of the sam-
ple (10%) were events in which the neutron was elastically scattered off a proton in ND. They were
selected using all three measured quantities, namely the n scattering angle, the time-of-flight of the
scattered particle and the enerfjy released in ND. A precise energy calibration of each neutron-
counter bar was performed before, during and after the run measuring the ADC spectra of the 4.4
MeV ~-rays from an Am/Be neutron source and the ADC spectra of cosmic ray muons crossing the
hodoscopes. The stability of the counters during data-taking was monitored using a system based
on a N, laser. The effective analysing power of the n polarimeter was estimated with a Monte-
Carlo program which took into account all the interactions of neutrons in the scintillator, and using
previous measurements for a similar polarimeter.

To eliminate the systematic errors due to the non-uniform efficiency of the NG counter, and
to possible geometrical effect®), o, was extracted using an estimator which did not require a
uniform efficiency of the polarimeter, it only required the detection efficiency to be stable during the
data taking.

Using the same data, a measurement of the product afghenalysing power times the spin
parameter oo, was performed at 878V /c [119].

2.3.6 Experiment PS206

The objective of PS206 [120,121] was to accurately measure at a few energies the differential cross-
section of the charge-exchange reactipn— fin. It was proposed and performed by a large fraction

of the PS199 Collaboration, using much of the detectors and the experimental method of that ex-
periment, with a few notable differences. A dedicated liquid hydrogen target was built for this
experiment, thgp — nn differential cross-section was measured fromitlseangular distribution

alone, and the associated neutrons were detected only over a smaller angular range, to determine the
efficiency of then detectors.

The measurements were performed at two extragtebmenta, 6121eV /c and 1206VeV /c.

The layout of the experiment for the measurements atMd¥?/c is shown in Fig. 2.14. For the
measurement at 1208eV /¢ a slightly different arrangement of the detectors was adopted.

The antineutron detectors ANGind ANG, were used to measure the angular distribution in
the forward region; AN detected both n and in the backward hemisphere. Thus almost all the
angular range was covered, extending down to the forward diregtiord. The continuous line in
Fig. 2.14 indicates thp beam direction, the dashed line the directiom'sfproduced at zero degree
in the target. The incoming'’s were defined by two scintillation counters B0 x 70 cm?) and
B, (a 1 cm diameter, 5 mm thick). The total beam flux was measured,bwHile the coincidence
By xB; defined the beam entering the target. Three multi-wire proportional chambers,(PBG,
and PBG) monitored the beam direction and position. A C-shaped magnet (MN) was used to sweep
thep leaving the target away from thé @irection, allowing to measure the differential cross-section
in the very forward region. The scintillation counter hodoscope HB monitored the beam direction
in the horizontal plane. The beam momenta at the target centre were 601.5 addel202 with a
total spread of about 14 and\VkeV /c in the two cases. The 4 beam divergence, 6.8 mrad in both
planes at 601.5leV /c and 3.3 mrad at 1202V /¢, was dominated by multiple scattering.

The liguid hydrogen target (LHT), 10.61 cm long and 3 cm diameter, could be filled and emptied
in a few minutes; inside the target, a diode measured its temperature in order to monitor the filling
operations and to evaluate the residual hydrogen density in the "empty” target.

To reject annihilation and elastic events at the trigger level, the target was surrounded by a scin-
tillation counter box on all sides, except that of the incoming beam. The forward and the two lateral
counters ensured that no trigger caused by charged particles in the ANCs was accepted. The upper
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Figure 2.14: Top view of the experiment PS206 set-up.
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and lower vetoes were made up of four layers of scintillator, interleaved with a total of 1 radiation
lengths of lead to reject annihilation events into neutrals.

The n detectors ANG and ANG, were essentially the same which had already been used in
experiment PS199. Each detector was made up by three identical units, a unit consisting of a 3 cm
thick iron slab, sandwiched between two modules of four planes of limited streamer tubes (LST) and
one plane of scintillation counters, already described in Sect. 2.3.5.

ANC; was a new counter, designed to detect with reasonable efficiency both neutrons and an-
tineutrons, and which could thus be used both for calibration purposes and to measuaaguar
distribution in the backward hemisphere. AN€onsisted of a neutron counter (NG) sandwiched
by two modules, identical to those making up AN&nd ANG,. The neutron counter was a ho-
doscope of 27 vertical scintillator bars, 8 cm wide and 20 cm thick; the bar heights range from 110
to 130 cm. The bars were viewed from each end by a photomultiplier; time and amplitude informa-
tion was recorded. A system based onaléser had been used during all runs to monitor the NG
bars as well as the ANC scintillation counters.

For the measurement at 12BRV /¢, the antineutron detectors ANGnd ANG; were put at
about 6 m away from the target in order to separate, on the basis of the measured time-afdlight,
produced in thgop — fin reaction fromr® and~ coming frompp annihilation in the target, much
in the same way as at the low-energy measurement.

For the first time, large samples of data were collected for the charge-exchange reaction. For
background evaluation, data were taken alternating full target (FT) and empty target (ET) runs.
With the full target about 7510° events at 601.5leV /c and 1% 1(° events at 120RIeV /c were
collected, corresponding to a useful beam 0k38° and 21.5¢10° p respectively; the statistics
with empty target were 510° and 3<10° events on tape and 8x40° and 15.6<10° incomingp at
601.5MeV /c and 12021eV /c respectively.

The measurement of thg — nn charge-exchange differential cross-section required the mea-
surement of th& angular distribution, and the measurement ofitldetection efficiency. To identify
then’s, one looked at “star” topologies in the ANC detectors, much in the same way as in PS199.
As compared to PS199, thledefinition had been further improved in two ways:

- a “sphericity” cut was applied to the “star” topology, to distinguishnaannihilation star (the
distribution of secondaries in ANC is almost isotropic) frorstars (the corresponding end
e~ tracks are almost collinear) arstars. They-stars orr-stars could have been produced by
pions from an undetectedannihilation in the ANC and might result in a falgestar, far from
then-annihilation point.

- To improve the measurement of thetime-of-flight, a more restricted definition was intro-
duced, which used the tracks belonging to the star topology to identify the scintillators that
should have fired. Only scintillators crossed by these tracks were taken into account, and the
measuredi TOF was defined as the average of the “good” scintillator TOFs. Further TOF
cuts were applied to reject cross-talk events between AAC ANG,.

To evaluate the ANC efficiency far's, PS206 applied the same procedure already adopted by
PS199, relying on the “associate particle” method. A detailed investigation of many systematic
effects, the improved layout of the experiment, and the much larger data sample available for the
analysis allowed to reduce the error of the method by almost a factor of three, as compared to
PS199. A precision in the absolute normalisation of 2% and 4% at 804V5 ¢ and 1202MeV /¢
respectively is quoted, while over most of the angular range the point-to-point error is lower than
1%.

2.3.7 Experiment PS185

The aim of this experiment was to study how strangeness is produced, by studying hyperon—antihyperon
final states. The cross-section, angular distribution and final-state polarisation were measured. The
last runs, PS185/3, benefited from a polarised proton target, as described in the proposal [122]; its
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data are still being analysed at the time we finish this review. They include the spin transfer from
proton toA and toA.

The data on strangeness-exchange scattering have been published in Refs. [123—-129]. Results
on CP tests can be found in Ref. [130]. The collaboration also took datatowchannels [131].

A schematic view of the set-up is shown in Fig. 2.3.7. The antiproton beam was sent on a C-CH
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Figure 2.15: Overview of the PS185 detector at LEAR. 1:target, 2: multi-wire proportional cham-
bers, 3: drift chambers, 4: hodoscope, 5: solenoid with drift chambers, 6: limited streamer tubes, 7:
silicon microstrips.

target which was thick, to obtain high luminosity, and segmented to provide a good determination of
the reaction vertex.

The target was divided into five modules, each with a thickness of 2.5 mm. Four target cells were
built of polyethylene (CH) (high proton density). This structure allowed fine momentum scales in
800keV /c bins. In order to control the Carbon background of the other modules, one cell consisted
of pure Carbon.

The detection system included tracking chambers, multi-wire proportional chambers and drift
chambers and allowed the reconstruction of the charged-particle tracks. Within the LEAR range
(ps < 2GeV/c) the hyperons are always emitted into a forward cone. In fact, also the decay proton
(or antiprotons) are confined within a limited forward core42°), fully within the acceptance of
the tracking system and of the triggering hodoscope. The charge of each particle was determined
from a set of three additional drift chambers inside a magnetic field of typi¢ally 0.09 T. The
hodoscope was used to reduce the background, in particular from neutral kaon decays. The limited
streamer tubes were not necessary to studpphe> AA reaction, but were used for KKfinal states
or to measuré\A production on carbon.
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The A hyperon was identified by its dominant p decay mode (about 64%), which produced
a characteristid’® signature in the detector. In principle, the reactipn— AA is fully identified
from the complete reconstruction of the ppr* final state.

Thanks to parity violation, the decady— pr~ is not isotropic in the\ rest frame, but correlated
to its spin. The proton is emitted preferentially parallel to sAhspin, and the antiproton oppositeto
the A spin. The distribution is of the typ&(¥) oc 1 + aP cosd, whereP is the (anti)-hyperon
polarisation, andv = +0.642 + 0.013. So measuring the proton and pion momentum with high
statistics gives the polarisation of the outgoihg

As for other hyperong;® was identified through itdy decay, which has almost 100% branching
ratio. The photon needs not be measured as long as the precision on charged-particle tracking is
sufficient. The charged hyperons were reconstructed through the dBcays pr® (~ 52%),

Yt = nnt (~ 48%) andX~ — nn® (~ 99.85%) and their antibaryon analogues.

2.3.8 Experiment E760 at Fermilab

Experiment E760, at the Fermilab Antiproton Accumulator ring, was devoted to high resolution
studies of charmonium states formegjnannihilation. Thepp forward elastic scattering parameters
between 3.7 and 6QeV /c have also been measured [132], using an apparatus incorporated in the
luminosity monitor of the experiment. The monitor was designed to perform precision measurements
of the pp differential cross-section in the very smalfegion by measuring the recoil protons, to
extract the luminosity from the shape of the differential cross-section, with a systematic error of a
few percent. The analysis of the shape of the small angle differential cross-section provided also
precise values for the parameter.

Details on the apparatus, shown in Fig. 2.16, can be found in Ref. [132] and [133]. The circu-
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Figure 2.16: Experiment E760: schematic view of the apparatus for detecting recoil protons (a), and
top view of the solid-state detectors set-up (b).

lating p beam (typically4 x 10'! p, about 8 mm diameter) intersected an internalgds jet target
(typical density3.5 x 10'2 protons/cm, 7 mm diameter). The solid-state detectors measuring the
recoil protons of thgp elastic scattering events were placed in a pan (shown in figure 2.16(b)) lo-
cated at the bottom of a 150 cm long tapered vacuum chamber suspended vertically from the beam
pipe. The detector system consisted of one fixed detector for luminosity monitoring positioned at
an angleoc = 90° — # = 3.547° (whered is the recoil angle), and five detectors with an active
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area of about x 5 cm?. The latter were located on a carriage which could be moved in a direction
parallel to the beam. The “movable” detectors were positioned alSoapart along a line parallel

to the beam, and typically covered the recoil angle ramge 1.1° to 5°. At 5 GeV /¢ this angular

range corresponds tet ranging from 0.0009 t6.019 GeV and to recoil proton energies between

0.4 and 11 MeV. The energy calibration of the detectors was performed usitGm alpha source;

the energy resolution of the different detectors ranged between 60 and 110 keV and was found to be
reproducible to within 0.2%.

The basic points of the measurements were to measure in each solid state detector the spectrum
of the kinetic energy distribution of the recoil protons, subtract the background, and evaluate the
mean value of the recoil energy, and thuand¢. Only at—t¢ < 0.003 GeV, the recoil angle had to
be determined from the known distance between the detector and another detector placed at larger
—t values. Then, the relative differential cross-section was extracted from the number of detected
protons corrected for the slightly different solid angles seen by each detector, and normalised to the
fixed detector counts.

The error on the recoil angle was estimated to be less#iap06°. The systematic error due to
the uncertainties in the values of the relative areas of the different detectors (less that 0.1%) was also
taken into account in extracting tiig forward elastic scattering parameters.

The angular distribution was measured at six incigemomenta between 3.70 and 6@238V /c,
corresponding to the masses of charmonium resonances. To perform the scanning over the width of
the charmonium resonances, the beam momentum variations were always lesshhéf/¢5and
were considered negligible for thg forward elastic scattering parameters measurements. Also,
the perturbation caused by the resonances on the elastic scattering parameters are expected to be
completely negligible because the cross-section for the reapticn (cc)r — pp is known to be
by 5 to 7 orders of magnitude smaller than flieelastic scattering cross-section.

The data were fitted considering as free parametgs the slope, andp; because of the large
correlation between the parameters, a fit was also performed which usedftihe best estimate
from the world data in the region of interest. In the two cases, the systematic errprsvere
estimated to be 0.004 and 0.005 respectively. Correspondingly, the total eoanged between
0.007 and 0.024 and between 0.007 and 0.012.

2.4 Experiments onpp and pd atoms
2.4.1 Pre-LEAR experiments

The motivation to search for X-rays fropp atoms came from three different sources or “traditions”.
These traditions and the results of early experiments [134-136] had a significant impact on the
experimental techniques chosen at LEAR. It seems therefore adequate to spend a few sentences on
the “pre-history” of protonium atoms.

One of the roots of the experimental searches for the X-ray spectrum of antiprotonic hydrogen
goes back to the discovery of heavy antiprotonic atoms by the group of Backenstoss, Bamberger,
Koch and Lynen [137]. Pionic and kaonic atoms were studied extensively at that time, and the same
experimental techniques proved to be useful for antiprotonic atoms, too. The good resolution of
solid state detectors allowed to determine line shifts and broadenings due to strong interactions. But
the resulting strong interaction parameters were influenced by the nuclear environment. The demand
to determine the “freepp scattering length required the use of &bk target.

Studies of antiproton—proton annihilation at rest in bubble chamber experiments [138] motivated
also the study ofjp atoms. From data opp annihilation into KK, it had been deduced that most
antiprotons annihilate from S-wave orbitalsppf atoms and that the contributions of P-states should
be negligible. The dominance of S-wave capture was explained as cascade effect [139, 140]. S-wave
dominance was later challenged by Kalogeropoulos and his coworkers, who argued in favour of
very large P-wave contributions fip [141] andpd [142] annihilation. A deeper understanding of
the atomic cascade seemed necessary.
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Last not least, the Lamb-shift experiments on muonic helium by Zavattini and collaborators [143]
had a significant impact. These experiments focused the attention on the importance of cascade pro-
cesses and on the need to minimise the interaction of light exotic atoms with neighbouring molecules.
Indeed, no muonic lines had been observed after stopping muons in liquid hydrogen [144] but Bailey
and collaborators did see lines from pionic hydrogen when stopping pions in hydrogen gas [145].

The early experiments on antiprotonic hydrogen confirmed the idea that low-density targets are
mandatory for a successful search for radiative traditiofip @toms. Two experiments which used a
liquid [135] or a high-density klgas [136] target and solid state detectors failed to obggratomic
X-rays. It required the use of a low-density gas target to observe at leaBatimerseries ofpp
[134] andpd [146] atoms and thus to establish the formation and observability of protonium atoms.
The low stop rate of the low-density target was compensated by use of a cylindrical multi-wire
proportional chamber with large solid angle for X-ray detection. The Balmer series was observed
with a yield of (6 + 3)% per annihilation but no K X-rays were found. The result thus confirmed the
large annihilation probability of the 2P protonium states, predicted by Kaufmann and Pilkuhn [147].

When LEAR came into operation three experiments were proposed, all three usigaskHat
low density. In this section we discuss experimental techniques; physics results will be presented in
Chapter 5.

2.4.2 PS171: The Asterix experiment

The ASTERIX @Antiproton STop Experiment with Rigger onlnitial X-rays) experiment was de-
signed to studypsp annihilation from P-wave orbitals of protonium atoms formed by stopping an-
tiprotons in K gas. The main emphasis of the experiment wag &pectroscopy and the search

for glueballs, hybrids, baryonia and other boson resonances [148]. However, the detector was also
designed to contribute to the physics of the protonium atom [149]. The detector is fully described
in [150]. Physics results on protonium are published in [151-154]. Results on antiproton annihila-
tion from P-states of the protonium atom can be found in [155-166].

Protonium spectroscopy relied on the central detector of a general-purpose particle spectrometer
with cylindrical proportional chambers and a homogeneous 0.8T magnetic field. Fig. 2.17 shows
the central components of the detector.

Antiprotons with an incident momentum ©§5 MeV /¢ were moderated by passing through the
LEAR exit window, a variable air gap, ands8 pm entrance scintillator which identified incoming
antiprotons, and then entered a tdrget at standard temperature and pressure (STP). At the end of
the target, a thick scintillator was mounted to facilitate beam tuning. The distance between the thin
entrance (T2) and the exit (T4) counter wigscm. Two further beam defining counters (T1,T3)
were used only in the initial phase of the experiment. FisrMeV /¢ antiproton beam momentum,
the residual range of antiprotons entering the target led to a well localised stop distribution in the
centre of the H target.

500pum Al CONTAINER 6um ALUMINIZED MYLAR

Al FRAME

SENSE WIRE
CATHODE WIRE

Figure 2.17: The central drift chamber of the Asterix experiment and the antiproton defining scintil-
lators.

The H, target was surrounded by a X-ray drift chamber (XDC) and separated from it by a thin
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(6 um) aluminised mylar cylinder of6 cm diameter. The mylar cylinder was held at a voltage of
—10kV and acted as cathode. The XDC was continuously flushed with an (50:50) argon-ethane-gas
mixture; likewise the H gas was exchanged continuously to minimise a possible Argon contamina-
tion from the XDC gas diffusing through the mylar foil. A slight overpressure of 1 mbar on the H
side (controlled to better than 0.1 mbar) stretched the mylar foil to a perfect cylindrical shape.

The 90 anode wires (Ni-C82 um diameter,1.5 k2/m) were kept at ground potential, 270 field
wires (Cu-Be,100 um diameter) at-2.1kV shaped the electric field in 90 "cells” into which the
XDC was segmented. An outer Al container provided the mechanical stability of the construction.
Each XDC cell was defined by five field wires and one sense wire collecting the charge deposited
along a road from the mylar cylinder to the cell. Due to the presence of the 0.8 Tesla magnetic field,
the roads were curved. Hence charges, deposited along a straight track originating from the target
centre, were collected at different sense wires.

The readout of the XDC was based on the UA1 central detector electronics which recorded the
pulse-height history on each wire as a function of time (im8#me bins and for a time period of
4 us). The sense wires were read out on both ends; from the drift time and the signal ratio on the
two wire ends, the conversion point of X-rays could be reconstructed in space. The XDC had, for
the measured stop distribution, a large solid angle (90%rdfa high detection efficiency even for
low X-ray energies (30% for the Lline at1.74 keV) but only a rather modest energy resolution of
25% at5.5keV.

The XDC allowed an efficient discrimination of X-rays against the dominating background from
charged particles, see Fig. 2.18. Charged patrticles ionise the counter gas all along their path. In

Run 2624 Asterix central detector
Event 154 XDC

r-¢ projection

Cha?géenﬁn 1
particle Jt-"

argon-

/ charged athans

particle .-

Figure 2.18: Antiproton-proton annihilation into four charged particles preceded by an X-ray tran-
sition. Tracks of charged particles deposit energy along their path, X-rays only locally. The short
penetration depth and the small energy indicate that a Balmer or Paschen X-ray is observed.

presence of the magnetic field, several cells show ionisation due to the effect of the Lorentz angle.
X-rays loose their energy locally very close to the conversion point. A short pulse is detected in one
cell while the neighbouring cells are free of charge. The localisation of the energy deposit can be
used to define X-rays.

A special hard-wired trigger was designed to select events with isolated charge deposits in the
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chamber and thus to enhance the fraction of events on tape with X-rays. A trigger on the absence of
charged particles removed the background associated with charged patrticles.

2.4.3 PS174: The cold-gas experiment

The cold gas experiment used a gas target which provided the possibility to reduce the temperature
or the pressure of the gas and to vary its density over a wide range, from 10 times to 1/8 times STP
density. The target was filled withaD, and He gas; in this report only the results usingdd D,

are discussed.

Figure 2.19 shows the apparatus. Antiprotons entered (from left) through a Be window and a
final thin scintillator providing sufficient light so that very slow antiprotons at the end of their range
can be detected. The moderator thickness can be tuned by rotatingra &ck mylar foil to
optimise the stop distribution for detection of X-rays. The antiproton momenta were reduced in the
course of time: 300, 200 and5 MeV /¢ antiprotons were delivered to the experiment.

[igJes cave

|
l_ [
- |
S2 Counter - —+—Nal Compton
| Shield
|
|
H & - Si (Li) Detector
A Retractable ﬁ - 7—/
L Calibration ' /
0 Sauree —=-"" Double X-Ray
B _EZE_‘ Window
2
1Atm dﬂ "
r4
Y,
4 Atm
Beam Pipe — o
ﬁ ‘ﬂ
C
0
u
N
T
E Rotating
g Degrader

Figure 2.19: Apparatus used in experiment PS174. For part of data, a GSPC (not shown) viewed the
target from the side.

Stopped antiprotons form antiprotonic hydrogen (or deuterium) atoms which emit X-rays. The
volume in which antiprotons stopped was viewed at by Si(Li) detectors with excellent energy reso-
lution (320 eV FWHM at 6.4 keV) but small solid angle, typicallg— of 4x. Si(Li)’s consist of
solid material; high-energy—rays have a large probability to scatter off the detector material via
Compton scattering. The kicked electron leaves ionisation in the detector thus producing a contin-
uous background. This background can be reduced (but not eliminated) by surrounding the Si(Li)
detector with a Nal(Tl) annulus as Compton shield vetoing scattered high-eneayg.

With Si(Li) detectors, a high resolution can be achieved; their disadvantage is the small solid an-
gle and the low background-rejection power. In a later stage, the PS174 collaboration used also two
gas scintillation proportional detectors (GSPD). The main advantage of gas counters lies in their low
mass, resulting in a low probability for Compton scattering. Energy deposits from charged particles
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can easily be reduced by pulse shape analysis. On the other hand, gas counters have a limited energy
resolution due to the smaller number of electron—ion pairs created; abebit @2 needed for one

pair leading to an expected resolution of 1598 &tV3. These electrons normally drift towards a

wire where gas amplification occurs. The statistics of the gas amplification deteriorates the theoret-
ical resolution in normal proportional counters, but this can be avoided: in the GSPD the primary
electron cloud is drifted through a gas at a velocity that optical excitation of the gas takes place but
no ionisation. The amount of light produced in this process is only limited by the experimental set
up; the resolution is essentially given by the primary electron—ion pair statistics. Practically a reso-
lution of 850 eV atl1 keV was reached. A detailed description of the GSPC can be found in [167].

The results on Hand D; are published in [168-170].

2.4.4 PS175 and PS207: the inverse cyclotron

In the inverse cyclotron experiment, a dense antiproton stop distribution was reached even at very
low densities. The apparatus is shown in Fig. 2.20. Antiprotons were decelerated in a dedicated low-
energy beam line with optimised emittance. The beam enteredsleh&inber through a 12/6m

thick Kapton window separating the beam line from the experiment, and passed through a thin
scintillator and a set of mylar foils. The range of incoming particles was wound up in a focusing
magnetic field. Two superconducting coils provided a field gradient exerting a force towards the
symmetry plane and the actual equilibrium orbit. The antiprotons continued to loose energy in
collisions with the H gas, with decreasing cyclotron orbits and betatron oscillation amplitudes,
until they came to rest. A large fractior (90%) of the incoming antiproton flux was stopped in the
target gas.

If a target density of, e.g., 30 mbar would have been chosen in the experiments above, beam
straggling would have led to a stop distribution along the beam axis of 45cm; the beam would have
grown to a transverse width of 65cm. The use of a cyclotron to decelerate antiprotons allowed a
concentration of the stop distribution in a volume of about 108.chmater, in experiment PS207,

a special low-energy beam line was built with very good emittance and the stop distribution was
contained in a volume of about 1 énx 1.5cm. The development of the inverse cyclotron and the
performance which was reached was a major technical breakthrough which also had a considerable
impact on the scientific program at PSI [171].

Three detectors were used in PS175 to detect X-rays two Si(Li) detectors and one X-ray drift
chamber. The first Si(Li) was mounted in a guard-ring configuration to reduce background from
Compton scattering and from annihilation products. Only the center area of the detector was used
to collect X-rays while charge deposited in the outer guard ring vetoed the event. The low back-
ground allowed clear identification of X-rays from the Balmer series with high resolutiore{280
at 6.4keV). The second Si(Li) had a larger sensitive area (303 )rand less resolution (56 at
6.4keV). Its main purpose was to search for thg tansition.

The X-ray drift chamber had 16 anode wires and 16 cathodes strips and covered an active area
of 16 x 16 cnm?. Off-line pulse shape analysis and the request for isolated ionisation clusters reduced
the charged-particle background. A resolution of 11% (FWHM)lat\@ was achieved.

The inverse cyclotron trap was used for a second series of experiments (PS207). Charged-
coupled X-ray detectors with CCD pixel sizes @2 ym)? were used to detect the Balmer and
Lyman series’. CCD’s also allow a powerful background rejection, with no compromise in energy
resolution (which was 326V at 9keV). They need long readout times; many events had to be ac-
cumulated before readout took place. Hence they cannot be used for trigger purposes. In parallel,
precision measurements on the energy profile of the Balmer series were carried out by use of two
crystal spectrometers with a resolution of aboubB0/. In the spherically bent quartz or silicon
crystal, photons were reflected under the Bragg condition, and detected in CCD pixel detectors. An
efficiency for X-ray detection and reconstruction of uplfo® was reached. The spectrometer is

3The creation of a number of ion pairs is not a completely random process since energy must be conserved. Therefore the
theoretical resolution is better by a factor F, the Fano factor, than the above naive argument suggests.
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Figure 2.20: The inverse cyclotron in the setup for PS207. Si(Li) or CCD detectors counters view
at the target center along the axis of the magnetic field provided by two superconducting coils.
Scintillation counters determine the time at which annihilation took place. On the opposite side,
a two-arm crystal spectrometer was set up, equipped with three Bragg crystals each reflecting to a
separate CCD detector.
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fully described in [172]. Results from experiment PS175 on antiprotonic hydrogen and deuterium
are published in [173, 174], from experiment PS207 in [175-178].



Chapter 3

Theoretical background

In this chapter, we present the kinematics of nucleon—antinucleon elastic, charge-exchange and
strangeness-exchange scattering. We define the various spin observables and list the relations among
them. We briefly summarise the state of understanding of nucleon—antinucleon interaction when
LEAR came into operation. Thé&-parity rule is derived, and potential models are briefly intro-
duced. The role of strong interaction in antiprotonic hydrogen and deuterium is described and linked
to very-low energy scattering.

3.1 Kinematics

3.1.1 Elastic scattering

p1 (M) P (A1)
N N
N N

Py (Xs) P2 (X2)

Figure 3.1: Kinematics oNN scattering, shawing moment/aafﬁ(helicities of the incoming and
outgoing particles.

The notations for the incoming and outgoing| 4-momenta are summarised in Fig. 3.1. From the

(3.1)
which fulfil the relations + t + v = 4m?, wherem is the nucleon mass.
In the centre-of-mass frame (c.m.), the values are
pi=E 5], Pi=[Ep], (3.2)
with py = —p, py = —p1, i = py° = p*, and
s =4E% = 4(p* +m?), t=—2p*(1 — cosVem) , (3.3)

47
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whered., = (p1,p}) is the scattering angle. In the laboratory frame where the initial proton is at

rest,
5 =2m? + 2mE,, = 2m* + 2my/m?2 + p?,, . (3.4)

The relation between the c.m. energy¢ and the momentum,y, is illustrated in Fig. 3.2. Eq. (3.4)
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Figure 3.2: Relation between the invariant mass of the initial state and the momentum of the incom-
ing antiproton.

can be inverted into the useful relations

5 — 2m? s(s — 4m?)
Eiap=—F—+  pPab=—"—7—"

2m 2m (3.5)

The relation between the angle and momentum of a particle in the final state can be obtained by
writing energy-momentum conservationgs= p; + p2 — p} and squaring. One obtains

— Am2
m—\/m2+p’12+\/%p/lcos191:0. (3.6)

Thus, for givens in a given plane, the momentupj = {p},cos?,} of the scattered antiproton
draws an ellipse passing through the origin, as shown in Fig. 3.3. In partigudanry acute angle
0 < ¥; < w/2is possibleji) there is only one value of the momentyinassociated with any given
¥ in this interval. The momentum, experiences values betweemndpi.;,. The eccentricity of

this ellipse i2m/+/s.

3.1.2 Charge and strangeness exchange

At very low energy, one should account for the neutron-to-proton mass difference when describing
the charge-exchange reactions. The strangeness-exchange reactions involves hyperon masses in the
final state. We shall restrict ourselves to equal masses in the final state. The generalisation to, e.g.,
pp — XCA is straightforward.

In units where the proton mass is setto= 1, the masses of interest arei(n) = 1.00138,
m(A) = 1.189, m(X+) = 1.268 andm(X~) = 1.276 [179].
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Figure 3.3: Ellipse drawn by the momentuyrh of the scattered antiproton for givenin a given
half-plane. The figure correspondsste= 5 in units wherem = 1.

The threshold for the reaction +m — M + M is s = 4M? if M > m. This corresponds
10 pra, = 98.7, 1435.3, 1853.1, and1898.9 MeV/c, for pp — fin, AA, X~ 2+ andX X, respec-
tively.

In such a reactiom + m — M + M, the momentunp, of one of the final state particle runs
between the extreme values

p=L Vo & s—ar7] . (3.7)

4dm

In a given planep, draws an ellipse, still with eccentriciBm/+/s. The origin is outside i/ > m,
as shown in Fig. 3.4. The polar equation of the ellipse is

2 2 _
VMY —m (3.8)
Pi/ (s —4m?)/s

Thus, as compared to the elastic case, there are two major differences:

cost =

0.5
0.4 |-
= 03F
[
0.2 |-
0.1}
|

02 04 06 08 1 1.2 14 16
Pl

Figure 3.4: Ellipse drawn by the momentyrhof the outgoingA, for givens in a given half-plane.
The figure corresponds to= 6 in units wheren = 1 andM = 1.1.
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i) the range of scattering angle is restrictedody ), where

s(M? —m?) ) m?(s — 4M?)
COS 'l9M = m ’ S11 191\/[ = m . (39)

The relation between the maximal anglg and the incident momentupm.,;, is illustrated in Fig. 3.5.

35
25 -
=
D
15
5
| | | |
1600 1800 2000 2200
Dlab

Figure 3.5: Relation between the maximal scattering angle (in degrees) and the incident momentum
(in MeV/c) for the reactiorpp — AA.

i) for a given anglé < 9 < ¥y, there are two possible values of the final-state momemptum

3.2 Amplitudes and observables

3.2.1 Isospin formalism

In the limit where the neutron-to-proton mass difference can be neglected, as well as Coulomb
corrections, theNN system obeys isospin symmetry: antiproton—neutron (or c.c.) is pure isospin
I = 1, while pp andnn, with I3 = 0, are combinations of = 1 andl = 0, namely

_I=p+ir=0 L I=1-11=0) (3.10)

| Pp) NG NG

so that the elastic and charge-exchange amplitudes are given by

1 1
T(op = p) = 5 (Tgy + Ta) + T(Bp = 1n) = 5 (Tgy — T) - (3.11)

Otherwise, thepn — pn, pp — Pp andpp — nOn Scattering processes should be treated in a
formalism where proton and neutron are different particles.

Note that the relative sign in the above equations is a matter of convention. The choice adopted
here differs from the current way of writing a Stj(singlet as|0) oc uti + dd + s5 + ---. For a
comprehensive discussion of isospin wave-functions for antiparticles, see, e.g., Ref. [180].
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3.2.2 Spin amplitudes, elastic case

The description of the reactioNN — YY’, whereY andY’ are spin-1/2 baryons, involves 16
helicity amplitudes. Those afE,. 1 1 = 7 (A1, A2; Aj, Ab), if one uses the notations of Fig. 3.1.

In the elastic caspp — pp, Symmetry considerations reduce this number to 5 amplitudes, as for
the well-studied cross-channel reactigh — pp. They can be chosen as

T =Trit4,
=T,
Ts=T 4, (3.12)
=T 4,
T=T. .

There are many other sets of amplitudes, which are linear combinations offhe3ee of them is
proposed by Lehar et al. [181]

a=( T1+T+7T3—T3)( costVem)/2 — 2T5sinVep

b=( T -L+T+T)/2,

c=(-T+L+T+T)/2, (3.13)
d=( T+ -T3+Ty) /2,

e=(-T1 —To— T3+ 7T3) (isinVem)/2 + 275 cos Ve -

In the forward direction, one should satisfy = 75 = 0, i.e.,
e(0)=0,  a(0)—b(0) = c(0) + d(0) . (3.14)
The amplitudes, b, ... can be defined directly as [181]
T = (a+b)I + (a —b)G .7 5o+ (c+ d)F1.k ok + (¢ — d)31.p Fap + e(Fy + Go).11, (3.15)
where the unit vectors are defined as

1+ Pp ];:27{—171 LA P1 X P

Py — Pl |1 x Py

T (3.16)
lp1 + Pl P

ﬁ:

In the limit of exact isospin symmetry, parity, time-reversal &hgarity relations hold for each
isospin channel, and thus a set of five amplitu@iesr {a, b, ...} can be introduced for each isospin
state,/ = 0and] = 1.

The symmetry-violating amplitudes are discussed, e.g., in Ref. [182].

3.2.3 Observables, elastic case

The general formalism is described, e.g., in Ref. [181], where all possible beam and target polarisa-
tions are considered, as well as all possible spin measurements in the final state.

For pp scattering, the total integrated cross-section includes an elastic and a charge-exchange
parts. At low energy, the remainder is the annihilation cross-section, i.e.,

Otot = Oel + Oce + Tann - (317)
Forpn or nip scattering, we simply have

Otot = Oel + Oann - (318)
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The total cross-section is related to the forward amplitudé (, = 0) by the optical theorem. It
reads [181], in terms of the polarisatiéh of the target and?, of the beam,

Otot = 00, tot + O1,tot Pt-Po + 02,40t Pe-D Po-D ,

mmz%hm@+mm

3.19
1ot = %”zm[c(o) +d(0)], (3.19)
02 tot = —%Im[d(())] )

The observables measured in elastic and charge-exchange antiproton—proton scattering are re-
stricted to the differential cross-sectidp = do/dS2, the analysing poweAqoo,,, SOmetimes ab-
breviated asdq,, or A, the depolarisatiody,,o, = D,,, and some indirect information on the
transfer of polarisatiod .o, = K., for charge-exchange. These observables are given by

Io = |af* + [B* + |e|* + |d|* + Je]*,
IpA, =2Re(a”e),

To Dy = |a‘2 + [b]? — ‘C|2 —|dP* +lef*,

IoKpn = [al? = [bf2 + cf? — |d]? + [el?

(3.20)

More observables can be deduced from the formulas displayed in (3.28) fer AA, using the
prescription given below in Eq. (3.26).
The analysing powed,, measures the azimuthal dependence of the angular distribution

d(Vem, Pem) X Io(1 4+ Ap Py, €OS Pem ) - (3.21)

D,,, reflects how much of the initial polarisation of the proton target normal to the scattering plane
remains in the recoil nucleon, atd,,,, how much is transferred to the scattered antinucleon, namely

PZ/,n = An + DnnPZ,n 5 Pll,n = An + KnnP2,n 5 (322)

if P, denotes the polarisation th&" particle (with the usual convention = beam,2 = target,
1’ = scattered?’ = recoil).

3.2.4 Spin amplitudes for charge exchange

At high energy, the neutron-to-proton mass difference can be neglected, and the spin observables
are given by the same expressions as for the elastic case. The only difference lies in the isospin
combinations (3.11) used for the amplitudes.

If one analyses experiments close to the threshold, or if one suspects for any other reason that
isospin symmetry might be violated, then one should introduce a sixth amplitude and use the for-
malism given in the next subsection.

3.2.5 Spin amplitudes for strangeness exchange

The case of unequal masses in the final state, agifor->"A + c.c. is rather straightforward.
The data for this channel are, however, too meager to deserve a detailed formalism. We shall thus
restrict ourselves here to reactions of the type- m — M + M. As compared to the elastic case,
time-reversal invariance is lost, and six amplitudes are needed, instead of five.

A recent discussion of thep — AA spin formalism has been done in Refs. [183, 184], where
references to earlier works can be found.
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At each energy and angle, the transition matrix can be decomposed into [181, 185]

T =(d + W)+ (a/ = VG100 + (¢ +d)d1.k ok

. . (3.23)
+ (C, — d,)&l.ﬁ/ 52.]5/ + 6/(51 + 62)ﬁ + g/(ﬁl.k, 52.]3/ + (?1.}3’ &Q.k/) 3
where the kinematical unit-vectors are defined from the momeptuof p andp] of A
= = =/
p=ll, A= DXLy (3.24)
P [Py x Py
and are adapted to describe the final-state spins. Since
P =7 cos(Vem/2) — k' sin(0em/2) ,  k=p sin(@em/2) + k' cos(Vem/2) (3.25)

the elastic amplitudes (3.15) correspond to the specialcaser, b’ = b, ¢’ = ¢, ¢’ = e, and

d = dcosVem , ¢ = dsinVem . (3.26)

3.2.6 Spin observables for strangeness production

The rank-1 and rank-2 observables are defined (to an overall factor) as

(3.27)

corresponding to differential cross-section, polarisation, analysing power, spin correlation in the
final state, baryon depolarisation and baryon-to-antibaryon polarisation transfer, respectively.
More explicitly, in terms of the amplitudes
Io=|a'P + 1" + |+ 1d']* + '] + 19"
P,Iy =2Re(a’e™) +2Im(d'g"") ,
Ay =2Re(d’e™) — 2Im(d'g'"),
Crnlo = |a' [ = [')> = |]* + |d'|* + €' + g%,
Crpolo = —2Re(d'd”™ +b'd") — 2Im(g'e’")
C..Ip = 2Re(d/d”™ —V'd™) +2Im(g'e’™) ,
Cu.ly = —2Re(d'g’™) — 2Im(e'd’™) ,
Dynlo = la'[* + /" = |¢'|* = |d'[* + |e']* = |g/[* , (3.28)
Dyoly = 2Re(a'b™ + d'™)
D..Ip =2Re(d'V" —cd'"™),
DIy =2Re(c'g’") + 2Im(be™)
Kundo = |/ = V2 + ') = &2+ |¢'> — |g'?,
Kuolyg = —2Re(a’d™ +0'd") ,
K..Iy = —2Re(d'd" = V'd"™),
K..Ip = —2Re(b'g’") +2Im(e/c") .



54 NUCLEON-ANTINUCLEON INTERACTION

To project out the spins of the particles, we follow here the usual convention that thie axes
{&,7, 2} coincide with{k, 7, p}, while for p orA, the axed#, 7, 2} coincide with{—k, 7, —p}.

In principle (i.e., with enough statistics), a polarised target gives access to some rank-3 observ-
ables, of the type:

Conijlo = Tr[F1.152.5T 2.6 T']. (3.29)
For instance,
Conzzlo = 2Re(d ’*)—QIm( gy,
Conzalo = —2Re(d'e’™) +2Im(d’g"") , (3.30)

Conzzlo = —2Re(g’e’ ) — 2Tm(d’c A b/d/*)
Connn being equal t4,,.

3.2.7 Constraints on observables

Each spin observabl& or Y is typically normalised to-1 < X < +1. However, the allowed
domain for a paif X, Y") of observables is usually smaller than the unit sqpxg < 1, |Y| < 1).
Inequalities can be derived, which restrict the domain. They are, of course, automatically fulfilled in
any theoretical model, where the amplitudést/, . . . are first calculated and then used to compute
the observables. However, these inequalities represent non-trivial constraints when the observables
are extracted from data. Similar relations have been written for other reactions, for instance photo-
production of vector mesons off nucleons [186].

We just list a few examples below. For a more comprehensive list, and a possible derivation, see
Ref. [183].

i) Linear relations:

2‘An| - Cnn S 1 )

(3.31)
Note that the second relation is nothing but the spin—singlet fraction,
1 /

being positive. The normalisation is such tiiat= 1/4 in absence of any spin-dependent interac-
tion.
ii) Quadratic relations:

C2,+ D2 <1
Dnn - Knn 2 (333)
CELS R

the latter relatingD,,,,, K., Cpn, Cre @andC,.. As a consequencd),,,, = K, in both limits of a
pure spin-singletfy = 1) or pure spin-triplet {, = 0) reaction.

3.3 Possibility of reconstructing the amplitudes from the data

3.3.1 General considerations

Extracting the amplitudes from data is a rather delicate subject. Consider first the case of spinless
particles. Measuring the differential cross-section at a given energy prayitfesvhere f is the
scattering amplitude. There are difficulties to access to the phase from the angular distribution [187],
even if one uses elastic unitarity globally or under the form of a partial wave expansion,

exp(2id
f= ZQE—i—l p2]§) Py(cosd) (3.34)
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whered, is real and the expansion finite. The absolute phasg cdn sometimes be derived, for
instance from its interference in the extreme-forward region with the Coulomb amplitude.

More severe difficulties occur in case of inelasticity parameters, now complex) or particles
with spin (several amplitudes involved). Low-enefg) scattering cumulates both handicaps.

The case of two amplitudes is very much documented, as it correspond&doattering or its
crossed reactioNN — 7. The angular distribution giveg = | f|? + |¢g|? and the polarisation (or
analysing poweryP,, = 2 Re(fg*)/Io. If the latter is extremeR,, = +1) , f = +g is implied. In
general, the value of this parameter is not maximal, and several choices might be considered. For
instance,P,, = 0 can be achieved witli = 0, or g = 0, or more generally withf « ig. In short,
reconstructing the amplitudes from the data becomes easier in situations where some spin parameters
are extreme.

Still a few common-sense considerations hold. One cannot determine unambiguously five or ten
complex amplitudes from the measurement of just two or three observables. It took a long time to
achieve the “tour de force” of reconstructing the five amplitudes ilNiNease. See, e.g., Ref. [188].
Several subtle measurements were required, with beam and target both polarised.

Now, theNN case looks by far more difficult than th&N one. First, there is no Pauli principle
to remove every second partial wave. Second, the phase-shifts are complex already at threshold
(or, equivalently, the partial-wav€-matrix contains both a real phase and an inelasticity parame-
ter). Moreover, there are much fewer data than inXbecase. So there is no hope to achieve an
unambiguous amplitude or even phase-shift analysis.

Still, integrated cross-sections are now available in a wide range of energy. For themglastic
pp and the charge-exchange reactign — nn, we also have detailed angular distributions and
polarisations, as well as some indication on the depolarisation parametap &igin scattering, we
are restricted to the integrated cross-sections. Several observables have been measured for hyperon
pair production.

It remains that one can always fit the data within some models which summarise the best of
our knowledge on the physics of ti&N interaction and contain several free parameters. In these
circumstances, the resulting amplitudes and the corresponding complex phase-shifts are compatible
with the data. Such analyses are thus often quoted for comparison with the data, and they provide
a possible extrapolation for observables which have not yet been measured. Of course, it is more
delicate to appreciate to which extent a set of amplitudes obtained by tuning a specific model can be
considered as unique.

3.3.2 Elastic or charge-exchange case

Let us examine more precisely here what can be learned from the data on plasticharge-

exchange. As it will be seen in the next chapter, the only observables which have been measured

consist of the differential cross-sectidn = do/df2, the analysing powen,, (sometimes called

polarisation) and the depolarisati@p,,,. Though a lot of physics can be extracted (pion coupling,

early onset of P-waves, etc.), we are far from envisaging a full reconstruction of the five amplitudes.
For the ease of discussion, let us replace Lehar’s amplitudes drije by their normalised

sum and difference, namely

{a,e} = {a=(a+e)/V2 &= (a—e)V2}, (3.35)

and omit the tilde mark in this subsection. These meande correspond to transversity amplitudes
[181]. The available observables read
Io = lal® + b + [c[* + |d]* + [e]*
IyA, = ‘Cl|2 - |6|2 ) (336)
IoDup = laf* + [0 — |e]* = |d]” + Je]? ,
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this defining a possible normalisation. In the optimal cases, i.e., at energies and angles where these
three observables are measured, one can at best extract from the data the quantities

lal? +167/2,  leP+b*/2, | +1d, (3.37)

or linear combinations. Improving the accuracy 45 or D,,,, will not enable one to disentangle
|c|? from |d|?, for instance, unless it is found thiat> + |d|? = 0, which would implyc = d = 0.

3.3.3 Hyperon-pair production

We restrict ourselves here to the\ case, as channels involvingzor aX do not benefit of the same
amount of data on spin observables. Would the question of statistics be disregarded, the situation
would be different from thé\N case, with the risk of having too many observables, and thus the
problem of compatibility among those observables.

As pointed out in Ref. [184], experiments carried out with a transversally polarised target lead to
many rank-2 observables (correlations in the final state, transferftom or to A), and even some
rank-3 observables. There are enough relations @ fiX, ¢/, d’, ¢’ andg’, to an overall phase.

3.4 General properties of theNN interaction

The best known particle—antiparticle system consists of an eleectr@nd a positror™, which is
described by comparison with the two-electron system. In this latter case, the interaction is known
to be mediated by the exchange of a photon, as pictured in Fig. 3.6. This diagram is then iterated

Figure 3.6: One-photon exchange, the driving mechanisrafer interaction.

in the Schodinger equation or in some more elaborate relativistic equation, and supplemented by
small higher-order corrections.

The C-conjugation rule states that, since the exchanged photo@'kas-1, the corresponding
diagram foreTe™ changes sign. In other words, the repulsiye potential becomes an attractive
V o« —1/r for the electron—positron case. This is, however, not the only change. At the same
lowest order, there is the annihilation diagram of Fig. 3.7, centre. The two particles merge into a
virtual photon which then decays backdbe™. This is a contact interaction. Another annihilation
diagram is shown in Fig. 3.7, right. It corresponds to the feed-back inte'tee amplitude of the
annihilation processaes"e™ — n+, pictured here for. = 2. This annihilation part is however, a
small correction, due to its short ran@en,) !, wherem, is the mass of the electron. For instance,
the positronium atom has well-defined levels. The S-wave levels eventually decay into photons,
but with a lifetime which is much larger than the classical period of rotation. States with angular
momentuny > 1 are practically stable with respect to annihilation. They decay by ordinary radiative
transitions to lower states.

At first sight, this dynamics is easily translated for ¥ system, with electrons, positrons and
photons being replaced by nucleons, antinucleons and pions, respectively. More attraction is ex-
pected inNN than inNN leading to speculations on “Baryonium” states, the analogues of positron-
ium atoms.
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Figure 3.7: Basic mechanisms fere~ interaction: Elastic photon-exchange (left), virtual anni-
hilation into one-photon (centre), annihilation into two-photons (right). (What is pictured is not
annihilation itself, but its feed-back on th&e™ amplitude.)
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This is, however, far from being that simple. A minor complication comes from isospin or, say,
the existence of two nucleons. As will be seen in Sec. 3.5CHwenjugation rule has to be rewritten
with the G-parity operator. More serious is the strength of the coupling constant, and the variety
of mesons. Th&N interaction cannot be reduced to one-pion-exchange: multiple exchanges, as
well as the exchange of heavier meson resonances should be introduced. Moreover, we do not know
precisely the nature of the short-rarigl forces. This difficulty is of course, translated into a similar
uncertainty for the elastic part of tRéN interaction. But the worse is still to come: annihilation
cannot be handled as a short-range correction: its is a violent process, which takes place up to about
1fm and presumably washes out the bound-state spectrum generated by the attractive real potential.

A possible way out is that the correspondence between electromagnetic- and strong-interaction
physics should be stated at the quark level rather than at the nucleon level. Then electrons and
photons of QED are replaced by quarks and gluons, respectively. This is certainly the right approach
at high energy and high momentum-transfer. For our low-energy physics, one cannot elude the
problem of confinement, and the many-body aspeédéannihilation is not an elementary process,
it is the analogue of a molecular-collision process in QED, with several possible final states.

We shall discuss below these aspects of M interaction and look what understanding was
reached when LEAR came into operation.

3.5 TheG-parity rule for amplitudes

Itis well-known in quantum field theory that the saienatrix describes the reactiont+-b — c+d

and its crossed reactions suchas ¢ — b + d. However, the empirical knowledge of the direct
reaction, in a kinematical domaifs > 4m?, t < 0} (for equal masses), does not give easy access
to the domain{s < 0, t > 4m?}, as no analytic continuation can be used reliably for such a huge
jump.

Another point of view is adopted in the so-called-parity rule”: one compare the+b — c+d
anda + b — ¢ + d reactions in thsamekinematical domain.

TheG-parity G = C exp(—inl,) associates th€'-conjugation with a rotation in isospin space,
such that [18017|p) = |1@) andG|n) = |p), linking states with same isospin quantum numbers.
Non-strange meson systems are eigenstates@With+1 or G = —1. In particular, for a system of
n pions,G = (—1)".

The mesons which contribute to théN forces can also be exchanged between a nucleon and an
antinucleon to build the long-range part of tR& interaction. The precise relation between M
andNN amplitudes is th&;-parity rule: in a given isospin staté,= 0 or I = 1, the contribution of
the exchange of a meson or set of mesons the NN amplitude differs from itSNN analogue by a
factorG,, = %1, which is theG-parity of the meson system

Tin=>.T, = Ti=> G.T,. (3.38)
Iz M
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Remarks are in order:

i) This rule links isospin eigenstates. It generalises the famili&conjugation rule”, which
states thal (ete™) = —7 (eTe™) for the leading diagram, since the photon which is exchanged
hasC = —1. TheC-conjugation rule links pp t@p, np topn. The G-parity rule is nothing but an
astute combination of th€-conjugation rule with isospin invariance.

i) TheG-parity rule is by no means restricted to the one-boson-exchange approximation, where
only single, narrow mesons are involved. It works for instance for 2-pion exchange ladder or crossed
diagrams, with or without excitation of nucleon resonances in the intermediate states.

The derivation of the7-parity rule can be elaborated as follows. Both amplitudesior NN
and7; for NN are formally written in terms of their-channel content

_

1 <N(—p1)N(p2) | T | N(”lﬂi(_nQ» )

2 (3.39)
(N(=p1)N(p2) | T | N(n1)N(=nz2)) .

The kinematics is defined in Fig. 3.1. Since strong interactions are invariant Ghgarity, 7 =
G7T G, each amplitude can be splitinto two parts, wWith= +1 or G = —1 in thet-channel, without
interference between them

S
[

T =T+ T—. (3.40)

In particular _ B
7" = (N(=p1)N(ps) | GTG | N(n1)N(=ny)) . (3.41)

The firstG, acting on the left, transforms the bra into the desifé@-p;)N(p2) |, while the second
G can be replaced by its eigenvaltie with the desired resulf;* = +7;*.

The G-parity rule is rather general, and reflects basic symmetries of strong interactions. This is
why the rule is first formulated in terms of scattering amplitudes. In the particular case where the
amplitude is generated from a potential, the rule implies that the potential mediated by a meson (or
set of mesons) of:-parity G, = %1 is multiplied by G,, when translated fronNN to NN, in a
given isospin staté. For instance, the one-pion-exchange potential changes sign when going from
NN andNN, and so does its Born approximation when its generates an amplitude. Its first iteration
(second term in the Born expansion) is identicalXof andNN, the next iteration flips its sign, etc.

As we shall see along this review, theparity rule (3.38) induces dramatic changes in the long-
range potential. First, thBN potential is on the average more attractive thanXbeone. This
is important for understanding the observed cross-sections and the speculations about §dssible
bound states and resonances. Secondly, the spin and isospin dependence is different. the more
pronounced effects are expected in the- 0 channel, and affect mainly the tensor component of
the potential.

3.6 Potential models

The G-parity rule is the starting point of phenomenological studies of low-endigyinteraction
based on potential models. Schematically, one starts from a redistipotential, apply the>-
parity rule to its meson-exchange tail, and replace the short-fsNg=re by a complex short-range
part to account both for the short range elastic forces and for the strong annihilation component.

Potentials models are very useful tools

i) to get a hint on the strength and range of annihilation

i) totestthe role of various components of the interactioeXchangep-exchange, absorption,
etc.) in various observables

iii) to make quantitative comparisons wiflN interaction

iv) to use information on the “elementar®XN interaction for studying antinucleon—-nucleus
interaction.
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It should remain clear, however, that there is no fundamental reason for believing tiNX the
interaction should reduce to a potential, especially if this potential is restricted to be local and energy
independent.

Any microscopic derivation of the absorption potential from the internal quark structure gives,
indeed, a kernel that i3 separable rather than local and ii) highly sensitive to the difference between
the incoming energy and the location of the main thresholds (e.g., the threshold for two vector
mesons and a pseudoscalar). See, for instance, [189].

3.6.1 Current NN potentials

From the 50's to the 70’s, a rather successful description oNtKenteraction was achieved with
“semi-phenomenological” potentials. They consist of a long-range part which include meson ex-
changes and a short-range part which describes empirically the observed repulsion with a few pa-
rameters. These potentials have been tuned to reprodud&tiseattering data with good accuracy

and used in nuclear-structure calculations. For a review, see, e.g., [190].

3.6.2 Pion-exchange and more elaborate nucleon—nucleon potentials

There are several reviews on the meson-exchange approachXiNtih@eraction. We thus refer
to the literature [190-192] for a detailed survey and restrict ourselves here to what is necessary for
extrapolating to thé&N case.

Following Yukawa, the exchange of a particle of maskeads to a potential of rande:/uc?
(hereafter simplified int@.~!), namely

V(r) < exp(—pr) | (3.42)
T

when spin and isospin complications are omitted. In momentum space, the one-pion-exchange

(OPE) potential reads
2

Vope = (3.43)

—g .
q* + p?

In the actual situation, the pion is pseudoscalar and isovectorial, and gives a characteristic spin and
isospin dependence. The OPE potential is an operator acting on isospin state and Dirac spinor of

each nucleon )
W 2= =
VOPE X Y5 Vs T1-T2 m ’ (344)

wheref7; is the isospin operator for nucle¢i) andg = p> —p; is the momentum transfer. After non-
relativistic reduction, one obtains in position space a combination of spin—spin and tensor potentials,
namely

Vore = (Vg 51.02 + Vr S12) 1. Th

2 12 exp(—ur
Vag = 9 #° explpr)

47 4m? r , (3.45)
Voo O explopr) (003 3
T 4ram2 r ur | op2r2 )
where the tensor operator is
S12 = 351.7 0.7 — 01.02 (3.46)
and the isospin coefficient
7?1.7?2: 1 for Iil,
(3.47)

T1.To = —3 for I=0.

This potentialVopg successfully explains the periphebdiN phase-shifts at low energy, as well as
the quadrupole deformation of the deuteron. Now, some departures from the simple OPE model are
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seen inNN phase-shifts of lower angular-momentdépor in peripheral partial-waves when energy
increases. This indicates the need for additional terms that have a range shorter than OPE.

A first improvement consists of allowing the nucleons to exchange mesons with larger mass and
new quantum numbers, leading to additional potentials that have a shorter range and exhibit new
kinds of spin—isospin dependence. Strictly speaking, one should distinguish the one-boson-exchange
models (OBEM) with a direct parametrisation of the scattesinglitude in terms oft-channel poles

Mogem = Z q_.ngL#Q ' (3.48)

7

from the one-boson-exchange potentials (OBEP) where these exchanges are writtepdtntid
exp(—pir)
= 1 4
14 Ei gi— (3.49)

and thus are iterated in the Sodinger equation. Egs. (3.48) and (3.49) should be understood with
spin and isospin factors which are specific for each type of mesons, and play an important role. One
needs for instance vector mesons to generate spin—orbit forcés=fot and to cancel the tensor

part of OPEP at short distances in the isospia 0 channel. The existence of vector mesons was in
fact anticipated by scrutinisinyN scattering data and their spin dependence [1, 193].

These OBE models were elaborated in the 60’s and 70’s, typically. In the 50's and 60's, there
were attempts to construct a field theory of nuclear forces, in analogy with QED, but based on the
Yukawa couplingg~ys of the pseudoscalar pion field to the nucleons. This turned out eventually
unsuccessful, but the studies revealed the role of two-pion exchange (TPE) in the intermediate range
attraction. This is why all moderNN potentials include TPE contributions explicitly.

In fact, p or o exchanges are already part of TREando being resonances of ther system.

Also, since TPE includes the box (ladder) diagram of Fig. 3.8 with nucleons in the intermediate

— —/

p1 P1

R
)

<

—

P2 2
Figure 3.8: Box diagram, part of the two-pion-exchange contributidfiNanteraction.

states, it is natural to account for these ladder or crossed diagrams where onefotweé* are
excited. All these contributions to TPE are incorporated, without double counting, in the dispersion-
theoretical calculation whose formalism was written down by Amati et al. [194, 195] and later on
used to compute the medium-rang® potential [190, 191].

In the approach based on dispersion relations, one has given up the idea of an expansion in
powers of the pion—nucleon coupling constanin particular, TPE contains diagrams where the ex-
changed pions rescatter several times with each others or with the nucleons. Instead, one achieves an
expansion according to the range of the various contributions: OPE provides the tail of the potential
and TPE the medium part. This gives a good description oNfKgphase-shifts witlf > 1 at low
energy.

In potentials designed for practical purpose, the short-range part df¥himteraction is de-
scribed empirically by cutting off meson exchanges at distanced fm and adding a phenomeno-
logical core to account for the observed repulsion. This is the basis of the Paris, Bonn and others

1In the early literature on nuclear forcespr o denotes a scalar and isoscalar meson exchanged between the nucleons.
Today the amplitude for two pions in a scalar and isoscalar state beldw2 GeV is often designated as If it has to be
identified with an actual meson, then it should be renafgped
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semi-phenomenological potentials [191, 192] that are widely used for nuclear-physics calculations.
Some potentials have been updated regularly to reach better accuracy [196].

In early studies of th&N interaction, the short-range repulsion was attributed to the exchange
of heavy vectors mesons. It is now explained by the direct interaction of the quarks which build
up the nucleons. There is an abundant literature on this subject [197,198] and one can say that a
semi-quantitative understanding of the short-raNgepotential has been achieved. There are two
major mechanisms: the exclusion principle between quarks and the chromomagnetic interaction.

To summarise, we have in hand potentials describing very accursdélgcattering and the
deuteron properties which can be applied to nuclear systems. However, the theoretical ground is
uncomfortably split into two parts. The Yukawa picture accounts for the long-range part in terms of
nucleons and pions, while the short-range part is described directly at the quark level. A synthesis is
badly needed. One should in principle derive microscopically the Yukawa model out of QCD, to end
with a unified picture in terms of quarks. Alternatively, one could reformulate QCD at low energy
in terms of pions and solitons. One attempt is the Skyrmion model. However, the bosonisation of
QCD remains to be demonstrated rigorously.

More promising, perhaps, is the approach with effective Lagrangians which incorporate the basic
symmetries of QCD. Applications to tRhéN interaction have already been done, and there is already
a rich literature on the subject, which can be traced back from Refs. [199—-205]

3.6.3 Long-range nucleon—antinucleon potential

Once the long-rang®N potential is described in terms of exchange of mesons or set of mesons,
schematically

VINN) =) "V, (3.50)

there is no difficulty in writing down th&N analogue

VIRN) =" GV , (3.51)

except that7,,, should be clearly identified. For instance, the&xchange contribution is sometimes
thought as a resummation of many contributions of mass 0.8 GeV or higher. If this ithe
conclusions are not changed as this system has the Gapagity —1 asw. If this is part of four-
pion exchange, then the translation frofiY to NN is misleading.

Sometimes the boson-excharigd potential is regularised la Pauli-Villars [206], i.e.,

1 1 1
q2_~_M2_)q2_|_’u2 2+A2’
the short-range term elegantly conspiring to parametrise a realistic core in terms of elementary
Yukawa functions. Nothing guarantees that for the short-range interaction, the same regularising
term should be applied &8N, using theG-parity factor. In absence of a microscopic derivation, the
G-parity content of the core is simply unknown.

The translation ofNN forces toward theNN system has been performed by several authors,
including Fermi and Yang [207], and Ball and Chew [208], the latter been motivated by the first
measurements of antiproton cross sections. The potentials by Gourdin et al. [209], Bryan and Philips
[210], Dover and Richard [211], Kohno and Weise [212], just to mention a few examples, will be
discussed shortly.

(3.52)

3.6.4 Spin—isospin dependence of the long-range potential

We now discuss the spin and isospin dependence of the long-Kgetential. For simplicity, we
shall often adopt the language of the one-boson-exchange approximation, but most of the analysis
remains valid in more elaborated models.
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Consider any/” exchange. Thanks to the exchange degeneracy of the meson spectrum, there
are always two mesons, one with= 0 and another witd = 1, with sameC-conjugation (for the
I3 = 0 states) and differend-parity. For instance, the vector-meson exchange contributidi\to
being
W=V,+7 "7_"2Vp s (3.53)

it reads
V=t =V, -3V,

W=Vt V.

Coherences appear in the isosgin= 1 channel. Now, if one looks at the cumulated effect of
scalar, vector and pseudoscalar exchanges, the most pronounced coherence occurs in the spin—orbit
potential, as seen in Table 3.1. It is well known, indeed, that protons experience strong spin—orbit
forces when scattered on protons or on nuclei. The spin—spin componentNtireraction is

less visible, since the Pauli principle forbids the existence of the triplet state if the singlet is allowed,

or vice-versa.

(3.54)

exch. NNI=0 NNI=1 NNI=0 NNI=1

meson|| C | SS|LS|T| C|SS|LS|T||C|SS|LS|T|C|SS|LS|T
0 o -0 |-|O|+|O0O|+4O0O}|+]0|+|0] —-1]0]|-
n o| + 1| 0 o+ ] 0 0 0|+ O 0|+
p - = | + + |+ | = | == =]+ | +]| + S -
w + |+ | ==+ + | === =]+ |+|-]-1+ |+
ap +/ 0| +|0}|-]0] -0 -]0|] -0+ 0]+ |0
o -0} -Jj0f-{0|-]0}4-y0| -0} -]10]|-10

Table 3.1: Sign of meson-exchange contributions to central (C), spin-spin (SS), spin-orbit (LS) and
tensor (T) components of tA&N andNN potentials.

In theNN case, Eq. (3.54) becomes

Vim0 = —V, -3V,

IR (3.55)
Coherences now take place in tfhe= 0 channel, with a larger strength. From Table 3.1, the
most pronounced effect occur in the tensor component [213]. This has many consequences on the
phenomenology oNN interaction in potential models: spin effects in elastic or charge-exchange
scattering, spin effects in specific reactions suclpas— AA or pp— K~KT, distortion of the
protonium wave function, enhancement of some branching ratios, etc. We shall come back very
often on possible signatures of this strong tensor interaction.

A quantitative illustration of these coherences is provided in Fig. 3.9 and 3.10 below. We use the
static version of the Paris potential, and displayX¥andNN spin—orbit and tensor potentials for
both7 = 0 and/ = 1 isospin. In Fig. 3.9, one sees the large spin—orbit component of the proton—
proton potential, with = 1. In Fig. 3.10, one notices the large and positive tensor potentiaiXor
in isospin/ = 0 states.

Testing tensor forces in scattering experiments require delicate measurements. If one would
treat tensor forces at first order in DWBAtarting from central forces only, there would be no
polarisation. In actual calculations, tensor forces produce polarisation from their second and higher
order contributions, but polarisation alone cannot distinguish current models with strong tensor force

2Distorted-wave Born approximation
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Figure 3.9: Comparison of tiéN andNN spin—orbit potentials in the Paris model.
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and weak spin-orbit from possible alternative models with weak tensor forces and moderate spin-
orbit potential. The best tests rely on observables to which tensor forces contribute already at first
order. As the tensor operatéf, involves two spin operators (see Eq. (3.46) of Chap. 3), these
observables are of rank 2. An example is the transfer of longitudinal polarisation [214].

In this latter paper [214], it was shown that the spin-dependence of the long-range potential, when
blindly associated with a spin-independent optical potential, produces substantial spin eff@éts in
scattering. The question is to which extent scattering experiments can test this spin dependence
unambiguously and give information on the spin dependence of short-range forces.

3.7 Strangeness-exchange reactions

When AA or other hyperon—antihyperon pairs are produced near threshold, a nuclear-physics ap-
proach seems justified, where the reaction is described by exchange of strange mesons, in the same
way as the charge-exchange reactpn— nn is mediated by charged mesons. This corresponds to
the diagram of Fig. 3.11.

As mentioned earlier, the pseudoscalar character of the pion gives a specific spin dependence
in the charge-exchange reactipp — fin. A similar pattern can thus be expected fgr — AA.
However, tha<* is closer in range t& thanp to =, and thus the corrections due to vector and higher
exchanges could be more importanpinm — AA than inpp — fin.

P A

K, K*

P A

Figure 3.11: Meson-exchange diagramifpr— AA.

SinceK or K* mesons are relatively heavy, the production of hyperons is a rather short-range
process and, instead of summing over all possible kaon excitationsifrctrennel, one might think
of a simple quark process, as pictured in Fig. 3.12: a pair of ordinary quarks annihilate and a pair of
strange quarks is created. Gluons are not shown, but are crucial to actually generate the process.

p — A

Figure 3.12: Quark pair and creation fop — AA. The strange quarks or antiquarks are shown
with thick lines.

While PS185 was taking data and seeking further spin observables, new ideas were developed,
motivated by experiments on the structure functions of the nucleors pais might be extracted
from the nucleon or antinucleon sea instead of being created during the reaction, as schematically
pictured in Fig.3.13. This point of view was proposed in particular by Ellis et al. [215], who pointed
out that a similar mechanism would produce an abundant violation of th&rQlin annihilation.

30kubo-Zweig-lizuka, see, e.g., Ref. [216] for references
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p A

Figure 3.13: Possible sea-quark contributionpto — AA.The strange quarks or antiquarks are
shown with thick lines.

The channeE’A forces an isospit = 1 initial state, unlikeAA which filtersI = 0. In a naive
guark model, the spin of is carried by the s quark, which is associated with a spin 0 (ud) diquark,
while the spin of & is opposite to that of its constituent s quark.

The final stateE£tX~ andX~ X bear essential differences. In a Yukawa-exchange or Regge-
exchange language, the production of the latter can be understood in terms of a neutral kaon in
the t-channel, and thus its cross section should be of the same order of magnitudehas dor
Y°A. The production ob2* X~ requires exotic exchanges, namely mesonic systems with one unit
of strangeness and two units of charge. It is thus expected to be suppressed. This was clearly seen
in pre-LEAR data (for Refs., see, e.g., the bibliography in Ref. [129]). The same difference can be
seen in the quark-diagram approadik, 3°A or ¥~ 3+ can be reached by annihilating a singte u
or dd pair replaced by assone. For the final state+ %, the simple quark diagram of Fig. 3.12
does not operate: one needs more pairs created or annihilated.

3.8 Phenomenological description of annihilation

Only the long-range part of theN interaction can be translated from & analogue. It remains to
include short-range elastic forces and annihilation. We review here the different approaches and the
salient results obtained in early models. More refined studies incorporating the LEAR results will
be presented in Chap. 6.

3.8.1 The range of annihilation and early optical models

Before antiprotons were produced and their cross-sections first measured, in the years 1955-56,
one would probably have guessed that fipeinteraction is mostly elastic, with a small correction

due to annihilation, as in the"e~ case. Why such a (wrong) prediction? The elastic forces have

a range given by the inverse pion mass and thus act up to a few fermis, while annihilation was
expected to have a very short-range, the inverse nucleon mass, i.e., about 0.1 fm, as the range of
ete™ annihilation is the inverse electron mass.

A typical annihilation diagram, representiddN — 7 is shown in Fig. 3.14 (left), as well as
its contribution to theNN amplitude (right). This amplitude has an imaginary part, because the sum
of the meson masses is smaller than the centre-of-mass ep@rg¥here are two baryons in the
t-channel, of invariant mass larger tham, thus the range is < (2m)~! ~ 0.1fm. The same
result holds for intermediate states with a larger number of mesons. For a more rigorous discussion
of the range of annihilation, see, e.g., Ref. [217].

The striking surprise was [7] that the total antiproton cross-section on matter is very large (as
compared to the proton one), and that more than half of this cross-section is due to annihilation. This
annihilation cross-sectios,,,, cannot be understood from a simple S-wave correction. It requires
angular-momentum > 0 contributions.

The simplest phenomenological method to describe these data consists of supplementing the
meson-exchange potential (regularised at short-distance) by an empirical complex potential, which
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Figure 3.14: Simplest annihilation diagram in an old-fashioned hadronic approach: the nucleon and
the antinucleon and transformed into a two-pion state by exchange of two nucleons. Shown are the
basic process (left) and its contribution to tRE amplitude (right).

represent the sum &fN—NN diagrams with meson intermediate states, and other short-range pro-
cesses.

The method of optical models is very successful in nuclear physics [218]. The idea, when study-
ing a specific reaction, say+ A — a + A, consists of not wasting time and computer resources to
try to parametrise each open channel such-8s4 — o’ + A* ora+ A — b+ B, whereA* stands
for an excited level an® another nucleus with different quantum numbers. What matters, for the
reaction of interest [218], is that the presence of these channels strongly distorts the inearming
wave. An empirical potential reproducing this distortion provides a realistic picture of the scattering
process.

Early attempts to describ8N annihilation by an optical model were proposed by Ball et al.
[208], Gourdin et al. [209], etc. A rather celebrated model, remaining a reference for later studies, is
the potential developed by Bryan and Phillips [210]. The starting point idMh@otential of Bryan
and Scott with includes several one-boson-exchange contributions. The shoriNedrigieraction
is parametrised as
_ VkR — iV
~ 1+exp(a(r — R))

An impressively large strength is required to fit the data, in both variants BP1 and BP2 of the model,
as seen in Table 3.2. Independent of the precise value of the param#ierBryan—Philips (and
earlier) fits imply that the annihilation potential should be important up to abfrat An illustration
is provided in Fig. 3.15, whose drawing is inspired by Ref. [219]. The annihilation potential, chosen
as the renowned Bryan—Philips model (static version), is compared to the spin—spin and tensor com-
ponents of the one-pion exchange potential. One clearly needs somethinglikes fm to become
sure that the annihilation potential is negligible.

If one reduces the range of the absorptive poteriifidl) in the Bryan—Philips model, then
the fit to the cross-section quickly deteriorates. In particular, one cannot account for the ratio of
annihilation to elastic cross-sections, nor for the smallness of the charge-exchange cross-section.
Remember that in a naive model with one-pion-exchange only, treated in the Born approximation,
the charge-exchange process will be four times larger than the elastic cross-section, due to to the
favourable isospin factors! One needs large corrections due to higher-order iterations, exchange of
heavier mesons, and absorption, to restore the proper hierarchy of cross-sections.

To summarise, the relatively long-range character of the imaginary potential, needed to repro-
duce the observed integrated cross-sections, is the most striking feature of these optical-model fits.

Later on, a strong support to a large value of the annihilation range came from the detailed study
of protonium annihilation. With a zero-range absorption, annihilation at rest would be restricted
to S-waves. The observation of th€7° decay of protonium [141] gave the first indication for P-
wave annihilation at rest. It was followed by the observation of several other channels with a clear
signature of P-wave annihilation. Globally, P-states of protonium have an annihilation width much
larger than their radiative decay to S-states.

Many years after the pioneering experiments on antiproton annihilation and the first phenomeno-
logical analyses, we understand better what is underneath: the finite size of the nucleon (and antin-

W(r) (3.56)
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Figure 3.15: Comparison of the imaginary optical potentid(r), corresponding to the fit of
Ref. [210], with the spin—spin and tensor components of the pion-exchange potential.

ucleon), eventually due to its composite structure.

3.8.2 Phenomenology of optical models

Shortly before LEAR came into operation, Dover and Richard [211] revisited the Bryan—Phillips
model. The long-range is a slightly simplified version of the Paris potential, which includes two-pion
exchange and excitation 8N resonances in the intermediate states. The potential is cut-off at short
distances and supplemented by an empirical Wood—Saxon core of the same type, see Eq. (3.56). This
corresponds to models DR1 and DR2 [220] in Table 3.2. A similar procedure was used by Kohno
and Weise [212] (model KW) and others [221].

Though every microscopic derivation of the optical potential leads to an interaction that is
strongly non-local and energy-dependent, most phenomenological models use a local ansatz, for
simplicity. The real and the imaginary parts of the isoscalar and isovector components in the core
(3.56) are chosen to be identical. The possibility of adding some spin or isospin dependence is
discussed in Chap. 6.

The values of:, R andV; adopted by Bryan and Philips [210] (BP), Dover, Richard and Sainio
[211, 220] (DR) and Kohno and Weise [212] (KW) are summarised in Table 3.2. The parameters

Table 3.2: Comparison of the imaginary potentials of several optical-model fN& afcattering

model | Ref. | a (fm~!) | R (fm) | 1 (GeV)
BP1 | [210] 6 0 62
BP2 | [210] 6 0 8.3
DR1 | [211] 5 0 20
DR2 | [220] 5 0.8 0.5
KW | [212] 5 0.55 1.6

look rather different, but the imaginary potentials almost coincide in the region of interest, near
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1fm. The comparison of the above imaginary potentials is made in Fig. 3.16. Also shown here is
the average imaginary potential of Ref. [222],

ImV = —% [wo exp(—(aor)z) + wy exp(—(alr)2)] , (3.57)

with wy = 3 GeV,w; = 0.6 GeV, ag = 1.80 fm~! anda; = 1.47 fm~!. Note that in Ref. [222],

the absorptive potential is allowed to be isospin dependent. It is found that data suggest a somewhat
stronger absorption for isospih= 0 than for/ = 1. This presumably explains why in Fig. 3.16,

this pp absorptive potential is slightly weaker than the others, if the full strength is needed in one
isospin channel only.

In Fig. 3.16, we observe at a different scale the same phenomenon of surface interaction as in
low-energy heavy-ion collisions, where the scattering is entirely determined by the nuclear potential
in a very small interval of the distance between the two ions. Similarly, the low-eh&¥gyata are
not sensitive to the value of the absorptive potential at very small distances. What really matters is
the strength of annihilation nearfih. This correlation between the range and the strength of the
imaginary potential was noticed in Ref. [222].

—ZmV (GeV)

r (fm)

Figure 3.16: Comparison of various imaginary potentials used for desciMihgnnihilation. We
restrict ourselves here to local models, Bryan—Philips (BP1), Dover—Richard (DR1 and DR2), and
Kohno—Weise (KW), Bydzovsky et al. (BMN).

Note that the values of the paramete&tsin different models cannot be compared independently
of the cut-off procedure which is adopted for the short-range of the meson-exchange potential. It
was noticed in Ref. [211] that increasing the attraction allows one to use smaller valligard
tends to slightly improve the overall fit of integrated cross-sections. This illustrates the mechanism
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proposed by Shapiro [29] for annihilation: the attractive potential focuses the wave function toward
the region where absorption acts.

3.8.3 Boundary condition models

In practice, the method consists of a phenomenological prescription for the logarithmic derivative
of the radial wave function in each partial wave, at a distanee R. Then the long-range be-
haviour, given by a homogeneous second-order equation, is entirely determined by the knowledge
of Rdu(r)/dr|,=r.

A boundary-condition model was used, for instance, by Lomon et al. [223], to account for the
short-range repulsion of tEN potential. Years later, a microscopic interpretation was proposed
by Jaffe and Low [224]. The boundary condition achieves a transition between the inner part of the
wave function, described in terms of quarks, and the outer part, which is accounts for the relative
motion of two well separated hadrons.

In the NN case, the inner part of the wave function contains the rich dynamics of multiquark
states(q"q™). Thus the boundary-condition models are not too far from those by Dorokhov [225]
and Roberts [226], who later extended this approach to strangeness-exchange [227]. These authors
describeNN scattering as a superposition of broadhannel resonances.

A simple boundary-condition model was used by Ball and Chew [208], but in practice, when
combined with WKB approximation, it led to discontinuous inelasticity parameters, as a function of
energy. It was sufficient, however, to account for the large magnitude of the observed cross sections.
This method has been regularly revisited. The boundary condition model was used in particular by
Kaufmann and Pilkuhn [147], and Dalkarov and Myhrer [228].

3.8.4 Coupled-channel models

Here the various annihilation channels are mimicked by a few coupled channels. Usually, no di-
agonal term is introduced in these new channels, i.e., the interaction among mesons is neglected.
Annihilation manifests itself as a coupling between the main channel (nucleon—-antinucleon) and the
mesonic channels [229-232].

A reasonable description of scattering data has been obtained by various groups. It is interesting
that the transition operatoi§ from NN to the mesonic channels can be chosen as relatively short-
ranged. As explained, e.g., by Liu and Tabakin [229], the contribution of a mesonic channel to the
optical potential can be derived from the coupled equations

(2m + Ty + Vi — V) U1 = —V190y

(2u+ T, + Vog — /5) Uy = =V Uy . (3:58)
Solving formally the second equation as
Uy =—(2u+T,+Vaz —s5) ' Var ¥y, (3.59)
and inserting the result into the first equation gives an effective potential
Ve = Vi1 — Va1 (2u+ Ty + Voo — V/5) ™' Var (3.60)

which is highly non local, as it contains the kinetic operafprof the meson sector and and explicit
dependence upon the energy. In other words, the meson propagator can be appreciably extended,
and tend to spread the annihilation region.

Usually, the channels that are introduced represent an average over many channels with com-
parable phase-space. There are more specific models, with a few explicit physical channels, such
aspp—n—m+, K~KT, and either fictitious channels or an optical model to account for the rest of
annihilation [232]. That way, not onl)YN observables can be studied, but also those of the specific
reactions such gsp—n 7" orpp— K-K™.
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3.8.5 Microscopic derivation of the absorptive potential

In principle, the optical potential can be entirely determined once one knows the transition amplitude
from NN to every possible mesonic channel. A prototype calculation was given by Ihle et al. [189],
who simply assumed that annihilation is dominated by rearrangement diagrams, and neglected most
of the interaction between the three mesons in the final states. They ended with an annihilation
potential which is not too far from being realistic and at least exhibits the appropriate range.

Note that optical potentials obtained in explicit models are far from being local. With simple
Gaussian wave functions for the quark distribution inside hadrons, one usually ends with a separable
operator [233, 234]. For simplicity, empirical optical potentials are parametrised in term of local
operators. The energy dependence which is sometimes introduced reflects the need for non-local
corrections.

In the above references, and others, for instance, Ref. [235], annihilation is described at the
quark level. The baryon-exchange process is used in Ref. [236]. The short-range character of the
potential is somewhat hidden by large form-factor corrections. Baryon-exchange diagrams were also
advocated by the Paris group to motivate the parametrisation of their short-range potential [237].

Note also a series of papers by the Bonn group [232, 236, 238] where a fraction of the anni-
hilation is taken from the assumed dynamical mechanisms, and the rest of annihilation is treated
phenomenologically.

3.8.6 Annihilation range revisited

Many debates arose about the range of annihilation. Let us quote for instance our late friend
I.S. Shapiro in the discussion following the talk by one of us [239] at the Mainz Conference [39]:

The value of the annihilation range (that is equal in order of magnitude to the Compton

length of the annihilating baryons) is not a question for discussion. It is a general

statement following from the analytical properties of the amplitudes in quantum field

theory. .. It does not matter how the annihilating objects are constructed from their

constituents. . .

The arguments based on the analytical properties of Feynman graphs (See, e.g., Refs. [217,240])
cannot be challenged. However, as addressed at Erice [54] by Brodsky [241] and Shapiro [240], and
also at Mainz [239, 242], there is a semantic question about what is meant by “annihilation” and on
how to get proper guidance from the comparison with QED.

If the rule links nucleons to electrons, and mesons to photons, then what weNdakini-
hilation” is comparable t@*te~ — photons, and should, indeed, be of very short range, about
m~! ~ 0.1 fm, as already said.

However, nucleons are composite, as well as mesons. At the quark level, the analogy with
positronium annihilation into photons is not relevant anymore for the so-called “annihilation” into or-
dinary mesons. In the language of atomic collisions, most of the transitions from baryon—antibaryon
to mesons araot “annihilation” reactions, they arearrangements, with sometimes partial annihi-
lation.

This distinction can be made more clearly by considering muonjuhe ) and antimuonium
(1w~ e™) scattering. The process

(nhe™)+ (uet) = (utu™) + (efe), (3.61)

which is energetically possible even at rest, is simply governed by the spatial overlap of the initial
and final-state wave-functions. It has nothing to do with annihilation.
Now, the process
(e )+ (net) = 's+ (uFu7), (3.62)

requires the initial electrons on the top of each other, and thus is of shorter range. Note that the
muons can be a little separated, of the order of thie.(") Bohr radius.
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Finally, the (rare) reaction
(Wre™ )+ (ue") —='s, (3.63)

corresponds to a complete annihilation. It implies very close toy~ ande* very close toe™,
and thus a perfect overlap of the initial atoms. Is is extremely short ranged at the atomic scale. As
noted by Shapiro [240] on a basis of a calculation by Brodsky [241], one also ends with a very short
range if one starts with the rearrangement process (3.61) and imposes eventual annihilation of both
(utp~) and(ete™) atoms in the final state. What matters is the final state one considers.

Similarly, NN — pions “annihilation” might proceed by rearrangement of the initial quarks and
antiquarks into meson resonances, as pictured in Fig. 3.17. In the harmonic oscillator model, one

p meson
meson
p meson

Figure 3.17: Possible diagram for “annihilation” into ordinary mesons.

can write down simple expressions for the transition amplitude [233], and realise that the crucial
parameter is the size of the mesons, i.e., their ability to make a “bridge” to pick up a quark in the
nucleon and an antiquark in the antinucleon. (The size of the baryons governs the spatial spread of
the mesons in the final state.)

Now, processes lik&iN — K+K~ (see Fig. 3.18) should be of shorter range, since some of the
initial constituents have to disappear. It is often proposed that a fraction of annihilation events into

1Y K+

Figure 3.18: Possible diagram for the transitiodtoK .

pions proceed with at least one quark—antiquark pair merging into gluons.

The extreme case correspondNt§ — ¢¢, studied by the JETSET collaboration [243]. This is
genuine “complete” annihilation, and should be of very short range. It corresponds to the diagram
of Fig. 3.19.

p——| —

Figure 3.19: Possible diagram for annihilation igio.
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It would be interesting to test somehow that final states with or without strangeness have different
ranges, and, perhaps, behave differently when extrapolated¥tdmnnihilation to annihilation in
nuclei [244].

A detailed study of annihilation is beyond the scope of the present paper. What matters to
NN—NN scattering process are the global properties of annihilation, which most likely occur via
guark rearrangements, and are governed by the size of the mesons. It is not surprising therefore that
most parametrised potential models suggest an annihilation radius of the otdet.of

3.9 Possibility of quasi-nuclear bound states

The NN interaction is rather weak: phase-shifts are small, and there is only one bound state with a
very small binding energys ~ 2MeV. The attraction provided by-exchange is partly compen-
sated by the repulsion duedeexchange. In th&N case, the potential induced byexchange flips

sign sinceli(w) = —1, leading to a coherent attraction. Thus ¥ potential is likely to support a

rich spectrum of bound states and resonances.

The first explicit calculations were performed in the 60’s, in the “bootstrap” approach to strong
interactions [245]. In this very appealing, and unfortunately unsuccessful theory, hadrons are built
out of hadrons interacting through hadron exchanges. In an approximation to the full bootstrap
picture, one has tried to describe mesonasstates, and this was not too successful, as analysed
for instance by Ball, Scotti and Wong [246]. In fact, tR& potential is isospin dependent, due to its
strong isovector-exchange,(p exchange in particular), and ti&N model fails in accounting for
the observed degeneracy of the meson spectrum (exchange degeneracy in the Regge-pole language):
except in the pseudoscalar sector and perhaps in the scalar sector, isespiand/ = 1 mesons
have nearly the same mass.

Shapiro and collaborators [29] came back tol¥ model of mesons, but with a different point
of view. In their approachNN states do not refer to ordinary mesons such as w, but to new
mesons lying near thEN threshold and strongly coupled to tN&¥ channel. These states are called
“ quasi-nuclealNN bound or resonant states”, or “ nuclear baryonia”. Such states can be seen in
radiative or pionic transition from atomic protonium, or, for these above the threshold, as resonances
in NN cross sections. A review of the work of the Russian school can be found in [29].

Further calculations of thEN spectrum were performed by other groups, in particular by Dover
et al. A comprehensive review can be found in [30], and a comparison with other approaches to
baryonium (string models of quarks, multiquarks), in [247]. See also [248].

While early calculations tend to givieN states in almost every low partial wave, the spectra
displayed in [30] show clear selection rules: the most favourable channels are those with isospin
I = 0 and natural parity” = (—1)”, i.e., the coupled = J — 1 and/ = J + 1 partial waves, where
tensor forces act at best.

The role of tensor forces was emphasised in [213]. In the case of deuteron, tensor forces are
crucial to achieve binding, but the quadrupole distortion remains moderate, with typically a D-wave
percentage of 5 or 6%. Ih = 0 baryonium, we are far from the dominance of the lowest angular
momentum,/ = J — 1, based on centrifugal-barrier arguments. We have a coherent mixture of
the two partial waves, in a combination ;) corresponding to an eigenstate of the tensor operator
with eigenvalueS;, = —4, while the orthogonal combinatioi;) experiences a repulsion, with
S12 = 2. They are

Tl
lay) = |J—1)+ |J+1),
2JJ+1 2JJ+11 3.6
+
1By ==\ o1/ D+t

(This basis is also relevant for discussing spin effects for annihilation into two pseudoscalar mesons.)
So far, annihilation is neglected, or treated as a perturbation. This is clearly not justified, even
SO one can argue that tle= 0, natural parity states have a wave function with a large radius. A
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calculation of the spectrum with the fiIN potential, including the imaginary part, was performed

by Myhrer and Thomas [249]. They use the Bryan—Phillips potential [210], and found that the nice
spectrum of bound states produced by the real part is completely washed out when the annihilation
part is switched on. Widths exceed several hundreds of MeV, typically, and\iNustates cannot
account for the narrow structures that were claimed to be found at that time.

The conclusions of Myhrer and Thomas might be attenuated in several ways. Firstly, the brute-
force annihilation they used can be replaced by imaginary potentials that are slightly weaker, and
have a slightly shorter range, but still fit total cross-sections. Secondly, non-local effects, or energy-
dependent effects can be significant. For instance, in any microscopic derivation of optical potential,
channels with vector mesons are found to contribute significantly. When one looks at possible bary-
onia below theNN threshold, these channels are suppressed by simple phase-space considerations,
and one is left with an absorption that is weaker than the one governing the scattering experiments.
See, e.9., [250,251]. In these references, it is remarked that if there are baryonia below the threshold,
a fraction (with the largest range) dIN annihilation at rest goes through baryonium plus pion, and
due to the lack of phase-space, this component of annihilation does not act on baryonium itself.

Explicit calculations of theNN spectrum with these refinements lead, indeed, to conclusions
more moderate that these of Myhrer and Thomas. Most states are washed out by annihilation,
but some moderately broad (50 MeV typically) structures survive, near the threshold and in some
specific channels. See, for instance, Ref. [252].

Similar calculations have been carried outfa¥ resonances, i.e., baryonia above the threshold.
Here, absorption corresponds to the actual annihilation. Moreover, elastic decayNints suffi-
cient to produce a large width as soon as one goes above threshold. Some plots are given in [247],
where it is clear that the elastic width becomes very large as soon the resonance move above the
threshold: narrow structures dIN type cannot exist for a centre-of-mass energy greater than 10 or
20 MeV above the threshold.

3.10 Colour chemistry

At the time when several candidates for baryonium were proposed, the quasi-nuclear approach,
inspired by the deuteron described asM bound state, was seriously challenged by a direct quark
picture. We define here baryonium as a meson with preferential coupling to baryon—antibaryon
channels, and let theory propose either a quasi-nuclear model of baryonium or a multiquark picture.

Among the first contributions to multiquark spectroscopy, there is an interesting remark by Jaffe
[253] thatq?G? S-wave are not that high in the spectrum, and might even challenge Pta@vio
describe scalar or tensor mesons. The debate is still open, and even more confused by the possible
contributions of gluonia, hybrids dss) configurations in these sectors, with many mixing scenarios.

It was then pointed out [254] that orbital excitations of these states, of thédyjpe-(q>), have
preferential coupling t&\N. Indeed, simple rearrangement into ty@,) is suppressed by the orbital
barrier, while the string can break into an additiogalpair, leading tqq®) and(g?).

Chan H.M. and collaborators [255, 256] went a little further and speculated about possible in-
ternal excitations of the colour degree of freedom. When the diquark is in a cblstate, they
obtained a so-called “true” baryonium, basically similar to the orbital resonances of Jaffe. However,
if the diquark carries a colour 6 state (and the antidiquark a ca@lpuhen the “mock-baryonium”,
which still hardly decays into mesons, is also reluctant to decayNraodN, and thus is likely to
be very narrow (a few MeV, perhaps).

This “colour chemistry” was rather fascinating. A problem, however, is that the clustering into
diquarks is postulated instead of being established by a dynamical calculation. An analogous situ-
ation existed for orbital excitations of baryons: the equality of Regge slopes for meson and baryon
trajectories is natural once one accepts that excited baryons consist of a quark and a diquark, the lat-
ter behaving as a colodrantiquark. The dynamical clustering of two of the three quarks in excited
baryons was not shown before 1985 [257]. Diquark clustering is even more questionable for sextet
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than for triplet states. If confinement has anything to do with colour, one naively expects forces to
depend on the colour configuration. See, e.g., Ref. [258] for a discussion on mock-baryonium.

3.11 Introduction to antiprotonic hydrogen and deuterium

The lowest momenta f@ip scattering are obtained by stopping antiprotons in hydrogen, by forming
antiprotonic hydrogen atoms (called protonium) and by deducing from X-ray transitions the proton-
antiproton scattering lengths. Protonium atoms possess several features in common with the well-
known positronium atoms and the name “protonium” had been chosen to emphasise this similarity.
Both systems consist of a particle and its antiparticle. In both cases, the constituents are intrinsically
stable, but annihilate each on the other. Essential features of both positronium and protonium atoms
can be understood from tfgohr formula. The energy levelg,, and classical radit,, are functions

of the principal quantum number. The energy levels are proportional to the reduced mass

which is the combinatiom:;ms/(m1 + mo) of the constituent masses; and is equal ton;, /2 in

case of protonium. The radii are inversely proportionatito

2

1 2 h
By=—sme (2) =50 (3.65)
2 n m.c? «o

Here,a = 1/137.036 is the fine structure constant, afd = 197.33MeV.fm. The first Bohr
radiusr; is often denoted ag, in the literature; we use, for the S-wave scattering length. More
specifically, forpp andpd atoms,

1
E,(pp) = —12.491 — keV , 7 (Pp) = 57.6 n? fm (3.66)

1
E,(pd) = —16.653 = keV , 7, (pd) = 43.2 n? fm . (3.67)

Corrections due to QED and relativistic effects have to be applied to find the true electromagnetic
binding energies. They have been calculated to be

a2 my 3 n
E(n, ) = Ey {H (E) (2(m1 Tm) 4t £+1/2(1 +ay “”j)} ’ (3.68)

by Barmoet al.[259]. The values of., anda;; are tabulated in this reference. The most important
correction is due to vacuum polarisation which increases the binding energy ¢p thtom by
42eV. The finite size of the proton makes a shift into the opposite directior;302eV. In pd

atoms, the vacuum polarisation @f ¢V is partly compensated by the finite size effectof8eV.

The corrections were reevaluated recently [260]; in Table 3.3 we give final QED transition energies
relevant for this review.

The QED fine-structure splittings of the 2P states are very small, of the order 100 meV. Strong
interaction effects are — as we shall see — of the same order of magnitude. The level splittings of the
highern levels are even smaller and not resolvable with present-day techniques. The transition en-
ergies listed in Table 3.3 are calculated using mean 3D-level energies, weighted with their statistical
frequencies.

Figure 3.20 shows the energy levels of protonium and some radiative transitions. Of particular
importance are transitions to the 1S ground state, often chjylewnseries or K-line series. The
2P — 1S transition is named Lyman-or K, line; its expected energy without corrections due
to strong interactions i8.406 keV. The 3P~ 1S transition is called Lymart or K3 line, and its
energy isl.737keV higher. The 4P~ 1S transition — the Lymany or K, line — carries2.345 keV
more energy than the Kline. ThenD — 2P transitions are calle@almer series or L-series,
with Greek suffixesy, 3,7, 9, . . . oo to characterise individual lines. TlRascherseries or M-series
feeding the 3D levels has energies fro608 keV (M) to 1.389keV (M,). Transitions of type
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Table 3.3: QED transition energiesip andpd atoms

75

pp pd

2P— 138,  9405.7 eV 2P— 11S;,, 12505 eV
2P— 1'S,  9405.7 eV 2P— 1%S,,, 12505 eV
3D— 23P, 1736.79 eV 3D— 2'P;;, 2316.48 eV
3D— 23P, 1736.85eV 3D— 2P, 2316.38 eV
3D— 23R, 1737.00eV 3D— 2'P;, 2316.46 eV
3D— 2'P, 1736.70 eV 3D— 22P;;, 2316.52eV

3D— 22P;, 2316.52eV

(n,=n—-—1) — (n—1, £ =n — 2) are called circular transitions. They take place between two
atomic states with circular classical orbits. Transitions between states with smaller angular momenta
are called parallel transitions. They play no significant role in the experiments which are described
later in this review.

E s P D F G
[kSV] 0 1 2 3 4

Annihilati
6 - nnihilation
9 -
_Strong interaction shift
- AE, and Width I,
12 4

Annihilation

Figure 3.20: Energy levels of antiprotonic hydrogen atoms showing the definition of K, L, M series.
Effects due to strong interactions are also indicated.

Of course, experiments @p andpd atoms are carried out not to study quantum electrodynamics
but strong interaction effects. Before discussing results it is useful to estimate the magnitude which
we might expect for these effects. Strong interactions — given, e.qg., by the widths/{10a2) or
the p(770) — have a typical strength of 100-150 MeV. The pion massppears as a natural scale
parameter. Iipp atoms, strong interactions are smaller due to the large volume @btheom. We
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may expect hadronic shifts and half-widths to be of the order

2041
1 s naar
AE ~ EFN"—(‘”d) , (3.69)

n3 o]

wherean.qr ~ 11m andr; is the first Bohr radius. The wave functions of atomic states have a tail

U, x exp (—\/WT/TL) , (3.70)

i.e., extends in a volume that grows @$ This is why the density at short distances hasd
dependence, which will be made precise in Sec. 3.12.

In Table 3.4 we list the expected size of strong interaction parameters for the S-wave ground
states, for the 2P states and for the 3D states, and a comparison with the radiativa widtfteose
expression will be given below. We show the imaginary part of the energy SmftAE) = T'/2;
the real part is expected to be of similar magnitude. The energy shift and width of the 1S states are
directly measurable. A direct measurement of the 2P level width is not possible with conventional
techniques like solid state detectors; the expected shifts and widths are, however, within the range
of modern X-raydiffraction spectrometers. Strong interaction effects in the 3D and fothe?
states are unmeasurably small, even whHen-3S; mixing is taken into account [261]. This is why,
once all relativistic and electromagnetic corrections are taken into account, the measured change of
energye of photon transitions is identified with the shift of the lowest state in the transition, namely

e=-AE. (3.71)

The values given in Table (3.4) show that for P-levelgpfatoms, annihilation is expected to
be more likely than emission of X rays by two orders of magnitude! In addition, collisions of the
pp atom with neighbouring molecules will lead to premature annihilation reducing the yield of X-
rayseven further. These two effects made experimental searches fadkation extremely difficult.

The difficulties were only overcome when LEAR came into operation.

Table 3.4: Expected hadronic and radiative widthgpratoms

Hadronic width Radiative width
I's/2 ~ 700eV stable
Ip/2 ~ 30meV| I'x =0.379meV
Isp/2 ~  2ueV I'x = 38.9 ueVv

The width of the 2P levels can also be measured indirectly. The total intensity feeding one of
the 2P levels is larger than the intensity of Lymamadiation. Protonium atoms in the 2P levels
mostly annihilate instead of emitting Kradiation to the 1S ground state. The intensity balance of
radiative transition and annihilation width can be determined from the ¥i¢ld,, ) of K, radiation
compared to the yield (L) with which the 2P levels are populated. This ratio is related to the
radiative widthl" x of the 2P fine structure levels and their annihilation widt&+1P ;):

Y(Ka)
Y (Litot)
I'x 3 1 3 5
T2 |Tx +T(P)) T Tx +T(Py) | Tx +T(3P,) | T'x +T(°Py)
The equation assumes that the fine-structure levels are populated statistically. If the P-levels all have
identical widths, the summation yields

Y(Ka)/Y (Lot) = 7" =Tx/(Top +Tx), (3.73)

(3.72)
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from whichT';p can be deduced. In both relations (3.72) and (3.73), it is tacitly assumed that parallel
transitionsnP — 2S do not contribute td" (Lt ). This assumption is justified by the preference of
the protonium cascade to populate circular orbits.

3.12 Quantum mechanics of protonium

In this Section, we review how to calculate the properties of protonium in a given potential model.
Some results hold beyond this particular framework. The energy shifts and widths can be computed
with simple tools, like the Trueman formula. However, the microscopic calculation of branching ra-
tios requires the knowledge of the wave function at short distances. One should thus solve accurately
the wave equation with a superposition of long-range Coulombic and short-range nuclear potentials.
The corrections due to relativity and QED and these due to strong interactions are essentially addi-
tive and thus can be computed independently. This is why we may use thed®dar framework

to estimate the effect of strong interactions.

3.12.1 Results on pure Coulomb systems

Before introducing strong-interaction corrections at short distances, we recall here some useful re-
sults on pure Coulomb bound states.

Scaling

Any Coulomb problem with a reduced mass and couplinge? in the potential—e?/r can be
reduced to the case whelie= 2m, = e = 1, for which the radial equation reads

0+1 1
Uy (1) + ( > ) 4 B - | une(r) =0, (3.74)
with E,, = —1/(4n?). In the actual problem, the energy scal@is,c*/h? and the unit of distance
is h?/(2m.€?).
The radial wave function is defined as usual from the wave function by
L Uno(T)
W) = 20D (). (375
The normalised S-state wave function of principal quantum numlage given by
_rL(n—1,1,7/n) T
Up,0 = 5 exp (—%) ; (3.76)

whereL denotes a Laguerre polynomial.
The normalised P states are

2 —
_ r?L(n—2,3,r/n) ox (_ T

%) : (3.77)

u =
mt 2n7(n? — 1)

Radiative widths

De-excitation of highly-excited protonium states formed in vacuum occurs via radiative transitions.
They populate preferentially “circular” states with maximum angular mome#tgm — 1, since the
angular momentum changes by one unit oAly= ¢; & 1, while the transition probability increases
with the energy differencA& E; y between initial and final state:

do 1 3 n\2
Traa = 25— (AEi)” (Bal)” (3.78)

p
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with -
Ry = / Un, 4 (T)Unhgf (r)yrdr. (3.79)
0

Radiative transitions from high, ¢ states are very slow; from the= 30 level, the cascade time is
of the order ofus.

Value at the origin

For S-states, Egs. (3.75) and (3.76) imply

|u7,,0(0)[? 1
T, 0(0)? = = : 3.80
[¥n.0(0)] 4 8mn3 ( )
For P states, the analogue is the second derivatiug @f with the result
2
2 n®—1
w1 O = J55 (3.81)

Thus the annihilation widths are expected to scale as with principal quantum number according to

1
s = EFIS )
_ 32( 1 1 . (3.82)
nP — 3 TLS TL5 2P -

Eqg. (3.80) can be derived from the Schwinger rule, which states:fhat0)* is proportional to
the expectation value of the derivative of the potential [262]. Here, this derivativée-fs and its
expectation value is linked by the Feynmann—Hellmann theorem tédiependence of the binding
energy,(r—2) o (OE, ¢/0¢)—0. For P-states, the derivation of Eq. (3.81) is a little more laborious.

Nodal structure

The structure of radial excitations is important, as annihilation often occurs #fif®ratates with
n > 2 rather than from 2P or fromS states witln > 1 rather than from the 1S ground state.

In a confining potential such as the harmonic oscilldtaf /2, the binding energy,, increases
with the number of nodes and dominates the behaviour of the radial wave functigrat short
distances. In units whet& /2 = 2m, /h? = 1, the radial equation of S-states,

up + (Ep — 1) up =0, (3.83)

gives energie®,, = 3 4 2n and wave functions,, « sin((3 + 2n)'/?r) at largen and small, i.e.,
more and more oscillations closer and closer to the origimiasreases.

The situation is different in the Coulomb céseln Eq. (3.74), the binding energf, =
—1/(4n?) becomes negligible compared to the Coulomb potential at short distancésasases.
For¢ = 0, the ground state s « rexp(—r/2) is nodeless and peaks at the Bohr radius which
in our temporary units ig; = 2. The first excitationuss o< (4 — r) exp(—r/4) has a node at
bs = 4, this ensuring the orthogonality witlys. The first nodé,, of u,s should move to smaller
r asn increases, from general principles. It quickly converges towards its oo limit, which is
bso = 3.67, corresponding to the first zero of a Bessel function that is solution of

ull (1) + uoo(r)/r = 0, U (0) =0. (3.84)

This is illustrated in Fig. 3.21.

4We thank Andé Martin for an enlightening discussion on this point.
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Figure 3.21: Radial wave functions, o(r) for n = 1 ton = 4 (left), andw,, 1(r) forn = 2 to
n = 5 (right). Natural units are used, so that the Bohr radius- 50 fm corresponds te; = 2.

For P statesusp o< 2 exp(—r/4) is nodeless and peaksmat= 8. The first radial excitation,
usp o r2(r — 12) exp(—r/4) has a node at; = 12. The first node moves to, ~ 11.06 for n = 4,
then tobs ~ 10.71, and quickly reaches its asymptotic vakie ~ 10.18, this again corresponding
to a zero of a Bessel function. The first P-states are shown in Fig. 3.21.
In short, at small distances the radial functions exhibit a universal shap@éaseases, besides
the overall normalisation factor corresponding:fg, (0) andu;, ; (0). In particular, the nodes never
reach the region of smatlwhere one-pion-exchange and other strong interaction effects take place.
We thus expect annihilation rates to exhibit a universal behaviour, and thus the branching ratios
to be independent of.

3.12.2 Hadronic widths and shifts
Simple Trueman formula

We have to study the changes that undergoes the solution of the radial equation

u’(r) — l(l; 1)u(r) +2m.(E —V)u(r) =0, (3.85)

where the pure Coulomb potentidf = —«/r is replaced by the total potentitll = V¢ + V™ with

a nuclear piec&™. For protonium the reduced massis = m; /2. One typically gets shifts of the
order of1 keV for the 1S level, small compared to the Bohr enefify= —12.49 keV. This does
not mean, however, th&f" can be treated perturbatively. A first order estimate,

AE=FE - E° = / ue(r)2 V™ dr, (3.86)
0

would overestimateAFE| by orders of magnitude! In the limit of a hard core of radiysthe
integration (3.86) gives an infinite shift when one uses the undistorted wave function but
vanishes exactly whem.(r) is replaced by the “true” wave functiar(r), which vanishes for < a.

The ordinary expansion in terms of powers of the additional potential is not applicable here.
What is appropriate is the “radius perturbation theory” [263,264], where the expansion parameter is
the ratioa/r; of the scattering lengttain the nuclear potentidl™ to the Bohr radius, of the atom.

At first order, one gets the famous Trueman formula [263, 265], which reads

AE = 2T o))~ (3.87)
m,
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for S-wave states. There is an analogue for P-waves, where the first derivative of the radial wave
function du.(r)/dr|,—o = V47V (0) is replaced by the second derivative anty the scattering
volume. A poor-man derivation is as follows. At zero energy, the nuclear potential is equivalent to
a hard core of radiug, wherea is the scattering length, first supposed to be real and positive and
later on allowed to be negative or complex. The two radial wave-functiofrs (pure Coulomb)
andu(r) (total) are submitted to the same equation with different boundary conditions

I(l+1
u” — LQ)UC +2m (B¢ = V)u. =0, ue(0) = uc(o0) =0,
" (3.88)
u”—l(l+1)u +2my(E —Vu =0 u (a) =u (00) =0
r2 r ) .
Forr > a, uu." — v"ue = 2m, (AE)uu., hence
1 1 o
AR = L lwue Zwud, (3.89)

" 2m, faoc uuedr

In first approximation, the denominator is equal taul(a) = 2rf3/2 if one accepts that(r), at

large distances, is nothing bug(r) translated by: (see Fig. 3.22)u.(a) = 2ar; */* + O(a2/72).
Then one gets the desired formula.

u(r)

0.08
0. 06
0.04

0.02

5 10 15 20 25 1 (Tm

Figure 3.22: Comparison of the 1S radial wave functions with a pure Coulomb potenjiand a
Coulomb potential added to a hard core of radius 1 fm.

Improved Trueman formula

A more rigorous derivation makes use of the low-energy expansion of the scattering amplitude for
V = V¢ + V" and introduces the binding energy as a pole in this amplitude. This results into the
more accurate formula

e () a
AE=FEne—E; ;=—Ep | = ) 5igone |1 — <ig B+ ) (3.90)
njory ™
where
11
Qn 0 = 1 y Qnp = H (5_2 — ﬁ) (€ > O) s (391)
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and thes,, , are numerical coefficients. For S and P waves, they take the values

1 4
Br,o =2 <logn + o q’(”)) ) Brni = an1Bno — el (3.92)

¥ being the digamma function [266].

In Eq. 3.904;° is theCoulomb correctedcattering length (volume, ...) for angular momentum
£. Itis defined as usual from the low-energy expansion of the reaction niatas a function of the
c.m. momentunp as

- L pep?
K l(p)=—— _
(p) ” 5 (3.93)

Unlike the case of a short-range interaction, whire! = p?‘*! cot d,(p), the Coulomb-corrected
reaction matrix is defined as

K~ (p) = p**'gu(n) [C5 (n) cot 65 (p) + 2nh(n)] (3.94)

wheren = —1/(pr1) is the Coulomb parametef;® the Coulomb-corrected phase-shift (measuring
the matching of the radial wave-function to the regular and irregular asymptotic Coulomb wave-
functions), and

go(n) =1,

ge(n) = [%H,,rsjﬂl( ) (t=1,2...),

Ci(n) = expé:ﬁ ; (3.95)
h(n) = 200 + \I’(—Qin) —log(n*)

Equation (3.90) gives the protonium energy level shifts as a function gfitlseattering length (or
volume). See, e.g., [265,267]

For illustration, we display in Fig. 3.23 the results obtained for a hard-core potential. Natural
units are used, so the shitE' has to be compared to the unperturliégd= —1/4, and a core of
radius1 fm corresponds ta ~ 0.04 if the Bohr radius is; = 2. The naive estimate ig/2 is
improved intoa®/2, in terms of the Coulomb corrected scattering length. The exact result is easily
obtained: the energy is such that the Coulomb wave function with proper vanishing at large distance
has a node at the border of the core.

In presence of Coulomb interaction, the S-wave scattering length is also related to the annihila-
tion cross section at low energy by

2 T __.SC
P20, (Swavg = — > m(—ag’/m) (3.96)
1 —exp(2mn) |1 + ipw(n)af’|

wherew(n) = C§(n) — 2inh(n).

Antiproton-proton interactions are known to have contributions from P-waves even at very low
energies. This contribution can be obtained by replacing the scattering lgfidt a5 (1 + 1?)p?
wherea$¢ is the corresponding P-wave spin averaged scattering volume [268]:

1+ 1/n? Tm(—ai®/r?)
1 —exp(2mn) |1 —pw(n)(1+1/n%) Tmai®/ri|?

p*osS (P-wave = 2472

dnn (397)
There is some confusion in the literature about the validity of the Trueman formula, with a

tentative clarification in a survey by Carbonetlal.[265]. We first note a lack of unified conventions

for defininga, E, andAE. Secondly, there are claims for the Trueman formula being inaccurate.
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Figure 3.23: Comparison of the naive Trueman formula (3.87), the Coulomb-corrected formula
(3.90) and the exact calculation for a hard core of radiusatural units are used.

The problem comes in fact from the Coulomb corrections to the scattering length, which are often
omitted or badly computed. In particular, some popular prescriptions for calcutgfing a, turn

out to be inadequate [265]. In fact, once the Coulomb corrected scattering l€figshproperly
computed, the Trueman formula (3.90) turns out to be very precise.

Pathological cases

The most famous exception would be a situation where a nuclear bound state lies very close to
the threshold. The scattering length becomes large and radius perturbation theory diverges. A first
analysis of this situation is based on a potential [242,269]

V() =V + AV, (3.98)

whereV¢ = —a/r is the usual Coulomb term arid the strong-interaction potential assumed to
be real and attractive. Note that Zel'dovich’s work [269] was inspired by a problem encountered in
solid state physics.

For small values of the streng#) the Coulomb spectrum is slightly shifted downwards. When
A approaches the critical valug for which A\V" supports a bound state, there is a sudden change:
the former atomic 1S state, in the keV range, becomes a nuclear state with binding energy in MeV
or even tens or hundreds of MeV. The former 2S state quickly becomes what looks like a modified
1S state, with a node at short distance. Atomic spectroscopy shows a repulsive energyEshift
associated with an attractive potential! The observation of a positive valdeFpf may be the
consequence of the strong binding force leading to nuclear bound states' &y taed3S; partial
waves!

In the transition region neax,, the spectrum is completely disorganised.\Ifs further in-
creased, the scattering lengtb\) becomes negative again. Another sharp transition occuxs at
for which AV'™ starts supporting a second bound state. This is illustrated in Fig. 3.24. It corresponds
to a Wood—-Saxon potential of depthl” and radius: = 0.04 in natural units, i.e., aboutfm for
protonium.

In the actual situation, the short-range part includes a strong annihilation potential and mixes
nn to pp in the wave function, so that the pattern is more involved than in the above models. Still,
oscillations are seen in the protonium wave function at short distances [270], reminiscent of the
nodes one gets with one-channel, real potentials.
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Figure 3.24: Energy levels of an atom for a Coulomb potential modified by a square-well of radius
a = 0.04 and increasing depthi. Natural units are used, with the unperturbed 1S energyl st

and the Bohr radius; = 2. Also shown are the unperturbed levels 1S, 2S and 3S, and the critical
value of the strengtly” for binding one or two S-states in the square well.

The role of absorption on the Zel'dovich—Shapiro rearrangement of atomic levels has been care-
fully studied by Gal et al. [271], who used an optical potential

V™o —(by +ibi)o(r) (3.99)

whereo(r) is a typical nuclear density. For very smél] the rearrangement persists, though the
real part of the energy changes less rapidly than in Fig. 3.24, which correspoihds t. When

b; increases, the rearrangement disappears:$ievel is “shaken” whep, passes near its critical
value, but thexS energy remains in the region of the unperturh&dIn short, the “atomic” and the
“nuclear” spectra become independent.

The numerical analysis of Ref. [271] has been checked analytically by Raina and Richard [272],
who used a model where the Coulomb potential is supplemented by a point interaction. When
the strengthy, — ig; of the point interaction is real, or whap is very weak, then the spectrum
reproduces the Zel'dovich effect of Fig. 3.24, with however, only one nuclear bound state. For larger
gi, the atomic spectrum, as a functiongfis given is Fig. 3.25. The nuclear state, instead of being
generated from the atomic spectrum as in Fig. 3.24, is disconnected [272].

Direct numerical estimate of the complex shift

Another approach taAE consists of solving directly Eq. (3.85) with appropriate numerical algo-
rithms. One should only care thet andV" require different meshes in the discretisation. A direct
numerical method looks a little heavy&XE only is needed. However, it also provides the values of
u(r), and it is easily generalisable to the case of coupled equations. The first coupling one has to
consider comes from charge exchange. Strong interactions confgins-ann component, and this
results into the following equations [147], written here 8.

v M‘f’m‘i‘@ﬁm% (3.100)

r
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Figure 3.25: First levels of the atomic spectrum in a model with Coulomb potential and point inter-
action of strengtly, + ig;, as a function ofy,, for g; = 5.

v’ +2m, |E + s + Vf)p] u = 2m, Veew ,
r (3.101)

w” + 2m, [E — 26m + Van) w = 2m, Veeu

whereém = m, — m,; is the neutron-to-proton mass difference, and the nuclear potentials are
Vep = Van = (Vo + V1) /2 andV,. = (Vi — V4)/2 in terms of the potentials in isospin eigenstates.
For 'P; and®P, one gets the same equations with an orbital baief. For3S; and3P,, one
should also account for orbital mixing due to tensor forces and there are altogether four coupled
equations.

Several authors have calculated the complex energy shifts of protonium, using a variety of real-
istic optical potentials. We reproduce in Table 3.5 part of the compilation by Carleired![265],
for the Dover—Richard and Kohno—Weise potentials introduced earlier in this chapter.

A few comments are in order:

1. The calculated widths are of the order of magnitude expected from the very simple ansatz in
Eq. (3.69).

2. There is reasonable agreement among the models and also, as we shall see in Chapter 6, with
data.

3. The effect of orbital mixing (S—D or P—F mixing) is not dramatic.

The complex energy shifts is essentially equivalent to the (Coulomb corrected) scattering length
or volume. Table 3.6 displays a partial compilation of scattering lengths.

Simple (i.e., not adjusted to the recent LEAR data) potential models tend to give similar predic-
tions, which are in reasonable agreement with the protonium datéye Trueman formula. Early
potential models, such as BP, DR1,DR2 or KW in Table 3.6 had an isospin-independent annihilation.
This seems sufficient to reproduce the main featurg@p aihdpp — 1in data. The work of [222,273]
also include the constraint fronp absorption at low energy [274].

Spin-dependence of 2P shifts

The strong spin dependence of tN& interaction is responsible for the differences in Table 3.5
between thé P, 3Py, 3P; and3P, energy shifts. There are also noticeable differences for the
widths which can be understood in a simple semi-classical picture.

In Fig. 3.26 are shown the effective potentials (including the centrifugal barriedFprand
3P,. Itis clearly seen that tunnelling towards the annihilation region through the centrifugal barrier
is much easier in the latter case.
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Table 3.5: Energy shift and half-width, and ratiofof= 1 to I = 0 widths for the lowest states of
protonium, as calculated from the Dover—Richard and Kohno—Weise potentials.

State  Units Model Re(AE) TI'J2 TI,/Ty | State Units Model Re(AE) T'/2 T'i/Ig
DR1 0.54 0.51 0.68 DR1 —26 13 0.96

1'So keV DR2 0.58 0.52 0.80| 2'P, meV DR2 -24 14 0.61
KW 0.50 0.63 0.68 KW -29 13 0.82

DR1 68 66 0.68 DR1 —74 57 0.03

2'So eV DR2 73 67 080 | 2°Po meV DR2 -62 40  0.05
KW 65 78 0.68 KW —69 48 0.03

DR1 0.77 0.45 0.79 DR1 36 10 9.4

13SD;  keV DR2 0.82 0.46 0.79 | 2°p, meV DR2 36 8.8 6.5
KW 0.78 0.49 0.90 KW 29 11 9.7

DR1 -4.8 15 0.63

25PF, meV DR2 -5.9 16 0.66

KW -85 18 0.43

Table 3.6: Comparison gfp scattering lengths, computed from early potentials models: static
Bryan—Phillips (BP), Dover, Richard and Sainio (DR1,DR2), Kohno and Weise (KW), Bydzovsky,
Mach and Nichitiu (BMN), and from simple or more refined analyses of scattering data.

State Source Ref. Re(asc) (fm)  Zm(asc) (fm)
1S, pot. BP [210] 1.10 —0.72
1S, pot. DR1 [265] 0.62 —0.63
1S, pot. DR2 [265] 0.68 —0.68
1S, pot. KW [265] 0.57 —0.77
38D, pot. BP [210] 0.68 —0.85
38D, pot. DR1 [265] 0.91 —0.57
38D, pot. DR2 [265] 0.98 —0.59
38D, pot. KW [265] 0.92 —0.63
Average pot. BMN [222] 0.82 —0.67
Average Eff.range exp. [275] 0.1 -0.7
Average Eff.range exp. [273] 0.4 —0.6
Average Eff.range exp. [276] 0.6 -0.7
Average Fitscatt. data [277] 0.52 —0.56
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Figure 3.26: The P-wave effective radial potential is the sum of the Coulomb contribution and the
centrifugal term (dotted line). It is supplemented by fipestrong potential (average éf= 0 and

I = 1) shown here for théP, (solid line) and'P; (dashed line) partial-waves. We use the Paris
model, but the effect is largely model-independent, since dominated by pion-exchange. Annihilation
proceeds by tunnelling between the Coulomb attractive tail (magnified in the insert) and the short-
range region. The height and width of the barrier depends dramatically on the quantum numbers.

3.12.3 Isospin mixing
Optical potentials include an isovector part, in particular pion exchange, leading to isospin mixing

in the protonium wave functions at small distances.
The isospin content, as defined in Eq. (3.100), can be recombined into
(3.102)

\I':u1|I:1>—|—uo|I=O>,

e (1) + w(r) (1) — wir)
u(r) +w(r u(r) —w(r
_ , — . 3.103
Ui \/5 Uo \/§ ( )
Assuming an overall normalisation
(3.104)

/ " (o) + fun(r)2) dr =1,

the annihilation width in isospih can be computed as
;= —2/ Tm Vi (r) [ug(r)]? dr . (3.105)
0
This was done by Kaufmann and Pilkhun [147], Richard and Sainio [220], Gutsche et al. [278],

and others. Carbonedit al. [265] have estimated the ratio of the integrated isovector to isoscalar
annihilation widthd™; /' with various potentials. Their results are reproduced in Table 3.5.
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The differences between tlie= 0 and] = 1 components of théP, width can be understood
from Fig. 3.27. The meson exchange potential is attractivé fer0 and repulsive for = 1. So the
tunnelling from the Coulomb attraction to the annihilation region is much easidr$of) than for

I=1.

mV/h? (fm=2)

| | | |
2 ) 10 40
r (fm)

—-0.2

Figure 3.27: Effective radial potential, sum of the Coulomb, centrifugal and strong-interaction con-
tributions, for thel = 0 andI = 1 components of théP, partial wave. The dotted line is obtained
when strong interaction is switched off. The Paris model is used, but the isospin dependence is
largely model-independent, since dominated by one-pion exchange. Note that the Coulomb poten-
tial has also off-diagonal components in this isospin basis.

Remarks are in order:

1. Isospin mixing {n admixture) has no significant impact on the complex energy shift. But very
important effects are predicted for the wave function, and hence for the annihilation properties.

2. The isospin-mixing effects are particularly large for two levels, tHe,State which is pre-
dicted to be an almost pure isoscalar state, andiRe &tate which is dominantly of isovector

character.
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Chapter 4

Antinucleon—nucleon scattering data

In this chapter we highlight the salient features of scattering data. We do not attempt to collect
all pieces of the available experimental information, nor even to list all relevant references in the
bibliography. One can refer for instance to the papers by Timmermans et al. [279], and Pignone
et al. [277], which contain a comprehensive bibliography (we shall comment the corresponding
analyses in Chapter 6). Most pre-LEAR data are reviewed in the 1984 compilation by the High-
Energy Reactions Analysis Group [280]. There have heBnscattering experiments performed

at KEK, BNL, FNAL and CERN. Some results of these experiments will be presented in the next
sections, together with the results of the LEAR experiments. Their technical aspects were described
in Chapter 2.

4.1 Integrated cross-sections

4.1.1 pp cross-sections

Some representative measurements ofgihiéotal, annihilation, elastic, and charge-exchange inte-
grated cross-sections are shown in Fig. 4.1 as a function ¢f theident momentum.
The data are from:

e Total cross-section:
- Experiment PS172 [77,78]. The systematic and statistical errors are added quadratically; in
addition there is an overall normalisation error of 0.7 to 0.9% at highreomenta.
- Experiment PS173 [92,93]. Systematic errors were not quoted separately; the data are from
the p-parameter measurement.
- Hamilton et al. [281] (BNL AGS). The quoted absolute normalisation uncertainty is 1.5%;
the relative difference with the PS172 data [77] is about 3.4%.
- Ganguli et al. [282] (CERN PS). The systematic errors, estimated to 2 mb, have not been
added.
Among the data sets which are not shown one may mention:
- Nakamura et al. [283] (KEK), in agreement with Hamilton et al. [281] data. The relative
difference with the PS172 data [77] is about 4.3%.
- Chaloupka et al. [284] (CERN PS, a bubble chamber experiment), in agreement with Hamil-
ton et al. [281], plus evidence for the S meson.

e Annihilation cross-section:
- Experiment PS173 [90]. The systematic and statistical errors are added quadratically; the
guoted overall normalisation error varied from 2.2 to 4.4%. A correction for annihilation in
all-neutral channels (+3.0%41.1% at 297MeV /c) was applied.

89



90

o (mb)

NUCLEON-ANTINUCLEON INTERACTION

400
350 = %
L ® PS17/2 8488
L A PS17385
L B Hamilton 80
L *  Ganguli 80
300 = +§
L A PS17390
I : O PS2071 96 99
L 5 . O Bizzarri 74
i i Yy % Ganguli 80
250 = A \ O Kalogeropoulos 80
i .S m PS172
L ] \ total A Chaloupka 76
L 4}2& 'k ® Coupland 77
200 = (S .
L - .‘. 0O Alston—Garnjost 75
L M % ) ¢ Hamilton 80
150 | ’ % e
L annihilation Hﬁ A..."&l.*
L L
_ “utny
i §%§$¢ .......llll
100 u iﬁl 50~ 0470 o
i elastic 4 * *
AAAAAAA
L a, .
20 ¢ ’ . r . : .
r ch. exchange
5 0T TTRE 000 DO N00m0 BN 00 6 6 0
O | | ‘ | | | ‘ | | | ‘ | | | OQ? | | | p
0 200 400 600 800 1000
pp (MeV/c)

Figure 4.1: Representatiig total, annihilation, elastic, and charge-exchange cross-section data
versus the incoming antiproton momentum.

- Experiment PS201 [96,97]. The systematic and statistical errors are added quadratically; for
the two sets of data the quoted normalisation errors are 3.2 and 2% respectively.

- Bizzarri et al. [285] (CERN PS, a bubble chamber experiment). The values were extracted
from pd annihilation data, looking for events with even or O prongs (i.e., charged mesons) in
the final state, without corrections for “shadowing” nor charge-exchange events. The contri-
bution of the charge-exchange cross-section was estimated to be about 9%.

- Ganguli et al. [282]. The data were obtained from their total cross-section measurements,
subtracting the interpolated measurements of the elastic and charge-exchange cross-section
from Coupland et al. [286] and Alston-Garnjost et al. [287].

- Kalogeropoulos—Tzanakos [288] (BNL). The values were extracted fidrannihilation
data, looking for events with even or 0 prongs in the final state, without corrections for “shad-
owing” nor charge-exchange events.

Other data exist, but are not shown in the figure:
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- Chaloupka et al. [284];

- Brando et al. [289] (BNL AGS). They measured several points from 308 toM&¥ /¢; the
normalisation is from previous published data;

- Hamilton et al. [281]. They measured several points at closely sgaceanenta in the range

355 to 1066MeV /¢; the measured annihilation cross-sections into charged particles are not
corrected for background from large an@leelastic scattering and neutral interactions in the
veto box.

e Elastic cross-section:

- Experiment PS172 [86]. The integrated elagticcross-sections were estimated by fitting
the differential cross-section data with Legendre Polynomials; the quoted normalisation error
is about 10%.

- Chaloupka et al. [284].

- Coupland et al. [286]. The measurement was obtained from the Eisenhandler et al. [290]
differential cross-section data; the quoted normalisation error is 4%.

e Charge-exchange cross-section:

- Alston-Garnjost et al. [287] (BNL AGS). The quoted systematic error varies from 5% (higher
momenta) to 10% and it is mainly due to the absorption correction.

- Hamilton et al. [291] (BNL AGS). The quoted systematic error varies from 3% (higher
momenta) to 5%. The point to point uncertainty is less than 1%. For the two lowest momentum
points large uncertainties exist in the mean interaction momentum.

Not shown in the figure are the data from Cutts et al. [292], in agreement with the other
measurements, but probably with large systematic errors.

Comments on those integrated cross-sections are in order:

i) The total cross-section shows thé? behaviour, typical of diffraction.

ii) The cross-sections are large. This is due to the long-range interaction. A simple black disk
would be restricted by its own siz&#(h/m.. ¢)? ~120 mb).

iii) The annihilation cross-sectian,,, is larger than the elastic one,;. A black disk would
give comparable,,,,, ando,, a result reminiscent from the Babinet theorem in optics. Again, we
have a combined effect of the strong absorption, and of long-range forces [29]: the latter focuses the
wave function towards the short-distance region where the former act. This is tentatively realized in
optical models with real and imaginary components, and in some boundary-condition models, to be
discussed in the next chapter.

iv) As mentioned in section 3.8, the integrated cross-sections can be reproduced in potential
models provided the annihilation potential is strong enough Wpste- 1 fm. If the range is smaller
one can obtain the correct values at one energy by adjusting the strerifin16f but the energy
dependence of the cross-section will not be reproduced.

V) The charge-exchange cross-section provides the strongest constraint on the strength of the
potential. Sincer., = |77—o — 7;—1|? a dramatic cancellation occurs, and the cross-section is only
due to the tail ofr- andp-exchange. With isovector-exchange only, the two isospin amplitudes would
have opposite signs, and thus add coherently, leading to a charge-exchange cross-section four times
larger than the elastic one! Such a coherence presumably holds for the high partial-waves, which are
dominated by one-pion exchange. To get a small cross-section, one needs an effective cancellation
between thd = 1 and/ = 0 amplitudes in the low partial waves. This reflects that annihilation is
almost isospin blind. This is probably not accidental. As there are many contributions to short-range
annihilation, the equality of the two isospin amplitudes should reflect a kind of symmetry.

vi) Structures have been sometimes seen when scanning the cross-sections as a function of the
incoming energy,/s, and tentatively interpreted & or qgqq type of baryonium. They are not con-
firmed by the most recent measurements. The most famous baryonium candidate was the S(1936),
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searched for with detailed cross-section scans around an ingigeotentum of 50QMeV /c. The
latest experiments did not confirm the original observations (for a review see [293]).

vii) As experiments have been done with unpolarised beams and targets, or with at most a po-
larised target, no information af\o, = 0~ — 0= nor onAct = o1 — o1 exists. If one of these
Ao is large, one could use a polarised proton target to filter one spin component, and possibly get a
polarisedp beam [71].

The low energy data of thpp total and annihilation cross-sections are shown in Fig. 4.2(a).
Figure 4.2(b) shows the behaviour®&. To be noticed, the very fast rise of the annihilation cross-
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Figure 4.2: pp total and annihilation cross-section data (a) and the correspoittingalues (b)
versus the incoming antiproton momentum.

section for momenta smaller than 10V /c. From general principles [294] it was known that the
total reaction cross-section near threshold in a hadronic system with Coulomb attraction should have
exhibited al/v? behaviour,y being the velocity of the incident particle. Figure 4.2(b) shows the
behaviour ofg o: the very low momentum PS201 data indeed show very clearly the breakdown of
the1/v law and the onset of this new regime, and agree with the theoretical expectation [295].

4.1.2 np and pn cross-sections

For obvious experimental reasons, the data are much poorer ihthé sector, corresponding to
pn or np scattering.

Very few data exist in thgn channel, from the pre-LEAR period. They are extracted ffam
measurements with bubble chambers. In Fig. 4.3pthdata from:

- Bizzarri et al. [285] (The values were extracted frpthannihilation data, looking for events with
an odd number of prongs in the final state.)

- Kalogeropoulos-Tzanakos [288] (The same technique was used.)

are compared with thep annihilation cross-section from PS201 [103].
Thenp total and annihilation (no elastic data exist) cross-sections are shown in Fig. 4.4 (a) and
(b) as a function of th@ incident momenta. The data are from:

e Total cross-section:

- Experiment PS201 [100]. The systematic and statistical errors are added quadratically; no
normalisation error is quoted.
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Figure 4.3: Thenp (open points) and thpn (closed points) annihilation cross-sections versus the
incoming antinucleon momentum.

- Armstrong et al. [101]. The totalp cross-section was measured using the transmission
method. Thea were produced bypp charge-exchange reaction on scintillation counters. The
systematic and statistical errors added quadratically in the figure.

e Annihilation cross-section:

- Experiment PS201 [103] The systematic and statistical errors are added quadratically; the
guoted normalisation errors are about 10%.

- Armstrong et al. [101]. The annihilation cross-section was obtained from the total cross-
section by subtracting the elastic cross-section, evaluated using a parametrisation from the
potential model of Ref. [211].

While themp total cross-section data from PS201 and Armstrong et al. are in fair agreement, the more
precise annihilation cross-section data do not agree, and in the low momentum 0@NleV /c)

the PS201 data suggest rather low values. The different behaviour of the data is even more apparent
in Fig. 4.5, where the quantiti¢$o,, andg 0.y, are plotted: while theg o,,,,, data of Armstrong

et al. are consistent with a constant value of abitunb, similar to thepp case, the more precise
PS201 data show a strong decrease at small momentum, and deviate frigf k.

The authors of Ref. [100] were not able to describe both thejrando.; data with an effective-
range-expansion technique. While the fits give good results when applied to either set of data, no
parameters could be found to fit simultaneously the two sets. They interpret this situation as being
due to an anomalous energy behavious gfiip) = oot (Tip) — oann (ip), Which shows a profound
dip in the momentum range 60 to 8:V /c. They tentatively relate this anomaly to the presence
of a near-threshold resonance, and have proposed a new set of measurements of tipp etaste
section at the CERN Antiproton Decelerator [296].

4.1.3 Comparison ofpp and np cross-sections

All available fip cross-section data are compared with the corresponiirdata in Fig. 4.6: in (a)
and (b), thepp total cross-section results are from experiment PS172 [77,78], and the corresponding
np data from experiment PS201 [100] and from Armstrong et al. [101], respectively; in (c) and (d),
thepp annihilation cross-section from experiment PS173 [90] and PS201 [96,97] are compared with
thenp annihilation cross-section data from experiment PS201 [103].

The rough equality of thgp andnp cross-sections, like the smallness of fige— nn cross-
section, hints at the fact that annihilation is almost isospin independent. A closer look at the total
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Figure 4.4: Theaip total (a) and annihilation (b) cross-sectiong, ando,,, versus the incoming
antineutron momentum.
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cross-sections suggests somewhat smaller values faiptieeoss-section, although, in the overlap
region with thepp measurements, the effect seems to be smaller for the PS201 data.

In the case of annihilation data, while there is essentially equality between the Armstrong et al.
np data and thgp data, a strong effect is visible in the low momentum region of the PS201 data,
around 100MeV /c. In this region theip annihilation cross-section is measured to be only 2/3 of
the correspondingp cross-section. It has to be mentioned that data ffemucleus experiments
also suggest that thm annihilation cross-section is appreciably weaker thampthene [297,298].

4.2 pp elastic scattering differential cross-sections

Many precise measurements existed forjtheelastic scattering differential cross-section even be-
fore LEAR entered into operation, but mostly at momenta of abouM@0/c or larger. For this
reason only one experiment (PS173) was proposed at LEAR to meastig thifferential cross-
section, and it was especially designed to measure at incident momenta lower tAdeN600 Also

the experiments PS172 and PS198 prodygedlastic scattering differential cross-section data, but
they were obtained while measuring, with a polarised target, the analysing goweAs a conse-
guence, some of the most precise data are still non-LEAR data.

4.2.1 Shape

Figure 4.7 shows a collection of data from many experiments, extending from the lowest momentum
(181MeV/c) to 1400MeV /c. Almost the entire angular range is covered by each measurement.
The two low-energy data sets are from experiment PS173 [91,92]; &ll287 ¢ they are compared

with the pp data of Batty et al. [299] (open points). The PS173 data ab®B05 ¢ are compared

with the Sakamoto et al. data [300]%14.7 MeV /¢ (open points). The data at 4838V /¢ are from
experiment PS198 [107], as well as the data at8V /¢ [106], which are compared with the data

at 679MeV/c [86] from experiment PS172 (closed points). The data at 790 and@90 ¢ are

from Eisenhandler et al. [290]. Data from Sakamoto et al. and from Eisenhandler et al. exist also at
many other values of the incideptmomentum.

The sharp rise of the cross-section in the forward direction, visible in the data at the two lowest
energies, is due to Coulomb scattering, and will be discussed in the next section.

Even the low energpp data show a strong angular dependence, not present in the pp case. For
comparison, the data at 28vleV /¢ (about50 MeV kinetic energy) are plotted together with the
corresponding pp data at the same energy. The pp data are essentially isotropic, corresponding to
S-wave scattering, while thgp data show a strong P-wave component.

Some insight into the behaviour of the elastic scattering differential cross-section can be obtained
by neglecting the spin and performing a simplified partial wave analysis, as in Ref. [91, 301]. This
analysis is possible only at low energy, where few partial waves are present; in Ref. [91, 301] only
data at incidenp momenta less than 30BleV /c were used. Important results of this analysis are
that

- the S-wave elastic cross-section is suppressgdife absorption coefficient, is about 0.5): on
the contrary, the S-wave inelastic cross-section is close to its geometrical limit;

- the P-wave is large, and is present even at the lowest measured momentvie§{183.

The question whether the relative strength of the P-wave is only due to the suppression of the
S-wave has been discussed in the literature. The general understanding is that one observes a strong
P-wave enhancement, as a direct consequence of the nuclear interaction, and not necessarily related
to the strong S-wave annihilation. For the authors of Ref. [240, 302], the main reason for this en-
hancement is the existence of near-threshold bound or resonance states, due to the strong attractive
nuclear forces between N atd Indeed, switching off the annihilation, the P-wave contribution to
the pp elastic scattering is even larger than in the presence of annihilation. This result was obtained



CHAPTER 4. RESULTS

do
dQ
g : ? O 287 Batty 67 u
C 181 PS173 L C m 287 PS173 H
0 & - 10 & D?uﬁ 10
E . E
s ofe : o
I " v
TE e . 1
1 wr —1
10 E 10 E 10
g | | | ‘ | | | | :\ | | | ‘ | | | | ‘
—1 0 1 —1 0 1
do
dQ
O 505 Sakamoto 82 E o 697 PS198
m 505PS173 L e 679PS172
10 0 & t 10
1 . wﬁ 1 .’f
i~ E $
o o f
—1 —1[
10 b ‘ﬁ]ﬁ 10 & .‘%\é’
& | | | ‘ | | | | :\ | | | ‘ | | | |
—1 0 1 —1 0] 1
do
dQ = E
E 886 PS172 E 990 Eisenhandler 76 g
10 = 10 = 5 10
F g F
r S C
1 E e 1 E E 3 1
: : F ¥
10 'L ; ~S 10 'L & 10
= (] =
b =
C [T R T Coo o b a1y
-1 0 1 -1 0] 1
do _ .
dr
[ 1190 PS172 [ 1201 PS172
10 & 10 & 10
C ° -
L : C :
° ]
] = e ] = : ]
E [ E o
_1r St _1r Y o W _
1 1 1
10 b &N e, MV 10
- T
C [ R T C ?\‘*\ [
—1 0 1 —1 0 1
cos Vem cos Vem

Figure 4.7: pp elastic differential cross-section data in mb/sr

values of the incidentmomentum (from 181 to 14QdeV/c).

97

439 PS198

T \HH@O T \HHH‘
o

O

1089 PS172

O

1400 PS172

N

= 3

O

1
cos Vem

as a functiorost).,, at several



98 NUCLEON-ANTINUCLEON INTERACTION

both using a unitary coupled-channel model, and an optical model. It seems therefore reasonable to
conclude that the P-wave enhancement is a consequence of thedNNangson-exchange potential.

This fact was first emphasised qualitatively by Dalkarov [228], a long time before the appearance of
the LEAR data.

The strong P-wave enhancement at low energy is considered as one of the main results obtained
by the scattering experiments at LEAR. It has also been observed in charge-exchange scattering, as
it will be seen later. Moreover, the annihilation of protonium from P-states is very large, as well as
the P-wave contribution tpp annihilation in flight.

In the higher momentum range (above 8B3:V/c), the shape of the elastic cross-section is
essentially due to diffraction. It is the shadow of the strong absorption of the incoming wave which
is caused by annihilation. Due to isospin factors.X, = +1 for I = 1 and 7.7 = —3 for
I = 0) thew-exchange contribution is partially suppressed infthelastic channelli—q + 77—1).

The situation is different at low momenta, where a strong anti-shrinkage of the forward peak is
observed. This effect is clearly visible in Fig. 4.8, where differential cross-section data at a few
energies are plotted as a function-ef. Parametrising the forward cross-sectioreas(bt) the b-

do :
dt (Y
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Figure 4.8: Thepp elastic differential cross-sectiotv /d¢ as a function of-¢ at four incomingp
momenta between 287 and 99V /c.

values shown in Fig. 4.9 are obtained, which clearly exhibit a strong rise at low energy. This fact
has been interpreted [228] as a consequence of the strong attraction of the longyXangeson-
exchange potential, which pulls tB&N wave function into the annihilation region. The net effect is
that the effective absorption radiigs = 2hcb'/? is larger than the annihilation radius, as defined
in optical potential models (section 3.8). As a consequence, at low energy the forward slope of the
elastic differential cross-section, as well as its energy dependence, are given by the meson-exchange
potential, and th&N scattering is not diffractive [60].

As a final comment, we note that some of the data are not compatible with each other. This is
a known problem, discussed repeatedly in the literature, and sometimes a matter of debate when
it comes to use a data base to extract information on the parameters of the WNomsdels.
Figures 4.11 and 4.10 exhibit two typical situations faced by the community: the first one is “eas-
ily” solved by introducing a renormalisation factor, but the second one (see also [277]) is clearly a
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4.2.2 Extraction of p

In the extreme forward regio¥ ~ 0), the shape of thgp differential cross-section reflects the
interference of the strong amplitudg with the Coulomb oné¢. Since the latter is known, we get
access to the so-calle@g™parameter, which is defined as

p(s) = ReTs/ImTs , (4.)

In Eg. 4.1 it is assumed that only the non-spin flip part of the strong amplitude contributes to the in-
terference with Coulomb amplitude. The strong amplitude is usually parametrised as an exponential

F(t) = 2+ p)exp(bt/2) | (4.2)

whereb, the slope of the diffraction peak, is of the order6fGeV 2 around 60MeV /c, as seen
in Fig. 4.9. The Coulomb amplitude is well known from the literature. A more refined treatment
would require a spin dependence of the strong amplitudes, which can only be provided by a model
or a phase-shift analysis, as stressed, e.g., in Ref. [279, 306].

Usuallyb andp are extracted from a fit to the data. In some cases the fit is also used to estimate
values for the total cross-section.

The results of scattering experiments at CERN, Brookhaven, and FNAL are plotted in Fig. 4.12.
The data are from

- PS172: points at 233 and 2K&V /¢ [79], and 550, 757, and 10MeV /¢ [80].

- PS173: 7 points between 181 and 536V /c [93]; o+t IS also extracted from the data.
- Ashford et al. (BNL): 11 points between 359 and 682V /c [305].

- Cresti et al. (CERN PS): 8 points between 353.3 and 5¥B8/c [304].
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- lwasaki et al. (KEK): 6 points between 430 and 68ZV /¢ [307].
- Jenni et al. (CERN PS): 6 points between 1.174 and 2&07/c [303].

E760 (FNAL): 6 points between 3.70 and 628V /c [132]; o+, fixed.

The point atps = 0 comes from the measurement of fiigatomic 1S state: as explained in Chap-
ter 5, it is given by the ratio of the shift to the width of the protonium 1S level, which numerically
turns out to be smaller thanl.

The rapid change op from about 0 for momenta larger than 20BV /c to less than-1 at
pp = 0 is usually interpreted in terms of the strong P-wave enhancement already mentioned in
Sec. 4.2.1, and S- and P-wave interference effects [308].

As one can see, there is an intriguing structure nead2&0/c. Several authors have computed
the effect of the nearbfp — nn threshold, and concluded it is negligible and could not be responsi-
ble for the structure (see, e.g., Ref. [309]). Others have tried to explain the bump in termsf an
state below threshold (see, e.g., Ref. [310]).

Three remarks however should be made:

i) there is some disagreement between the data;

i) as already pointed out, if there is any spin dependence in the amplitude (and this is likely to
occur), it should be accounted for when extracting
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iii) in Eq.4.1itis assumed th&e 75 andZm 75 have the same&dependence;
iv) the unfolding of the experimental measuring errors or the effects of multiple scattering is a
delicate procedure and the assessment of the systematic errors is not straightforward.

4.3 pp charge-exchange differential cross-section

The charge-exchange reaction is an instructive observatory of the subtle interplay between long-
range Yukawa-type of forces, and the strong short-range absorption [311, 312]. Data were taken at
LEAR, by the PS173, PS199, and PS206 collaborations, and also at BNL and KEK. Very much like
in the pp elastic reaction, the data from the LEAR experiment (PS173) are the data at the lowest
incident momentum.

4.3.1 Shape

Typical data from various experiments are shown in Fig. 4.13, as a functias 6f,,. The data are
from:

- PS173: closed squares at 181, 228, 240, 262, 300, 470, 499, 550 antt¥956. The data are
from the HEPDATA Reaction Data Database [313]: the incident momenta bins differ slightly from
those given in [94];

- Nakamura et al. (KEK): open circles at 392.4, 490.1, 591.2, 689.0, F8&\5 ¢ [314];
- Kohno et al. (CERN PS): open stars at 696V /c [315];

- Colebourne et al. (CERN PS): closed triangles at I3V /¢ [316];

- Banerjee et al. (CERN PS): open squares atM6V /¢ [317];

Bogdanski et al. (CERN PS): open triangles at ¥80/ /¢ [318];

PS199: closed stars at 693eV /¢ [111] and at 546 and 76VleV /¢ [115].

Even at momenta as low ag = 181 MeV /¢, the differential cross-section in Fig. 4.13 exhibits
several structures. This is not surprising. The smallness of the integrated charge-exchange cross-
section is due to a strong cancellation of the low partial waves in the combirfation 7, — 7;—¢.

Then the high partial waves have a more important weight in the charge-exchange than in the other
isospin channels.

The most interesting structure shown by tige— 7in differential cross-section data is the sharp
peak in the forward direction, followed by a dip-bump structure. These features can be seen best in
Fig. 4.14, which shows the recent measurement at LEAR by experiment PS208\&t604 [121].

This experiment has provided at two momenta (601 and ¥262/c) the most precise measure-
ments, extending down to= 0, and has allowed for the first time to measure accurately the shape
of the forward peak. Very much like the forward peak of tfie— pn reaction, this structure is inter-
preted as a manifestation of the nearby pion pole, which must contribute to the scattering amplitude

with the Born term
1, t

3 grNN Pl (4.3)
wheres andt are the Mandelstam variables, agitl ~ 14 is the charged pion nucleon coupling
constant.
Applying the Chew extrapolation method, the PS206 data have been used to gktracthe
value of this fundamental constant has been a matter of debate over the past fifteen years. A reanaly-
sis of theNN data and a whole set of new experiments suggest a valgifof 13.6 [319], about
5% lower than the “standard” value. The valuegdfy is important for our world: if it would be
too small, the deuteron would be unbound and no nuclei would have been formed. If it would be too
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Figure 4.13:pp charge-exchange differential cross-section data in mb/sr as a function®f,, at
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Figure 4.14: Thepp charge-exchange differential cross-section at @Y /cfrom experiment
PS206. Also shown are the measurements from PS173 and Nakamura et al. The curve is a fit to
the PS206 data.

large, there would be no hydrogen-to-helium burning, and our sun would not shine [320]. The possi-
bility to extractg,nn from thepp — fin data was already suggested in 1967 by Phillips [321], and it
was first realised by the Njimegen group, in a global fit of N¢ data base [322]. In Ref. [323,324]

is was shown thag.nn could be extracted with good precision from the data of a single experiment,
in a model independent way by extrapolating the data to the pion pole. Like in the NN case, a “low”
value forg? Was obtained, which has been a matter of concern and discussion [325].

Also interesting is the dip-bump structure in Fig. 4.14, which had already been seen in several
previous experiments, and was known to depend on the energy: sometimes a simple shoulder, and
sometimes a pronounced minimum. In the literature, several explanations of the dip-bump structure
can be found:

i) according to Phillips [210, 321], the second maximum is a typical OPE effect, coming from
a double-spin-flip amplitude;

ii) Shibata [219] ascribes the shape of the charge-exchange differential cross-seetion to
exchange¥ss + V) only; basically it is the same explanation;

i) it turns out that the shape of the cross-section is also sensitive to the absorptive potential
which accounts for the annihilation, and which interferes with the OPE amplitude.

Fits to the PS206 data with-exchange only plus a smooth background [121, 323, 324] are
excellent, as seen in Fig. 4.14. What the background is, it is still an open questiemcBange and
p-exchange surely contribute to it.

4.3.2 Exchange structure from the charge-exchange scattering data

The success of the simple fit described in the previous section to the small angle cross-section data
rises the obvious question "is this all?”, i.e., is annihilation plus OPEP enough to descrisal the
scattering data?

The answer is no. In particular, as will be shown in Chapter 6, with such simple methods there is
no way to reproducel,, data. But even for what concerns the differential cross-section data, overall
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fits of the existing data at different energies seem to indicate the necessity of more structures in the
amplitudes.

The effect of including 2-exchange in the extrapolating function has been checked and the
results presented at the last LEAP conferences [326, 327]. To take into acecarti2zange a-
pole term has been introduced.

Removing ther andp singularities by multiplying the data by — 12 )? (t — u2)?, excellent fits
have been obtained to all the differential cross-section data from PS199 and PS206, at all energies
and in all thet range (up tal.15 GeV), with smooth polynomials im as can be seen in Fig. 4.15.
On the contrary, the fits which had the pion as the only singularity did not give good results for
the higher momenta PS199 data. This result has been interpreted by the authors as direct evidence
for 2r-exchange in thggp — 1oin reaction. The comparison between the fits and the data from
PS199[111,114,115] and PS206 [120,121] is shown in Fig. 4.15.

4.4 NN interaction radii from scattering data

An interesting analysis of thgp cross-sections at low energy was been performed by the Heidelberg
group [219, 328], to describe in a model independent way the various interaction ranges. As shown,
e.g., in Ref. [329], it is possible to derive from the potential in a straightforward way the interaction
ranges. As an example, from the imaginary optical potential which simulates annihilation one can
derive the “annihilation radius”. ¥/ is the strength of the absorption potential (negative), &nd
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the outgoing wave,
P(r,0) = Z(Ql + 1)i' Ry (r) Py(cos 0) , (4.4)

l

in the notation of Ref. [329], then

2
Oann = __/V[/|/lp|2dQ ) (45)
hv

and the annihilation radius, can be defined as
/ Wl[Pr2dr — / Wy |2r2dr (4.6)
0 Tq

Similar expressions can be written for the other interaction ranges, starting from the corresponding
potentials.

The Heidelberg group has fitted the parameters of various potentials to the low energy cross-
section data of PS173 (elastic scattering and charge-exchange). In the context of an optical model,
they have used different potentials, the real part, either a Wood-Saxon or a G-parity transformed
OPE potential, to describe the meson-exchange potential, and an imaginary potential, again a Wood-
Saxon or a Gaussian, to describe the annihilation. Good agreement with the data could be obtained
with all these potentials, although the potentials, as always, could not be uniquely determined. Still,
the interaction ranges evaluated from these various potentials agree remarkably with each other, so
that the determination of these parameters seems really model-independent.

From the fitted parameters, an “annihilation radius” of abdiut was thus derived, as apparent
from Fig. 4.16, which, as an example, shows the density probabitity? (k) and the annihila-
tion probability —W|R;|? (kr)? computed for3 P, at 290MeV /c [219]. The value obtained for

~W IRy (kr)?

0.4

0.2 1.

LA I 2 3 4 5 3 7 ) 9
Figure 4.16: The squared wave functiof?;|? (kr)?> and the annihilation probability
—W|R;1|? (kr)? for 13P;. R, is the radial wave function for th®; state.

r4, aboutl fm, is much larger than the Compton wave-length associated with baryon exchange
(h/2myxc ~ 0.1fm) which originally was proposed to account for annihilation. The size of the
annihilation range has been a matter of debate for many years, as seen in Sec. 3.8.6.

A value of about fm is also consistently derived for the annihilation radius using more elaborate
potentials. Even from the Bonn potential, which uses small Compton wavelength exchanged baryons
to derive the annihilation potential, one obtains consistently an annihilation radius aréurf@30,

331].
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One can conclude that essentially in a model independent way the annihilationradiadout
1fm. This result agrees with a simple picture where

(ra) =2(rp) , (4.7)

with r, the proton (and antiproton) electromagnetic radius.

In the analysis of the Heidelberg group, the range of the real potential consistently turns out to be
roughly twice as large as the annihilation radius, and practically equal to the corresponding range of
the NN potential (essentially OPEP). This result is not surprising, since the G-parity transformation
affects OPEP only slightly, and the cross-section data are not sensitive enough to underline the
difference between the NN and th&N real potential.

As a final remark, it is interesting to remind that the range of the real potentigpfetastic is
markedly smaller than the corresponding rangepfocharge-exchange, hinting at the fact that OPE
dominates this last reaction, while its contribution is partially cancelled in the elastic channel as
already pointed out in Sect. 4.2.1: the charge-exchange potential is therefore the long-range OPEP,
while the elastigp potential is characterised by a medium-range.

4.5 Analysing power ofpp elastic scattering

The analysing powed,,, has been measured at LEAR over most of the angular range by experiment
PS172 [85] at fifteen momenta, ranging from 497 to 15860/ /¢, and the full angular range by
experiment PS198 at 439, 544, and 69@V /¢ [106, 107]. Most of the data are shown in Fig. 4.17.

A few nearby energies have been combined in a single plot. The agreement between the two sets of
experimental data is good.

Some analysing power data were taken at the CERN PS [332], before LEAR entered into oper-
ation, but the error bars are almost an order of magnitude larger, as can be seen in the figure for the
data at 910/eV /¢ (“combined 0.88 and 0.96eV /¢ data”).

Although the trend of the differential cross-section data is reminiscent of a diffractive phe-
nomenon, and can be reproduced by simple optical models like the Frahn—Venter model [333], this
is not the case for the analysing-power data. Ag pattern is reminiscent of diffraction, showing
pronounced minima (sometimes going almost to zero) at the diffraction minima seen in the differ-
ential cross-section, but, as noticed by the authors [85] the analysing power data are not compatible
with the simple optical models, especially in the backward hemisphere. As discussed in Chapter 6,
much more sophisticated models are needed to reproduce these data.

4.6 pp charge-exchange analysing power

No pre-LEAR data existed for the analysing power of ppe— nin charge-exchange channel.

At LEAR, the PS199 experiment measurégl, over most of the angular range at eight incident
p momenta, ranging from 546 to 128%V /c. The complete data set is shown in Fig. 4.18. The
closed points are from Ref. [112, 113]; the open points at 875 andv3%/c are independent
measurements from Refs. [114] and [118], respectively.

The analysing power values do not excee2D%, thus setting limits on the role of spin-orbit
type of forces in this reaction.

At low energy the data exhibit a simple pattern, with a peak in the forward region and another in
the backward region, but as the energy increases, a bump builds up in the central region.

Although some interesting analogies could be drawn betweenghe pn and thepp — fin
data [327], it is fair to say that a simple physical explanation of the observed polarisation signal is
still lacking, even at smatl, where ther-exchange should be the dominating dynamical mechanism.
A possible explanation is that, to first-order Born approximatioexchange does not contribute to
Agn,. Polarisation is contributed by a spin—orﬁitﬁterm generated either by a vector exchange (for
instancep-exchange) or by iterated-exchange.
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Figure 4.17: The analysing powd,, as a function otos .., in thepp elastic channel, at several
incidentp momenta, from 439 to 158deV /c. The data are from experiment PS172 (open and
closed circles), experiment PS198 (open squares) and from Ref. [332] (stars).
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4.7 Two spin correlation data

As byproduct of thed,,, measurement, the PS172 experiment at LEAR obtained $oyng, data
for the pp elastic reaction, mostly in the central angular region [87]. The data were extracted from
the measured polarisation of the scattered proton, by using a Carbon polarimeter, as described in
Chapter 2.

Data were taken at 10 incomiflgmomenta between 679 and 1501eV /c. In Fig. 4.19 they
are plotted as a function @bs ¥..,,. In the figure, the point at 1418eV /c has been shifted (from
cos Ve = —0.295 to cos Iy, = —0.3). The error bars are large, but we note appreciable departures
from Dy,0, = 1, indicating that the spin—spin forces are important.

The depolarisation parametBy,,o,, for thepp — fin reaction has been measured at 8%5/ /¢
[117] and 545VeV /¢ [118]. This measurement was an important part of the PS199 program, and
two relatively long runs were dedicated toi2,,,9,, was obtained from the measured polarisation of
the scattered neutron. The measurement is difficult, and could be performed only in a limited angular
range. The results, shown in Fig. 4.20, clearly indicate @i, is very different from 1, thus
confirming the relevance of the tensor forces in ¥i¢ interaction. The same data are plotted as a
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Figure 4.19:Dy,,0,, data from PS172 as a function afs 9., in the pp elastic channel, at incident
p momenta from 679 to 15QdeV/c.
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function of —¢ in Fig. 4.21. One notices a similar trend 0y,,0,,, @ small negative value (about -0.2)

for —t < 0.2 GeV2. The K00, parameter has also been measured for the charge-exchange reaction
by PS199 at 87%eV /¢ [119]. The measurement was done parasitically ta?pg,, run, detecting

theii in the neutron polarimeter. Since the analysing power ofitheaction is not knowh the data
shown in Fig. 4.22 are presentedaX’, oo, Wherea is an unmeasured proportionality factor, related

to thefip elastic scattering analysing powéy,, by the relationd;, = « ¢ wheregq is the momentum
transfer. The quantity was estimated by PS172 from the measurement of the analysing power of
the pC elastic scattering to be61 7025, a value consistent withiN' potential-model calculations.

The data, plotted as a function @fs 9..,,, are given in( GeV /c)~!

4.8 Strangeness exchange reactions

4.8.1 Total cross sections foAA production

In Refs. [124,130], the\A production is studied very close to the threshold@t= 4m3. The
original motivation of the PS185 experiment was indeed to investigate the behaviour of the cross-
section near threshold, to identify eithefa— so)'/ energy dependence, typical of S-wave, or
(s—s0)3/? given by a P-wave. See, e.g., Kilian’s contribution at Tignes [336]. A gluon intermediate
state associated with scalar diquarks sugge2& alominance, while current pair-creation models
favour®Py. This is discussed in several papers, for instance in Refs. [337,338].

The PS185 data are summarised in Fig. 4.23, as a function of the c.m. excesseeneygy—
2M, whereM is the A mass. There is a sharp rise of the cross section startibglat GeV/c.
Above 1.5 GeV /¢, the measured cross section matches values obtained in earlier experiments, and
listed in Ref. [124].

10 —
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1994 —— +
8 2000 —e— +

i e ﬂ%

4 . t: +Jr

o (pp — AA)in b
&)
|

e (MeV)
Figure 4.23: LEAR data on thgp — AA cross section at very low energy.
A puzzling structure occurred neaiMeV excess energy in the 1989 data. It motivated further

measurements in this threshold region. The data taken in 1994, also shown in Fig. 4.23, seemingly
confirmed the structure near this momenturii48 MeV /c. However more recent studies, reported

1A proposal from the PS199 Collaboration [334,335] to measure the analysing poliyeelafstic scattering by scattering
p on a polarised deuteron target was not accepted.
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for instance at the LEAP98 Conference [339], indicated a smooth behaviour of the cross-section in
this energy range. The final analysis of the low-energy region [340] confirmed this result, as can be
clearly seen in Fig. 4.23.

A view at the cross section of theop — AA reaction in a wider energy range is provided in
Fig. 4.24.
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1450 1500 1550 1600 1650 1700 1750 1800
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Figure 4.24: LEAR data on thep — AA cross section at low energy.

4.8.2 Angular distribution for AA production

The angular distribution foAA production has been measured for several values of the antipro-
ton momentum. Reference [130] displays the differential cross sectipnat= 1476.5 and
1507.5 MeV /c. The results are reproduced in Fig. 4.25. Even at these low values of the excess
energy, the distribution is far from being flat: there is an abundant contribution of P-wave scattering.
This is confirmed in Ref. [124], where, for an excess energy of the ordeMafV or even lower,
there is still a net asymmetry between forward and backward hemisphere in the c.m. frame.

The angular distribution has later been measured at higher energy, in particul@a2@gand
1.771 GeV /¢ [127]. The results are shown in Fig. 4.26. The PS185 often displayed the cross section
as a function ofs andt in plots similar to that of Fig. 4.27. The plot emphasises that the forward
peak does not start at a given angle, but at a particular valué-af~ 0.4 GeV?, or R ~ 1/3 fm).

4.8.3 Polarisation for AA production

The observed decay df or A gives an indication on its polarisation and hence on the polarisation
and spin correlation parameters of fiie— AA reaction.

In Ref. [130], the polarisation is measuredld?6.5 MeV /c. The data are shown in Fig. 4.28.
They include the polarisation df, that of A and an average. There is a fair agreement between
andA polarisations.

A similar comparison has been madepat, = 1507.5MeV/c [130]. See Fig. 4.29. There
is now an better agreement @anand A polarisations. From now on, the data on polarisation will
correspond to an average betweteandA.

There are also data on polarisation at very low energy [124].
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Figure 4.28: Polarisation fakA production ap.;, = 1476.5 MeV /c.
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Figure 4.29: Polarisation fakA production atp,, = 1507.5 MeV /c.



CHAPTER 4. RESULTS 117

Data on polarisation at higher energy, namgly, = 1.546 and 1.691 GeV/c are given in
Ref. [126] and reproduced below in Fig. 4.31. These correspondijngyte= 1.726 and1.771 GeV /¢
[127] are shown in Fig. 4.32. A summary of polarisation data at various energies as a funation of
is given in Fig. 4.30.
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Figure 4.30: Polarisation fgsp — AA at various energies.

The polarisation turns from negative to slightly positive values about at the samakle (-t ~
0.4 GeV?) where the forward peak of the differential cross-section starts to rise.

4.8.4 AA spin correlations

The spin correlation coefficients have been extracted for several values of the momenta. Early data
[126] corresponding t@,, = 1546 and1695 MeV /¢ are shown in Fig. 4.31. The measurements
done atp;,, = 1.726 and1.771 GeV /¢ [127] are displayed in Fig. 4.32. Hefg is the spin-singlet
fraction, introduced in Sect. 3.2. In principlg; > 0, so data showing negative values illustrate how
difficult these measurements are. Similarly a valtlg| > 1 is in principle not allowed.

At selected energies and angles, the correlation coefficients are remarkably large, saturating
the simple unitarity limits, or even exceeding them, due to experimental uncertainties. As seen in
Chapter 3, this implies strong constraints on the amplitudes and restricts drastically the range of
variation of the remaining observables.
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Figure 4.31: Spin observables fop — AA at1546 and1695 MeV /c.
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The polarisation and the spin-correlation parameters have also been measured with high statistics
at1.642 and.918 GeV/c [127]. large values ofC,, | or |C..| are still observed at some angles. At
the highest momentum, there are definitively spin-singlet contributionsFie, 0.

4.8.5 Further spin observables forA A production

The last runs of PS185 were devoted to measurements using a polarised hydrogen target, transverse
to the beam.

The motivation was inspired by Holinde et al. [341, 342], Ellis et al. [215] and others. Both
the K-exchange mechanism of Fig. 3.11 anddkehannel gluon-exchange process of Fig. 3.12 can
accommodate the trend of the data taken on a unpolarised target, in particular the small spin-singlet
fraction. The correlation between initial-state and final-state spin, as measured,byr K,,,,,
could be more selective.

A warning, however, is that existing data on the correlations coefficigptsf taken seriously,
already restrict the domain of variation b%,,, and K,,, [183, 343].

Data with a transversally polarised target remain anyhow extremely interesting, as they allow
several consistency checks. In principle, without limitation on statistics, this would permit recon-
struction of all 6 amplitudes (of course to an overall ph&se)

The last data of PS185 are currently being analysed.

4.8.6 AX, + c.c. production

The first measurement &y +c.c. by the PS185 collaboration was performed.605 GeV /c[125].
The cross section i853 £ 0.35 ub. A Legendre analysis in Ref. [125] shows that the magnitude of
the partial waves, as the angular momentum increases, decreases less rapidlytharéaluction.
The angular distribution is shown in Fig. 4.33.
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Figure 4.33: Angular distribution fak¥ + c.c. production atl.695 GeV /c

Other measurements of th&? A channel have been done at 1726 amdl MeV /c [128]. The
differential cross section is shown in Fig. 4.34. TH&A and AA angular distributions exhibit a

2We thank B. Quinn and K. Paschke of the PS185 collaboration for useful correspondence on this subject.
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Figure 4.34: Angular distribution fak¥ + c.c. production atl.726 and1771 GeV /c.
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similar shape at these energies. A more precise comparison of the two reactions at the same excess
energy is done in Ref. [128]. THe A differential cross-section, as a function o the invariant transfer

t, exhibit a steeper forward peak, with a sldgeefined ad o exp(—b|t|) of about 11 tal4 GeV 2,

as compared tb ~ 8 — 10 GeV 2 for AA.

Some spin parameters have been measured%arproduction [128]. However, thE° polar-
isation spin correlations in the final state and spin-singlet fraction have error bars of the order of 1
and thus are not very meaningful. At most, one can seeRhaends to be larger than in thieA
case, nhamelyy ~ 0.64 + 0.2 when averaged over energies and angles. This suggests that both
spin-triplet and spin-singlet states contribute to the reaction. ATpelarisation is measured more
precisely. The results of [128] are reproduced in Fig. 4.35. As inAthecase, the magnitude is
moderate;+0.3 or smaller.
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Figure 4.35:A polarisation forAYy + c.c. production atl.726 and1771 GeV /c.

The very-low energy behaviour @b —3OA + c.c. is analysed in Ref. [340] and compared to
pp — AA at the same excess energy. Figure 3 of this reference is reproduced in our Fig. 4.36. The
trend is different, showing a larger P to S ratiopimn —-°A + c.c. than inpp — AA.

4.8.7 XX production

A measurement of thgp — X ~XF cross section has been performedi &22 GeV/c and is
presented in Ref. [129]. As mentioned by the authors, this corresponds to an excessceaergy
23 MeV close to the: = 25 MeV of the AA measurement performed B6075 GeV /c, and of the
Y.0A data taken at.726 GeV /c and already presented.

The integrated cross-sections is

0 =3.68 7535703 pb, (4.8)

where the errors are due to statistics and systematics, respectively.
The ratio of cross sections is

o(X7X1)/o(AA) = 0.14 +0.02, 4.9)
ate(AA) = 25 ande(E~ 1) = 23 MeV, while [128]
a(2°A)/a(AA) = 0.29 +0.02, (4.10)
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Figure 4.36: Comparison gfp — AA andpp —X"A + c.c. cross-sections at very small excess
energy above their respective threshold..

at the same = 25 MeV. In a Yukawa picture, this implies a smaller coupling of kaons between a
proton and a: than between a proton andAa A similar observation is made when studying the
parameters required to fit the potential between hyperons and nucleons [344, 345].

The production oE~ X7 is also compared to that & £~ at this antiproton momentupi,, =
1.992 GeV /c. The ratio

o(Z72Y)/o(ET87) = 24130 (90% C.L.) (4.11)

is not very accurately determined and should be considered with care, since the excess energy are

e = 23 ande = 7MeV, respectively. It is consistent with measurements done at higher energy
(see [129] for references).

The differential cross section fof~X+ production ate = 23MeV excess energy is given

in [129]. It is similar to the distribution oAA andX°A ate = 25MeV, but the forward peak is
narrower and sharper. This angular distribution is reproduced in Fig. 4.37.

Some details abodt* X~ production have been given in recent conferences. There is no for-
ward peak. But there seems to be an enhancement in the backward region. The differential cross-

section given in Fig. 4.37, whose absolute normalisation is not determined, should be considered as
preliminary. The results of the final analysis are expected shortly.
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Chapter 5

Protonium and antiprotonic
deuterium

In this Chapter we describe the measurement of X-rays from antiprotonic hydrogen and deuterium
atoms and discuss how the strong-interaction parameters are deduced from the data. Many interest-
ing phenomena are associated with this search, a large number having been observed in the Asterix
experiment. So, instead of introducing these phenomena as abstract concepts, we discuss them as
they show up when presenting results from this experiment.

5.1 PS171: The Asterix experiment

The Asterix experiment was carried out by stopping antiprotons in gasepasrblom temperature
and pressure. A short description of the X-ray detector can be found in Sec. 2.4, a report on the
performance of the full spectrometer in [150].

5.1.1 X-ray spectra withpp annihilation into charged patrticles

Figure 5.1 shows the X-ray spectrum observed in coincidence with two charged particles after stop-
ping 200 MeV /¢ antiprotons. A double-peak structure is seen at low energies while the high-energy
spectrum contains much fewer entries. The low-energy pebk4keV is due to the Balmet: line,
the smaller peak & 1 keV to a convolution of Balmer lines close to the series limit, denoted,as L
Part of the3.1 keV peak is due to argon fluorescence: charged particles (or high-energy X-rays) kick
an electron out of the K shell of an Ar atom. The K shell is then re-populated by emissidgke®a
photon. In a segmented detector the photon may escape the local detector segment and convert else-
where. This contribution can be estimated from the X-ray spectrum observed when there are only
neutral particles in the final state (see Fig. 5.3a below) for which the argon fluorescence contribution
is much smaller.

The large peak in Fig. 5.1 due to the Balmeline is obviously not accompanied by a Lyman-
line of similar strength. The spectrum evidences at the first glance the importance of annihilation
from the 2P levels of protonium atomp atoms in 2P states annihilate instead of radiating Lyman-
a X-rays. A fit to the data [152] shows some (weak) evidence for Lyman radiation with a fractional
intensity of the K, line of (1.0 & 0.4) x 103, compared to a total yield of the Balmer series of
(12 + 2)%. These data are used — together with Eq. (3.73) — to determine an average 2P strong
interaction width of(45 + 18) meV.

The continuous background at higher energies originates from inner bremsstrahlung which is
emitted in the spontaneous acceleration of charged particles in the annihilation process. The emis-
sion of bremsstrahlung quanta can be calculated in the soft-photon approximation [346]. For a final
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Figure 5.1: Energy spectrum of X-rays emitted by protonium atoms annihilation into final states with
two charged particles. The line represents a fit taking into account the Balmer sepiestoins,

a (small) constant background, inner bremsstrahlung (solid line), and contributions from the Lyman
series (dashed curve). The data on the right are multiplied by 20.

state characterized by a partial width'y, the charges); of the outgoing mesons and their four-
momentag;, the differential width for emission of a bremsstrahlung photon (after summation over
all polarizations) can be written as

o _
Al = (H) AW pwLdwdl, (5.1)
with -
qi-q; 2
dWp = — Qi — L 240, 5.2
’ ;;QQ] @R @GR 62

wheref is the four-momentum vectdto, k) of the photon, andi$;, the solid angle element into
which the photon is emitted. The photon energy distribution (5.1) exhibits the expectete-
haviour, and Eq. (5.2) gives the angular correlation between bremsstrahlung and atomic X-rays.

Photons emitted radiatively as part of the atomic cascade lead to a small alignmentppf the
angular momentum states; thus the direction of a primarily produced meson resonance is also cor-
related with the photon direction [347]. But in the subsequent decay of the resonance, this weak
correlation is washed out; angular correlations between, e.g., Balmer X-rays and charged particles
can be neglected.

Equations (5.1,5.2) can be evaluated in the rest system of the two charged particles assuming that
they are pions; contamination by kaons is known to be small. The measured angular distributions
depends on experimental cuts taken into account in the Monte Carlo simulations. In particular, to
identify the X-ray, a minimum angular spacing is required between the direction of a X-ray and that
of the nearest charged particle.

Figure 5.2 (upper panel) shows the angular distributions for X-rays with energies b&tow
(mostly originating from the atomic cascade). The artgle defined with respect to the direction
of the higher-momentum patrticle; the angleis the polar anglep = = for X-rays which are
found in the direction of the total laboratory momentum of the two charged particles. The solid
lines represent an isotropic distribution in the laboratory system. Figure 5.2 (lower panel) shows



CHAPTER 5. PROTONIUM 127

2k E <5 hev
s jz2l < 10 em

E < 5 kev 04 |
|z < 10 cm

E > 5 kev
1z] < 10 e¢m

20 E > 5 kev 20

1 Z.F 121 < 10 cm

cos ¥ @

Figure 5.2: Angular distributions of X-rays originating from the atomic cascade of antiprotonic
hydrogen atom§F < 5keV) and from inner bremsstrahluf@ > 5keV). Histogram: data; solid
line: Monte Carlo simulation.

the angular distributions for X-rays abo#éeV (originating mostly from bremsstrahlung). It was
calculated from the measured particle momenta using formula (5.2) to calculate the direction of the
photon emission. The differential bremsstrahlung-emission width was calculated for each individual
event. After summation over all events, a theoretical bremsstrahlung spectrum is obtained.

The two processes — radiative transitions to lower energy levels with subsequent annihilation and
annihilation with emission of inner bremsstrahlung — lead to the same final state, and interference
effects may occur. They could be particularly disturbing for the Lyman series since in this case
the amplitudes for radiative transitions and for bremsstrahlung are of comparable magnitude. The
phase of the amplitude changes 180° while crossing the resonance position while the phase of
the hadronic transition amplitude remains, at least approximately, constant. Wrong results for the
line centre and width could be obtained when constructive and destructive interferences on the two
sides of the K-line are neglected. This effect could be particularly dangerous in low-statistics
experiments in which the line shape cannot be unambiguously determined from data. In inclusive
protonium experiments, many hadronic final states contribute likely having different, statistically
distributed, hadronic phases. Hence there is a good chance that the superposition of all lines should
result in an undistorted line shape. Only when exclusive final states are selected, interferences are
likely to play a role.

5.1.2 X-ray spectra withpp annihilation into neutral particles only

The contributions from bremsstrahlung and the residual background can be suppressed quantitatively
by two further techniques:

e selectingall-neutral events in which thep atom annihilates into neutral particles with no
associated bremsstrahlung;

e requiring two X-rays in coincidence.

The fraction ofp annihilation in liquid H, into all-neutral final states is given by the ratio of fre-

quenciesf [348]
f(pp — neutral particles)
F(alanninilations) (>0 & 0-4)% (5.3)




128 NUCLEON-ANTINUCLEON INTERACTION

In all-neutral final states (defined by the absence of detected charged particles), a small bremsstrahlung
contribution survives due to events in which two charged particles were produced but escaped detec-
tion. The coincidence requirement (together with an energy cut) displays only those events in which
the atomic cascade reached the 2P level. Only théine is observed and thus the interpretation of

the resulting X-ray spectrum is facilitated.

wp | [ t v o&
f (a)
0 000 oo
L L g
50000F nes ~ go+
g
40 000 ;
E K Lines % 60~
& 30000 [ie}
Scale/100 Lo
L0-
20 000-
10 000+ or Ka
A i L 1 I 1 1 I Al a
0 5 0 15 20 0 5 10 15 20
X -ragy energy (keV) X -roy energy (keV)

Figure 5.3: X-ray spectrum of protonium for events with neutral particles only in the final state. a)
The spectrum shows the Balmer series but the residual background is still too large for an unam-
biguous identification of the Lyman series. b) X-ray spectrum of protonium for all-neutral events for
two coincident X-rays. The energy of the more energetic X-ray is shown. The p8altaeV is

due to the Lymanx line. The line shape theory of Ericson and Hambro is used to fit the data.

Results using 300/eV /c antiprotons were reported in [151]. Figure 5.3a shows the X-ray spec-
trum obtained by stopping05 MeV /c antiprotons and requiring absence of any charged particle in
the final state [153]. The spectrum is dominated by the Balmer series and does not yet allow unam-
biguous conclusions on the presence of the Lyman series. The situation improves when coincidences
between two X-rays are required. In Fig. 5.3b only events are considered with two X-rays observed
in coincidence; the energy of the more energetic X-ray is plotted. The low-energy peak ktV
originates from coincidences of a line belonging to the M series with fre; note the absence of
L. The broad peak at abo8keV stems from coincidences of an L X-ray with g, Kine. The
apparent width of the peak(4 keV) is much broader than the experimental resolutio.¢keV
indicating a sizable broadening due to strong interactions. When a cut is made to select events with
one X-ray in thg6.9 — 10.9) keV energy interval, the energy distribution of the second X-ray shows
contributions from the full Balmer series.

The proper line-shape theory for broad lines (for whitk« ¢ is not satisfied) is by no means
trivial. To first order, the K line-shape should correspond to a Lorentzian distribution. The detec-
tor resolution has to be taken into account. The convolution of a Lorentzian line with a Gaussian
resolution function is called Voigt function

+oo A E —E 2
F(E) = [W CE DL exp{f( 552 ) }dE' (5.4)
When the detection efficiency varies across the line, the Voigtian line shape has to be folded with
it. The numeratod in (5.4) is constant only when the transition matrix element for the radiative
transition does not dependent on energy. This is, however, not the case. Electric dipole transitions
prefer more energetic transitions suggesting than (5.4) is proportional ta£3. However, this
integral would diverge. The situation was analysed by Ericson and Hambro [349] who developed a
line-shape theory for broad lines. From the requirement of probability conservation, they deduced
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that the termA contains an energy dependence

 2-pa+p? B-2\]"
IEH(E) - ﬁ2(2+5)7(4_ﬁ)2(3_ﬁ)2 |:2F1 <57167567 ﬂ+2>:| ) (55)

whereg = (1/4 + E/12.49)~/2 and,F, is the hypergeometric function. In the proximity of
the resonance energdy, the relation/gy (E) = E holds to a good approximation. A description

of results from fitting the data of Fig. 5.3 with different line shape theories can be found in [350].
Eqg. (5.5) gives the best description of the data, with a central energy of the lidg at 8.67 +
0.15keV. The photon energy is shifted to a lower value than expected from @EDs(negative),

the 1S level is shifted to a higher energy K is positive). Thus a final result of

e1s = —AFE;g = —-074+0.15keV,  Ty5=1.60+0.40keV, (5.6)

is obtained.

The yield of Balmer X-rays in all-neutral events(it3 + 2)%. This is surprisingly close to the
value (12 £+ 2)% obtained with charged particles in the final state. Annihilation from S-states into
all-neutral events proceeds dominantly only via tiSg state (annihilation into any number of
andn requires positive’-conjugation) which has a statistical weight of 1/4. In P-wave, annihilation
into all-neutral final states is allowed from spin-triplet states, with a statistical weight of 3/4. In spite
of this statistical argument the probability of the protonium atom to annihilate into all-neutral events
from P-states is only13 + 2)/(12 + 2) times larger from S-states. We deduce

fp(Pp — neutral particles)
fe(allannihilations) (3.9 +£1.0)%. (5.7)

The fraction of all-neutral events in which a,KK-ray is emitted after a Balmer X-ray is detected is
rg = (0.79 + 0.20)%. We may now assume that all-neutral events come only from positive-parity
states. (This is true for the majority of all-neutral events but not for those which contain strange
particles orw-mesons decaying inte®y.) And we assume that the protonium spin is conserved
in radiative transitions, that there are no intercombination lines. Then we can deduce the strong
interaction width of the 2P, level.

The total number of L X-ray followed by annihilation into neutral particle§l&+2)% x (3.9+
1.0)%. The number of K X-ray followed by all-neutral annihilation isx times smaller. This gives

['(2'Py) = 514 18 meV. (5.8)

5.1.3 The cascade time

The Asterix collaboration determined the cascade timppoatoms [154]. For 90 000 events with
four tracks coming from a common vertex, the annihilation point was determined (with a resolution
of £2mm). The data were split into events with vertices in the entrance counter T2 and in the exit
counter T4 and, along the;Harget, into 12 slices of 5 cm length (see Fig. 2.17). For each of these
14 positions, the mean time of the two inner proportional counters was determined.

Fig. 5.4 shows the mean time spent by antiprotons the scintillation counter at the entrance of
the target and their annihilation. The time increases with the distance traveled by antiprotons before
capture, but those stopping immediately after the scintillation counter T2 need

7=(51£0.7)ns (5.9)

more time than those stopping in T2. The cascade time in solids is some ps only, hence the time
differencer corresponds to the time elapsed between capturesimrd annihilation, at normal
pressure and temperature,
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The solid line in Fig. 5.4 is obtained by numerical integration of the Bethe—Bloch formula. The
integration also yields the kinetic energy of antiprotons stopping in front of T4: when they entered
the target they hady;, = 3MeV.

The Obelix experiment [351] performed similar measurements usingas at four different
pressures. They determined the time antiprotons need to reach the downstream end of the target.
Antiprotons stopping in gas need a long time and produce the Gaussian time distribution in Fig. 5.5.
Antiprotons reaching the exit wall may have some residual kinetic energy. These antiprotons traverse
the target at a larger speed and the measured time difference is smaller. These antiprotons produce
the steep rise at short times in Fig. 5.5. The time of flight of antiprotons stopping on the wall
surface is obtained by linear extrapolation to the very latest antiproton annihilation on the wall. The
difference between the Gaussian peak and extrapolated value gives the cascade time. A finite time
resolution gives entries at late times, neglecting it favors cascade times which are too short. Table
5.1 lists the final results.

In liquid Hs, the cascade time is too short to be measured. However, ot tipesystem, the
time can be deduced which elapses from the moment whebdétheas a residual velocity of 0.004 ¢
(where the sum of the measured decay momenta does not yet vanish) to nuclear absorption [352].
This time is an upper limit for the cascade time and, likely, a good estimate for it. It is included in
Table 5.1. For convenience, we summarise the results in Fig. 5.6.

Table 5.1: Cascade time for antiprotons stopping indd measured in the Asterix and Obelix
experiments.

Pressure (mbar) Atom | Cascade time (ns) Reference
LH, ¥7p <5x1073 [352]
STP Dp 51+0.7 [154]

150+ 1 Pp 6.7+ 1.1 [351]
9.8 +0.05 Pp 34.3+24 [351]
5.8 +0.05 Dp 59.9 £ 6.0 [351]
3.440.05 Pp 84.1+10.3 [351]

5.2 PS174: The cold gas experiment

The cold gas experiment used a variabledés density over the range from 10 to 1/8 times STP.
The first results were obtained using antiprotons with momenta oM300/c and a Si(Li) detec-

tor [168]. We discuss here the final results using Si(Li) detectors [169] and two gas-scintillation
proportional detectors (GSPD) [167].

Figure 5.7 shows the low-energy part of the X-ray spectrum of antiprotonic hydrogen and deu-
terium atoms. Contributions from individual lines of the Balmer series are clearly identified. Similar
data were obtained for a wide range of Hensities; they provide valuable information about the
cascade processes which precede the emission of X-ray lines. The intensities are listed in Tables 5.4
and 5.5.

The high-energy part of the X-ray spectrum [169] is shown in Fig. 5.8 for variguddtsi-
ties. There are striking differences between the data sets: at the largest density, only one line is
observed which can be identified with the limit of the Lyman series. At moderate densities a fur-
ther line is seen, the Kline, which becomes the strongest component at the lowest density. Below
atmospheric pressure, background lines from antiprotonic oxygen and carbon show up due to inad-
equate gas tightness. In comparison to thelike, they have narrow widths. The data were fitted
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Figure 5.4: The mean time at which annihilation occurs as a function of the annihilation vertex.
Annihilation immediately after the entrance window is delayed by 5.1 ns compared to annihilation

in the entrance window due to the time which elapsed from capture of an antiproton in gaseous H
and annihilation.

Figure 5.5: Annihilation time distribution of events for which the vertex is reconstructed close to the
exit wall. In-gas annihilation show a (late) Gaussian distribution. Antiprotons with higher velocities

reach the end wall and annihilate early; the latest antiprotons (defined by the linear fit) annihilate on
the wall surface.
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Figure 5.7: X-ray spectrum of protonium and antiprotonic deuterium formed in gas atd=23s
observed in the cold gas experiment by Baker et al. Individual peaks due the the Balmer series are
clearly identified. The detection efficiency falls off rapidly at low energies: thdine at1.74keV

is the strongest line.



134 NUCLEON-ANTINUCLEON INTERACTION

with a polynomial background and a complex of eight lines corresponding,tok, ..., K
transitions. Their relative strengths were taken from the results of cascade calculations (see Section
5.5). The published strong-interaction parameters were obtained with the Voigt function, the use of
the Hambro—Ericson line shape not leading to any significant change [353]. The strong interaction
parameters determined from the five data sets are mutually consistent and give average values of

€18 = —0.75 £ 0.06keV I'is =0.90+£0.18keV , Iop =45+ 10meV .  (5.10)
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Figure 5.8: X-ray spectrum of protonium atoms for different gasdds densities. The line at
11.78 keV is assigned to the Lyman series limit, the lin@ &6 keV observed at low kKldensities to
the K, line.

In parallel to the data with the Si(Li) detectors, the GSPD was also used to detect the X-rays.
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The fit to the results, shown in Fig. 5.9, gives [170]
€15 = —0.73 £ 0.05 keV I'is =1.134+0.09keV . (5.11)
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Figure 5.9: X-ray spectrum of protonium atoms. The lind A8 keV is assigned to the Lyman
series limit, the line a8.66 keV observed at low K densities to the K line.

The Balmer series was not observed because of the need of rather thick windows. Thus no value
was determined fof'sp. A search for the Lyman series ptl atoms was not successful and only
upper limits (95% confidence level) for the yield of K X-rays per stopped antiproton were given:

8 x 10~*and5 x 10~* at 0.25 and 0.92stp, respectively [170].

5.3 PS175 and PS207: The inverse cyclotron experiment
5.3.1 PS175

The high stopping-power of the inverse cyclotron experiment allowed the use of very thin targets or
of very low H, gas densities, where Stark mixing plays only a minor role. Early experiments had to
use a beam with 3001eV /¢ momentum [173]; we show only the final results [174].

Figure 5.10 shows expanded views of a high-statistics run using a target pressure of 3@ mbar H
(top) and B3 (bottom). The comparison of the two spectra evidences a peak at above 8 key, the K
line and a small contribution from K. No sign is seen from argd K-line.

The authors of Ref. [174] tried to extract information on the energy splitting betweés ttaand
1S, ground states. The data are compatible with the assumption that the observed energy-distribution
(after background subtraction) is composed of two lines, but one line is sufficient to fit the data.
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100 L i -

Figure 5.10: X-ray spectrum of protonium (top) andpdfatoms (bottom). The data are collected
using a high-resolution guard-ring protected Si(Li) detector. The low-energy range is shown on the
left, the high-energy range on the right.

More data were recorded than shown here. The K-lines were searched for with two Si(Li) detec-
tors and an X-ray drift chamber. The three sets of data were combined into the final results

15 = —0.727 £ 0.023keV,  Tyg = 1.160 + 0.078 keV . (5.12)

Data with lower statistical significance were recorded at pressures from 16 to 120 mbar. The inten-
sities are listed in Tables 5.4 and 5.5.

5.3.2 PS207

In 1990, it was proposed to combine the cyclotron trap with a high-resolution crystal spectrometer
to study the line splitting and broadening of the 2P hyperfine levefp @ndpd atoms [354]. We
first discuss the results obtained using as X-ray detectors three Charged Coupled Devices (CCD’s)
and not yet the crystal spectrometer. With these detectors, the Balmer series and thenllymean-
of protonium [175, 176] and of antiprotonic deuterium [177] atoms were studied.

Figure 5.11 shows the energy spectrum observed when antiprotons were stopped in the cyclotron
trap operated at 20 mbar of,Ha) and B} (b) gas. The low-energy range demonstrates remarkable
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achievements in technology: individual lines are clearly identified, théding the strongest one.
Even the M series limit is observed, intds a shoulder, in Pas a peak.
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Figure 5.11: X-ray spectrum of protonium (left) apd atoms (right), from experiment PS207.

The high-energy part of the spectrum is contaminated by lines from electronic fluorescence and
from heavier antiprotonic atoms. In addition, there are at least two further sources of background.
One source is present fip andpd data and called ‘standard CCD background’. It contains inner
bremsstrahlung (as discussed in Section 5.1.1) and contributions from other sources. The ‘standard
CCD background’ was assumed in [176] to be the same foahtl D,. The difference of the
spectra for H and D, can, however, not be assigned to the Lyman series. There is an additional
source of background of unknown origin, present only in theddta. This additional background
was assigned to coherent interference between K-lines and bremsstrahlung, and then subtracted
incoherently by the requirement that all three CCD’s gave compatible results on X-ray energies,
widths and yields for the K line series. The correlation of background fit and final result was not
taken into account when the final errors were evaluated.

In Fig. 5.12 we present the energy spectra after background subtraction. The observation of K
lines frompp is obvious. The data are fitted with a single Voigtian function. The results from this fit
and two analogous fits to data from two further CCD’s are displayed in Table 5.2.

Table 5.2: Energy shift and width (in eV) of the 1S widthgd andpd in the three CCD’s and the
final result.

€pp Upp €pd I'pa
CCD1 —(642.6+61.3) 1109.4+211.0 | —(1077 £380) 1496 + 762
CCD2 —(714.4+4+23.8) 1023.3+ 74.6 —(838 £243) 1130 £ 452
CCD3 —(751.7+51.0) 1182.64+176.0 | —(1358 & 98) 541 £+ 205
Final —(712.3 £20.3) 1053.5+ 65.3 | —(1050 +250) 1100 + 750

The authors attempted to split the line into contributions from ortho- and para-protonium even
though the data show no visible shoulder. A free fit with two energies, two widths (folded with
experimental resolution) and two intensities does, indeed, not converge. Hence the authors decided
to guide the fit by subsequentially freezing and releasing parameters. Clearly, the parameter space is
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Figure 5.12: X-ray spectrum of protonium atoms after background subtraction and a fit using a
Voigtian function. The dashed and dotted lines describe possible contributions from the spin triplet
and spin singlet component.

not fully explored. With this warning we quote their result on the hyperfine splitting:

39, e15 = —0.785£0.035keV,  I'jg = 0.940 £ 0.080keV . (5.13)
1S, 15 = —0.440 £0.075keV,  T'jg = 1.200 £ 0.250keV . (5.14)

The intensity ratio of the two hyperfine lines was determined to be
Y (2P — 381)/Y (2P — 'Sy) = 2.75 4+ 0.06.. (5.15)

The evidence for K lines frompd atoms is much weaker (Fig. 5.13b). There are several con-
taminant lines from gas impurities and from the target vessel; in particular the preserig® (Gt®)
line at the proposed Kenergy is very unfortunate. Nevertheless it is possible to subtract the back-
ground contribution in such a way that an excess of events is seen in the region whegditiei&
expected. The results of fits to the three difference spectra listed in Table 5.2 are not fully compati-
ble. A systematic error is introduced to account for the correlation between the results of the fits and
the background subtraction. The final result reads

e = —1.05+£0.25keV, Tis=110£0.75keV, 80< Top < 350meV. (5.16)

We caution the reader that in our view the identification of the observed structure with, thieeK
from pd atoms is not unambiguously established. Also the yiel(Rdf - 1.4) x 103 at a target
pressure of 0.0ZTp seems rather high. Batty, using cascade calculations, estimates the yield to be
lower by one order of magnitude [355].

In parallel to the search for K X-rays, the line profile of the Balmeradiation from antipro-
tonic hydrogen and deuterium atoms was measured with a crystal spectrometer. To combine highest
energy resolution with a sufficient count rate, a Bragg spectrometer was set up, in Johann geometry,
equipped with spherically bent crystals. Three two-dimensional position-sensitive pixel detectors
(CCD’s) were used for X-ray recording.

Fig. 5.14 shows the line profile of 3D to 2P transitions for one of the three detectors. The ex-
pected splitting of the D levels is negligibly small so that only four lines are expected, corresponding
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Figure 5.13: X-ray spectrum @fd atoms before (left) and after (right) background subtraction. The
sum of contamination lines and of a polynomial function is used to subtract the background. right)
X-ray spectrum opd atoms after

to transitions to the 2P,, 23P; 23P,, and 2P, levels. The data opp exhibit a shoulder at the

high energy side. Its relative intensity was determined by a two-component fit to be (0%%, in

good agreement with the statistical population of 8.3% forth, level. This level is expected to
have a large strong-interaction shift. Hence, the high-energy tail is likely &g — 23P tran-
sitions. The main part of the line is attributed to the (unresolved) transitions to the three hyperfine
levels, labeled®P,, 2P, 23P).

The mean energy of the B:(23P,, 2!P,23P)) transitions and the energy of the individual
D—23P, line were determined from a two-component fit to the measured line shape. The energy
profile of the group was constructed from the individual contributions with positions and widths
calculated from QED (see Tab. 3.3) and froviv potential models or using a single (broadened)
Gaussian or Voigtian distribution. Both treatments lead to the same results on strong interaction
parameters for th@ 3P, line. The relative intensities were always fixed to the statistical values.
Under these assumptions the authors derived

€(23P,,2'P1,2°P)) = 44.0 £ 5.8 MeV, T'(2°Py,2'P1,23P;) = 38+ 9MeV, (5.17)
€(2°Pg) = +139 £ 20 MeV , ['(23Pg) = 120 £ 25 MeV . (5.18)

The energy shifts quoted in (5.17,5.18) are of hadronic nature. The determination of the average
hadronic widthl'(23P,, 21 Py, 23P; ) relies on the (very reasonable) assumption that the small split-
tings within the multiplet are known with sufficient precision.

From the intensity ratie’ = K, /L. (See Eq. 3.73) the authors deduce a spin-averaged value

The results on’ and on the direct crystal spectrometer measurement were combined assuming that
I'x < I'(2%Py) ~ T'(2'Py) ~ I'(23P,) yielding:

['(2%Py) = 120 + 25 meV (5.20)
T(2°Py,2'Py,2%P)) = 30.5 + 2.0 meV (5.21)
Iop = 38.0 &£ 2.8 meV. (5.22)

The last value uses our knowledge on the different fine-structure levels and is thus more reliable than
(5.19), and more precise.
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Figure 5.14: Balmer series of protonium atoms. The fine structure compon&pys 2' P; have
common strong interaction shifts and widths, the fine structure comporBgtcan be identified as
individual contribution.

Using the same set up, data were taken also witla®target gas. The splittings within the D
levels were again neglected; hence a line quintuplet is expected. In a first attempt, QED splittings as
given in [259] were used with a common resolution given byftHtNe calibration line. The fit did
not reproduce the data. Much better agreement was obtained when the electromagnetic hyperfine
splittings from [260] (Table 3.3) were used. These splittings are small enough to treat the whole
multiplet as a single line which is fitted with one Voigt profile. Imposing the splittings from [260]
and the hadronic shifts as given by [261] did not effect the final result. A common broadening of all
substates was a free parameter in the fits. The relative intensities of the hyperfine transitions were
frozen to represent a statistical population of the 2P sublevels. The three detectors gave consistent
results; we quote the weighted average as final result for the spin-averaged hadronic shift (negative,
i.e., repulsive) and broadening of the 2P levels of antiprotonic deuterium:

Egp = —243 £+ 26 meV, (523)
Top = 489 + 30 meV. (5.24)

5.4 Summary of results onpp and pd atoms

The results on the strong interaction shift and width given in (5.10,5.11,5.12) and the mean value
from from Table 5.2 are fully compatible even though we believe the errors to be sometimes under-
estimated. We give the linear average of the four measurements with a conservative estimate of the
error:

€1 = —0.730 £ 0.030 ke V , I'is = 1.060 £ 0.080 keV . (5.25)

Using the Trueman formula (3.90), we can relate these values to the complex S-wave scattering
length
as¢ = (0.88 +0.04) — i(0.64 + 0.05) fm. (5.26)

Similarly, we obtain the imaginary part of the P-wave scattering volume:

Ima5® = —(0.77 4 0.06) fm® . (5.27)
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Table 5.3: Strong interaction shifts and widths of antiprotonic hydrogen and deuterium atoms.

Antiprotonic hydrogen atoms
Energy shift Energy width
€18 = —730£30eV TS = 1060 £+ 80eV
€(23P9,2'P1,23P1) = +4.0 £ 5.8meV | ['(23P,,2'P1,23P;) = 30.5 & 2.0meV
€(2°Py) = 4139 4+ 20meV I'(2°Py) = 120 + 25meV
I‘(21P1) = 51 £ 18 meV
Mean 2P level widths
using (3.72) using (3.73)
Iop = 38.0 £ 2.8meV Top = 44 £+ 8meV
S-wave scattering length P-wave scattering volume, imag. part
as® = (0.88 + 0.04) — (0.64 + 0.05) fm Tm a5 = - (0.77 + 0.06)fm>
p-parameter at threshold
p(E =0) = 138 +0.12
Antiprotonic deuterium atoms
Energy shift Energy width
€13 = —1.05+0.25keV Iis = 1.10+0.75 keV
€ap = 243 £ 26 meV Cap = 489 + 30 meV

The ratio of the real to imaginary part of strong-interaction amplitude is read as

p(E=0)= 265 _ 1384012, (5.28)
I'is
In Table 5.3 we summarize the results on strong interaction parameters. They will be compared
to theoretical predictions in Chapter 6.
The experiments gave X-ray yields over a wide range of pressures. These are reproduced in
Tables 5.4 and 5.5.



142 NUCLEON-ANTINUCLEON INTERACTION

Table 5.4: Intensities (in %) of L and K X-rays radiation frgqm atoms for different target densities.

Density L x-ray intensity K x-ray intensity Ref,
pSTP La Lg Liot Ka Ks Kiot

0016 51.9+11.0 92425 70.6+11.6 [173]
0.016  532+93 77424 7194100 [174]
0.03 40.7+85 3.7+13 523489 0.62+0.17 0.91+0.19 [173]
0.03 402450 62+1.3 551456 0.8140.15 [174]
0.06 347475 35415 477480 [173]
0.06 31.9+38 48409 443+4.1 [174]
0120  265+33 52410 38.9+3.7 [174]
0.125  172+6.5 84419 35.7+7.0 [170]
0.25 103422 52406 24.0+24 028+0.08 0.037055  0.52+0.12 [169]
0.25 0.37+0.05 0.0940.04 0.78+0.08 [170]
0.30 95+26 1.6+11 17.8+3.6 [173]
0.92 34408 24403 11.2+1.0 0.104£0.04 0017307  0.36+0.07 [169]
0.92 34408 24403 112410 0.18+0.04 <0.02  0.53+0.06 [170]
1.0 13.04+2.0 0.26+0.14 0.65+0.32 [151]
1.0 55+ 1.5 12.04+2.0  0.10 £ 0.05 0.14+0.06 [152]
2.0 34409 15+02 81+1.0 0.0473:09 < 0.07 0.254+0.17 [169]
4.0 6.0+ 3.0 <0.6 [134]
10 <04 04402 1.6+03 < 0.06 <0.08  025+0.17 [169]
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Table 5.5: Intensities (in %) of L X-ray radiation fropu atoms for different target densities.

Density L X-ray intensity Ref.
PSTP Lo Lg Lot

0.016 53.24+93 7.74+24 71.94+10.0 [174]
0.03 40.2+5.0 6.2+1.3 551456 [174]
0.06 31.9+3.8 4.84+09 443+41 [174]
0.12 26.5+3.3 524+1.0 389+3.7 [174]
0.25 19.0+2.1 29402 291422 [169]

0.92 79409 1.6+01 141+10 [169]
2.0 50+06 1.1+01 9.0+0.7 [169]
4.0 6.0£3.0 [146]
10 1.0+£02 05+01 24403 [169]

5.5 Cascade processes jpp and pd atoms

Most experiments on proton—antiproton annihilation at rest into exclusive final states were carried
out by stopping antiprotons in a liquid hydrogen target. Annihilation at rest takes place from atomic
orbits, when antiprotons with a kinetic energy of a few eV were captured by the Coulomb field of
a proton or deuteron. Thgp system annihilates only from a small number of states with given
guantum numbers which can be determined or at least restricted by using selection rules or by ob-
serving the X-rays emitted in the course of the atomic cascade. The distribution of initial states can
be changed by varying the target density. Hence we have a unique situation where annihilation pro-
cesses can be studied wib initio knowledge of the quantum numbers. In scattering experiments

or in annihilation in flight, several partial-wave amplitudes contribute to the observables.

5.5.1 The capture process

Antiprotons stopping in K or D loose energy in collisions. Their energy loss per unit length is
given by the Bethe—Bloch formula as long as their velocity is larger tharcorresponding t®
energies ofv 25keV. In Hy gas at STP, the range of, e.g., 3 MeV antiprotons is about 75cm; the
antiprotons need 40 ns before they come to rest. Range and energy loss calculated with the Bethe—
Bloch equation are in good agreement with data [154] even though precision experiments reveal a
small difference between energy-loss curves of protons and antiprotons [356].

Below 25 keV thep continues to loose its energy by ionisation until its energy is in the few eV
range. Then it is captured by the Coulomb field of a proton by Auger emission of an electron.

p+Hy — pp(nl) +e” +H (5.29)

The capture process can be followed numerically using the Classical Trajectory Monte Carlo (CTMC)
method. It describes a three-body problem (antiproton, proton and electron) using a classical Hamil-
tonian to derive equations of motion, which are solved for a statistical choice of the so-called micro-
canonical variables. Figure 5.15 shows the simulation of a capture process. The H atom is described
by a classicap + e~ system with a radius corresponding to the first Bohr orbit. Phases and eccen-
tricity are chosen randomly. After ejection of the electron, antiproton and proton are bound in a flat
ellipse, corresponding to a classical radius ofdand to a principal quantum number~ 32.
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Figure 5.15: Simulation of the capture of@bantiproton by a H atom using the Classical Trajectory
Monte Carlo method. The plot shows the respective distances between proton and antiproton and
electron (from [357]).

The cross section for protonium formation rises steeply for very low energies andA¢ 268
D energies below 13.6 eV [358]. Most antiprotons are captured when their energy is below the H
ionisation energy; the principal quantum numiaeis most often between 30 and 50 (sometimes
even larger than 100) and the average orbital angular momehdilnout 20 [358]. Qualitatively, the
preference for protonium capture into high Rydberg states can be understood when the overlap of
electronic and antiprotonic wave functions is considered. Capture will occur with high probability,
when the classical radius of protonium atoms is matched to the size of ground-state hydrogen atoms.
The expectation value of the atomic radius is related &md/ via

) = 2 (o0 — 6+ 1) 530

The “best” choice of the principal quantum number is then in the range

2 9 32
\/ m<nc<—3/2+ -+ = m, (5.31)
Me 4 2me

or 32 < n. < 36. For the angular momentum states after capture, a statistical population seems
plausible. Calculations show that the preferred distributiohhias its maximum at about/2 [359].

5.5.2 Collisions between protonium atoms and Eimolecules
Collisions

Once formed, protonium atoms collide with Ifholecules where they experience large electric fields
inducing transitions from initialn, ¢) protonium states to other levels via dissociation of neighbour-
ing molecules, Auger effect or Stark mixing. They are schematically represented in Fig. 5.16.

Chemical effects
In very high levels (fom > 20), pp atoms de-excite by dissociation of the colliding iolecules:

(f)p)m”&' +Hy, — (pp)nf,ﬁf +H+H,

. (5.32)
Pehem = Nvm (r”h) for 6En1—>nf > A s el = Ef .
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Figure 5.16: Level scheme and atomic cascade of antiprotonic hydrogen.

The rate for this effect is assumed to be given by the classical “size” @itladom and the collision
frequency [140]. A = 4.7 eV is the dissociation energy ofs;Hnolecules,N is the density of
hydrogen atoms, andis the protonium velocity.

Auger effect

Forn ~ 20 the classical radius becomes too small to allow chemical effects to play a significant
role. Yet one of the H atoms of agHnolecule can be ionized and an Auger process can take place.

(Pp)""" + Hy — (pp)" +H+p+e,

160 N, .
Dauger = o —5 (B0Y)° (20E+ 13972 for  §E+1.39>15.2¢V .
& 3 m?

(5.33)

The Auger effect is induced by the electric field seen byfhatom in the collision and is governed

by the same matrix eleme(fz, )2 as radiative de-excitation. But while radiative transitions prefer
large transition energies, Auger transitions occur most frequently with a minimal change in the
principal quantum number. The energy gain is then just sufficient to knock out an electron. As in
radiative transitions, angular momentum changes accordifyg=ol; + 1.

In collisions, peak electric field strengths of typicaHW/A are experienced (for an impact
parameter of 1.5"\) for about 20fs. The electron density integrated over the collision time is
0.1po fs wherepy is the electron density of H atoms-at= 0. Protonium atoms are neutral; hence
they move along straight lines if the is attraction between the two collision partners is neglected.
The path can be calculated using, e.g., the CTMC method [360]. For an impact parlaofdtér,&,
the minimal distance shrinks with increasing principal quantum number of the protonium atom. For
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n = 20, the minimal distance is by a factor 2 smaller than the impact parameter=d5 this effect
is negligible. The straight-line approximation therefore underestimates the effect of the electric field
and in particular the Stark mixing probability.

Stark mixing

Stark mixing of states with different angular momenta is extremely important for the cascpple of
andpd atoms, as first demonstrated by Day, Snow and Sucher [139]. Many transitions between
different nearly mass-degenerate angular momentum states occur in a single collision between a
pp or pd atom and a kl molecule. The electric field induces Stark mixing transitions between
different orbital angular momentum states having the same principal quantum nuntbieice the
direction of the electric field changes during the collision, not only transitions &vith= 0 occur

but also transitions in whickhm = +1. In principle, the theory involves? coupled Schidinger
equations with a time-dependent electric field. Leon and Bethe avoided this difficulty and use instead
a shuffling model which takes into account the net effect of back and forth transitions between

different?. T
20+ 1

20 -1
In a microscopic model, the? coupled differential equation are integrated numerically and transi-
tion rates from any initial staté, ¢) to the other state@:, ¢') are determined.

Fn7€~>n,f+l = Fn,f—»nlfl = WNU,O% (534)

5.5.3 The cascade

The microscopic cascade model of Reif@hier and Klempt [361] begins with an initial popula-

tion p,, , of the protonium levels. All levels can radiate to lower levels or annihilate at any time.
Collisions with different impact parameters may take place with their respective probabilities. Five
different impact parameters are chosen in a way that the electric field strength in a collision reaches a
maximum value ol0~2, 107}, .., 102V/A. The impact parameters corresponding to these field val-
ues and hence the collision frequencies depend.orhese collisions induce external Auger effect

and Stark mixing. For the Figures presented here, the Auger effect was enhanced by a factor 2. This
adjustment leads to a better agreement with data.

The cascade model startsrat= 30 and assumes an initial distribution frand calculates the
depopulation of these states until the residual population of 0.1% is reached. Each X-ray emission
or annihilation from a S or P state is recorded. Thus the X-ray yields, the fraction of S and P state
capture and the cascade time are determined. The X-ray intensities listed in Table 5.4 are shown in
Fig. 5.17 and 5.18 and compared with the calculation.

The cascade gfd atoms is very similar to that of protonium. Cascade calculations concentrated
on the role of S- wave and P-wave capture [361]. The X-ray yields are reproduced in Fig. 5.19.

5.5.4 S-versus P capture

Cascade models predict the density-dependent probability for a protonium atom to annihilate from
an atomic S-state or from a P-state. This is an important issue since the dynamics of the annihilation
process depends on the angular momentum state from which annihilation occurs.

The fraction of S- and P-state capture can be determined using selection rules. For instance,
annihilation at rest int& {K? is allowed from the’S; state, intdK?K? from the state$P, and>Ps.
The number oK’K? andK!K? events found in bubble chambers at BNL and CERN [348]:

787 events pp — KKV,
4 events pp — KUK, (5.35)
show a strong preference for the annihilation iBgK{ and evidence the dominance of S-wave
capture. It was therefore a great surprise when Dewtrad. [141] found an unexpectedly large
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Figure 5.17: L X-ray intensity opp atoms as a function of target density. Left; &nd L intensity;
right: sum of intensities of L-line series. The solid line is from the Mainz cascade model, the dotted
line from Batty [362].

branching ratio for the reactiopp annihilation— 7°7°, forbidden from S-state orbitals. After a
long history of conflicting results, the Crystal Barrel Collaboration found a ratesfop2oduction
of (6.93 & 0.43) 10~* [363] for antiprotons stopping in liquid + fully compatible with the old
findings of Devongt al.[141]. When compared to thet 7~ rate, a P-wave fraction of 45% fip
annihilation at rest in liquid kKl can be derived [364].

This large discrepancy is derived from two rare channels, with frequencies of @B6utfor
pp— w7~ and abou.1% for pp—KUKY?. It reflects the a large coupling tor and a small
coupling to KK from P states. With the measured ratesffpr-=r [156] and to KK [157] from
P-states, the P-state contribution reduces t@0 + 15)%, and there is no more conflict between
the results derived from K and fromn.

In the derivation of the new P-state fraction, the assumption is made that, at the moment of
annihilation, the statistical distribution of the fine-structure leveéts' P;-states for large: is the
same as fon = 2. This assumption is likely not true: in highdevels, Stark mixing of atomic
states is very strong. Thd®, level has a strong interaction width four times larger than the mean
2P width (compare (5.20) and (5.21)). High#y levels can be repopulated after annihilation via
Stark mixing collisions and th&P, levels have a larger chance to contribute to annihilation. There is
practically no Stark mixing for n=2sp atoms in the 2 P fine-structure levels annihilate and*fhe
level is not refilled after annihilation. When this effect is taken into account, the fraction of P-state
capture for antiprotons stopping in liquid hydrogen reduces #8181+ 3.5% to 12 +2% [362,363].

This is a value compatible with most partial-wave analyses. Figure 5.20 shows the fraction of P-state
annihilation as a function of Hdensity.

Batty [362] also determined the fractional contributions of individual hyperfine structure states
to annihilation as a function of the hydrogen density. He found that for any selected channel, the
contributions of individual hyperfine states change by an enhancement fagter Figure 5.21
shows these factors as functions of thedénsity.

We notice a substantial increase of the contribution ofthestate with increasing density. This
increase is responsible for the larg&r® branching ratio. In turn, this large branching ratio is only
compatible with other determinations of the P-state capture rate, when we assign the majgrity of
annihilations into 2° to the3P, and not to thé P, initial state.

The fraction of P-state annihilation ipn annihilations is even more uncertain. From a com-
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Figure 5.18: K X-ray intensity gbp atoms as a function of target density. Left, End Kz intensity;
right: sum of intensities of K-line series. The solid line is from the Mainz cascade model, the dotted
line from Batty [362].

parison ofpp annihilation intor®7 in liquid Hy, and D, the P-state capture fraction in,vas
estimated td22 + 4)% (after a cut on the proton momentum to ensure annihilation on a quasi-free
nucleon) [365]. Batty [355] estimated the P-state annihilation frequency figbannihilations into

7 and into KK and derived a fractioi34 + 4)% P-state capture. From cascade calculations he
estimated this fraction to 40%. In summary, a P-state fraction of 30% for antiprotons stopping in
liquid Hy seems realistic.
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Chapter 6

Phenomenology of the
nucleon—antinucleon interaction

In this chapter, we resume the discussion on the theoretical approach@s itteraction enter-
ing elastic, charge-exchange and strangeness-exchange scattering, and protonium. We focus on the
progress on phenomenological analyses made possible by LEAR data.

6.1 Comparison of scattering data with the predictions of the
early optical models

The basic features of the data, i.e., the shape of integrated cross-sections and the trend of the elastic
and charge-exchange differential distributions, can be reproduced by the simple optical models intro-
duced in Chapter 3, where the meson-exchange part is takeriNhoBtattering, viaG-parity rule,
and supplemented by an energy- and state-independent imaginary absorptive potential, to simulate
the effect of annihilation.

Some representative data are compared with various model calculations in Fig. 6.1— 6.4.

6.1.1 Integrated cross-sections

The data shown in Fig. 6.1 exhibit a smooth behaviour as a function of the incident momentum. In
particular, no narrow resonance emerges! This stems naturally from optical potentials, as illustrated
by the Kohno—Weise model [212]. To maintain the proper annihilation-to-elastic ratio and the small-
ness of the charge-exchange cross-section as energy increases, one needs a wide enough annihilation
core. Otherwise, one has to play with the energy-dependence and non-locality parameters, in more
sophisticated models.

6.1.2 Differential cross-sections

A representative set of data is displayed in Figs. 6.2, for the elastic and charge-exchange cases.

The main trend of the elastic differential cross section is rather well reproduced. Some adjust-
ments are necessary to match exactly the shape of the charge-exchange differential cross-section.
Minor changes in the models change the shoulder shape into a dip-bump structure, or vice-versa.
This effect was pointed out in particular by H. Poth (private communication) and F. Myhrer [60,238,
366]. The changes could consist either in an adjustment gf-theson coupling or an alteration of
the shape of the annihilation potential. We also remark from Fig. 4.15 in Chap. 4, that the angular
distribution of charge-exchange varies from one energy to another. The charge-exchange angular

151
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Figure 6.1: Total, annihilation and charge-exchange cross-sections as a functiop ofdheentum.
The curves are the calculations with the Kohno—Weise model [212].

distribution at 287MeV /¢ poses a more serious problem: no model can account for the ample
decrease of the cross section suggested by the data.

6.1.3 Elastic-scattering analysing power

Thepp — pp analysing-power measurements from experiment PS172 are shown in Fig. 6.3. The
continuous lines are the predictions of the first version of the Paris model [237], to be discussed
in more detail later in this chapter. The dashed line corresponds to the predictions of the Dover—
Richard model [211], also based on theparity transformedN Paris potential, but with a simpler
treatment of absorption.

Comments are in order. It is impressive how the overall trend of the data is predicted by these
models. To obtain a better agreement with the data, it was necessary to tune more extensively the
parameters of the potential, including its non-local terms. The early Paris model [237] was adjusted
to fit pre-LEAR analysing-power data.

6.1.4 Charge-exchange analysing power

The analysing-power parametgy, of the charge-exchange reaction was measured for the first time

at LEAR by experiment PS199. The data are compared in Fig. 6.4 with the model calculations which
were published before the data appeared: the models DR1, DR2 and KW were already introduced
in Chap. 3, as well as the boundary-condition model of Myhrer and Dalkarov, referred to as M;
the label N corresponds to an early analysis of the Nijmegen group, on which more later. The
broad range of predictions comes from this observable being very sensitive to small contributions
to the scattering amplitudes, as already stressed in Secr4$change, which is the dominating
dynamical mechanism, does not contribute to the analysing power at first order).



CHAPTER 6. PHENOMENOLOGY 153

1 E T T T T ¥ L T T E
Ee 3
w0 =
:” (a) 13 5
-2 T
FE E A a)
3 ; : o + 590 Mev/c )
£ ] 2
v | ]
FPiecits: ¢
B Fa d 3 s
Sl b3 :
=1 3
£ E° (b) 3 4
287 MeV/c ]
102 -
§ E 3 1}
c F E
S F ]
~ *e T
8! E +1: ¢
E . = v,
'L £ 4 )
E ° (c) 3
E E
- . 181 MeV/C 3 %
0 ? E 8
2 e
ik -
-4 B T
10 -
E 1 1 1 { A 1 1 1 3
0 20 40 60 80 100 120 140 160 180

[ {degrees)

Figure 6.2: Differential cross-section in the elastic (left) and charge-exchange (right) channels. The
data are from experiment PS173. The figures are from Ref. [219]: the solid line represents a simple
optical model fitted to the data, the dotted line is the earlier Dover—Richard model [211], the dashed
one, the Paris model [237].
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Figure 6.3: Theopp — pp analysing power as measured by PS172 atl5 momenta, compared with the
predictions of the Paris (continuous line) and Dover—Richard (dashed line) models.
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group (N).

Agreement with the data could not be obtained by simply tuning the absorptive part of these sim-
ple optical models; much more refined models are needed to reproduce the data. Even in the case of
the latest Paris potential [367], which describes the short-range potential with thirty parameters (see
Sec. 6.3), the agreement with the data is not perfect. Note that the authors of this model insisted on
having an annihilation potential looking short ranged; as a consequence, they slightly overestimate
the integrated charge-exchange cross-section; so it is not too much a surprise that they also face
difficulties for the spin observables of this reaction.

Note that in their latest analysis, the Nijmegen group was able to produce good fits to these data.
We will come back to this point later.

In Fig. 6.4, the best agreement between the measured data &i€86c and the model calcu-
lations is observed with the boundary-condition model of Myhrer and Dalkarov [228]. As seen in
Fig. 6.5 showing the set of data measured by PS199 below\d@0/ ¢, the agreement remains at
the lowest energies, but only in the forward hemisphere.

6.2 Comparison with coupled-channel models

6.2.1 The Lebedev school

The Lebedev-Institute group, led by I.S. Shapiro, carried out a pioneering work on the coupled-
channel-model (CCM) description &N scattering. A rather comprehensive summary has been
given in Refs. [240, 242], of which one can highlight the following points.

The motivation for a coupled-channel approach stems from a criticism of optical models. Uni-
tarity is not explicitly fulfilled in optical models (though room is left for the annihilation channels
which are integrated out). It is delicate to interpret and handle the non-orthogonal wave functions
generated by optical models. It is even argued in [240] that “the optical model potentials take an-
nihilation into account but do not reproduce the effect of the reappearance of the initial particles,
so that the baryon—antibaryon wave-functions would usually be underestimated”. To our knowl-
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edge, there is no such a criticism for the optical model approach to nuclear reactions, as initiated by
Feshbach [218]. Anyhow, Shapiro in [240] has underlined that the CCM is more consistent.

In practice, the Lebedev group considered a simple CCM with a minimal number of mesons in
the annihilation channels. To have non-relativistic kinematics, it was also assumed that the masses
of the two mesons are equal to thenass.

Besides the coupling which are obtained@®conjugation of theN\N OBEP, two sets of param-
eters must be settled by fitting the data, namely
- the annihilation constant, for each angular momentuén= 0, 1, or 2.

- the cut-off distances,(¢) for the singular OBEP terms, for the differehtat which the NN poten-
tials were put to 0. Depending on the quantum numbers, the valugsvafied between 0.50 and
0.72 fm.

The fitting procedure does not give a unique set of values for the annihilation constaBist
if one retains only the parameters corresponding to a potential well that is not too deep, then the
solution becomes unique. In the fit, only the annihilation cross-section, and the integpatedp
andpp — Tin cross-section data were used.

The fit reproduces quite well the angular dependence ofjphe> pp differential cross-section
at 287 MeV /¢, whose strong angular anisotropy results from an interference between the S- and
P-waves, and the trend of thparameter as a function of tlfEemomentum.

In Ref. [240], the Lebedev group gave a comparison between their results and the experimental
pp scattering and atomic data. Though the agreement is rather encouraging, we should note that:

1. Only the very-low energy region was investigated.

2. The work was limited by presumably poor computing facilities. In particular, the influence of
the mass of effective mesons, of the number of channels which are introduced, etc., was not
studied.

3. Also, the influence of the parameters on the angular distributions has not been examined in
detail. The spin observables were ignored.

Finally, they calculated the spectrum of the near-threshdfdquasi-nuclear levels, finding at
least five near-threshold P-levels, and confirming the theoretical expectation given in earlier papers
by this group.

6.2.2 Liu and Tabakin

Liu and Tabakin have worked out an elaborated coupled-channel descripiidhsifattering [229].
They considered explicitly the ™7~ andK+K~ channels, calculated the angular distribution and
analysing power for these channels, and compared them with the interesting data taken at LEAR [81].

Acceptable fits to the differential cross-section of biSifi scattering and two-meson production
data were obtained, as shown in Fig. 6.6, taken from Ref. [229].

The analysing power was estimated fior — 77~ andK ™K, and for the elastic and charge-
exchang&N channels. See Fig. 6.7, again from Ref. [229]. It is a pity that such a promising model
has never been applied to calculate more spin observables and compare them with the predictions of
optical models.

6.2.3 The Bonn group

The Bonn group (more precisely, the Bonilich group) has achieved an impressive amount of
work onNN physics, over many years.

Their goal was rather ambitious: develop for the short-range region a coherent model which is
consistent with the long-range dynamics. This means describing annihilation in terms of baryon
exchange, with the same baryon—meson coupling as in the Yukawa potential. For the sake of com-
parison, this group also considered some quark-model scenarios.
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A pure hadron picture oNN scattering and annihilation might look at first rather obsolete or
nostalgic of the physics of the 50’s and 60's. On the other hand, it can be viewed as anticipating
"effective theories” designed as an approximation to QCD.

As compared to Liu and Tabakin, the Bonn group has considerably enlarged the set of the two-
meson channels explicitly included: besides the pseudoscalar mespasd K, they considered all
possible contributions of the lowest-mass mesons With = 0+, 17—, 1t+ and2** quantum
numbers for both isospih = 0 andl = 1.

In practice, the Bonn group proceeded by steps, namely [232]:

- model A (BOX) is a mere phenomenological optical model based oG'tharity transformed
of the celebrated BonNN potential,

- model C contains some explicitly-calculated channels, whose strength is artificially enhanced
to account for the missing channels. This leads to a very pronounced spin and isospin depen-
dence.

- model D is presumably more realistic, since it contains contributions of two-meson interme-
diate states made af, 7, p, w, ag, fo, a1, f1, ag, fz, (via N or A exchange) and K, K(via
A or X, ¥* exchange), as shown in Fig. 6.8. These two-body (in case of narrow mesons) or
guasi-two-body (in case of resonances) channels represent only about 30% of the annihilation
which is required to fit the data. The missing part is described by means of a phenomenologi-
cal, state-independent potential,.

M, M, mp mp KK* KK
| | | | | |
_ \ \ \ \ \ \
VNN7>MiMj o e ]
— | N -+ + A + -+ AT, Y
N N N N N N

M, =mn.p,0,18 0,88

Figure 6.8: Bonn model: transition potentials included explicitly in the microscopic annihilation
model.

The formalism developed in Eqgs. (3.58-3.60) should thus be slightly extended. The coupled

equation for theNN scattering amplitudd ¥N—NN and the transition amplitudesB™N—M:M: for
the annihilation in two mesons, which proceeds via baryon exchange, can be written as

TNN—>NN _ VNN—>NN 4 VNN—)NNGNN%NNTNNéNN

)

TNNﬂMlMg _ VNNHMle + VNNHMIMQ GNNHNNTNNHNN ) (6.1)
The NN interactionVNN—NN consists of an elastic and an annihilation part, say,
VNN = Vo) 4 Vi (6.2)
whereV/, is the G-parity transformed of the fuN potential, and
Vs = Z P NN—=MM; MM}, NN—MM; + Vi - (6.3)

j

The diagrams corresponding to the three pieces oNikénteraction are shown in Fig. 6.9.
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Results obtained with the three Bonn models can be seen in Fig. 6.10 to 6.13, for the integrated
cross-sections, angular distributions, and analysing power parameters.

Model C fails almost everywhere in reproducing the data. There is not enough absorption in
this model. In particular, the integrated charge-exchange cross-section is coarsely overestimated, as
apparent in Fig. 6.10. Models A and D reproduce fairly well the differential cross-sections, with the
exception of the charge-exchange data belowM6V /c (Fig. 6.12). For what concerns analysing
power, model A has some success with the elastic channel in the forward hemisphere (Fig, 6.11),
while no model reproduces the charge-exchange data (Fig. 6.13).

6.2.4 The Nijmegen Group

In the last decades, the Nijmegen group concentrated a large effort on the study of RéM dhel

theNN interaction. They started with the construction of semi-phenomenological potentials, with a
meson-exchange tail and an empirical core. Later on, they used their expertise to perform a partial-
wave analysis (PWA) of the scattering data, to be discussed below. The results of the PWA's were
used to improve the potentials, so that there is an interplay between the two approaches.

In analysing the data, they followed a purely statistical approach: the model parameters are
adjusted to the data by comparing the theoretical predictions with the experimental data using a least
squared-fitting procedure. In this procedure, the experimental data are scrutinised and filtered: if
a contribution to they? is too large according to rules which can be found, e.g., in Ref. [368], the
corresponding data point or set of data is rejected.

They end in 1993 with the “NijmegeNN database” [279], which they regard as important as
the coupled-channel model or the PWA they produce simultaneously. More comments on the data
selection will be given in section 6.4, while presenting the PWA. The so-called CC84 Nijmegen
coupled-channels model was constructed in 1984 by P. Timmers et al. [368]. Fitting to the then
available pre-LEAR data resulted in a quite satisfactory fit witfiV; = 1.39. An update of the
model CC84 was made in 1991 [369] (“Nijmegen model CC93"). The results were reported at
LEAP94 [370].

The NN coupled channels are not treated in the isospin basis, but irptheif) basis. This
allows to introduce symmetry-breaking effects due to Coulomb interaction ipptiseannel and to
the mass difference between the neutron and the proton and between the exetfaagead™ .

The NN channels are also coupled to annihilation channels. Those are mimicked by the Ni-
jmegen group by two pairs of fictitious mesons with equal masses, one pair with total mass 1700
MeV /2, and another one with total mass 700eV /c?, in both isospin/ = 0 and/ = 1. See
Ref. [371].

In the neutral case, one ends up with six coupled channels. There are also six coupled channels
for most initial pp partial waves, such dsSy, 'P1, 'D,, 'F3, etc. Due to the tensor force, there are
12 coupled waves for each of tpe states with natural parity’S; + 2Dy, 3Py 4 3F3, 3D3 + 3G,
etc.

The authors use a Sditinger equation with relativistic kinematics in coordinate space. The
interaction is then described by eithef & 6 or a12 x 12 potential matrix, schematically

V= ( pa Voo ) : (6.4)
ann

The2 x 2 (or 4 x 4) sub-matrixVg, can be written as
Vin = Ve + Vum + Vose (6.5)

where forV, denotes the Coulomb potential with relativistic correctidnigy; the magnetic moment
interaction, and/ogg the charge-conjugated Nijmeg@&iNpotential Nijm78 [372]. The diagonal
interaction in the annihilation channels is neglected. The annihilation potéftialconnects the



166 NUCLEON-ANTINUCLEON INTERACTION

NN channels to the two-meson annihilation channels. It is eitflexal matrix or a4 x 8 matrix.
This potential is decomposed as

N - -1 d 1
V.(mn(r) = (VC + Vg 01.09 + VirS1amgr + Vso L.S —) (66)

m2rdr ) 1+ exp(mgr)

The factorm,r is introduced in the tensor component to force its vanishing at the origin. The cut-off
massm, is taken to be the mass of the meson in the channel, eithedh850/c? or 350 MeV /c?.
This annihilation potential depends on the spin structure of the initial state.

For each isospin and for each meson channel five parameters are introduc®ds, Vr , Vso,
andm,. This gives a model with altogethérx 5 = 20 parameters, which can be adjusted to fit the
NN data. The best agreement is found witty N; = 3.5. The conclusion of the authors was that
“although the old Nijmegen soft-core potential Nijm78 is a pretty gdddpotential, it is definitely
not the ultimate potential.”

Extra parameters were thus introduced: the coupling constants pf the:(760), andag(980)
mesons, as well as that of the Pomeron. Varying these parameters within a reasonable range resulted
in an appreciable improvement of the fit. The results shown at the LEAP94 conference at Bled [21]
indicated, indeed, a dramatically lowgf /N, = 1.58, on the 1993 data set) [370]. In Fig. 6.14, the
results of this coupled channel model are compared to the PS199 data on charge-exchange differen-
tial cross-section at 6931eV/c and the analysing power at 63dcV /c. The agreement with the
data is very good.
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Figure 6.14: Charge-exchange differential cross section and analysing power at 693 and 656
MeV /c. The data are from PS199; the curves are from the Nijmegen Coupled-channel model [370].

6.3 Refined optical model: Paris potential

Early fits toNN data, such as these by Bryan and Philipps [210], Dover and Richard [214], or Kohno
and Weise [212] were done by using a short-range potential which is spin and isospin independent,
for simplicity. The spin-isospin dependence of the meson-exchange tail was, however, taken into
account (except sometimes an unjustified neglect of the orbital-mixing compbrent — 1 «—

¢ = J + 1 of the tensor force).
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It was then natural to improve the phenomenological studies by introducing some channel de-
pendence in the annihilation potential. We already mentioned in Chap. 3 the work of Bydzovsky
et al. [222], where the absorptive potential is allowed to be isospin dependent. A step forward was
made by the Paris group in Refs. [237,277,367,373]: in this series of fits, besides some energy de-
pendence, a complete spin dependence (central, spin-spin, spin-orbit and tensor terms) is introduced
in the short-range potential for each isospin state. In particular, the imaginary potential is written in
each isospin state as

gus = =1 d ] Ko(2mr)
r

ImV = |gc(1+ fT1) + gss(1 + fssTL)d1.02 + grSe + 55 L.S =
2m rdr

. (6.7)

whereTy, is the kinetic energy of the antiproton in the target frame, Aidthe modified Bessel
function, whose occurence is inspired by considerations on the box diagram 3.8 of Chap. 3.

The meson-exchange potential is kept for distances largersthaa 0.84 fm. For smaller
distances, it is replaced by a polynomial which matches continuously the external potential at
and whose values at = 0.6 fm is a free parameter in the fit.

The authors display their best fit in each paper. The parameters of the successive versions of
this Paris potential are compared in Tables 6.1 antl 6 QQur reading of Tables 6.1 and 6.2 is that

Table 6.1: Parameters of the imaginary part in the successive versions of the Paris potential [237,
277,367,373]. These are the dimensionless strength fagtasthe slopef! (in MeV~!) of the
energy dependence, for isosgin

Parameten 1982 1991 1994 1999

92 850. 1109. 180.  125.
¢ | -570. -774. 30. -4
¢ 74. 55 8. 35.
9 53. 99. -6 2

1o 0.019 0.011 0.022 0.02(
13 0.015 0.003 0.005 -0.03f

g 660. 548 64. 78,
gs | 474, —299. 11.  20.
gle 4. 7. 7. 12,
gk 23.  126. 9. 5

1 0.019 0.033 0.050 0.033
fas 0.026 0.060 0.058 0.041

several solutions lead to comparable Ig; and that new data tend to promote a solution that was
only ranked second or third on the basis of the previous data set.

In other words, the fit, however precise and interesting, is far from being unique. This is not
too much a surprise. One needs several spin observables, involving complicated polarisation devices
and final-spin measurements, to determine theSuthatrix of spin 1/2—spin 1/2 scattering. In the
NN case, we are unfortunately restricted to polarisation (or analysing power) measurements and to a
meager set of depolarisation data. In short, fitting the data does not determine the detailed spin and
isospin dependence of the core uniquely.

It remains that the very good quality of the fit demonstrates that the LEAR data are compatible
with the long- and medium-range interaction of the Paris model, i.e., with the current understanding

1We are indebted to B. Loiseau for his help in collecting these values
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Table 6.2: Values of the real potentigV,, atr, = 0.6fm, for each isospirf, in the successive
versions of the Paris potential. Those values were free parameters adjusted to fit the data. The
central and spin—spin components are recombined here into a siggtetV — 3Vsg and triplet

Vi = Vo + Vss components, both with a static and an energy-dependent parts,Ve + T3V,

Units are MeV, except’®, dimensionless.

Potentials| 1982 | 1991 | 1994 | 1999
0Va(ry) | —550. | —677. | —1287.] —1014.
(r2) | 123 | 084 | 010 | 0.15
OVa(ry) | —753. | —-796. | ~1936.| —1613.
(rs) | -1.66 | -1.92 | 0.47 | —0.23
OVig(ra) | 749. | 701. | 328. | 151.
(rs) | 377. | 231. | 353. | 195.
(ry) | —1670.| —1037.| —2972.| 358.
b(ry) | —0.15 | 0.075 | —0.44 | 0.07
(r2)
(r2)

-1107.| —1238.| —658. | —291.
-1.80 | -2.42 | -0.44 | -0.27
Wis(re) | —391. | -108. | -341. | -178.
Wi (ro) 104. 183. | -357. | —221.

of the meson-exchange dynamics. For illustration, we reproduce below some figures (Figs. 6.15—
6.20) of the latest paper by the Paris group [367].

The agreement is extremely precise. Even the sharp structure in the elastic differential distri-
bution is well reproduced. In the charge-exchange case, the shape of the angular distribution can
evolve from a shoulder to a more pronounced dip-bump structure by tuning the parameters, as al-
ready stressed. The rise of the analysing power nedt, HH®46 MeV /¢, raises some difficulties,
as in other models. Figure 6.18, for instance, illustrates how an earlier version of the Paris potential
failed in predicting the forwarg@pp — fnin angular distribution. On the other hand, this early Paris
potential was rather successful in predictibg,.., as illustrated in Fig. 6.20.

6.4 Partial wave analysis
6.4.1 Method

The Nijmegen group is the only one to have performed a partial-wave analysis (P\NN) sdatter-
ing including the LEAR data. An earlier attempt was done by Laloum [374], in a restricted energy
range.

For almost 15 years, the Nijmegen group has worked on partial-wave analy$8s déta,
developing rather sophisticated and accurate methods [375-377]. In the early 90’s, they applied
their techniques t@p in exactly the same way as to thé&ilN PWA. An account was presented at
the NAN93 Conference [371]). The final result is published in Ref. [279].

The paper [279] is entitled “phase-shift analysis”, but it is close in spirit to potential models. The
authors, indeed, use a Solinger equation with relativistic kinematics, with a tail potential includ-
ing a refined Coulomb interaction and meson exchanges, and a combination of boundary condition
and optical model to account for annihilation.

The boundary radius is fixed rather preciselykat= 1.3 fm from the width of the diffraction
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peak. In each partial wavk, the long-range potentidf;, for r > R is
Vi = Van + Ve + Vau (6.8)

where the electromagnetic termid and Vyny are defined in Sec. 6.2.4, angy, is the charge-
conjugated NijmegelNN potential, Nijm78 [372].

The boundary condition at= R may be energy dependent. For the uncoupled waves'@ike
Py, ..., and®Py, 3Py, 3Ds, ...), an optical-potential picture is adopted, with a square-well optical
potential forr < R, the short-range potenti&ls being written

Vs = Us — iWs . (6.9)

A slightly more complicated procedure is adopted for the natural-parity partial waves, which are
coupled by tensor forces.

A thorough minimisation, by tuning the parameters in the partial waves, led to a remarkably good
fit to the subset of data which has been selected. As the phase-shifts are unavoidably computed on
the way from the potential to the observables, the authors chose to present their work as a phase-shift
analysis.

6.4.2 Data selection

The Nijmegen group had to face several problems in fitting the data. A large amount of work was
devoted by the authors to collect the existing data, check their internal consistency and select a subset
of data which in their opinion is suitable for the a refined analysis. The Nijmegen group also used
normalisation errors sometimes larger than those given by the experiments. The same has been done
by the Paris group, in their last fits.

A most delicate issue was the construction of the Nijmelandata set, in which some mea-
surements were not included. In the case, the Nijmegen rejected 744 data points, corresponding
to 17% of their final dataset. The detailed description of the criteria applied for data selection can
be found in Ref. [279]. They essentially say that the rejected data are not necessarily “bad” data,
but had to be rejected to allow them to apply statistical methods satisfactorily. The authors applied a
similar practice for analysing proton—proton scattering.

A striking feature of the Nijmegen analysis is that of the final data set only 22% of the data points
comes from LEAR . The Nijmegen group has, however, acknowledged the important contribution
of LEAR for charge-exchange and polarisation. Still, it is a little disappointing, given the unique
potential of LEAR, and the claim that this new facility would have provided much better data than
the previous ones. In particular, no experiment dedicated to precision measuremengpofthg
differential cross section (these data constitute a large fraction of¥héata bases) was performed
at LEAR. The reasons are diverse. The beam allocation to scattering experiments was certainly
not sufficient. Other measurements were given more priority. The decision of CERN to give low
priority to reaction-dynamics studies at LEAR, taken at Cogne at the beginning of the ACOL era
[70], undoubtely discouraged the experimental groups to propose scattering measurements.

6.4.3 Results of the PWA

The results of the Nijmegen PWA on the “accepted” data are really very good. They reached
x?/Ngs = 1.085 for 3646 data points, corresponding Aoy = 3503. The free parameters in-
clude the model parameters (30) and normalisation parameters (113) introduced for the different
measurements.

The experimental data are compared with the PWA results in Figs. 6.21-6.26 reproduced from
Ref. [279].
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Integrated cross sections

In Fig. 6.21 the total cross sections from PS172 and the annihilation cross sections from PS173 (see
Chap. 4 for references) are compared to the cross-sections calculated with the PWA.
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Figure 6.21: Total and annihilation cross-section as a function of the incopningmentum. The
curves are the result of the Nijmegen PWA, the data are from PS172 and PS173.

pp angular distribution

An example of fits to thepp differential cross-section can be seen in Fig. 6.22, where the elastic
differential cross section data gt = 790 MeV /c as measured by Eisenhandler et al. are plotted.
The fit is excellent and reproduces the smooth trend of the data in the full angular range. As already
pointed out in Chapter 4, and underlined also by the Paris group, there are ggvdifiérential
cross-section measurements which are incompatible. Moreover, the quoted errors are often so small
that any smooth fit to the entire dataset unavoidably ends up with a verydrg@he authors
studied the different sets of data coming to the conclusion that the pre-LEAR data by Eisenhandler
et al. are incompatible with the LEAR and KEK experiments; also, they could obtain reasonable
fits to the LEAR data only at the expense of rejecting the data of Eisenhandler et al. and those of
Sakamoto et al. The PS173 data could be reasonably fitted only by rejecting the very forward points,
adding point-to-point systematic errors, and assuming a 5% normalisation error not quoted in the
publications. Also for the PS198 data they had to add point-to-point errors. At the end, they used
the Eisenhandler et al. data, even if with a word of caution. We can only agree with their conclusion
that new dedicated experiments (which were essentially not performed at LEAR) “might shed some
light on this issue”.

pp — nn angular distribution

Thepp — nn differential cross-section data at 698¢V /c from PS199 is compared with the PWA

fit in Fig. 6.23. These experiments are considered by the authors as “one of the most constraining
experiments in the database”. To fit these data, they had to take into account orbital momenta up to
¢ = 10. When this PAW analysis was performed, the PS206 experiment was just approved, and no
good quality data in the dip-bump region were available. Before the PS206 data were published, the
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Figure 6.22: Differential cross section for elastic scattering at ¥86V /c. The data are from
Eisenhandler et al. The curve from the PWA.
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Figure 6.23: Differential cross section for charge-exchange scattering atf6%3 c¢. The data are
from PS199. The curve from the PWA.
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prediction at 60MeV was asket] and the comparison can be seen in Fig. 6.24. The shape is almost
perfect, and the difference in the absolute normalisation between the Nijmegen prediction and the
PS206 final result is within the quoted errors.
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Figure 6.24: Nijmegen private communication: predictions for gphe— tin differential cross-
section, multiplied by 0.955 and 0.975; the data are from PS206.

It was already widely acknowledged (see, for instance, Sec. 6.1.2 and the discussion at the Ar-
champs workshop [378]), that the charge-exchange differential cross sections measurements at very
low energy poses a challenge for every model. The Nijmegen group confirms this conclusion, though
it is phrased differently: they basically wish to reject the PS173 data, which contribute too much to
their 2. They are, however, refrained from doing so completely, because there is no alternative data
available below 3001eV /¢, and they adopt the philosophy that “imperfect data are perhaps better
than no data at all. ”

Analysing power

The Nijmegen PWA could fit very well also thg — pp andpp — ©in analysing power data, as can
be seen in Fig. 6.25 and 6.26.

7 coupling

As the PWA includes explicitly the possibility of exchanging a light particle, the analysis confirms
the one-pion-exchange contribution, with a mass compatible with the measured mass fine
coupling is also an output of the fit. Charge-exchange is particularly sensitive to the pion coupling.
From their analysis oNN data, the Nijmegen group published results for #tN coupling
constant. In 1991, a PWA on the charge-exchange data alone(which included the first PS199 results
of Ref. [111]) lead to a coupling constafift = 0.0751 + 11 [322]. After the publication of all
the PS199 analysing-power data in 1994, and using the full PVi®92lata set, they found? =
0.0732 £ 11.
This result is considered by the authors as evidence for one-pion exchang&/X thieraction,
and evidence for th&'-parity rule.

R.G.E. Timmermans, private communication
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Figure 6.25: Analysing power in elastic scattering at 544, 679, 783, and 886 MeV/c. The data from
the LEAR experiments PS172 and PS198 are compared with the PAW fits.
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Figure 6.26: Analysing power in charge-exchange scattering at 546, 656, 767, and 875 MeV/c. The
data are from the LEAR experiment PS199. The curves are the PWA fits.
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6.4.4 Uniqueness of the solution of the PWA

As stressed in Chap. 3, one needs several spin measurements to determine completely a spin 1/2—spin
1/2 reaction. The Nijmegen PWA was based essentially on angular-distribution and analysing-power
data. The depolarisation data fop have enormous error bars. No accurate spin-transfer or spin-
correlation is available.

As for the fits by the Paris group, one may address the question of the uniqueness of the solution,
due to the lack of data. This is debated in Refs. [379, 380]. Of course, the uniqueness is even
less established for the earlier phase-shift analysis [374], done at a time when available data were
even more scarce. The authors of the Nijmegen PWA have given a detailed answer. Let us quote
them [370]: “A valid question is therefore: Can one do a PWA of fipedata, when there are
essentially no "spin data”? The answer is yes! The proof that it can be done lies in the fact that we
actually produced gp PWA with a very goody? /N;. We have also checked this at length in our pp
PWA's. We convinced ourselves that a pp PWA using only differential cross-section and analysing
power data gives a pretty good solution. Of course, adding spin-transfer and spin-correlation data
was helpful and tightened the error bands. However, most spin-transfer and spin-correlation data in
the pp dataset actually did not give any additional information. ”

Other invocated reasons were the knowledge of the long-range potential,with, ¢ exchange,
and the easy access to powerful computers.

In our opinion, the situation of PWA is comparable to that of optical potentials with detailed spin
and isospin dependence. In this latter case, it was clearly shown (see Tables 6.1, 6.2) that drastically
different parameters lead to comparable fits.

6.5 Strangeness-exchange reactions

The results of the various runs of the PS185 experiment has motivated many phenomenological
studies. We shall give below a brief account of some of the contributions. Clearly, some studies
done independently and simultaneously are a little redundant, but equally valuable. So it is a little
arbitrary to present in more detail one rather that another.

6.5.1 Main features
The most intriguing aspects of the PS185 measurements ppthe AA reactions are

1. the energy dependence of the cross-section immediately after the threshold. It cannot be ac-
commodated by a dominant S-wave. This is an indication for P-waves and even hagimer
tributing very early. This is confirmed by the shape of the angular distribution and the content
of their Legendre analysis. It was even speculated (on the basis of early results which were not
confirmed) that narrow resonances are responsible for this behaviour. Even if the resonance
interpretation is questionable, it remains that there is a specific dynamical mechanism to be
identified, giving rise to the early onset of high partial waves, in spite of the centrifugal barrier.
This mechanism was searched for either in&, exchange process or in a specific topology
of quark diagrams. Is is difficult to distinguish between the two approaches, as pointed out,
e.g., in Ref. [381], where the low-energy behaviour is examined.

2. the AA production occurs practically always in a triplet state, the singlet contribution being
almost completely suppressed. This property was noticed in earlier experiments [382, 383].
The debate on how to reproduce the observed spin correlations focused again on the issue of
kaon-exchange vs. quark dynamics.

It was hoped that measurement of spin transfer from the proton target will be more decisive to
discriminate among the models. The preliminary results are somewhat disappointing, with values
in between the predictions of simple quark models and those of simple kaon-exchange models. The
final analysis of the last runs of PS185 are, however, not yet published.
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6.5.2 Kaon-exchange models

This is the nuclear-physics type of approaclppo— AA. As the exchange of charged mesons such
as7t™ or p* mediates the charge-exchange proggss- in, exchanging a strange meson induces a
transition fromNN to YY, where Y denotes a hyperon. Several groups have studied this mechanism,
sometimes in parallel with quark-model pictures, to be discussed later.

Lebedev Institute study ofpp — AA

In the reviews summarising the work of the Lebedev groupNeh dynamics with the coupled-
channel model (CCM) [240, 242], the last part is dedicated to the modifications done to describe
the reactiorpp — AA near threshold with this CCMAA is introduced as a new channel, with an
explicit diagonal interaction, and a transition potential friSid to AA.

For instance, Carbonell, Protasov and Dalkarov [384] have analysed the very-low energy data
on thepp — AA cross-section, at the time where a near-threshold resonance was suggested by the
data. Their results are reproduced in Fig. 6.27. A resonance is produced¥ith= 1~ in the
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Figure 6.27: Cross-section f@p — AA as measured in early PS185 runs, and analysed by Car-
bonell et al. within the Lebedev model.

3SD; coupled waves. It is remarkable that D-wave contributions are necessary to understand the
data at such low energy above the threshold. This is confirmed in the model-independent analysis of
Ref. [381].

pp — AA analysis by Tabakin et al.

Tabakin and Eisenstein were among the first to develop a formalism to analyge theAA reac-
tion. Their paper [385] contains a comprehensive formalism that was used by other authors.

They studied in some detail the meson-exchange mechanism, includidy &nd K**. They
found that the two latter are particularly important, in contrast to the conclusions by Kohno and
Weise [386], or by LaFrance et al. [387].

They produce predictions for several spin observables, not yet measured at the time of the pa-
per. Their polarisation is obviously too small. However, the large and positive valués,oére
remarkably anticipated.

In a second paper [388], Tabakin et al. concentrated on the region very near threshold. Assuming
only S and P wave (plu¥D; which is coupled td'S;), they were able to determine the contribution
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of these complex amplitudes (up to an overall phase). They found large S-D mixing, and large
differences between the different P-waves, confirming what was implicitly found by other authors.

pp — AA analysis by the Helsinki group

The Helsinki group has made extensive studieSNfdynamics, in particular of annihilation mech-
anisms. In Ref. [389], Niskanen fitted the data with a CCM, using a variant of the Dover—Richard
model forNN and K andK* exchange for the transition. See also the review articles by Green and
Niskanen [390].

Note thatA — A andX — ¥ channels are introduced explicitly. The cross-sections are fitted,
and then predictions are produced for the spin observables. In particular, this model easily accom-
modates a very small spin-singlet fraction. Also the large and positive values of the spin-correlation
coefficientC,,,, were predicted. For the other spin observables, the predictions were not confirmed
by the data.

pp — AA analysis by LaFrance et al.

In a first paper [391], LaFrance et al. sketched a meson-exchange pictureppf-the\A reaction,
and underlined the role of initial- and final-state interaction. In Ref. [387], LaFrance and Loiseau
proposed a more detailed study: they use@hparity transformed Paris potential in the entrance
channel, and a similar meson-exchange potentialfarThe transition is mainly due to K exchange,
as for Kohno and Weise. THe* contribution becomes appreciable only when energy increases.

An interesting result is displayed in Table 1 of this paper: they give predictionsfor- AA
cross-section, which is heavily dominated by its inelastic part.

pp — AA analysis by the Regensburg group

The Regensburg group has studied several asped®Nophysics. We mentioned several times

the Kohno—Weise optical model &N, with applications taNN scattering and specific two-meson
annihilation channels. Concernifig — AA, Ref. [386] stressed the importance of initial and final

state distortion for obtaining realistic transition rates. In Ref. [392], Kohno and Weise found a good
agreement with the data using K-exchange only, without neel faor higher resonances. Again,

it seems difficult to distinguish K-exchange from simple quark dynamics on the basis-of AA

only. Itis argued, however, that a systematic measurement of strangeness-exchange reactions should
allow one to make a choice. See also, Ref. [393].

pp — AA analysis by the Bonn group

The Bonn group has published several interesting papers on strangeness-exchange reactions.

In Ref. [394], Haidenbauer et al. developed a meson-exchange model, a natural extension of their
work for NN. They stressed the role of the coherent superposition of Ki&neixchanges, building
a strong tensor forces, that naturally leads to a dominance of triplet states. Their conclusion is thus
somewhat intermediate between Kohno et al., LaFrance et al., who are satisfied with K exchange,
and Tabakin et al, who call for even higher kaon resonari€&s) (in the¢-channel.

The articles [341,342] were rather influential for the last measurements at LEAR. It is pointed out
that the depolarisation parameiey,,, is predicted to be positive in simple quark model and negative
in their meson-exchange picture, so that its measurement, made possible by scattering antiprotons
off a polarised target, could distinguish between the two mechanisms. Their figure is reproduced
below, in Fig. 6.28. More details are provided in Ref. [342], where all measured or measurable spin
observables are considered at several energies.

In Ref. [395, 396], the study is extended to other hyperon—antihyperon channels. The data on
pp —XA + c.c. are rather well reproduced, as illustrated in Fig. 6.29.
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Figure 6.28: Polarisation and depolarisation parametepfor— AA as predicted by the Bonn
group [341]. The solid curve corresponds to a meson-exchange picture (the dashed one to a variant),
while the dashed-dotted and dotted curves are obtained from simple quark-gluon models.

An interesting result is that thpp —X+ X~ reaction, which requires exotic states in fts
channel, is not very much suppressed as compargg to ¥~ X+ which can proceed via a single
kaon exchange. But this later mechanism is not too much effective in their model, becapEé the
coupling is small. Then botpp —X7X~ andpp —X~ =1 get dominant contributions fromA
intermediate states, and thus tend to be of the same order of magnitude.

A further extension tpp —Z== is proposed in Ref. [397]. This, of course, would require energies
which were not accessible at LEAR.

pp — AA analysis by the Nijmegen group

The Nijmegen group has extended its studyNo¥ to strangeness-exchange, again insisting on the
low value of theiry?, which reflects, indeed, a good agreement with the data [398—400].

The transition is described in terms of kaon exchange. It is found that the data allow one to
recover the mass of the kaon(K) = 480+ 60 MeV /c?, to be compared to the experimental value
493.7. TheANK coupling constant at the pole is fourfdy, = 0.071 £ 0.007. This value is in
agreement with the valug ;. = 0.0734 used in the recent soft-core Nijmegen hyperon-nucleon
potential [344]. Note, however, that these hyperon—nucleon potentials are regularly updated; see, for
instance, Ref. [345].

When presenting thejsp — AA results at a Conference [400], the Nijmegen group provided a
number of comments:

- Itis underlined that accurate data for the reactipms—>°A + c.c. could give access to the
YNK coupling constant, and thus to the SU(3) ratie= F'/(F + D).

- They obviously favour meson-exchange, with a well-defined formalism and well-determined
coupling, as compared to quark models, whose low-energy limit is not very much under control.
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- They again overestimate the power of their fitting technology, and do not encourage per-
forming further experiments. To quote Ref. [400]: “It is absolutely not necessary to measure the
spin transfer to distinguish between the K(494)- &1¢892)-exchange picture and a simple quark-
gluon-exchange picture. This distinction has already been made using our PWA as a tool and using
just the differential cross sections and polarisations.”

We do not share this opinion: two observables are not sufficient to fix six complex amplitudes.

- The dominance of triplet states is explained by the crucial role of tensor forces, which act in

triplet and vanish for singlet states.

6.5.3 Quark models forpp — YY

In simple constituent models, the ud pair ildyperon has spin 0 and isospin 0, and the quantum
numbers of the\ are carried by the strange quark s. Thus measuring haw gair is produced
indicates in which state ars gair of quark is created out of the available energy. TRg model
has been developed to describe the strong decay of meson and baryon resonances. In this model,
which is reviewed in [401], a@pair is created with vacuum quantum numbers. On the other hand,
a3S; configuration would correspond to the quantum numbers of the gluon. The question of the
guantum numbers of theqgpair also arises in baryon and meson decay, multiparticle production,
hadronisation, etc.

This is perhaps too naive a point of view to believe thaicgeation contributes in a single
partial wave. However, given the intricate and non-perturbative nature of QCD, one should look at
opportunities to extract some simple signals from the background [402].

Rubinstein and Snellman

This paper [402] contains considerations on the relative rates for the various proton—antiproton to
baryon—antibaryon reactions, as a function of the assured ; partial wave for the annihilating
gq pair and the created pair.

Kroll and Schweiger

In Ref. [403], thepp — YY reactions are analysed in a diquark model already used by the authors,
or others, in different contexts. A diquark—antidiquark mechanism supplements the quark—antiquark
annihilation of Fig. 3.12 of Chap. 3. This provides in particular transitions fsprto X~ and to

=Z. High-energy data are well reproduced in this model. To our knowledge, it has not been adapted
to the PS185 energy-range.

pp — AA analysis by the Genz and Tatur

In Refs. [404, 405], Genz and collaborators analysed various reactions yhesetransformed

into an antibaryon—baryon pair. Reduced cross-sections (with phase-space factors removed) can be
compared with various assumptions for the quantum numbers afithe ss transition. Assuming

gluon quantum numbergg,) leads to a good agreement with most data.

pp — AA analysis by the CERN-Seattle group

Mary Alberg, with varying but always eminent collaborators, showed a persistent interest in these
strangeness-exchange reactions. She also gave several enlightening talks at Conferences, in particu-
lar at LEAP98 [47] and LEAP2000 [48].

In Ref. [406], in collaboration with W. Weise, the problem of the spin-singlet fraction is ad-
dressed. A rather natural cancellation of pseudo-scalar intermediate statés.() is found in
a generalisation of the Nambu—Jona-Lassinio model. It remains to extend this idea to spin-singlet
states with higheE. (*P, etc.).
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In an interesting note [338], Alberg at al. discuss the respective merits éPthand®S; models
of quark-pair creation or annihilation, following a debate initiated by Burkardt and Dillig [337].
They underline the role of initial and final state interaction, and suggest a superposition of both
mechanisms to fit the data.

In an often-cited paper [215], Alberg et al. suggested an alternative to kaon exchasige or
creation followingqg annihilation: strangeness exchange is achieved by “extracting? pair out
of the sea of the proton (or antiproton). See Figs. 3.12 and 3.13 in Chap. 3. As this sea is likely to
be polarised, from the analysis of the proton structure functions, very specific effects on the spin-
transfer observables are predicted, in particulabgp.

This investigatory paper did not account for the corrections due to initial or final state interaction,
and also ignored that the allowed range 19y, is already bound from the existing data on the
correlations coefficients [183, 343]. It had, however, the great merit to trigger the interest on this
development of the PS185 experiment.

Their model predicted,,,, < 0, while conventional quark models tend to predigt, > 0.
Meson-exchange models predict alBg,, < 0. Preliminary experimental results, displayed in
Fig. 6.32 below, giveD,,,, ~ 0. Remember that1 < D,,, < 1, and thatD,,,, = 1 in absence of
any spin-dependent force.

pp — AA analysis by the Tubingen group

In Ref. [407], Furui and Faessler also considet®g vs. 3S; model for creating or annihilating a
quark—antiquark pair. They pointed out that the former can digest a change of angular momentum
when going fromiNN to AA, mimicking a kind of tensor force. They concluded thRy is favoured.

The paper considered an alternative mechanism witK,K**(J” = 2%*) exchange. They
found that the quark model wittP, differs very little from a Yukawa model with K ank*.

The authors made an interesting comparison betwedi — vs. 7+ 7~ final states, oE~X T vs.
A~ ATT final states, concluding — within the assumed mechanism —akeagation is significantly
suppressed. This is a hot subject, as we shall see when reviewing annihilation. For instance, when
one starts from a perfectly unbiased initial state and with enough phase-space, one observes almost
perfect SU(3) symmetry, as seen from the decay/@finto various baryon—antibaryon pairs.

Note that the authors predict (in their Fig. 7) the values of the spin-correlation coefficient in their
favourite model. We reproduce their curves below, in Fig. 6.30.

s-channel picture of pp — AA

An improved quark model approach was proposed by Roberts [227]. Instead of naive diagrams with
gq annihilated andsscreated, he introduced fully-interacting four-quark states as intermediate states.
Tuning the parameters gives a very good agreement with the data, as seen in Fig. 6.31 below. This
approach can easily be extended to other hyperon—antihyperon channels.

6.5.4 Impact of further observables

At the Venice Conference [48], the PS185 collaboration presented some preliminary results [408] on
the spin tranfer observablés,,, andK,,,,, and even some rank-3 observables. The analysing power
A, (left-right production asymmetry) is shown to differ somehow from the final-state polarisation
P,. Correlations have been measured, and found consistent with previous data.

An updated version of the plot ot ,,,, and D,,,, shown at Venice [408] is given in Fig. 6.32
below. The data are just in between the quark-model and the kaon-exchange predictions, leading the
author to a somewhat pessimistic conclusion: “This demonstrates that the dynamics of strangeness
production are not well understood”.
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Figure 6.30: Spin correlations coefficients fgr — AA at 1.5 GeV /¢, as predicted by Furui and
Faessler in Ref. [407].

6.6 Protonium and low energypN scatering

6.6.1 p parameter

There have been several discussions abouyt{erameter, the real-to-imaginary ratio of the forward
scattering amplitude. If one takes seriously the nominal value published by different experimental
groups, and the point at zero-energy deduced from protonium measurement, one observes a puzzling
structure. See Fig. 4.12.

The authors of the Nijmegen PWA insisted on the difficulty in extracting gkhpsrrameter from
the raw data, and the underestimation of systematic errors. A comparison of the LEAR data with the
values ofp calculated with their PWA is given in Fig. 6.33, taken from Ref. [279].

6.6.2 pp annihilation at low energy

Cross sections at very low energies are used to extract scattering lengths. The annihilation cross
section has been measured down toM4V /c [96, 97, 409]. At these low momenta interference
with the Coulomb forces become important [410], and the cross section does no longer scale with
the relative velocity but rather with the squared velocity [411].

A first fit to low-energy scattering data using (3.96) was performed in Ref. [295]. Later, more
experimental points were added, leading to the fit of Ref. [412] which is presented in Fig. 6.34. The
fit returned thepp S-wave scattering length as

Imay® = —[0.69 £ 0.01(stah + 0.03(sy9)] fm, (6.10)

in excellent agreement with the protonium result given in (5.26). The fit also yielded the P-wave
scattering volume
Tmai® = —[0.75 + 0.05(stah + 0.04(sys)] fm? (6.11)
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Figure 6.31: Spin parameters fop — AA, as predicted by Roberts in Ref. [227].
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at LEAR, compared to a kaon-exchange and a quark-model prediction [342].
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Figure 6.34: The totgbp annihilation cross section multiplied by the square of the incoming beam
velocity. Data are from [96]&), [409] (@), and [97] &). The error bars represent the sum of the
statistical and systematic errors. Not included is an overall normalization error (3.4% for [96, 409]
and 2.5% for [97] ). The theoretical curves are the result of a fit. The full line is the total annihilation
cross section, the dashed line represents the S-wave contribution.

which is also in very good agreement with the results from the protonium atom (5.27). The system-
atic errors in (6.10) or (6.11) come from normalisation uncertainties.

The results obtained from the annihilation cross section at low momenta obviously extrapolate
very well to the strong interaction widths of protonium levels. This beautiful agreement gives credit
to both types of measurement and to the theoretical frame within which the data were analysed.
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6.6.3 pd annihilation at low energy

The strong interaction shift and width of the 1S level of fldeatom [177] are of the same order of
magnitude as those of tigp atom. The errors in the scattering lengths one can deduce from these
numbers are rather large and a comparison with data on the low-gpeegnihilation cross section

is not very enlightening.

The authors of Ref. [412] adopted a different strategy. They fixed the real part of the S-wave
scattering ampltude (to which the annihilation cross section is not sensitive) to the 1S level shift and
the P-wave parameters to the average 2P level width (which are fairly precise). Then they performed
a fit to the annihilation cross section data with the imaginary part of the S-wave scattering length
as only parameter. Their fit and the corresponding scattering data are shown in Fig. 6.35. The fit
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Pa(MeV/c)
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Figure 6.35: The totgbd annihilation cross section multiplied by the square of the incoming beam
velocity. Data are from [274]. The theoretical curves are the result of a fit. The full line is the total
annihilation cross section, the dashed line represents the S-wave contribution, the dotted one, the
P-wave contribution.

provided the imaginary part of the scattering length:
Tmai(pd) = —[0.62 £ 0.02(stap + 0.05(sy9))fm . (6.12)

The imaginary part of thap (or equivalentlypn) scattering length was determined fram annihi-
lation data [274]. The authors quote

Imaf(ap) = —[0.83 £ 0.07(staf]fm . (6.13)

Within a naive geometrical approach to annihilation, one could expect the imaginary part of the
pd scattering length (6.12) to be approximately equal to the sum ofithé.13) andpp (6.10)
contributions:

Imag’ (pd) =~ Zmag’ (pn) + Zmag (Pp) - (6.14)

The results show that this view is too naive: the three-body problem has to be faced properly. As we
shall see, the Faddeev approach resolves this apparent discrepancy.

6.7 Strong interaction effects in protonium

The effects of strong interactions on the energy levels of protonium atoms were predicted long
before protonium spectroscopy was accessible to measurement. A detailed comparison of potential-
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model calculations with experimental results will be made shortly. We first discuss qualitatively the
physical significance of the LEAR data using very simple models.

6.7.1 The 1S upwards shift

The 1S ground-state level is shifted upwards by about 0.73 keV, i.e., experiences a repulsive energy-
shift due to strong interacions. This is surprising: the nuclear forces between proton and antiproton

are attractive and one may expect additional binding. There are two simple explanations of this

phenomenon:

1. We have seen in Chap. 3 that with a superposition of a Coulomb and short-range potential,
when the latter supports a bound state, the atomic “1S” state, in the keV range, is in fact a radial
excitation of the nuclear bound state. The node generates extra kinetic energy, and thus the energy is
shifted upwards with respect to a pure Coulomb state. In other words, the observation of a positive
value of AE;g may be the consequence of the strong binding force of nuclear interactions leading
to nuclear bound states with zero orbital angular momentum\gigland3S; quantum numbers!

2. A more conservative interpretation focusses on the annihilation part of the interaction. Anni-
hilation is very strong at short distances, and the protonium wave function vanishes or is very small
for radii of less than @m. The Coulomb interaction thus looses a highly attractive part and, again,
the 1S levels are pushed upwards. We may use our simple model to examen this possibility. For
large positive values of, the wave function vanishes in the central part, and indeed the energy shift
adopts negative valued E = 0.7keV is reached for a nuclear rangecf 1.8fm, see Fig. 3.23.

This is not unreasonable as an estimate for the range of nuclear interactions, but this is obviously too
large a value for the annihilation range.

The sign and strength of the 1S-level strong interaction shift results in fact from a combination
effect of long-range and short-range mechanisms, and is well reproduced in realstic potential models.

6.7.2 2P levels

We can also understand intuitively the large strong interaction widths of the 2P levels [147]. For
¢ = 1 between proton and antiproton, the potential at large distances comprises the Coulomb part
(< —1/7) and the centrifugal part{ r—2). The sum forms a Colomb well which is schematically
depicted in Fig. 3.26. Without strong interaction, the centrifugal barrier diverges-fer0. Strong
interaction forces are, however, attractive. The centrifugal barrier and the strong interaction potential
form a barrier through which tunneling is possible. As soon as a protonium atom tunnels through
this barrier, it is sucked into the annihilation region from which there is no return: the atom annihi-
lates. The annihilation probability is obviously dominated by the well-known long-range interaction
between proton and antiproton. Details of short-range interaction are not relevant.

6.7.3 Strong interaction effects: predictions versus experiment

We compare in Table 6.3 the experimental results with the corresponding calculated quantities. The
latter values are weighted means assuming a statistical population of the fine-structure levels. The
comparison is rather good, in particular for the KW model. Only the experimental shift 6Phe
level is not correctly predicted. This quantity is only measured in one experiment; and a confirmation
would of course be desirable . If the present data are taken seriously, the attractiotFp thannel
is even stronger than in current potentials. May be, in the these models, the coherent tensor force
due to pseudoscalar and vector exchanges is too much regularised at short distances.

The 1S results are also summarised in Fig. 6.36.
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Table 6.3: Energy shifts and widths of low-lying levels of protonium; comparison of models with ex-
perimental results. The largest contributionitocomes from the width of théP,, state. Excluding

this entry from they? evaluation, there is good agreement between data and predictions, in partic-
ular for the Kohno-Weise model. For DR1, DR2, and KW models, the protonium calculations are
from Ref. [265]. For the Paris potential, P1 refers to Schweiger et al. [230], who use a separable ap-
proximation to the Paris potential, while P2 corresponds to a direct calculation by Moussalam [413].

P1 P2 DR1 DR2 KW EXp.
AE;s 0.84 075 0.71 0.76 0.710.73+£0.03 keV
Iis 1.01 1.02 093 095 1.051.0640.08 keV
AE(®Py) -84 72 -74 -62 69 —139+20 meV
I'(3Py) 130 111 114 80 96| 120+£25 meV

AE(®Py,%Py,'Py) | 1.9 -0.8 05 06 -39 +4+58 meV
' (3Py, Py, 1Py) 28 26 26 27  29.3 30.5£2.0 meV

ripy) 26 28 26 28 26| 51+18 meV
X2 252 194 21.0 253 17.¥ all data
x%/Np 29 14 17 1.7 0.9 withoutAE(*Pg)
= 1.2
1 L
|_Z)' 1.15—
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Figure 6.36: . Average experimental result for the 1S energy shift and width, compared to the
predictions of the potential models Plt){ P2 (v); DR1 (®); DR2 (O); KW (A), and ther0% C.L.
contour plot.

6.7.4 Isospin mixing

We do not need the full machinery of coupled radial equations (3.101) to compute the energy shifts
and widths safely. The main advantage of equations (3.101) is to provide the full wave function in
addition to energy shifts and widths. In particular, one can estimate the rpfe-ef in transitions
in protonium.

The results reveal some suprises. The overall amount afitheave functionw(r) since the
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Table 6.4: Ratio of isovector to isoscalar fraction of the protonium wave function for various initial
states”>*+1L ;. The three theoretical values correspond to diffeféNtpotentials, as compiled in
Ref. [265].

Initial Potentials Data analysis
state | KW DR1 DR2| Ref.[414] Ref.[365]
15, | 0.68 0.68 0.8 0.72192% 0501048
36, | 122 095 1.26) 1.17+939  1.17%9:39
3Py | 0.03 0.03 0.05 1.164+0.34 0.4170%8
P, | 94 97 65 9+5
'P, | 096 0.82 0.61] 0.81+0.51

exponential damping at large distanegs) ~ exp|—(4m,dm)'/?r], for thein component is much
more effective than the dampingr) ~ exp(—kr), with k = [~2m, Re(FE)]'/?, for the main
pp component. Tha&mn contribution to the normalisation is of the order f—¢ or 10~7 for 1S,
and10~ or smaller for 2P. Also, the change of the energy shiff! due to the charge-exchange
potential is generally very small, except perhaps’ios.

However, the amount dfn is predicted to be considerable at short distances. In fact; for
1fm, the pp andiin wave functions are of comparable magnitude, and when one reconstructs the
isospin eigenstates, as per Eq. (3.103), one is very far from the situation witd 59%and 50%

I = 1. This is seen in Table 3.5. Here the hadronic width is split via Eq. (3.105)/into0 and

I =1 components. Even with an isospin-independent annihilation potential, as in the simple models
used in Table 3.5, the ratio, /Ty of I = 1 width to I = 0 width is far from the value that it would
assume with a purgp state. This effect, which was often underlined, could play an important role
in the dynamics of annihilation. Isospin mixing is dramatic for two of the P states’Rlstate is
predicted to be a pure isoscalar state,Re a nearly pure isovector state.

It is interesting to examine to which extent the isospin distortion is seen in annihilation data.
Though this is the subject of the forthcoming review article [64], we give below a skeletal summary
of the state of the art.

The first attempt to deduce the isospin ratios from experiment was made in [414]. The model
assumed that the transition matrix element for annihilation into two mesons is entirely determined by
the isospins involved. There are transitions from the 0 initial state to two isoscalars and to two
isovectors, and from thé = 1 initial state to one isoscalar and an isovector. The transition matrix
elements are then supposed to be independent of the quantum numbers of the initial state, apart from
a normalisation which could be different for different initial states. The results are certainly model-
dependent, and the errors are large. The isospin-mixing coefficients are found compatible with the
predictions of potential models, but, due to the large errors, also with the absence of mixing effects.
In annihilation from S-states, the effect of isospin mixing is not very large; in annihilation from P
states, the accuracy was rather limited. The subject was further discussed by Dover et al. [270] and
more recently by the Crystal Barrel collaboration [365].

The best possibility to test the prediction of isospin mixing is the use ofEqeinitial state
which is predicted to have only a very small isovector component. We now show that the isovector
component of thé Py is not small, using the following series of arguments:

1. The annihilation procegp— "7 is found to proceed via th&P, state and not via th&P,
state.

2. The annihilation procegp—nn is found to proceed via the same initial statgpps>707".
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Table 6.5: Branching ratios f@p annihilation at rest in liquid ki

Annihilation fromlI =0 Ref. Annihilation froml =1 Ref.
BR(Ep—7 7)) (6.93+£0.43)-10~* | [364] | BR(Ep—n'n)  (2.1240.12)-10~* | [364]
BR(Ep—7 7)) (6.14 £ 0.40)-10~* | [415] | BR@Ep—n'n)  (2.50 +0.30) - 10~* | [415]
BR(ppd—7nn) (1.64 £0.10)-10~* | [364] | BR(pd—7~np) (4.06 £ 1.00) - 10~* | [365]
BR@Ep—7"n’) (2.16 £0.25)-10~* | [364] | BR(pp—7"y') (1.234+0.13)-10"% | [364]

3. The size of the branching ratio for this reaction is not due to an extremely large coupling to
791 from a small isovectotP, component.

4. The conclusion is confirmed looking at a further channel.

First we recall that the2” final state is produced from th&, initial state (see section 5.5.4).
Otherwise, we should observe 30% P-state annihilation in most channels while partial-wave analyses
give aboutl0%.

Then%7° overn®y ratio does not change when going from liquid td H, gas at NTP; the ratios
are

BR(pp — 1)
BR(pp — 7070
BR(pp — 1)
BR(pp — 7079)

LH, : 0.303£0.010 [364],  0.407 +0.056 [415], (6.15)

GH, : = 0.366 £ 0.035 [415]. (6.16)
Since the fractional contribution of ti&, state to annihilation increases dramatically with increas-
ing pressure while théP, contribution remains constant, as seen in Fig. 5.21, the two reactions
pp—7’7® andpp—7"n need to proceed via the same initial state. The cascade arguments at the end
of section 6.7 require this to be tAB, state. Of course, the reactipp—=n goes via the isovector
part of thepp wave function.

We now compare (Table 6.5) the branching ratios for BR¢mnn) and BRpd—m—np): the
former ratio should be reduced compared to the latter one by the fraction of the isovector component
in the pp subsystem (th@n subsystem is puré = 1). According to this argument, the isovector
component in th@p wave function annihilation tan is 0.40 + 0.10.

Finally, the same arguments can be made, with reduced accuracy, using annihilatien’into
The isovector component is also needed at a smaller momentum (which may correspond to a larger
annihilation range) .

In seeking a possible explanation for the apparent failure of the potential models we notice that,
possibly, the prediction of potential models for the ratid et 1 to I = 0 decay widths only applies
to the total hadronic width, with an average of five pions in the final state. The decay into two light
mesons involves the short range part of the wave function. Perhaps some balance between the
andl = 1 components is restored there, as mentioned in Sec. 4.1, since both isospin components
experience an overall suppression due to the strong absorption. Of course, optical models where
annihilation is treated globally, reach their limits there. It would be interesting to repeat protonium
calculations with coupled-channel models and examine whethdr the to I = 0 ratio depends
on the mass of the mesons which are introduced in the various channels.

To conclude, isospin mixing in protonium remains rather enigmatic. It is rather firmly predicted
in potential models, independent of the particular optical model which is chosen, since mainly driven
by pion exchange, which is well established. The effect has been confirmed by different groups.
Other predictions of potential models have been verified to a good precision, see Table 6.3, in par-
ticular concerning the large width and shift of the, as compared to the other states. On the other
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hand, the isospin mixing is not seen in current analyses of annihilation data. We are aware that these
analyses are partly based on a long chain of arguments which include our present understanding of
cascade effects.

6.7.5 Antiprotonic deuterium

There are many common features between protonium and antiprotonic deuterium. However, the
microscopic calculation within a potential model is somewhat more complicated in the latter case.

If one looks only at the complex energy shifts, then one can use simple approximations for the (n,
p, p) 3-body problem. This is discussed for instance in [416], with references to earlier works. We
are aware of two calculations of the complex energy shifidatoms. Weighted with the hyperfine
structure multiplicities, shift and width were calculatedAds;s = 2.17keV,T'1g = 1.24keV

[261] and AF1s = 1.64keV,I'1g = 0.78keV [417], respectively. The latter calculation uses
Fadeev equations and the 3-body problem seems to be treated in a more adequate manner. It is
not inconsistent with the experimental valud€/;s = 1.05 + 0.25 keV andI'yg = 1.10 £+ 0.75

keV which were quoted in (5.16).



Chapter 7

Conclusions

In this review article we have presented the results obtained at LEARMmlastic scattering,
charge-exchange and strangeness-exchange, and also on protonium and antiprotonic deuterium. Em-
phasis was on the ideas which drove the experiments, their realisation, the results, and the impact of
the data on the theoretical descriptionNd¥ interaction.

The lowest momenta itNN scattering were accessed by studying strong interaction shifts and
widths in protonium atoms. These agree very well with the predictions of models based on meson-
exchange potentials. From the strong interaction shifts and widths one can deduce S-wave scattering
length and P-wave scattering volume. Cross-section measurements at very low energies allow ex-
trapolation and independent determination of scattering lengths. Both methods give results in good
agreement.

In the region of 100MeV /c a cross-over from /v? to 1/v scaling of the cross section is ob-
served. This transition region is required to exist because of the interplay between Coulomb and
strong forces.

The momentum range from 180V /c to 2000MeV /c was explored by many experiments:
total and differential cross sections as well as analysing power and a few two-spin observables were
measured for elastic scattering, charge-exchange, and strangeness-exchange.

The early onset of higher partial waves was a lively-debated subjéd¥iphysics. P-wave con-
tributions play a prominent role iNN scattering at momenta whelN scattering is still dominated
by S-wave amplitudes. The large P-wave contribution even at lowest momenta was qualitatively
assigned to a particular P-wave enhancement oNiKdorces, with the predicted consequence of
NN bound states close to théN threshold, but also to the suppression of the S-wave due to the
strong annihilation in this partial wave. Now the phenomenon is understood as combined effect of
the long-range forces attracting tN&l system into a region where annihilation is strong. The beau-
tiful agreement between the P-wave scattering volume derived from the protonium atoms and the
prediction of the one-pion exchange model demonstrates that the large P-wave contribution to anni-
hilation is a genuine effect aff-parity-transformed nuclear forces, and that no special mechanism
is needed to explain this effect.

The charge-exchange reaction has allowed for an important contribution of antiproton physics:
the g2\ coupling constant could be determined at LEAR, and turned out to be smaller than thought
before. It would be important to improve on the precision of g, value extracted fronNN
data and assess its equality with the value extracted ¥dhand=~N data, an interesting test of
invariance of the strong interactions. The charge exchange reaction also identifies the contribution
of 2 exchange, likely dominated by themeson.

It was not possible at LEAR to determine a sufficient number of variables which would have
allowed a full partial wave analysis. So our knowledge\o¥ interactions is not as complete as in
the nucleon—nucleon case. Still, a first partial wave analysi¥Nocattering data was performed
imposing meson-exchange and Coulomb interaction at large distances.

193
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Meson-exchange models make a few rather general predictiofsNorthe NN interactions
should be strongly attractive, tensor forces should be very strong in some partial waves; a strong
isospin dependence is expected. These features are well reproduced by the data. On the other hand,
meson-exchange contributions, when expressed in the form of a real potential, predict quasinuclear
states above and below th&N threshold. Some of them are deeply bound isoscalar states, several
are expected close to tA&N threshold and a large number N resonances was predicted. The
search for these states was certainly one of the main motivations to build LEAR, but the premises
turned out to be incorrect. In the high-mass range, a series of resonances is observed; none of
them has a particularly large coupling®. The non-observation of baryonium states underlines
the importance of annihilation: even a small overlap of ¥ wave function seems to lead to its
collapse.

Strangeness exchange is a short-range phenomenon which was extensively studied at LEAR in
the hope that the process could reveal the dynamics of constituent quarks. Due to the self-analysing
power of the hyperons, many different polarisation observables are accessible experimentally, and
several were measured at LEAR. In spite of this effort, it was not possible to identify the relevant
degrees of freedom: there is neither a convincing case that hadronic physics alone is responsible for
the observed phenomena, nor have quark models demonstrated superiority in explaining the data.
Strong interaction physics, in this energy regime, remains puzzling and resists simple explanations.

The largest uncertainty in the predictions of the potential models stems from annihilation and the
contribution of annihilation to the real part of potential. To reproduce the main features of the cross-
sections, global isospin independent Wood—Saxon potentials can be assumed, and the annihilation
potential is 'black’ carrying no characteristic features. The success of black-sphere models, where
the incoming wave vanishes at a boundary, underlines both the importance of annihilation and our
ignorance about the short-range paNoX interactions. Still, the use of these simple models allowed
to extract important physical information from the data, like the interaction ranges: charge exchange
takes place preferentially at 2.5 fm, the mean radius for strong interaction is 1.5 fm, and 1 fm for
annihilation.

When the full variety of the existing data set (which includes accurate differential cross-sections
and analysing power at many energies) is considered, much more sophisticated models are needed,
with typically thirty or more free parameters. In these models the annihilation is no longer black, a
spin, isospin, and energy dependence develops, and precise agreement with the data can be obtained
only at the expense of simplicity. Understanding the annihilation process therefore is the key for a
deeper insight into this realm of physics.NiN scattering and protonium only the global properties
of annihilation could be determined, in the language of potential models. In the annihilation process
three quarks and three anti-quarks may annihilate on each other, rearrange and may be recreated to
form outgoing @ mesons. This process must be understood at the quark level; it is hard to imagine
that a baryon exchange picture can be applied in a region in which quark wave functions overlap and
direct colour-colour interactions must come into the play. A takeover of quark physics, of the colour
degrees of freedom, may be the reason why quasinuclear bound states were not found, in spite of
considerable experimental efforts.

A prerequisite to further progress in this field is new data. The advent of LEAR has stimulated
the work we have summarised in this report. New antiproton facilities are needed to stimulate
experimental and theoretical work and try to find the answers to the many questions still left open.
In particular more experiments should be done to extend the set of observables and the energy range
covered by LEAR. As underlined several times in this review, one needs further tests of our current
ideas on theNN interaction. In particular, spin transfer and spin correlation measurements are
necessary; for this purpose, an important goal is to produce polarised antiproton and antineutron
beams. Already now, accurate measuremenisMicattering at very low energy could be done at
the CERN AD. Super-LEAR type facilities, with low and medium-energy antiprotons are presently
being proposed in Japan (JHF) and in Europe (GSI project), and on a longer time scale could allow
to resume the study of this fascinating chapter of hadronic physics.
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