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Survey 3 

Chapter 1 

Survey 

Antiproton-proton scattering at low and intermediate energies (below 2 GeV/c an

tiproton laboratory momentum) is an intriguing, but at the same time very complex 

process. It concerns a fundamental process, the interaction of matter and antimat

ter. Since the time of the discovery of the antiproton in 1955 by Chamberlain, 

Segrè, Wiegand, and Ypsilantis [Cha55] at the Berkeley Bevatron*, the antinucleon-

nucleon system has been a favorite object of research for many physicists, both 

theorists and experimentalists. Until very recently, however, data on antinucleon-

nucleon were scarce, because of the huge practical problems involved in constructing 

a high-quality antiproton beam. The main reason for these problems is that upon 

contact with ordinary matter antiprotons immediately annihilate with protons (and 

neutrons), mainly into mesons. Although it is relatively easy to produce antipro

tons in our matter-dominated part of the universe (one simply shoots high-energy 

protons on a target), it is quite another thing to collect and store large amounts 

of antiprotons in order to obtain an intense beam with a sharply-defined momen

tum. Theoretical efforts were largely frustrated by a lack of usable experimental 

information. 

Antiproton physics has been boosted in recent years with the advent of LEAR, 

the Low-Energy Antiproton Ring facihty at CERN. Due to an experimental tech

nique called stochastic cooling of particle beams [MöhSO], an ingenious invention 

by Simon van der Meer [Mee72, Mee85], it has become possible to store enormous 

amounts of antiprotons in a circulating beam. As a result, the antinucleon-nucleon 

system at low and intermediate energies can now be studied by scattering a high-

quality antiproton beam of a protonic target, usually hydrogen. 

"The antineutron was discovered in 1956 by Cork, Lambert son, Piccioni, and Wenzel [Cor56], 
also at tbe Berkeley Bevatron. 
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The subject of this thesis is the strong force acting between antinucleons and nu

cléons (or, in general, antibaryons and baryons). The underlying nuclear force can 

be studied by analyzing data on low-energy elastic scattering pp —> pp and charge-

exchange scattering pp —» ñn into antineutron-neutron pairs. The charge-exchange 

reaction has its threshold at 100 MeV/c antiproton momentum. Apart from these 

two reactions an enormous amount of possibilities exist for the antiproton-proton 

system to annihilate into mesons. Already at rest no less than 5 pions are produced 

on the average in these annihilation processes [Fet77], and kinematically the produc

tion of 13 neutral pions is allowed. Antiproton-proton annihilation is an extremely 

complicated many-body process, in which all kinds of resonant intermediate states 

can appear. Although very interesting in their own right, annihilation processes will 

not be treated in detail here. 

The total cross section σίοί for antiproton-proton scattering is evidently the sum 

of the elastic cross section aei, the charge-exchange cross section acex, and the total 

annihilation cross section σ^η. At low energies σβΐι "сен a n d c a n n make up roughly 

30%, 10%, and 60% of aioi respectively. At somewhat higher energies antihyperon-

hyperon pairs can be produced in antiproton-proton scattering through the reaction 

pp —» YY. This offers the possibility to study the phenomenon of strangeness. These 

interesting processes will also be treated extensively in this thesis, in particular the 

reaction pp —» ЛЛ (with threshold at 1435 MeV/c antiproton momentum), for which 

high-quality data have been taken at LEAR in the last few years. 

In this introductory chapter, the basic features of the antinucleon-nucleon in

teraction and its relation to the much better known nucleon-nucleon system will 

be reviewed, including work that has been done in the past on this subject. First, 

we take a brief look at the hero of the antiproton success story, the Low-Energy 

Antiproton Ring. 

1.1 LEAR 

The idea to build LEAR was conceived in 1977 when at CERN in Geneva studies 

were being made investigating the possibility to accumulate large amounts of an

tiprotons in order to do colliding-beam experiments in the high-energy 450 GeV/c 

Super Proton Synchrotron (SPS). In 1983, the agents of the weak interaction, the 

intermediate vector bosons, were discovered here. The LEAR project was authorized 

in May 1980 and in October 1983 the first experiments started taking data. LEAR 

is a small storage ring and accelerator (its circumference is 78 54 m) for low-energy 

antiprotons, which it receives from the CERN antiproton factory consisting of the 26 
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GeV/c Proton Synchrotron (PS) and the celebrated Antiproton Accumulator (AA). 

In the AA the antiprotons are stochastically cooled. 

In a nutshell, the stochastic cooling comes down to the following [MöhSO]. The 

antiprotons in the circulating beam exhibit fluctuations in transversal and longitu

dinal momentum. The smaller the fluctuations in transversal momentum are, the 

smaller the beam diameter is, and the smaller the fluctuations in longitudinal mo

mentum are, the sharper the beam momentum can be defined. At certain places in 

the ring, a "pick-up" sensor measures the deviation of the momentum of a passing 

batch of antiprotons with respect to the mean beam momentum. It then sends a 

signal, by way of a short-cut through the ring, to a "kicker" system, which uses 

this information to correct the momentum of the same batch of antiprotons when 

it arrives. In this way, by reducing the fluctuations, the quality of the beam gets 

better and better. The beam is said to be cooled, its temperature decreases. 

In 1987 the AA was upgraded by installing a second accumulator ring, the ACOL 

(Antiproton Collector). The PS receives 3.5 GeV/c antiprotons from the AA, de

celerates them to 609 MeV/c and then injects them into LEAR. On the average 

batches of about 104 antiprotons are transferred every 45 minutes. In LEAR the an

tiprotons can be accelerated up to 2.0 GeV/c or decelerated down to approximately 

100 MeV/c, the lowest antiproton momentum which can be achieved as yet. In the 

same manner as applied in the AA, stochastic cooling is used in LEAR to enhance 

the quality of the beam. Typically a beam diameter of 1 mm and a momentum 

spread of Δρ/ρ = ± 0 . 1 % can be reached. For the purpose of doing experiments 

the LEAR antiproton beam is extracted "ultra-slow" from the ring (at a rate of 

approximately 10e p/sec, corresponding to one to five antiprotons every turn of the 

beam) and transferred to the experimental areas. 

In this thesis data of several of the first generation of LEAR experiments are 

analyzed. A short overview of the different observables measured and references 

to the papers where these data have been published is given in Table 1.1. Of spe

cial interest are the data on the analyzing power in elastic scattering pp-*pp taken 

by the PS172 [Kun88a, Kun88b, Kun89] and PS198 [Вег89а, Per91] collaborations. 

These high-quality data provide, for the first time, badly-needed information on 

the spin structure of the antiproton-proton interaction. The charge-exchange reac

tion pp—*ñn has been studied by the PS173 [Brü86b] and PS199 [Bir90] groups. 

These experiments are important in pinning down the isospin structure of the 

antinucleon-nucleon dynamics. Among the first generation LEAR experiments a 

special place is taken by PS185, which examines the antihyperon-hyperon interac

tion close to threshold. A wealth of data on the reaction pp—» ЛЛ has already been 



Group 

PS172 

PS173 

PS178 

PS185 

PS198 

PS199 

Reaction 

pp—> all 

PP^PP 

PP-+PP 
pp^pp 

pp->pp 

pp^pp 

pp —> mesons 

pp—»ñn 

ñp—» ñp 

pp—»ΛΛ 

pp—» ЛЛ 

pp—» ЛЛ 

ρ ρ ^ Λ Σ 0 , Σ 0 Λ 

ρ ρ - > Σ + Σ + 

ρ ρ - ^ Σ - Σ " 

ρ ρ - ^ ρ ρ 

ρρ->ρρ 

pp—>ñn 

pp—>ñn 

pp—»ñn 

Observable 

"Ίοί 

dff/dn,Ay 

Dyy 

da/du 
da/dÜ 

da/dU 

faim 

da/dn,ac„ 
Ctot 

da/dn,Py 

da/dn,Py 

άσ/άΩ,Ρν,Ο,, 

da/dn,Py 

da/dn,Py 

da/dn,Py 

da/dn,Ay 

Dyy 

doldü,Ay 

Dyy 

Kyy 

Ры, (MeV/c) 

220-600 

523-1550 

679-1501 

233,272 

550,757,1077 

181,287,505 

180-600 

183,287,505,590 

100-350 

1435-1445 

1476,1508 

1546,1695 

1695 

439,544,697 

697 

600-1300 

600,900 

Reference 

[Clo84, Bug87] 

[Kun88a, Kun89] 

[Kun91] 

[Lin87] 

[Sch89] 

[Brü86a] 

[Brü87, Brü90] 

[Brü86b] 

[Bar89] 

[Bar87a] 

[Bar87b, Bar90b] 

[Bar90a] 

[Ber89a, Per91] 

[Bir90] 

Tabic 1.1: LEAR data on antinucleon-nucleon scattering 
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obtained [Bar87a, Bar87b, Bar89], as well as some data on pp—>ΑΣ0,Σ0Λ [ВагЭОа]. 

At present, the PS185 experiment is still running and the different pp —> Σ Σ reactions 

are being studied. 

Data from other experiments are also of concern. For instance, three experi

ments, PS171, PS174, and PS175, have measured the energy-level shift and broad

ening of the Is and l p levels due to the strong interaction in protonium, the 

hydrogen-like antiproton-proton atom, by analyzing the X-rays spectrum (see, for 

instance, [Ahm85, Gor85, Eij88, Zie88]). The level shift and width can be related 

to the scattering length [Tru61], and they are further of interest in connection with 

the unexplained [Mou86] apparent oscillatory behavior of the infamous ρ ampli

tude [Bet53, Loc67, Lac83], the ratio of the real to imaginary part of the forward-

scattering amplitude in pp—>pp [Brü85, Lin86, Lin87]. There has been some debate 

about this behavior of the ρ amplitude below 300 MeV/c and about a possible con

nection with the presumed existence of a sub-threshold antiproton-proton bound 

state. Finally, other experiments at LEAR are concerned with specific annihilation 

channels and with antiproton-nucleus scattering. 

LEAR is not the only facility where experimental antiproton physics is done. 

Also at Brookhaven National Laboratory in the United States, where ñp total and 

elastic cross sections have been obtained [Arm86, Arm87], and at KEK in Japan, 

where very accurate cross sections on pp —• pp [Kag87] and on pp —> ñn [Nak84] 

scattering have been measured, valuable work has been done in recent years. 

1.2 Antinucleon-nucleon potential models 

Due to a lack of accurate data, theoretical studies of the antinucleon-nucleon sys

tem have long remained of a qualitative nature only. The first decade of antiproton 

physics has been reviewed by Phillips [Phi67]. In the almost complete absence of 

data, a first preliminary investigation of antinucleon-nucleon scattering was made by 

Koba and Takeda [Kob58]. They suggested the presence of an absorptive core and 

a long-range interaction to be derived from nucleon-pion field theory. More serious 

calculations were done by Ball and Chew [Bal58], using a totally absorptive bound

ary condition at a distance of 0.4 fm to account for annihilation and a Brueckner-

Watson-type pion-exchange potential [Bru53b] supplemented with a phenomenolog-

ical spin-orbit potential. A prototype boundary condition model was proposed by 

Spergel [Spe67]. The Schrödinger equation is solved with a boundary condition such 

that annihilation in each partial wave is maximal. This one-parameter model gave 

a reasonable description of the available data. 
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Ball, Scotti, and Wong [Bal66] were the first to investigate one-boson-exchange 

models in relation to the antiproton-proton interaction. In a dispersion relation cal

culation (neglecting annihilation) they calculated the bound states of the antinucleon-

nucleon forces and compared these to the meson spectrum, with limited success. 

The same issue has been taken up by other authors since then, for instance by 

Schierholz and Wagner [SchTlb] using "relativistic quantum mechanics", and by 

Tjon [Tjo78] using the Bethe-Salpeter equation [Sal51]. The idea that mesons can 

be seen as bound states of nucléons and antinucleons dates back to the famous work 

of Fermi and Yang [Fer49], who already in 1949, more than 5 years prior to the 

discovery of the antiproton, speculated on this. The generalization of this work, 

the Sakata model [Sak56] that incorporates strangeness, ultimately led to the eight

fold way of Gcll-Mann and Ne'eman. Although everyone nowadays believes in the 

existence of quarks and gluons, it can still be argued that the antinucleon-nucleon 

meson-exchange potential should have bound states at positions corresponding to 

the masses of the mesons. For instance, the 315o potential should have a bound state 

with a binding energy of approximately 1740 MeV, and the ^ S i - 3 3 / ? ! potential one 

with a binding energy of about 1110 MeV, corresponding to the isovector pion and 

rho mesons, respectively. If one takes this (maybe naive) Fermi-Yang picture se

riously, it is of course a very heavy constraint on the dynamics to demand that 

the antinucleon-nucleon bound-state spectrum coincide with the experimental me

son spectrum In the nucleon-nucleon potential the only bound state, the deuteron, 

is already quite constraining. Nevertheless, the Fermi-Yang approach remains in

triguing, and it will be interesting to pursue the issue sometime using a realistic 

antinucleon-nucleon force. 

Experimentally, antinucleon-nucleon bound states close to threshold (so-called 

quasi-nuclear states [Bog74, Sha78], discussed and advocated by Shapiro and co

workers) and multiquark resonances with mesonic quantum numbers and small 

widths, like the famous Q2Q baryonium states [Jaf77, Jaf78, Aer80] (for a review 

see [Mon80]), were expected to show up in large numbers due to the attractive nature 

of the meson-exchange potential. In fact, the possible existence of these exotic states 

was a strong incentive to build a low-energy antiproton ring. The first generation of 

LEAR experiments, however, has failed to discover any sign whatsoever of baryonia 

and it can safely be concluded that baryonium is dead and buried, at least in its 

original form. The case for quasi-nuclear states (this time with larger widths) has 

recently been reopened by Dover [Dov86a, Dov91], in view of the discovery, by the 

PS171 "ASTERIX" collaboration, of a new mesonic state called AX(1565) [May89]. 

This state with mass 1565 ± 20 MeV and width 160 ± 40 MeV, observed in the 
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7Γ+π π0 final state of P-wave protonium annihilation, does not seem to fit in the 

traditional QQ meson nonets. At present, three experiments are devoted at LEAR 

to the search for non-conventional mesonic states (multiquark states, glueballs, and 

so on) in antiproton-proton annihilation, namely: PS197 "Crystal Barrel", PS201 

"OBELIX", and PS202 "JETSET". 

Returning to the problem of antinucleon-nucleon scattering, progress was made 

in 1967 by Bryan and Phillips [Phi67, Bry68], who added a very strong imaginary 

potential (purely phenomenological) of Woods-Saxon type to the 1964 one-boson-

exchange nucleón-nucleón potential of Bryan and Scott [Bry64] (C-parity trans

formed). This rather simple model gave a nice fit to the elastic differential cross 

sections from Conforto et al. [Con68] and the charge-exchange differential cross 

sections from Bizarri et al. [Biz68]. The success of this model was the start of the 

optical-model approach to the antinucleon-nucleon problem. With only two or three 

parameters a nice qualitative description can be given of most of the data. This ap

proach is still quite popular, but it is clear that the few-parameter optical potential 

is only a poor-man's answer to a very complicated problem and it is not the road 

that should be taken in the future. Evidently enormous simplifications occur by 

assuming that the annihilation process is completely independent of spin, isospin, 

and energy. The quality of the meson-exchange potential is not seriously tested in 

this way and a quantitative fit to all observables is impossible with this kind of 

optical-potential model. Although it was a very sensible approach in 1968, it can 

hardly be justified anymore, in view of the present amount and quality of data. 

Turning to more recent times, theoretical models for antinucleon-nucleon scat

tering that have been constructed are mostly one of two types. Several boundary-

condition models exist, which in essence are more-or-less sophisticated versions of 

the Spergel model, which in its turn is a superior version of the black-disk and the 

Ball-Chew model. These few-parameter models often give a surprisingly good fit to 

the data. Worth mentioning are the very simple model by Delville, Jasselette, and 

Vandermculen [Del78] and the quite successful Dalkarov-Myhrer model [Dal77]. As 

mentioned above, optical potentials are still popular. The nicest example is perhaps 

the Dover-Richard model [Dov80, Dov82], which uses the C-parity-transformed Paris 

nucleon-nucleon potential [Lac75]. The Paris potential contains, next to the one-

pion-exchange and ω-exchange potentials, a two-pion-exchange contribution which 

was derived from the тгі and low ππ phase shifts using dispersion-relation tech

niques. The short-range interaction is parametrized phenomcnologically. Other 

examples of optical potentials are the "minimal model" proposed by Kohno and 

Weise [Koh86a], that uses the Ueda potential [Ued79, Ued80], and the Bonn optical 
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potential [Hip89], which starts from the Bonn nucleon-nucleon potential [Mac87]. 

All these models supplement a realistic nucleon-nucleon meson-exchange potential, 

C-parity transformed, with a two- or three-parameter optical potential, usually of 

Woods-Saxon type (the Bonn model uses a Gaussian optical potential). In contrast 

to the old Bryan-Phillips model, modern optical potentials have both a real and an 

imaginary part. An extremely simple model is the Shibata model [Shi87], where 

only the one-pion-exchange potential is used as nuclear potential. 

Only two attempts have been made in the past to perform a comprehensive fit 

to all available low-energy antinucleon-nucleon scattering data. The Paris group has 

constructed an optical-potential model [Côt82, Lac84], using the parametrized Paris 

nucleon-nucleon potential [Lac80] (C-parity transformed) for г > 0.9 fm, joined to 

a phenomenological short-range potential, containing 5 parameters. The absorptive 

part, taken to be spin, isospin, and energy dependent, has a short range (roughly 

0.7 fm) and contains 12 free parameters. Its form follows from calculations by 

Moussallam [Mou83, Mou84] of nucleon-exchange annihilation diagrams [Магбі] 

into two mesons. The pre-LEAR data are fitted reasonably well, with x2/iVobs=2.80 

for a set of 915 data points. 

The Nijmegen group has proposed a coupled-channels potential model [Tim84, 

Tim85a], in which the antinucleon-nucleon system is coupled through an intermediate-

range Woods-Saxon type potential to two-body annihilation channels. It is assumed 

that the particles in these mesonic channels are spinless and that there is no final-

state interaction. A minimum of two channels for each value of isospin was required 

to fit the data, with thresholds at 2mi = 420 MeV and 2m2 = 1700 MeV. They 

represent in an average way the continuum of mesonic annihilation channels that 

are open to the antinucleon-nucleon system. The annihilation potential contains 

only 5 parameters. The nuclear potential used is the Nijmegen model D nucleon-

nucleon one-boson-exchange potential [Nag75a], which is a hard-core potential. A 

linear cut-off to the origin is applied at a distance г = 0.63 fm. In order to fit 

the data, it was found necessary to supplement this meson-exchange potential with 

a purely-phenomenological short-ranged Woods-Saxon potential of unknown origin 

(actually the tensor part of this potential has a rather long range). This phe

nomenological potential consists of central, spin-spin, tensor, and spin-orbit forces. 

It is isospin dependent and contains 9 parameters. The Nijmegen model fits a data 

set comprising 977 pre-LEAR data points with an excellent x2/iVo b s=1.39. The 

coupled-channels strategy is probably the most realistic and promising approach to 

antinucleon-nucleon scattering. 

Two attempts have been made recently to perform an effective-range analysis of 
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the low-energy antinucleon-nucleon scattering data [Gra88, Mah88]. The scattering 

lengths and effectives ranges for isospin I = 0,1 and for orbital angular momentum 

i = 0,1 are fitted to the existing data below ріаь=300 MeV/c. Only spin-averaged 

amplitudes are considered, which is a questionable procedure. The two groups have 

very recently combined their efforts [Pir91] and presented an update of the analysis, 

in which the Coulomb interaction, however, is not considered. A much more realistic 

effective-range analysis could be envisaged with the help of the recently completed 

Nijmegen partial-wave analysis [Tim91e] of antinucleon-nucleon scattering data. 

1.3 Meson-exchange nuclear forces 

In doing antiproton physics, it is often wise to keep in mind the much better under

stood nucleon-nucleon system, which has been studied over the years by a veritable 

army of physicists. From very general theoretical arguments, namely the invariance 

of the strong interactions under particle-antiparticle conjugation (also called charge 

conjugation), the antinucleon-nucleon and nucleon-nucleon system are very closely 

related. Before 1960, attempts were made to construct nucleon-nucleon potentials 

starting from a field theory of nucléons and pions, but multipion exchanges failed 

to give the features which were found necessary empirically, namely a short-range 

repulsion, an intermediate-range attraction, and a strong spin-orbit force. After the 

prediction of the vector mesons by Nambu [Nam57] and by Frazer and Fulco [Fra59] 

in an attempt to explain the observed electromagnetic structure of nucléons, it was 

pointed out by Sakurai [Sak60] and Breit [ВгебО] that voctor-meson exchanges can 

indeed provide a sizable spin-orbit potential, as well as a short-range repulsion. A 

one-boson-exchange model for the nucleon-nucleon interaction was subsequently pro

posed by Hoshizaki, Lin, and Machida [Hos60]. They calculated the potentials due 

to pseudoscalar-, vector-, and scalar-meson exchange. A comparison with existing 

phenomenological potentials by Hoshizaki, Otsuki, Watari, and Yonezawa [Hos62] 

showed that apart from one-pion-exchange one needed at least the additional ex

change of one isovector and one isoscalar vector meson, as well as one isoscalar scalar 

meson to provide the required intermediate-range attraction. Although later one-

boson-exchange models constructed for instance by Bryan and Scott [Вгу64, Bry69] 

were quite successful, an unsatisfactory feature was that the mass of the isoscalar 

scalar meson had to be unrealistically low, of the order of 500 MeV. Also the fit

ted meson-nucleon coupling constants often had unrealistic values. However, it was 

found by Bryan and Gersten [Bry72] that if effects due to the width of the exchanged 

meson are taken into account properly, considerable improvement can be achieved. 
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In Nijmegen several hard-core one-boson-exchange models have been constructed 

in the past for the nucleon-nucleon interaction [Nag75a, Nag79]. With the use of 

flavor symmetry the scarce but very constraining hyperon-nucleon scattering data 

could also be described [Nag77]. Further progress was made by the construction of a 

soft-core one-boson-exchange potential [Nag78] (called the Nijmegen potential) that 

gives an excellent description of the low-energy nucleon-nucleon scattering data, us

ing only 13 parameters, 11 of which are coupling constants that have realistic values. 

At the time of its construction, the Nijmegen potential fitted the rich and accurate 

nucleon-nucleon data with \2/Nobs=2.09. Apart from this quantitative success, a 

very satisfactory feature of this potential is that it is consistent with approved phe

nomenology like Regge-pole theory, the concept of duality, soft-pion theorems, and 

the vector-dominance model, which in turn are low- and intermediate-energy con

sequences of the fundamental theory of the strong interaction, quantum chromody-

namics (see Chapter 2 for a discussion of these points). For instance, the short-range 

repulsion in the Nijmegen potential is partially due to the exchange of the ponieron, 

which is an essential ingredient in high-energy Regge-pole models [Rar68], and which 

in the context of quantum chromodynamics is understood [Low75, Nus75] as a two-

gluon-exchange effect. Recently the Nijmegen soft-core potential has been extended 

successfully to the hyperon-nucleon channels [Mae89], assuming flavor symmetry for 

the meson-baryon coupling constants. 

The consequences of meson exchanges for the antinucleon-nucleon interaction* 

have been examined by many authors, for instance by Dover and Richard [Dov78, 

Dov79, Buc79]. From a qualitative investigation it turns out that while in the 

nucleon-nucleon case there is a strong coherence from isospin 1=1 spin-orbit forces, 

in the antinucleon-nucleon case very strong tensor forces occur, especially for isospin 

1 = 0. In the nucleon-nucleon system the vector ω(782) and the scalar ε(760) 

exchange make up the strong spin-orbit force that splits the 3/Ό,ι,2 phase shifts, 

but the central potentials of these exchanges largely cancel each other. Similarly, 

the spin-orbit forces due to the exchange of the vector p(770) and the scalar ¿(983) 

add up, but the central potentials cancel. Applying a C-parity transformation on 

the different meson exchanges, one sees that in the antinucleon-nucleon potential the 

central potentials from ω and e exchange add up to a very strong attractive potential. 

The tensor potentials from ρ and π exchange also add up. The same phenomenon 

is present in the reaction pp—> ΛΛ, where Ä"(494) and Λ'*(892) exchange conspire 

to build up the strong tensor force that is the hallmark of this reaction [Tim91a]. 

'In quark-gluon models one can think of diagrams that have no counterpart in the nucleon-

nucleon interaction [Fae82]. 
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As a final example, the central repulsive core in the nucleon-nucleon potential is 

largely due to ω and pomeron exchange. In fact, the inclusion of the pomeron 

greatly improves the Dirac coupling constant of the ω meson, which otherwise has 

to be unrealistically large in order to fit the data. If one now applies the C-parity 

transformation, only the part of the core due to ω exchange changes sign. So one 

expects that in models that do not include the pomcron, the central attraction in 

the antinucleon-nucleon potential is much too large. 

We see from these arguments that nucleon-nucleon and antinucleon-nucleon scat

tering are sensitive to different and largely complementary parts of the meson-

exchange nuclear potential. Studies of antinucleon-nucleon data can therefore pro

vide important constraints on and additional information about the underlying 

meson-exchange dynamics that can not be obtained from nucleon-nucleon scattering 

data alone. They may even point out flaws in existing nucleon-nucleon potentials, 

as in the example given above concerning the repulsive core in the nucleon-nucleon 

potential due to ω and pomeron exchange. In principle, one can take the position 

that a nucleon-nucleon potential is only satisfactory if it fits also the antinucleon-

nucleon data, although one always has to keep in mind that mesonic annihilation 

complicates the issue to a large extent. So far, however, nobody has attempted to se

riously test the meson-exchange potential in studies of antinucleon-nucleon data, but 

with the amount and quality of data available now this may be possible. Especially 

the charge-exchange reaction ρρ—>ητι is important in this respect, because here 

only isovector mesons can be exchanged'. This reaction may thus serve to isolate 

the important p-exchange potential. In Chapter 2 of this thesis a meson-exchange 

model based on the Nijmegen soft-core potential [Nag78] is presented, adopting the 

coupled-channels strategy from the Nijmegen antinucleon-nucleon model [Tim84]. 

The Nijmegen soft-core hyperon-nucleon potential will be used in a study of the 

strangeness-exchange reactions pp —> YY, presented in Chapter 3. 

1.4 Partial-wave analyses of scattering data 

For many reasons it is desirable to have model-independent information about com

plicated scattering processes, like nucleon-nucleon or antinucleon-nucleon scattering. 

In the case of low-energy nucleon-nucleon scattering a complete quantum-mechanical 

description consists in specifying at each energy all phase shifts^, which determine 

'It is an amusing thought that charge-exchange scattering in the backward region should show 

some structure due to a one-deuteron-exchange mechanism. 

'and, of course, the mixing parameters between states coupled by the tensor force. 
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the asymptotic behavior of the radial wave function. Although in principle there 

are an infinite number of phase shifts to be determined from only a finite number of 

data, for high enough values of the orbital angular momentum the phase shifts are 

determined solely by the long-range nucleon-nucleon interaction and as such they 

are well-known. The remaining phase shifts for the lower partial waves can be de

termined from the data, provided the data base is rich and accurate enough. If the 

phase shifts at each energy are known, one can use them to test or improve potential 

models, to analyze new data, and so on. 

In recent years a new method has been developed in Nijmegen to do phase-

shift analyses (more properly called partial-wave analyses) of all proton-proton and 

neutron-proton scattering data below Тіаь=350 MeV. Although technically more in

volved than previously used more phenomenological methods, the excellent results 

reached with this method are indeed in keeping with the amount of effort done. The 

relativistic Schrödinger equation is solved with a boundary condition specified at a 

distance г = b = 1.4 fm. This boundary condition (called the Ρ matrix [Jaf79]) is 

parametrized phenomenologically as a function of the energy. In this way one avoids 

the complications due to the lack of knowledge about the short-range interaction. 

The theoretically well-known long-range interaction is included in the potential tail 

that is used in the outer region r > b. In order to achieve a good fit to the data one 

has to include properly the one-pion-exchange potential and the correct electromag

netic interaction, the latter consisting of the spin-dependent onc-photon-exchange 

potential [Knu78], corrections due to two-photon-exchange effects (incorporated in 

the "improved Coulomb potential" [AusSS]'), and the vacuum-polarization poten

tial [Dur57]. Some sort of prescription for the intermediate-range forces is added to 

improve the fit. Particularly good results are obtained if the heavy-boson-exchange 

forces from the Nijmegen potential [Nag78] are used for this. The phase-shift 

analyses of the proton-proton data have been finished [Ber87b, Cam88, ВегЭО] (a 

X2 /N,¡[=1.117 is reached where "df" stands for degrees of freedom"), and the analysis 

of the combined proton-proton and neutron-proton scattering data is in progress. 

'The improved Coulomb potential is really a one-photon-exchange potential, where the off-shell 
behavior of the propagator occurring in the Blankenbecler-Sugar equation is chosen in such a way, 
that the main effects due to two-photon-exchange diagrams are contained in the off-shell part of 
the potential. 

"The number of degrees of freedom is the difference between the number of data and the total 
number of free parameters, Nu — N¿,t N[p. The number of data is the sum of the number 
of actual scattering observables and the number of normalizations with an experimental error, 
Ndat = N0bi + N„t, and the total number of free parameters is the sum of the number of model 
parameters and the total number of normalization parameters NÍP = Npat + Nu. 
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Due to the lack of high-quality data, it was always believed to be impossible 

to perform partial-wave analyses of antiproton-proton scattering data, even more 

so because the antinucleon-nucleon system is much more complicated than the al

ready quite complex nucleon-nucleon system. Consider for instance the following 

argument [Tim84]. In proton-proton scattering (isospin I = 1 ) one has to specify at 

each energy on the average 2.5 parameters for each value J φ 0 of the total angular 

momentum, and 2 for 3 = 0 (the 15o and 3Po phase shifts). As an example, one 

phase shift is needed for the 3 / Ί state, and four parameters, three phase shifts and 

one mixing parameter, are needed for the xDi> 'Рг - 3 -^ states. In a single-energy 
analysis of neutron-proton scattering (both isospin 7 = 0 and 7 = 1 ) 5 parameters 
are required for each value of J ^ 0, and again 2 for / = 0. Since the neutron-
proton data are not rich enough to determine all these parameters, the isospin 1 = 1 
parameters (with the exception of the I — 1 'So phase shift) are taken over from 
the proton-proton analysis, after correcting them for mass differences and electro
magnetic effects [Sto90b]. In the case of antinucleon-nucleon scattering the Pauli 
principle is not operative and there is annihilation into mesons. This means that 
one has to determine no less than four times as many parameters compared to the 
case of neutron-proton scattering, so 20 parameters are required for each value of 
J φ 0, and 8 for J = 0. So the situation indeed seems quite hopeless. 

However, using essentially the same strategy as in the Nijmegen partial-wave 

analyses of nucleon-nucleon scattering data, and with the available high-quality 

data from LEAR and KEK, it has become feasible for the first time, to perform a 

partial-wave analysis of antinucleon-nucleon scattering data between ріаь=400 and 
950 MeV/c [Tim91e]. The Schrödinger equation for the coupled antiproton-proton 
and antineutron-neutron channels is solved. The short-range interaction, includ
ing the coupling to the mesonic annihilation channels, is parametrized by way of 
a complex Ρ matrix specified at τ = b = 1.25 fm. The long-range interaction 

consists of the Coulomb potential, the magnetic-moment interaction, and the one-

pion-exchange potential. The tail of the heavy-boson-exchange part of the Nijmegen 

potential is used as intermediate-range interaction. After scrutinizing and cleaning 

up the data set, which contains quite some contradictory data and flaws, an excel

lent description of the remaining data is achieved, with x2/Nobs=l.lb. Although it 

is clearly impossible to reach the same degree of uniqueness as in the proton-proton 

analyses, one can be confident that most transitions are quite well described, in 

view of the quality of the fit. The same methods have also been applied to the 

strangeness-exchange reaction pp—> ΛΛ. 

In all these cases one of the main reasons for the success of the method is the 
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clear separation of the unknown and complicated short-range interaction and the 

well-understood long-range interaction. In more technical terms, the inclusion of 

as many well-known long-range interactions as possible removes the corresponding 

singularities from the Ρ matrix as a function of energy in the complex plane [Ber88]. 

For instance, in the presence of the Coulomb interaction, the S matrix has an 

essential singularity and a branchpoint at Tjab=0. However, if the Coulomb potential 

is included in the potential tail, the corresponding left-hand cut is absent from the 

Ρ matrix. Similarly, the left-hand cuts due to all meson exchanges included in the 

potential tail are absent from the Ρ matrix. Of course, some left-hand cuts remain, 

such as the cut due to uncorrelated two-pion exchange, as well as right-hand cuts due 

to the coupling to inelastic channels (for antiproton-proton scattering this cut starts 

at Tiab=0). All these cuts are present in the 5 matrix, in addition to the kinematical 

unitarity cut. The absence of many left-hand cuts facilitates the parametrization 

of the Ρ matrix as a function of energy. This is in sharp contrast to an effective-

range analysis, where one has to go to some lengths to reach the required numerical 

accuracy in the calculation of the irregular solution of the Schrödinger equation near 

the origin [Swa85, Ber88]. 

A way to look at the results obtained in the Nijmegen partial-wave analyses 

was advocated recently by J.J. de Swart. Take for example the analysis of the 

proton-proton data below Тіаь=350 MeV [Ber90]. Here one reached \2=1760.6 for 

a total of 1576 degrees of freedom, corresponding to χ2 ¡N¿(=1.117. Assuming that 

the usual conditions for a least-square fit are met (for instance, the final data set 

should contain no unknown systematic errors), one expects from general statistical 

considerations [Ber88] that 

or, 

<X2/iVdr) = 1 ± vfyWdf · 

So in the above case one expects χ2/ΛΓ

£ΐΓ=1.00±0.04. Whence comes the puzzling 

discrepancy between this number and the χ2/N¿¡=1.111 actually reached? Upon 

some thought one concludes that one reason could be that there is still some missing 

physics in the potential tail. This is actually fortunate, because otherwise there 

would be no more room for improvement! Also in the antiproton-proton partial-

wave analysis there is still something to be won, although here one may express 

more doubts concerning the quality of the data set. So a good way to look at this 

type of partial-wave analysis is to consider it as a tool, with which to repair these 

flaws in the potential tail. 
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One of the most important results obtained in the proton-proton partial-wave 

analysis has been the determination of the neutral-pion coupling constant from the 

data [Вег87а, ВегЭО]. Since the value found differed significantly from the accepted 

value for the charged-pion coupling constant, this was quite a controversial result. 

One possible way out was the assumption of a large breaking of charge indepen

dence (isospin symmetry) of the pion-nucleon coupling constants, but theoretically 

there seems to be no justification for this. In our partial-wave analysis we have sim

ilarly been able to extract the charged-pion coupling constant from the data on the 

charge-exchange reaction pp—»ñn [Tim91b]. The result, which is consistent with 

that for the neutral-pion coupling constant, constitutes an important confirmation of 

the charge independence of the pion-nucleon coupling constants. In the same man

ner, the ApK coupling constant can be determined from the data on the reaction 

pp -> ЛЛ [Tim91a]. The result was found to be consistent with the prediction from 

flavor symmetry and, indirectly, with weak semileptonic baryon decay. In Chapter 

4 of this thesis these first results from the partial-wave analyses of the reactions 

P P - ' P P a n d pp—»nn are presented, together with the partial-wave analysis of the 

reaction pp —* ЛЛ. 
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Chapter 2 

Antinucleon-nucleon 
meson-exchange potential * 

The last few years experimental knowledge about the antinucleon-nucleon system 

has increased significantly, mainly due to efforts done at the LEAR facility at CERN 

and at KEK. Various aspects of this rich and complex system have been studied, 

including elabtic pp—>pp and charge-exchange pp —» ñn scattering. While more data 

can be expected in the near future, it is already clear that existing antinucleon-

nucleon potential models are not doing too well when compared to the data available 

now. 

There have been two attempts to perform a quantitative fit to the pre-LEAR 

world data on antinucleon-nucleon scattering. The Paris group has constructed an 

optical-potential model [Côt82], using the parametrized Paris nucleón-nucleón po

tential [Lac80] as intermediate- and long-range interaction, joined to a phenomeno-

logical short-range potential, and an absorptive part that is spin, isospin, and en

ergy dependent. The pre-LEAR data are fitted with x2/7VObS=2.80 for a set of 

915 data points. The Nijmegen group has proposed a coupled-channels potential 

model [Tim84]. The antinucleon-nucleon system is coupled to effective two-body 

annihilation channels, two for each isospin. The nuclear potential used is the Nijme

gen model D nucleón-nucleón one-boson-exchange potential [Nag75a]. This potential 

is supplemented with a purely-phenomenologicaJ short-ranged potential of unknown 

origin. The model fits a data set of 977 pre-LEAR data points with an excellent 

;ДОоь,=1.39. 

If one compares these two models to the new LEAR and KEK data, the Paris 

'Based on "Antinucleon-nucleon meson-exchange potential" [Tim91d], co-authors: Th.A. Rijken 
and J.J. de Swart, to be submitted to Physical Review D. 
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potential fails to describe the charge-exchange data [Nak84, Bir90] correctly, and 

the Nijmegen model does not reproduce the elastic analyzing-power data [Kun88a, 

Ber89a, Per91] very well. Of course the description can be improved by fine-tuning 

the parameters, so it could be that this is not a very serious problem. It should 

be pointed out that the pre-LEAR data are really not constraining enough to allow 

one to build a model with very large predictive power. The problem is simply 

too complicated. The pre-LEAR data consisted mostly of elastic differential cross 

sections. With only these data available, the spin and isospin structure of the 

interaction is only poorly pinned down. 

With the advent of LEAR the situation has improved considerably. We present 

here an update of the Nijmegen model of [Tim84], but rather than just fine-tune 

the parameters of the 1984 model (henceforth called model A) we take the op

portunity to incorporate some theoretical improvements. Before addressing this 

problem, however, we spend some time and effort to look at the available data in a 

more model-independent manner. In order to understand the data better we per

formed a partial-wave analysis (PWA) [Tim91e], using a method analogous to the 

ones employed in the Nijmegen phase-shift analyses (PSA) of pp [Вег88, Ber90] and 

np [Klo91] scattering data. We have analyzed the antinucleon-nucleon scattering 

data between piab=400 and 950 MeV/c. Our knowledge of these data has been a 

great help in constructing a new potential model. 

Our goal in studying antinucleon-nucleon scattering is to learn something about 

the underlying strong force. In this respect the antinucleon-nucleon system can 

provide valuable information independent from the better-known nucleon-nucleon 

system. For instance, in a meson-exchange picture, the contribution of different 

mesons to the nucleon-nucleon potential cannot always be resolved. As an example, 

in nucleon-nucleon potentials one needs an isoscalar vector meson (the ω(782) me

son) and an isoscalar scalar meson (the ε(760) or σ(500) meson) to build the very 

strong spin-orbit force that is necessary to split the triplet P-wave phase shifts. The 

central potentials of these exchanges cancel to a large extent. The intermediate-

range attraction due to the exchange of the isoscalar scalar meson is essential in 

order to bind the deuteron. Similarly, there is a substantial cancellation between 

the centrad potentials due to the exchange of an isovector vector meson (the p(770) 

meson) and an isovector scalar meson (the ¿(983) meson), but the spin-orbit poten-

tials of these exchanges add up. 

If one applies a C-parity transformation in order to arrive at the corresponding 

antinucleon-nucleon meson-exchange potential, one finds that in this case a coher

ence of the central and the tensor parts of the potentials. The central potentials due 
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to a>(782) and ε(760) add up to a very strong attractive potential, and the tensor po

tentials due to p(770) and π(140) exchange provide a strong tensor force, especially 

in the charge-exchange reaction pp—>ñn. However, due to the additional complica

tions as a result of mesonic annihilation it is very difficult to make statements about 

the nuclear force in studies of antinucleon-nucleon scattering. We will present here 

a model in which the potential in the antinucleon-nucleon sector consists solely of 

meson-exchange forces, with a few coupling constants (and the parameters of the 

annihilation potential) fitted to the antinucleon-nucleon scattering data. 

2.1 The annihilation potential 

At low energies the antiproton-proton system is tempted by an enormous amount of 

multiparticle channels. The annihilation cross section makes up about 60% of the 

total cross section and at rest already 5 pions are produced on the average [Fet77]. 

The general bulk properties of the annihilation process can be understood using 

simple models. For instance, Pais has shown [РаібО] that the different charge com

binations of the final-state pions are distributed statistically. The measured pion 

energy spectrum can be understood assuming that the antiproton-proton system 

forms a "hot plasma", that breaks up into different fragments with no spin and 

isospin dependency [Ham72, Kim81, Kim87]. 

Experimentally progress has been made in recent years at LEAR in the study 

of annihilation processes. Also theoretically some understanding of the physics in 

terms of the underlying quark-gluon degrees of freedom has been obtained. However, 

these studies remain limited to specific reactions and the calculations are necessarily 

both naive and complicated. At present, there is no hope of constructing a realistic 

annihilation potential from microscopic dynamics. 

In studies of antinucleon-nucleon scattering, only a phenomenological approach 

to annihilation is feasible at present. There are essentially 3 different ways to pro

ceed. First of all, one can specify a complex boundary condition and use some sort 

of nuclear potential in the outer region. This approach is already quite old. The 

Ball-Chew model [Bal58] and the Spergel model [Spe67] are of this type. More 

recent boundary condition models are the Dalkarov-Myhrer model [Dal77] and the 

model by Delville, Jasselette, and Vandermeulen [Del78]. The Nijmegen partial-

wave analysis [Tim91e] is in essence also a boundary condition model. The second 

way to treat annihilation is to use an optical potential. This approach was pi

oneered by Bryan and Phillips [Phi67, Bry68]. We already mentioned the Paris 

model [Côt82]. Other optical-potential models on the market are the Dover-Richard 
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Table 2.1: Dominant two-body channels in antiproton-proton annihilation according 

to the Vandermeulen model [Van88]. 

model [Dov80, Dov82], the Kohno-Weise "minimal model" [Koh86a], and the Bonn 

model [Hip89] by Hippchen, Holinde, and Plessas. With the exception of the Paris 

model, these are all few-parameter models intended to give only a qualitative de

scription of the experimental data. 

The third way to incorporate annihilation in a potential model is to actually 

couple the antinucleon-nucleon system to a limited set of mesonic channels. This 

approach was pioneered in model A [Tim84]. A coupled-channels approach is prob

ably the most realistic treatment of the complicated antiproton-proton scattering 

problem. It is in principle possible to compute an optical potential from the full 

coupled-channels description [Fes58, Fes62]. One has to realize, however, that this 

optical potential would in general be highly energy and state dependent. Since 

antiproton-proton scattering is essentially a very complicated coupled-channels pro

cess, enormous simplifications occur if one assumes that the optical potential is 

independent of energy, isospin, and spin, unless by some miracle all these dependen

cies completely cancel out. 

A simple, but very successful statistical model for the global features of antiproton-

proton annihilation on the hadronic level has been proposed by Vandermeulen [Cap71, 

Van88]. We briefly discuss this model in order to get a feeling for the bulk properties 
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of antiproton-proton annihilation. The basic idea is that in antiproton-proton anni

hilation only two mesons are created, contrary to the conventional picture in which 

annihilation proceeds by quark rearrangement into three mesons [Rub66]. In the 

Vandermeulen model the two mesons subsequently decay into lighter mesons, until 

by way of a cascade only long-lived pions and kaons are left. This two-parameter 

model gives a surprisingly good description of the experimental branching ratios into 

multipion multikaon final states for annihilation at rest upto 3 GeV/c antiproton 

lab momentum. No less than 65 two-meson channels contribute more than 0.1% 

to the annihilation cross section at rest, and more than 100 channels at Рі а ь = 2 

GeV/c. Since most mesons have an appreciable width, the antiproton-proton sys

tem is tempted by a continuum of two-body annihilation channels. Channels with 

the heaviest mesons are the dominant ones. For instance, at rest ρω is the dominant 

channel, and at рі аь=1 GeV/c pa-i dominates. In the Vandermeulen model this is 

the result of the assumption and implementation of a nearest-threshold rule, but 

in a coupled-channels model nearest-threshold dominance could be the automatic 

consequence of the constraints of multichannel unitarity. In Table 2.1 the dominant 

two-body channels according to [Van88] are shown. 

Experimentally it is known that a very large portion of antiproton-proton anni

hilation proceeds through quasi-two-body doorway states. In view of this and the 

success of the Vandermeulen model, our treatment of annihilation by using effective 

two-body mesonic channels could turn out to be quite realistic. 

Looking at the selection rules for antinucleon-nucleon annihilation in two mesons, 

by applying the constraints from conservation of isospin, parity, angular momentum, 

and C-parity, one can only come to the conclusion that the annihilation potential 

for these reactions is probably highly state dependent^. Only if one averages over all 

states of all channels, perhaps, these spin and isospin dependencies largely disappear. 

One comes to the tentative conclusion that the failure of antinucleon-nucleon poten

tial models to describe recent spin observables from LEAR is not due to large flaws 

in the spin structure of the meson-exchange potential, but is rather a consequence 

of a much too naive treatment of the very complicated annihilation process. 

In our coupled-channels treatment of annihilation, it remains to decide the places 

of the thresholds and the specific form of the transition potentials. In model A two 

mesonic channels were coupled to the antinucleon-nucleon system for each value of 

isospin. The thresholds were chosen at 2mi = 1700 MeV and at 2m2=420 MeV. The 

transition potentials were of Woods-Saxon type and contained only a central com-

'Apart from these restrictions, there also appear to be strong dynamical selection rules. See, 
for instance, [Dov86b, Hen86]. 
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ponent and no spin dependence. Instead, a phenomenological potential containing 

central, spin-spin, spin-orbit, and tensor forces was added to the meson-exchange 

potential in the antinucleon-nucleon sector. In the present model В we enlarge the 

channel space and take three mesonic channels for each isospin. We will use transi

tion potentials of Gaussian type and consisting of central, spin-spin, spin-orbit, and 

tensor forces. In general a transition potential for a specific annihilation reaction 

would contain also spin and isospin operators of the final-state mesons, but in our 

model one channel is meant to represent in an average way a whole set of mesonic 

channels, so we can only use the operators of the nucléons. The positions of the 

thresholds are chosen at the following energies 

2m! = 1800 MeV, the "paj" channel , 

2m2 = 1400 MeV, the "ρω" channel , (2.1) 

2 т з = 500 MeV, the "5π" channel . 

The names given to these channels are for reference only. The first two, "рог" 

and "ρω", are important two-body channels with heavy mesons leading to a 5π 

final state. The "STT" channel represents all multibody mesonic channels with low 

energies leading to a 5π final state. The following transition potential is used for 

each of these channels 

л{г) = [Ve + Vss<ri · σ-2 + mrVTSl2 + VLSL- S] e x p ( - m 2 r 2 ) . (2.2) 

By using this form of potential spin is automatically conserved, although in reality 

this is of course not always the case. The choice for the tensor potential is such 

that it is zero at the origin. The mass m is taken to be independent of isospin, but 

dependent on the meson channel. We do not include final-state interaction in the 

mesonic channels. 

2.2 The meson-exchange potential 

In model A the NN meson-exchange potential was adapted from the 1975 model D 

Nijmegen one-boson-exchange potential [Nag75a]. Since this is a hard-core poten

tial, rather arbitrary short-range cut-offs had to be introduced to regulate the po

tential at short distances. In the model presented here, we will use instead the 

1978 Nijmegen one-boson-exchange potential [Nag78]. In this soft-core potential 

the short-range behavior is determined by one parameter only, namely a universal 

cut-off present in the Gaussian form factor in the meson propagator. The Nijmegen 
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potential gives a very good description of the wealthy and accurate data on pp and 

np scattering. Recently the potential has been successfully extended to the case of 

hyperon-nucleon scattering, assuming SU(3)-flavor symmetry for the meson-baryon 

coupling constants [Mae89]. The quality of its tail has been demonstrated by using 

it as intermediate- and long-range interaction in the Nijmegen PSA of pp scatter

ing data [Ber88, Ber90] and in our PWA of the elastic pp—>pp, charge-exchange 

pp—»rìn, and strangeness-exchange pp—»ΛΛ reactions [Tim91c, Tim91e] (in these 

analyses the short-range interaction is parametrized phenomenologically). Very re

cently, the partial-wave projection of the Nijmegen soft-core potential in momentum 

space has been derived [Rij91b]. 

Originally, the Nijmegen potential was derived from Regge-pole theory [Rij 75, 

Rij85]. In this context the traditional low-energy one-boson-exchange potentials can 

be understood as the dominant parts of the meson Regge trajectories. However, ad

ditional features are encountered. The J = 0 contributions from the tensor-meson 

(θ2,/2,/2) trajectories lead at low energies to (weak) repulsive Gaussian potentials. 

The most important addendum to the traditional one-boson-exchange model is the 

pomeron-exchange potential. In high-energy Regge-pole models the pomeron tra

jectory is an essential ingredient [R<ir68]. The importance of the pomeron for low-

energy ππ scattering was pointed out by Chew [Che65] Finite-energy sum rules 

have demonstrated the presence of the pomeron in low-energy 7Г./ and Ä7V scatter

ing [D0I68]. After subtracting the established baryon resonances from the scatter

ing amplitude, the remaining background amplitude is due to the pomeron [Har68, 

Gil68, Har69]. This can be expressed using the language of the duality concept: In 

the same sense as s-channel baryon resonances are dual to ¿-channel (non-pomeron) 

Regge-pole exchanges, the pomeron is dual to the background. Finally, we men

tion that the inclusion of the pomeron improves the description of the 5-wave тгі 

scattering lengths, since it can cancel to a large extent the contribution from the 

isoscalar scalar meson ε(760). So also soft-pion theorems for the πΝ interaction 

require the pomeron. 

The NN pomeron-exchange potential was first derived by Th. Rijken by extrap

olating from high energy [Rij75]. The pomeron parameters found in the fit to the 

NN data are in nice agreement with the expectations from high-energy Regge-pole 

models. In Л7 scattering the inclusion of this repulsive Gaussian potential im

proves especially the Dirac coupling constant of the ω meson. It replaces, at least 

partially, the need for a phenomenological hard-core. If one disregards the pomeron, 

the strong repulsive core in the NN potential is due to a large ω coupling constant, 

much larger in fact than is compatible with SU(3). However, in the corresponding 
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NN case only the ω contribution to the core changes sign, which means that the 

NN potential is much more attractive if the pomeron is left out. 

Low [Low75] and Nussinov [Nus75] have shown that in the framework of QCD 

pomeron exchange can be understood as a two- or multi-gluon-exchange effect. Si-

monov [Sim89] has studied the relation between the Regge picture and QCD. Using 

non-perturbative QCD he showed that the quark-antiquark system exhibits linear 

Regge trajectory behavior and that the pomeron is most likely a leading two-gluon 

glueball trajectory [Sim90]. More generally, in the Bethe-Salpeter equation any rea

sonable quark-antiquark interaction leads to Regge poles. The Nijmegen soft-core 

potential is seen to be consistent with approved QCD phenomenology. From this 

point of view, it seems totally unjustified to neglect the pomeron in low-energy 

potential models. 

2.2.1 The interactions 

In order to conform to modern nomenclature, we have used the same symbols to 

denote the mesons as in the Review of Particle Properties [PDG90]. This means 

that we have named the scalar unitary singlet (previously named ε) /¿ , although it 

should be stressed that this meson is not the /o(1400) listed in [PDG90] (see below, 

the discussion of the scalar-meson nonet). 

In constructing a meson-exchange potential for the reactions pp —» pp and pp —> Tin, 

it turned out to be impossible to take the parameters from the NN case and sim

ply apply a C-parity transformation to obtain the corresponding NN potential. No 

satisfactory description of the data could be achieved in this manner, not even if 

the freedom in the annihilation potential was maximally exploited. Instead, the 

following strategy was adopted. The pion-nucleon coupling constant is now rather 

accurately known. Its value has been determined in the Nijmegen PSA of pp [Der90] 

and np [Klo91] scattering data, in the VPI&SU analysis of πΝ data [Arn90, Arn91], 

and by ourselves in a PWA of NN scattering data [Tim91b]. All these results are 

consistent with each other, and a recommended value [Swa90] for the pion coupling 

constant at the pion pole is /2/4τ = 0.075. For the value at t — 0 one finds then 

/2/47г = 0.0734, using a Gaussian form factor with a cut-off mass taken from the 

Nijmegen soft-core potential. This value is used here as input. 

For the heavy mesons, the coupling constants are of course not very well known. 

Different nucleón-nucleón potentiell models differ in the types and amount of heavy 

mesons included and in the values for the coupling constants. Some coupling con

stants can be checked elsewhere in physics, for instance in π Ν scattering, but the 
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agreement is not always good. We decided to add some of the coupling con

stants of the heavy mesons as search parameters, to be determined in the fit to 

the antinucleon-nucleon scattering data. In order to stay as close to the nucleon-

nucleon potential as possible, the number was kept to a minimum. In this way we 

get independent information about these parameters from a fit to the Л7 data and 

the resulting values can be compared to those from the NN fit. A summary of the 

different meson exchanges included is presented here. We high-light differences with 

the NN potential. 

(a) Pseudoscalar-meson exchange. 

For the pseudoscalar mesons π, η, and η' the pseudovector interaction Lagrangian 

is used 

£pv = - — [гФъъФ] ^ Ф р · (2.3) 
m+ 

тп+ is a scaJing mass, introduced to make the coupling constant ƒ dimensionless. It 

is conventionally taken to be the π + mass. SU(3) symmetry is assumed for the pseu

dovector coupling constants ƒ. For the F/(F + D) ratio we use Qp=0.355 obtained 

from the weak axial-vector current in β and hyperon decay [Dum83]. In [Nag78] 

Qp=0.361 weis used. The singlet-octet mixing angle θρ = —23.0е is taken from the 

linear Gell-Mann Okubo mass formula. As explained above / π is input, and the 

singlet coupling fm =0.185689 is taken from the iVJV potential. The mass difference 

between π 0 and тг4" is taken into account by working on the physical particle basis. 

(b) Vector-meson exchange. 

The interaction Lagrangian, in terms of the Dirac and Pauli coupling constants g 

and ƒ, for the vector mesons ρ, ω, and φ reads 

£ v = -g [гфъФ] П - ~ [ψσ^ψ] (d^v

v - сГФС) . (2.4) 

M is a seeding mass, taken to be the proton mass. SU(3) symmetry is assumed for 

the electric and magnetic coupling constants: ge = g and gm = g + ƒ. We take 

0:^=1.0, so that the ρ meson is coupled universally to the isospin current, and the ω 

meson to the hypercharge current [Sak60]. The singlet-octet mixing angle θρ = 37.5e 

is taken from the linear Gell-Mann-Okubo mass formula. No input value is used for 

a™. As in the NN potential we have put ^ Ξ 0. The search parameters are gp, ƒ„, 

and the singlet coupling gUi. /„=0.9798214 is taken from the NN potential. The 

ρ is treated as a broad meson with width Γ = 146 MeV. For details about this we 

refer to the discussion below. 

(c) Scalar-meson exchange. 

The scalar mesons included are ao(983), /o(976), and /¿(760). Although the true 
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nature of the scalar nonet is not very clear, the masses and decay properties can be 

much better understood by assuming that the lowest-lying scalar mesons are Q 2 Q 

rather than simple QT} states [Jaf77, AerSO] The interaction Lagrangian is 

£s = -9 $Η>] * s (2 5) 

We impose no restrictions from SU(3) The coupling constants of of the ao and of 

the /o are fixed at the NN values g a o = l 277342 and 5/0=-0 8389363 The large 

}'0 coupling constant is searched The f'0 is treated as a broad meson with mass 

m = 760 MeV and width Г = 640 MeV These values are determined from the 

position of the f'0 pole in the complex energy plane obtained in an analysis of ττπ 

scattering [Pro73, Nag75a] In model D only the unitary singlet /¿ was included 

(d) Pomeron-type exchange 

These exchanges were not included in the model D NN potential In the soft-core 

NN model two coupling constants* are used, one for the total I = 0 exchange due 

to pomeron, /2, and /¿ , and one for the I = 1 exchange due to a^ In the present 

model both are fixed at the NN values gai=Q 443722 and gp=2 962826 

Summarizing, in the antinucleon-nucleon sector there are 4 search parameters 

SPI /pi 9u>ii a n d <?ƒ' This is the minimum number of heavy-meson coupling constants 

that has to be fitted in order to obtain a satisfactory description of the data More 

coupling constants can be searched, but if the parameters of the annihilation are 

refitted, there is no essential improvement It is important to note is that the 

same values as in the NN potential are used for the Gaussian form-factor cut-off 

Λ = 964 5242 MeV and for the mass parameter that appears m the pomeron-type 

potentials mp = 307 8096 MeV These were search parameters in the soft-core AW 

potential Apart from saving an enormous amount of computer time 111 fitting, this 

assumption allows a more direct comparison of the coupling constants obtained here 

and those from the NN potential 

Effects due to the width of the exchanged mesons are taken into account by 

replacing in momentum space the meson propagator for a stable meson by the 

appropriate propagator for unstable mesons [Sch71a, Bin71] In configuration space 

this means that we obtain for a broad-meson exchange a superposition of stable-

meson exchanges, weighted with a certain mass distribution For more details we 

refer to [Nag75a] This superposition can, to a very good approximation, be replaced 

'As in the 'iijiiiegen hyperon-nucleon potential, a scaling mass is introduced in the pomeron-

type potentials (taken to be the proton mass), in order to make the pomeron couplings flavor 

independent [Pov87] Of course, this is only a matter of principle here 
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by a sum of two stable-meson exchanges, with masses mi and 7712 and coupling 

constants ßig2 and /З2Р2 respectively. The four parameters ттіьтг, ß\, and /З2 are 

determined by fitting the exact potential due to the complete mass distribution with 

the two stable-meson exchanges, in the region where the exchange is important, for 

instance from 0.0 to 1.5 fm. The exact values of the broad-meson parameters depend 

rather strongly on these two boundaries in configuration space. The parameters of 

the p(770) and /¿(760) can be found in [Nag78]. 

2.2.2 The potential in configuration space 

The soft-core potential is derived in [Nag78] starting from the momentum-space ex

pressions and applying a Fourier transformation to configuration space. There is 

one important difference with the potentials we use: the non-local terms which are 

present in the NN potential are neglected in the NN case. The reason is that the 

special trick to solve the Schrödinger equation in the presence of these non-local 

terms (invented by Green [Gre63]) cannot be applied in the case of NN scattering. 

So the potentials we give here are the local approximations of the corresponding AW 

potentials. Needless to say, a C-parity transformation has to be applied to arrive 

at the NN potential. The following potentials are for I = 0 exchanges, for I = 1 

they are to be multiplied by T\ • Tj . The soft-core functions that appear in these 

potentials are listed in appendix A. 

(a) Pseudoscalar-meson exchange, 

Mr) = f f 
4π 

(b) Vector-meson exchange, 

) ¿ Π 
σι · <τ2Φ^ + 512Φ?. (2.6) 

Mr) - ι 
47Γ 

τη 

ШМ' 

, 2 
m 

ШМ' 

m 2 

' MM' 

φθ , __!!? φΐ 
C + 8 M M ' * C 

(MM')1'2 

m 
+ 9f~2M(MM'yJï c + f 

9 + f- M *b + / 2 ^ ^ | ¡ — • 

9 + f 
{MM' •m/2 

M 
m *T + / V i ^ * r \Su 

3 , „ , Ш М ' ) 1 / 2 

2^ + 2af—M-

ф2 
16.M2MM' c 

&M 
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+ - m 
16(MM')2 

(c) Scalar-meson exchange, 

gì + Sgf(MMr*+8fìMM· 
M M2 (mr): r*Wi.l · (21) 

V * ) - ^ 
2 2 4 

Φ?- Ф^ + ФчпЬ · S + 
с тм' с мм1 s° 

ЩММ')2 (mr)2*TQu 

(d) Pomeron-type exchange, 

m 2 4 m2 

1 + 
3m2 m2 

m' 
4MM' 2MM' 

+ L · S + Q 
MM' 4(MM')2 

(2.8) 

exp(—m2r 

(2.9) 

2.3 The electromagnetic potential 

In our model we want to include the long-range electromagnetic potential to order 
a, the fine-structure constant. The one-photon-exchange potential is derived from 
the following phenomenological electromagnetic Lagrangian 

Cy = -e F, [ιψΊβψ} A" + e/2 F2 [φσμ,,φ] (dM" - FA") . (2.10) 

In this expression Fi is the Dirac form factor and F2 is the Pauli form factor of the 

nucleón. These form factors are functions of the four-momentum transfer t. The 
static limits t = 0 are fixed by the charges and magnetic moments of the nucléons 

Ff(0) = 1 , Fm = ^ - , 

і?(0) = 0 , F2

n(0) = 
2M„ 

(2.11) 

where к = μ — 1 is the anomalous magnetic moment, for proton and neutron equal 

to μρ = 2.793, and μη = —1.913, respectively. Assuming equal masses for proton 

and neutron, the form factors are usually combined to an isoscalar and isovector 

charge and magnetic-moment form factor (we will use these definitions below, in 

connection with the vector-dominance model), such that 

Ff 
Ft 
FT 

FÎ 

= ÍÍ + Í 7 , 
= FÏ + F; , 
= Fi-FÏ, 
= Fl-Fï. (2.12) 
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This can be abbreviated as Fi = FI + T3F^ and Fz = F | + r3F2
v. In the point-particle 

approximation the momentum dependence of these form factors, reflecting the inner 

structure of the nucléons, is neglected. In this approximation we end up with the 

following one-photon-exchange potentials. 

w = - 7 + áp 5 1 2 + ^ Г ? 1 " 5 ^ * ^ » ' (2ЛЗ) 

and 
2 

У(Г) = ΊΤ72 a

3

 5 12 f o r Яп-»піг . (2.14) 

These potentials are obtained by calculating the one-photon-exchange diagrams in 

momentum space and applying a Fourier transformation to configuration space. The 

momentum dependence of the form factors can be taken into account [Sto90b]. This 

leads to short-range modifications of the one-photon-exchange potential. We did not 

include these effects. The use of a' in the central potential for pp —» pp takes care of 

the main relativistic corrections to the Coulomb potential. It is given by [Bre55] 

2k 
a' = — a/uiab · (2.15) 

The spin-orbit potential [Knu78] comes from the interaction of the magnetic moment 

of particle one with the Coulomb field of particle two (and is consequently absent 

in ñn —» ñn). It includes a relativistic correction due to the Thomas precession. 

The tensor potential comes from the interaction of the two magnetic moments. In 

our energy range the Coulomb and the magnetic-moment interaction are the domi

nant electromagnetic effects. Other electromagnetic contributions, like the vacuum-

polarization potential [Dur57], or two-photon-exchange effects [Aus83], which are 

important in low-energy pp scattering (below Тіаь=30 MeV), have a negligible in

fluence here. 

2.4 The coupled-channels model 

We have argued that a realistic approach to low-energy antinucleon-nucleon scatter

ing consists in solving the coupled-channels equations with the NN system coupled 

to mesonic annihilation channels. Since the coupled-channels approach is the hall

mark of our model as compared to the optical-model formalism, we will take some 

time to explain its application in our model. In this section we will also demon

strate how to take into account in a proper manner electromagnetic effects, like the 

Coulomb and the magnetic-moment interaction. 
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2 .4 .1 T h e s c a t t e r i n g a m p l i t u d e 

In our model the following multichannel scattering problem is considered 

pp —» pp elastic scattering , 

—» ñn charge — exchange scattering , 

"ρω" 

"5π" 

annihilation . (2-16) 

The denotations for the mesonic channels have been explained above. The center-

of-mass coordinate system is chosen such that the z-axis is parallel to the incoming 

beam and the y-axis is normal to the scattering plane. The different channels are 

distinguished by a subscript a. To simplify the discussion we first neglect all electro

magnetic effects. These will be dealt with below. We start with an incoming plane 

wave (in a certain spin state) in one channel a 

і Ы г ) = в ' * ' & ё а , (2.17) 

where êe is a unit vector in channel space. The singlet-triplet basis in spin space is 
used, so in terms of the one-particle spinors the spin wave function reads 

£' = У" C " '2 ' v" v'2 (2 18) 
τηιτη? 

This incoming wave can be expanded in Legendre polynomials 

і Ы г ) = £747г(2^+1)г<Уо<(0)О,(раг)еа 

= Σ JbW + ïjt'Ci '„ ІУГзЛ ЬМ е. , (2.19) 
а 

using the eigenstates of J 2 , J,, L2, and S2 

ΉΛΟ) = Σ C i . ' m . Ä W f m · (2.20) 
m; m» 

The solution of the Schrödinger equation ^ + ' ( r ) is constructed in such a way that 
after scattering we are left with the plane wave in channel a and outgoing spherical 
waves in various channels a ' . So we write it as 

Фі+)(г) = фтс(т) + іЫг) . (2.21) 
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In t/>inc(r) we make the substitution jt(x) = {ht '(x) + h( (x))/2. The factor in front 

of the outgoing spherical waves ht is modified by the interaction. Introducing the 

5 matrix, we make the following replacement 

l's'a' 

(£Va' |5 '7 | Í5a>/v^¡^e a , . (2.22) 

Here ma is the reduced mass in channel a. We used here the fact that all potentials 
are spherically symmetric, so J and m are conserved. The factor y/ma<pa'/mapa is 
required to ensure flux conservation. When all particles leave by way of one channel, 
the flux in this channel must equal the outgoing flux in the absence of interaction. 
The scattered wave takes the form 

tJ /Va' 

( ^ ' а ' | 5 · ' - l | £Aa) / v ^ ¡p ( l e a . . (2.23) 

Asymptotically we get for the wave function 

Фі+)(г)г=^е""^'тел+ Σ ο·>"/τ.-±(8'τη·*!\Μ{θ)\8τηΛ).η&ΐ*> (2-24) 
V Pa' V m a 

with the partial-wave decomposition of the scattering amplitude 

<Ут'а ' |М(0) | в т а) = Σ М ^ + l ) * ' " ^ ^ ^ m- m ' i U ^ ' W 
« ' j 

(£ а ' | 5- 7 -1 |^аа)/2гр а . (2.25) 

Here we used the asymptotic behavior of the Hankel function xhf (x) —> (—г)<+1е11, 

and the definition Eqn. (2.20) of the states У™г^· The 5 matrix appearing in this 

expression is the nuclear scattering matrix, denoted by SN-

2.4.2 Coupled-channels formalism 

The expressions derived above can be written in a compact short-hand form if we 

switch to a multichannel matrix formalism. By ^ [ " ( r ) we have denoted the wave 

function for the case where there are incoming particles in channel a. Assuming 

there are N coupled channels, ^ + > ( r ) is a vector in N dimensional channel space, 

consisting of a plane wave in channel a and spherical waves in all allowed outgoing 
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channels (apart from this, it is also a matrix in spin space). For instance, in our 

case it can be written (asymptotically) in the following way 

Ψΐ+\τ) 

1 ( r s m | p p ) ^ 

0 

0 

0 

0 ν 

+ 

Λ. 

* ( r s m | p p ) ^ 

(ГА m|nn) 

(rsT7i|/oa2) 

(r sm\pi¿) 

y (rsm|57r) j 

(2.26) 

The N vectors ^ T ' ( r ) for а = 1 , . . . ,N can be arranged in an NxN matrix in channel 

(and spin) space, called ^>'+ '(r). Asymptotically this matrix reads 

^ + ) ( r ) r = + e l p r/r 
ρ V m 

(2.27) 

where e'pz, егрг/г, τη, and ρ are now diagonal matrices. This wave function 0 ( + ) ( r ) 

is the solution matrix of the multichannel relativistic Schrödinger equation 

[ Д + р 2 - 2 т У ] >(г) = 0 , (2.28) 

which is a matrix equation in channel space. The connection between the channel 

momenta ρ and the total center-of-mass energy T/S is given by the relativistic expres

sion p2 = \s — m2 (for equal masses). The relativistic^ Schrödinger equation [Par70, 

Erk74] is a differential form of the relativistic Lippmann-Schwinger integral equation. 

The difference between the relativistic and the ordinary non-relativistic Lippmann-

Schwinger equation [Lip50, Gel53, DeW55] is again the relation used between en

ergy and momentum. The relativistic Lippmann-Schwinger equation is in turn 

equivalent to three-dimensional relativistic integral equations like the Blankenbecler-

Sugar equation [Log63, Bla66, Kad68a, Kad68b, Tho70, Yae71]. For a discussion 

about the derivation of potentials for use in the relativistic Schrödinger equation, 

starting from the field-theoretical Bethe-Salpeter equation [Sal51], see for instance 

Refs. [Nag77, Swa78]. 

The potential matrix is given in terms of the antinucleon-nucleon and annihila

tion potentials by 

V = 
(Vm VA\ 

[vj о I ' 
(2.29) 

'Of course, this does not mean that one is doing "relativistic quantum mechanics". There 
is in fact no known quantum-mechanical interpretation for the wave function ф(г) in this case. 
However, as long as no statements about φ(ι) are made, no problems arise. The important point 
is that the correct relativistic scattering amplitude is obtained. 
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because according to our assumptions there is no final-state interaction in the 

mesonic annihilation channels. The potential matrix in the NN sector is given 

by 
ш = Ve + мм + Уяас , (2.30) 

where Ve and им are the Coulomb and magnetic-moment interaction respectively. 
Vtwc is the meson-exchange potential. These matrices take the form 

v ( Ш шсШ (ñ>|VW;|ñn) \ . 2 3 1 . 
т С \ (ппІ мсІрр) (ñnlVjvucIñn) / 

for the meson-exchange potential, whereas for the electromagnetic potential VEM = 

Vc + VMM we have 

VW - ( ^ ^ ! ) + ( m V T m , - I F
0 . . . ) . (2.32) 

V 0 0 / \ 0 {пп\ Мм\п ) ) 

On the isospin basis the annihilation potential is given by the matrix 

VA-\ о m\v\P*.\ -I' (2-33) 

where the subscript denotes the isospin. In the calculation we work on the physical 
particle basis, in order to take into account the proton neutron and the π ± - π 0 mass 

difference and to be able to include the electromagnetic potentials. 

We now make the partial-wave projection, which is obtained as usual by writing 

^ + ) ( г ) = Е ^ л И / г т а » ) · ( 2 · 3 4 ) 
¿3 Jm 

Since we consider only spherically symmetric potentials, the quantum numbers J 
and m are conserved and the potential is independent of m. After substitution, 
we arrive at the radial Schödinger equation for partial waves with total angular 
momentum J 

- - - + p ' - 2mV> 
τ 

2 <fJ(r) = 0 , (2.35) 

where VJ is now a matrix with elements {Í's,a!\VJ(T)\ísa). Using time-reversal 
invariance one can deduce that it is always possible to choose the phases of the 
particle states in such a way that this potential matrix is symmetric. Together with 
conservation of particle flux this also leads to a unitary 5 matrix. 

The multichannel radial Schrödinger equation is solved numerically, using a 
method [Ber87b] that offers some advantages over the well-known Numerov method. 



2.4 The coupled-channels model 35 

For the states with I = J , 5 = 0,1, Ф^г) is an 8 x 8 matrix, and for the states 

t= J ± l , 5 = 1, coupled by the tensor force, it is a 16x16 matrix. The asymptotic 

form of the solution matrix of the radial Schrödinger equation is 

Ф«(г) 
1 

ρ L J y'mp 
ß (2.36) 

where В is a constant matrix and Н;{рг) = d iag(p a r/4 (pa7·)). 

From the numerical solution of the Schrödinger equation the 5 matrix can be 

obtained in the following way. The Wronskian of two solutions Φι and Φ2 is in

dependent of г and equal to 0 because of the boundary condition Ф(0) = 0. The 

multichannel Wronskian is defined by 

W T ( * I , * I ) ^ - Φ ' 2 - * Ί Τ - * 2 , 
τη m 

(2.37) 

where the prime denotes differentiation with respect to τ and the Τ denotes transpo

sition in channel space. Applying this relation with the numerical solution $num(r) 

and the asymptotic solution Φ ^ τ - ) at a distance г«, well beyond the range of the 

nuclear potential we get 

Ф' 
1 

Ф' Φ': 
1 

Фа (2.38) 
τη m 

Solving this equation for the partial-wave 5 matrix we obtain (writing Φ instead of 

* num J 

SJ = Ф ^ - ^ Я ! - ФТУ-ЯІ 
у/тр V m 

•ь/тр V m 
(2.39) 

where the prime on the Hankel functions denotes differentiation with respect to the 

argument pr, and the symbol о denotes matrix multiplication. 

From the scattering amplitude all observables can be obtained [Hos68]. As an 

example, the differential cross section is obtained as follows. The incoming flux is 

jmc = РА/ШЦ ¿ι a n d the number of scattered particles per second per unit of solid 

angle in channel a ' is 

άΝχ = ^ - I { s W a ' | M ( 0 ) | s m a ) 

so that the differential cross section is given by 

^ ( i m a ^ s ' m ' a ' ) d= f ^ % = | ( i 'm 'a ' |M(0) | sma) | 2 

dS2 Pinci 

(2.40) 

(2.41) 
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The total cross section is obtained from conservation of total flux V · j = 0, leading 

to the optical theorem 

47Γ 

fftot(sma) = — I m ( s m a | M ( 0 = 0)|.sma) . (2.42) 
Pa 

The corresponding unpolarized cross sections are obtained by summing over the 

final and averaging over the initial spin states. 

In summary, the method of calculation is as follows. First, we solve the multi

channel partial-wave Schrödinger equation numerically for all relevant partial waves, 

using the potential from Eqn. (2.29). Then we obtain the partial-wave 5 ma

trix according to Eqn. (2.39). Subsequently, we calculate the scattering amplitude 

Eqn. (2.25), and from this all the observables can be obtained. 

2.4.3 Treatment of electromagnetic effects 

In this subsection, we will show how the discussion given above must be modified in 

order to accommodate long-range electromagnetic potentials. It is well-known that, 

because of its infinite range, the Coulomb potential must be treated carefully on a 

separate footing. But also the long-range magnetic-moment interaction has to be 

given special consideration [Sto90a, Sto90b], in order to improve the convergence 

of the summation in the calculation of the scattering amplitude, Eqn. (2.25). The 

following discussion is completely general in that it is also valid when there is a mix

ture of channels with charged and uncharged particles. In case the electromagnetic 

interaction is absent in some channel, one can simply put ηΛ = 0. Here ηΛ is the 

Coulomb parameter 

ηΛ = а'тпл/ра . (2.43) 

We start with the case where, next to the strong interaction, only the Coulomb 

force is present. The way to proceed in this case is as follows. The solution of the 

Schrödinger equation with only the Coulomb potential reads 

Фс\т) = Σ \/^Α^Ϊνθί 'm ІУГзЛ ) e1"·' Ft(V&,p&r)/pbT ê. , (2.44) 
и 

where Fi(pr) is the standard regular Coulomb wave function, which asymptotically 

reads 

(2.45) 
7Γ 

Paf - ¿ τ + σι,* - 77aln(2par) Рі{ &,Рз.г) r=;>°0siii 

The Coulomb phase shifts ott& are given by 

σΛ Β = arg Γ(1+1 + ίηΛ) . (2.46) 
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The Coulomb analogues of the spherical Hankel functions in terms of the regular 

and irregular Coulomb wave functions, Fi(pr) and Gi(pr), are defined as 

^ ( 1 )(r/a,Pa'·) = Рі(ъ,р&т)-іСі(ъ,раг) , 

Я] 2 ) (чк,Аг) = flOb.ArO + tGiOfc.Ar) • (2-47) 

Next we eliminate in Eqn. (2.44) the regular wave function in favor of these Hankel-

like functions. The outgoing Coulomb waves H^\pr) are modified by the short-

range strong interaction, in the same manner as in the previous case without Coulomb 

interaction. In this way we obtain the following expression for the wave function, 

valid outside the range of the nuclear potential 

^ ( + ) ( r ) r ^ j - y^ Σ yJ^2t+\)xle^'Cl

0'm
J

m\ (H?)(V<.pm.r)/p<r6w6.,6n.+ 
U /Va' Z 

v / ^ a ' ^ W ) / P a ' 7 - < f s ' a ' | S J | b a ) / V ï ^ ) У?,¿θ) е.. .(2.48) 

In this expression the solution i¡y¿ (г) is split off and the asymptotic behavior of the 

Coulomb wave functions is inserted. For щ. (г) one obtains 

^ + ) ( r ) = Vmc(r) + i M r ) , (2-49) 

where 

^nc(r) = e ^ + ^ ' ^ C ^ ê . (2.50) 

is the Coulomb analogue for an incoming plane wave, and 

т М г ) ^ Σ e"->r-«bWïlr .Ι™*(5'τη'Ά'\Μσ(θ)\3τηΆ)ΙΡ* С δ. ' (2-51) 
А ' V m » 

represents an outgoing Coulomb spherical wave multiplied by the Coulomb scatter

ing amplitude. The Coulomb amplitude is given by 

< А ' т ' а ' | М с ( 0 ) | * т а ) = -δ,,δ^δ* ., ^ e - ^ " ^ 1 co.i)+ l wo.. . ( 2 5 2 ) 

p a ( l - coso) 

The partial-wave decomposition of Μ€(θ) in terms of Coulomb phase shifts and 

Legendre polynomials does not converge point-like [Tay74, Sem75]. due to the in

finite range of the Coulomb potential. However, it can be summed in the sense of 

distributions to give the Coulomb amplitude Eqn. (2.52). The final result of this 

exercise is that the scattering amplitude in the presence of both the Coulomb and 

the strong interaction can be written as 

(з'т'а^Мс+нЩзтпл) = ( s 'm'a ' |Mc(0) | sma) + (s'm'a'\Mg+N(e)\sma.} , (2.53) 
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where the amplitude Μβ+Ν(θ) is the nuclear scattering in the presence of the 

Coulomb potential. It is given by an expression analogous to Eqn. (2.25) for the 

case without Coulomb interaction, but instead of the nuclear 5 matrix SN there 

now appears 

SC+N = ( 5 c ) 1 / 2 SS+N (ScY/2 , (2.54) 

where Sc is the Coulomb S matrix with elements 

(¿Va ' |ScKsa) = £«.5„.ί„< ехр2гаг,а . (2.55) 

The nuclear 5 matrix in the presence of the Coulomb potential, SQ+NI is given by 

Eqn. (2.39) but in this case the numerical solution of the Schrödinger equation is 

matched the Coulomb instead of spherical Bessel wave functions. 

The generalization of this formalism to the case where next to the Coulomb 

potential also the magnetic-moment interaction is present is straightforward [StoQOa, 

Sto90b]. Although the latter potential has a finite range and consequently the 

partial-wave decomposition converges, it is much more practical to split off in the 

amplitude the magnetic-moment-interaction contribution and correct the nuclear 

amplitude. In this way the magnetic-moment interaction can be included in all 

partial waves and the summation in the nuclear amplitude converges faster. We 

thus write 

(з'т'а'\Мс+н{ )\атпа.) = ( s ' m O ' | M c ( 0 ) | s m a ) + (sWo'lAf^, мм( )\зта.) 

+ (s'm'a'\MS:™+N(e)\smb) , (2.56) 

where (з'т'а'\М£+мм( )\зтпа.) is the magnetic-moment-interaction amplitude, ob

tained by evaluating in Coulomb-distorted-wave Born approximation and summing 

the partial-wave 5 matrices due to the the magnetic-moment-interaction potential. 

As in the case of proton-proton scattering this amplitude is almost in phase with 

the Coulomb amplitude. Actually the spin-orbit potential of the magnetic-moment 

interaction leads to a contribution that converges much too slowly to be summed 

term by term [Knu78]. This part can be summed analytically. For antiproton-proton 

scattering it reads, in the notation of [Knu78] 

* — - £ & ( « - " * ' - * - s « 1 - « » · > ) · (2·57» 
where we have defined 

ÍLS = -Щ-^р'2) • ( 2 · 5 8 ) 
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The corresponding result for proton-proton scattering given in [Knu78] is the prop

erly symmetrized version of this expression. The decomposition of the 5 matrix 

reads 

SC+MM+N = (Sc)1 2 (S$+MM) SCÌMM+N {SCÌ-MM) (SC) • (2.59) 

Since the magnetic-moment-interaction potential contains a tensor part, the matrix 

SÇ+MM ÌS n 0 longer diagonal in orbital angular momentum. Note that the square 

root of this matrix is well-defined. Rewriting this as 

SC+MM+N - 1 = (5c - 1) + Sc [SC+MM - l ] Sc + 

cVS/cC N^/oC+MM AÍQC \ 1 / 2 ci/2 / 9 fim 

the expression for the scattering amplitude is readily obtained. Other electromag

netic effects can be treated in the same way [Sto90a, Sto90b]. 

2.5 Selection of the da ta set 

In this section we discuss the data set included in the fit. In model A, 977 data 

points were included between Piab—195 MeV/c and 1066 MeV/r. These data were 

described with xI
2

nln/7Vobs=1.39. The bulk of these data consisted of elastic differen

tial cross sections, data on charge-exchange scattering being rather scarce, and spin 

observables being (almost [Ohs73, Kim82]) completely absent. We take here a large 

subset11 of the existing data in the momentum region between 400 and 900 MeV/c. 

Most of these data are from recent years and of excellent quality. We have kept 

some bubble-chamber data, since they sometimes bridge the energy gaps where as 

yet no accurate data from LEAR exist. 

We concentrate on this energy range, because here the different observables are 

well mapped out and because we understand the data in this region from our partial-

wave analysis [Tim91e]. At lower energies spin observables are absent. The PS173 

collaboration has explored the low-energy region below piab=400 MeV/c and has 

measured elastic differential cross sections [Brü85, Brü86a], charge-exchange cross 

sections [Brü86b], and annihilation cross sections [ВгііЭО]. The PS172 group has 

measured total cross sections below ріаь=400 MeV [Bug87]. All these data will be 

analyzed at a later date. We have included the data from the following experiments. 

iData from a few experiments were not available to us [Bog76, Sak82, Ban85]. 
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Piab (MeV/c) No.,type 

422.4-598.6 

424.1-588.2 

404.3 

428.0 

439.0 

444.1 

467.5 

490.1 

497.0 

498.7 

523.0 

524.8 

544.0 

549.4 

553.1 

577.2 

591.2 

599.2 

656.0 

679.0 

689.0 

690.0 

693.0 

696.1 

696.1 

697.0 

780.5 

783.0 

790.0 

860.0 

886.0 

28a t o t 

33aann 

38dtfei 

lOdffcex 

24Ле1 

38dffP, 

39dae l 

15daCex 

14Ле1 

37dffe, 

15Aa 

36daei 

30Ae, 

lOdffcex 

34dσel 

36dac, 

15daCex 

33daei 

17Acex 

27^e. 

16da c e i 

89daei 

34dffcex 

21dtfei 

16dCTCex 

ЗЗ^еІ 
1 5 d a c e i 

30A e, 

95d<7el 

95dCTei 

34vl e l 

Xmin Rejected 

41.3 

52.6 

46.4 

16.2 

51.3 cos 0=0.85 

42.5 cos0=-O.88,-O.83 

46.4 cos0=-O.93 

18.5 cos0=-O.19 

25.9 

28.8 

18.4 

37.8 

68.3 cos0=-O.71,O.92 

7.4 

32.6 

31.9 

29.5 cos 0=0.72 

16.3 

18.5 

29.2 cos 0=0.54 

21.8 cos0=-O.14 

128.4 cos0=-O.37,O.37 

44.7 cosö=-0.08 

18.0 

20.1 

34.0 cos 0=0.63 

17.6 

52.0 

98.5 

115.0 

63.4 cos0=-O.O6 

Ref. 

[Clo84] 

[Brü87] 

[Con68] 

[Biz68] 

[Per91] 

[Con68] 

[Con68] 

[Nak84] 

[Kun88a] 

[Con68] 

[Kun88a] 

[Con68] 

[Рег91] 

[Biz68] 

[Con68] 

[Соп68] 

[Nak84] 

[Соп68] 

[ВігЭО] 

[Kun88a] 

[Nak84] 

[Eis76] 

[Bir90] 

[Koh72] 

[Koh72] 

[Ber89a] 

[Nak84] 

[Kun88a] 

[Eis76] 

[Eis76] 

[Kun88a] 

comment 

PS172 

PS173 

pre-LEAR 

pre-LEAR 

PS198 

pre-LEAR 

pre-LEAR 

KEK 

PS172 

pre-LEAR 

PS172 

pre-LEAR 

PS198 

pre-LEAR 

pre-LEAR 

pre-LEAR 

KEK 

pre-LEAR 

PS199 

PS172 

KEK 

pre-LEAR 

PS199 

pre-LEAR 

pre-LEAR 

PS198 

KEK 

PS172 

pre-LEAR 

pre-LEAR 

PS172 

Table 2.2: Data Reference Table. The symbol "der" denotes a differential cross 

section and "Л" an analyzing power. 
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• Total cross sections. 

We have chosen to use the very accurate data obtained by the PS172 group 

at LEAR. They measured atai from pi a b=388 to 599 MeV/c [Clo84] and from 

220 to 413 MeV/c [Bug87]. The first data set is included here. In model A the 

accurate total cross sections from Hamilton et al. [HamSOb] were used. Other 

data on аюь in general with larger error bars and mostly not completely 

consistent with the new LEAR data, can be found in [Cha76, Kam80, Sum82]. 

• Annihilation cross sections. 

These were taken by the PS 173 collaboration between ріаь=400 and 600 MeV/c 

[Brü87], and further down to ріаь=180 MeV/c [Brü90]. We have included the 

data above 400 MeV/c. Other experiments that measured the annihilation 

cross section are [HamSOb, Bra85]. 

• Differential cross sections pp—*pp. 

Most of the data points included in the model A fit are included here as well. 

At KEK accurate data were taken recently [Kag87], but there are some discrep

ancies between these data and the older data from Eisenhandler et al. [Eis76]. 

In particular there is an unexplained difference in the forward differential cross 

sections, which cannot be taken care of by the normalization errors reported by 

the experimentalists [Tim91e]. We have stuck to the Eisenhandler data. The 

pre-LEAR data from Conforto et al. [Con68] and from Kohno et al. [Koh72] 

are included as well. The data from Spencer and Edwards [Spe70] are out

side the energy range considered. As noted in [Tim84], the pre-LEAR data 

from Albrow et al. [Alb72] are at variance with the Eisenhandler data and are 

therefore rejected. 

• Differential cross sections pp —> ñn. 

In recent years especially the charge-exchange reaction has been quite well 

studied. In our fit we include the accurate KEK data [Nak84] and the very ac

curate data obtained by the PS199 collaboration at LEAR [Bir90] at piab=693 

MeV/c. The few bubble-chamber data [Biz68, Koh72] that existed are also 

included (these were the only charge-exchange data that were available at the 

time of the model A fit). The bubble-chamber data from [Tsu83] are not 

included, because of their low statistics. 

• Analyzing-power data pp —> pp. 

High-quality data on this observable have been obtained at LEAR by the 

PS172 collaboration [Kun88a, Kun89] and by the PS198 group [Ber89a, Per91], 
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channel 

"po," 

"ρω" 

"5π" 

m 

163.1 

240.1 

229.6 

I 

0 

1 

0 

1 

0 

1 

Ve 

248.8 

61.2 

680.9 

402.6 

96.1 

940.5 

Vss 

-48.7 

-52.9 

133.2 

-57.9 

833.0 

-44.5 

VLS 

3.5 

-89.9 

-124.6 

-193.8 

14.3 

113.8 

Vr 
-3.7 

23.6 

-101.8 

14.6 

-167.2 

294.0 

Table 2.3: Parameters of the annihilation potentials. All parameters are in MeV. 

by scattering antiprotons off a polarized protonic target ppl —» pp. The data 

below 900 MeV/c are included in our data set. 

• Analyzing-power data pp —» fm. 

The first results on this observable have been obtained by the PS199 group at 

р,аь=656 MeV/c [Bir90]. 

In Table 2.2 an overview is given of the data points included. We did not include data 

on the integrated elastic cross section [Cou77] because of the ambiguities due to the 

Coulomb interaction. Data on the integrated charge-exchange cross section [Als75, 

Cut78, HamSOa] were not included, because they are redundant when differential 

cross sections are given. 

2.6 Results and discussion 

The parameters of the annihilation potential and the coupling constants from the 

meson-exchange potential are fitted to the data set outlined in the previous section. 

Starting with 1007 observables, we find that 15 observables are to be rejected because 

of an improbable high χ2. For the remaining 992 scattering observables, the final 

fit has χ^ ι η =1273.3, corresponding to x2/Nobs= 1.28. In Table 2.2 the results for 

the different experiments are listed. The resulting parameters for the annihilation 

potential are given in Table 2.3, and the resulting parameters for the meson-nucleon 

coupling constants are given in the Л7 column of Table 2.4. In this Table we 

compare the results for the coupling constants of the ÑN fit with those obtained 

in the fit to the NN data of model D (used in the NN model A) and the soft-core 

model. In Table 2.5 the SU(3) parameters of these different potential models are 

given for comparison. 
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meson 

π 

V 

V' 

Ρ 

Φ 

ω 

αο 

/ο 

ñ 
0.2 

meson 

π 

V 

rí 

Ρ 

Φ 

ω 

αο 

/ο 

0.2 

Ρ, h, Ά 

m (MeV) 

138.0 

548.8 

957.5 

770.0 

1019.4 

782.0 

983.0 

976.0 

760.0 

307.81 

307.81 

m (MeV) 

138.0 

548.8 

957.5 

770.0 

1019.4 

782.0 

983.0 

976.0 

760.0 

307.81 

307.81 

HC NN model D 

9

2 / 4 π / 2 / 4 π ƒ/<? 

(13.396) 74.1 Ι Ο " ' 

(7.451) 41.2 ΙΟ" 3 

(15.115) 83.6 Ι Ο " ' 

0.353 23.203 (8.103) 

1.264 0.260 (0.454) 

11.378 5.475 (0.694) 

25.322 

ÑN model 

9η\π Ρ/Αχ fig 

(13.260) 73.4 ΙΟ" 3* 

(3.216) 17.8 ΙΟ"'* 

(3.849) 21.3 ΙΟ" 3* 

0.499 9.559 (4.378) 

0.362 0.000* (0.000) 

ΤβΙΟ 0.960* (0.351) 

1.632* 

0.704* 

18Л86 

0.197* 

8.778* 

SC NN model 

5

2 / 4 π / 2 / 4 π fig 

(13.676) 75.7 10- ' 

(3.433) 19.0 I O " ' 

f3.759) 20.8 IO" 3 

0.795 14.157 (4.221) 

0.099 0.000* (0.000) 

8.683 0.960 (0.333) 

1.632 

0.704 

22.731 

0.197 

8.778 

Phen. к Exp. 

value source 

/ 2 /4π=73.8 I O " ' PCAC 

/ 2 /4π=9.4 I O " ' OZI 

/ 2 /4π=3.6 10 ' OZI 

ί ί
2 /4π=0.58 VDM 

£r747r=0.0 OZI 

(72/47г=5.2 OZI 

Table 2.4: Parameters for the NN meson-exchange potential, compared to those 

of two NN potentials, the hard-core model D, and the soft-core potential. The 

universal meson cut-off in the soft-core models is Л = 964.5242 MeV. Underlined 

coupling constants are constrained by SU(3). Numbers between parentheses are 

equivalent to those of neighboring columns. Numbers with an asterisk are input. 

The pion coupling constant is given at t = 0. 
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Let us first discuss the coupling constants obtained in the NN fit, as com

pared to those of the NN fit and from existing phenomenology, starting with the 

pseudoscaJar mesons. Our treatment of this nonet is parameter-free, but there 

are small differences with the results from the iViV fit, because we used a differ

ent pion coupling constant and a different value for αρ. The conclusions drawn 

in [Nag78] remain the same. If one naively applies the Goldberger-Treiman rela

tion [Gol58, Nam60] with pion decay constant f„ = 92.4 ± 0.2 MeV [Hol90] and 

\gA/gv\ = 1.2650 ± 0.0016 [Dub90], one arrives at β = 73.8 χ Ю - 3 , which is re

markably close to the value /^ = 75.0 χ 10~3 used by us. Using this value for the pion 

coupling, it follows from the OZI rule [ОкибЗ, Zwe64, Iiz66] / ^ = \/2fm we obtain 

ƒ* = 9.4 χ 10 3 and ƒ£ = 3.6 χ Ю - 3 , whereas we have 17.8xl0- 3 and 2 1 . 3 x l 0 - 3 

respectively, implying a large violation of the OZI rule. 

The three vector-meson coupling constants determined in the fit have quite sat

isfactory values. We find 

gp = 0.7065 , 

fp = 3.0918 , 

дШ1 = 2.5836 , 

whereas in the NN potential gp = 0.8914728, ƒ, = 3.762547, and дШІ = 2.529339. 

The difference with the ЛЧ results is largest for the ρ meson, for which both our 

couplings are smaller. This implies in particular that the tensor part of the p-

exchange potential is weaker. The result for the ω is remarkably close to the NN 

value. 

For the vector mesons predictions can be made for the coupling constants by 

assuming (naively) vector-meson dominance of the nucleón electromagnetic form 

factors [Gel61, Sak66]. The isovector electric and magnetic form factors of the 

nucleón are assumed to be 

rv/.N _ 9NNpl^lp wv(., _ f NN filali) CO fi-η 

where 7ρ/4τ is the coupling constant of the photon to the neutral ρ meson and the 

normalization is FjV(0) = 1/2. From this one predicts that 

9ше/4* = 7ρ/4π· , ÎNNPIQNN^ = KP - κη = 3.7 . (2.62) 

The coupling constants of the photon to the vector mesons are [Ben72a, Ben72b, 

Cos74] 

7ρ/4π = 0.58 ±0.06 
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7^/47г = 4.60 ± 0 . 4 5 

ill Απ = 3.60 ± 0.30 . (2.63) 

The vector-dominance model (VDM) thus predicts g^/in = 0.58, and we found 

д2р/Ап = 0.499. In the NN model gj/in = 0.795 was obtained. An analysis of πΝ 

scattering data [Höh75] gives g^/fa = 0.77 and fp/gp = 6.06. Although both gp 

and f ρ are smaller than the NN values we find f pi Яр = 4.4, to be compared to 4.2 

from [Nag78] and 3.7 from VDM. Using the value from VDM for g^ we can again 

apply the OZI rule g^ = \/2дШі, resulting in g^/Απ = 5.2 and ί?|/4π = 0.0, whereas 

we had 7.8 and 0.4 respectively. 

The isoscalar form factor of the nucleón in the vector-dominance model is deter

mined by the ω and φ mesons and reads 

„ , , , , gNNv/Zl* , 9ΝΝφ/2Ίφ ÍORA\ 

1 - t/ml 1 - і/Щ 

with normalization F\(0) = 1/2. For the magnetic isoscalar form factor of the 

nucleón an analogous expression holds in terms of /л/^ш and }ΝΝΦ- From this we get 
the predictions 

gm»№* + 9ΝΝΦΙ^ΊΦ = 1/2 , (2.65) 

and 

ίΝΝν/ΪΊν+ίΝΝφ/ΐΊφ - ¿ K + Kr.) = " О · 0 6 · (2·66) 

Using the photon couplings given above and the coupling constants following from 

the fit we find 0.49 and 0.23. The agreement for the electric couplings is excellent. 

Not much is known about the coupling constants of the scalar mesons. The fitted 

f'Q coupling is smaller than the NN value. We found 

<7/; = 4.3343 , (2.67) 

to be compared to g f = 4.767733 of [Nag 78]. If we take the mixing angle θ$ = 

32.0° from [Gom86] we find as = 1.47. In the Nijmegen hyperón-nucleón poten
tial [Mae89] 0$ = 40.9° and as = 1.29 are inferred from the scalar-meson coupling 
constants. 

The model presented here demonstrates the lengths one has to go if one wants 
to describe the antinucleon-nucleon scattering data in a quantitative manner. If one 
is interested in a qualitative description only, a simple picture with few parameters 
suffices, but a detailed fit inevitably requires many parameters. Nevertheless, there 
are some general conclusions we can draw. 
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ар 

<*ev 

<*V 
as 

ΘΡ 

θν 

Os 

NN model D 

0.485* 

i.ooo· 

0.334| 

-10.4°· 

35.3°· 

SC NN/YN model 

0.361* 

1.000* 

0.449t 

1.286t 

-23.0°· 

37.5°· 

40.9°t 

NN model 

0.355' 

1.000* 

0.483t 

1.345t 

- 2 3 0°* 

37.5°· 

32.0°' 

Phen. & Exp. 

0.355 

1.0 

0.4 

-23.0° 

37.5° 

32.0° 

hyperon decay 

ρ univ. 

SU(6) 

GMO formula 

G MO formula 

Γ ( / ο ^ π π ) 

Table 2.5: SU(3) parameters for the NN meson-exchange potential, compared to 

those of two NN potentials, the hard-core model D, and the soft-core potential. 

Numbers with an asterisk are input, and numbers with a dagger are inferred from 

the meson parameters. 

Some spin and isospin dependence must be introduced in the annihilation poten

tial. Whereas in model A the annihilation potential was only isospin dependent, a 

spin-dependent phenomenological potential was introduced in the NN sector. The 

necessity for this potential may have been partly due to the arbitrary cut-off applied 

to the meson-exchange potential, but also partly to the fact that the annihilation 

potential was taken to be spin independent. Also in the Paris model [Côt82] the 

optical potential had to be taken spin and isospin dependent (as well as energy 

dependent). 

Using a spin- and isospin-dependent annihilation potential, it is possible to fit the 

data with meson-exchange forces only in the iVJV sector. This is a very satisfactory 

conclusion. In the present model we could dispense completely with the phenomeno

logical potential from model A. Also, no arbitrary cut-offs on the meson-exchange 

potential were needed. The few meson-nucleon coupling constants that were fitted 

as free parameters are not very different from the NN values. They are also in nice 

agreement with phenomenology and experiment. If the annihilation potential was 

taken to be spin independent, the resulting coupling constants would have differed 

much more from those of the NN potential. 

The tensor part of the ^exchange potential using the coupling constants fitted 

to the NN data is weaker than the corresponding tensor potential obtained from 

the C-parity-transformed iVJV potential. We found both g and ƒ coupling constants 

of the p-exchange potential smaller than the NN values. The f/g value is 4.4, 

whereas f/g = 4.2 was found in the NN fit, close to the prediction 3.7 from the 

vector-dominance model. The coupling constant for u> exchange is quite close to the 
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NN value. This certainly would not have been the case if the pomeron would have 

been left out of the NN and iVTV potentials. The central attraction due to ω and /¿ 

exchange is not as strong as predicted from the C-parity-transformed NN potential. 

Of course, one has to keep in mind that the non-local part of the NN potential is 

not included here. This modifies the short-range potentials to some extent, so that 

one actually expects coupling constants that are different from the NN values. 

In Figure 2.1 the fit to the charge-exchange data from KEK is shown. The fit 

to some of the analyzing-power data from PS172 and PS198 is shown in Figure 2.2. 

Finally, the results for the PS199 charge-exchange data are demonstrated in Fig

ure 2.3. It will be interesting to see how the model presented here compares to new 

spin observables and charge-exchange data from LEAR. 
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Figure 2.1: Differential cross section for pp—>nn at ріаь=490, 591, 689, 781 MeV/c. 

Data are from KEK [Nak84]. 
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Chapter 3 

Strangeness exchange in 

antiproton-proton scattering * 

Recently the data taken in the first runs of the PS185 experiment at the LEAR 

facility of CERN have been published [Bar87a, Bar87b, Bar89], as earliest results 

of the ongoing investigation of the antihyperon-hyperon channels below 2.0 GeV/c 

antiproton laboratory momentum. These new data on the reaction pp —» ЛЛ are 

qualitatively much better than the old1 bubble-chamber data [Oh73, Kwa74, Bee78, 

Jac78, Jay78, Fla84]. The YY thresholds that LEAR is planned to reach in the 

immediate future are shown in Table 3.1 (the Ξ 0 Ξ 0 and Ξ~Ξ~ channels are not yet 

within the energy range of LEAR). Experimentally the antihyperon-hyperon final 

state can be detected clearly because the hyperons decay weakly into a nucleón 

and a pion. In the case of the pp —> ΛΛ reaction all four charged decay products 

can be detected. In pp—>ΛΣ0,Σ0Λ the fast electromagnetic decay of Σ 0 into Λ7 

can be experimentally taken into account [ОЫ90]. In charged Σ1 production only 

two out of four decay particles carry charge, but on the other hand the hyperons 

themselves leave traces. As a consequence in all these reactions the kinematics of 

the two-body scattering process can be reconstructed completely. Moreover, since 

these parity non-conserving decays have a large asymmetry with respect to the po

larization axis of the hyperons, a complete set of observables including polarizations 

and spin correlations may be measured without the need for a polarized target or 

secondary scattering. Referring to these favorable circumstances, these reactions are 

"Based on "Strangeness exchange in antiproton-proton scattering" [Tim91c], co-authors: 
Th.A. Rijken and J.J. de Swart, submitted to Physical Review D. 

'The first clear picture of a bubble-chamber event pp—»ΛΛ—•ρπ+ ρπ" was taken in 
1961 [Butei]. 
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called "self-analyzing". Another nice feature is that the LEAR beam can be tuned 

to energies close to threshold where only relatively few partial waves contribute. 

Theoretically the pp —> YY reactions constitute a unique means for studying 

strangeness production. This can be done either in a conventional meson-exchange 

approach where the exchange of at least one strange meson is required, or with 

constituent-quark models where at least one ss pair must be created. In fact, hopes 

have been expressed that with these reactions one can probe the underlying quark 

structure of the baryons involved. One simple example is the following. In the quark 

model the spin of the hyperon can be related directly to the spin of its strange quark. 

For instance, it is easy to see that in the reaction pp —> ΛΛ the spin of the ss pair 

is exactly equal to the spin of the ΛΛ pair. Experimentally near threshold the ΛΛ 

pair is produced almost exclusively in the triplet state. The ss pair is thought to 

be created either with 3 5 i or 3Po quantum numbers, corresponding to J1'0 = 1 

or JPC — 0 + + . The threshold behavior of the cross section is given by e'+». Here 

ε = ijs — 2 т л is the kinetic energy and I is the relative orbital angular momentum 

of the ЛЛ pair {s is the total energy in the tenter-of-mass system). The argument is 

often made that from the threshold behavior of the pp —» ЛЛ reaction it is possible 

to determine which is the underlying pair-creation model. Thus 5-wave behavior 

should correspond to the 3 5i and P-wave behavior to the 3Po pair-creation model. 

However, things are not that simple. The argument disregards the Fermi motion of 

the spectator non-strange quarks. As a result even in the 3Po pair-creation model 

5-wave behavior of the cross section close to threshold is possible instead of the 

naively expected P-wave behavior [Tim85b]. 

Before 1980 several Regge-pole models were proposed to explain the bubble-

chamber data [Roy66, Pla71, Jay78]. which were taken mostly at higher energies. 

The most successful models included the Ä'*(892) trajectory as the dominant ingredi

ent, combined with some sort of absorptive mechanism. Stimulated by the expected 

results of PS185 several groups have studied the YY production reaction. This was 

done in 1984 by F. Tabakin and R. Eisenstein in their extensive meson-exchange 

calculation of the pp—>ЛЛ reaction [Tab85]. A Born approximation method with 

improved initial- and final-state interactions was used. A delicate destructive in

terference between the if*(892) and К'*{\А^) exchanges was needed in order to 

describe the data. The importance of incorporating the K" down to threshold was 

stressed. At the same time the YY channels were studied in Nijmegen by P. Tim

mers [Tim85b], using a full coupled-channels formalism, including quasi-two-body 

mesonic annihilation channels, similar to the one used in the Nijmegen model for 

low-energy antinucleon-nucleón scattering [Tim84]. The existing bubble-chamber 
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data from Jayet et al. [Jay78] were described well by this model. It turned out to be 

surprisingly difficult to achieve a detailed fit to the data, mainly because of the very 

strong short-range strangeness-exchange tensor potential. Apart from this, there 

existed the obvious computational problem in dealing with many coupled channels 

(as many as 18 for each value of the isospin). In this work [Tim85b] the suppression 

of the pp —> ΛΛ transition due to the strong final-state absorption and the impor

tance of the strangeness-changing tensor force due to K(4M) and K*(892) exchange 

were demonstrated. Other one-boson-exchange studies are the coupled-channels 

model of J. Niskanen [Nis85] and the DWBA kaon-exchange model of M. Kohno 

and W. Weise [Koh86b, Koh88]. The latter authors also demonstrated the presence 

of a substantial 5-wave suppression due to the strong short-range absorption. 

All these studies emphasize the presence of strong initial- and final-state anni

hilation effects which call for a coupled-channels calculation. In earlier reports on 

our model [Tim88a, Tim88b, Swa88a, Swa89] we have shown the dominant role of 

the tensor force in the pp —> ΛΛ reaction, which accounts for the strong anisotropy 

of the differential cross section and the sizable polarization even close to thresh

old. In Ref. [Tim88a], where the model was applied to the first data taken by 

PS185 [Bar87a], we pointed out the need to use a good meson-exchange potential. 

In our case this potential is given by the Nijmegen soft-core micleon-nudeon [N"ag78] 

and hyperon-nucleon [Mae89] one-boson-exchangc potential, properly adapted via 

the C-parity transformation to the antibaryon-baryon channels. It is satisfactory 

to see that the same potential can account also very well for antibaryon-baryon 

scattering. The model was subsequently applied to the data [Bar87b] at one higher 

energy [Tiin88b], and next to the data [Bar89] taken very close to threshold [Swa88a, 

Swa89]. 

Several quark model studies have been attempted, notably the 3Si pair-creation 

model of M. Kohno and W. Weise [Koh86b] and the more extensive work of S. Furui 

and A. Faessler [Fur87], which favors the 3Po pair-creation model because it allows 

tensor-force transitions between pp and YY. H. Rubinstein and H. Snellman [Rub85] 

have given some theoretical justification for the use of pcrturbative QCD calculations 

at these low energies. An interesting alternative development is the diquark study 

of P. Kroll and W. Schweiger [Kro87]. 

Both the meson-exchange and the quark-creation mechanism are probably present 

at the same time, but the K(A94) and Ä"*(892) potentials extend well beyond the 

inner region of the interaction, while short-ranged quark mechanisms may be hid

den due to absorption in initial and final state. In view of these considerations, we 

present a model for describing antibaryon-baryon scattering in the LEAR momen-
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PP 
ñn 
ΛΛ 

ΛΣ0,ΣηΛ 

Σ+Σ + 

^ Σ 0 

Σ - Σ -

Έ°Ε0 

Ξ Ξ~ 

Et (McV) 

1877 

1879 

2231 

2308 

2379 

2385 

2395 

2630 

2643 

ры, (Ме /с) 

0 

100 

1435 

1653 

1853 

1871 

1899 

2582 

2620 

I 

ο,ι 
0,1 

0 

1 

0Д,2 

0,2 

0,1,2 

0,1 

од 

Δί? 

0 

1 

1 

1 

0 

1 

2 

1 

2 

Δ 5 

0 

0 

2 

2 

Table 3.1: Antibaryon-baryon final states accessible at LEAR with their threshold 

energies Et and momenta ріаь in pp scattering. I denotes the isospin. AQ and Δ 5 

refer to the number of charge and strangeness quanta exchanged. 

tum region that offers some clear advantages over other approaches. A coupled-

channels partial-wave calculation using the multichannel Schrödinger equation is 

performed, taking into account all relevant baryonic channels. The interaction region 

is divided into two parts. A coupled-channels antibaryon-baryon meson-exchange 

potential is used in the outer region, which is connected to the inner region with 

the use of the P-matrix formalism [Jaf79]. The short-range physics is treated phe-

nomenologically. This allows us to incorporate initial- and final-state absorption 

properly and also to study the tail of the nuclear interaction. In particular the influ

ence of the different strange mesons is investigated. This separation of very complex 

short-range and well-known long-range dynamics and the use of a meson-exchange 

potential of good quality allow an excellent description of the available data. We 

show how these data convincingly reflect the presence of a strong tensor force which 

is due to combined exchange of the .ftr(494) and A'*(892) mesons. 

The methods used in our model are in fact quite similar to the ones used in the 

Nijmegen phase-shift or partial-wave analyses of low-energy pp and np scattering 

data [Ber88, Ber90]. We decided to present also a partial-wave analysis of all the 

low-energy pp —» ЛЛ data taken at LEAR. We think that we are able to pin down 

reliably the behavior of the important transitions. We finally point out that this is 

the first time a multi-energy χ2 fit is done to all the published LEAR data on the 

reaction pp —* ΛΛ. 
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3.1 Density-matrix formalism for pp^AA 

3.1.1 Observables in pp —> ΛΛ 

In this section we will briefly review the density-matrix formaJism [Dur64] applied to 

the pp —> YY strong interaction, to the subsequent electroweak decay of the hyperons 

and its relation to the scattering observables: cross sections, polarizations, and spin 

correlations. To be specific the reaction pp —» ΛΛ is taken as an example throughout 

the section. The initial pp state is described with a density matrix ppp which is the 

outer product of the density matrices for the antiproton beam (with polarization 

P p ) and for the proton target (with polarization P'') and is thus given by 

ρΡρ = ^(1 + σρ·-ρη®{1 + σρ·Ρ'). (3.1) 

In case of scattering of an unpolarized beam on an unpolarized target we simply 

have 

Ря, = \(1®1)· (3-2) 

The strong interaction with amplitude M, transforms this into the density matrix 

for the ЛЛ final state 

^ A = M . ^ M ; . (3.3) 

This scattering amplitude M, is the quantity which is analyzed in our model. The 

density matrix /?дЛ can be expanded in the 16 basis matrices σ^ ®σ^, which are the 

outer products of the three Pauli matrices and σο = 1 

Ρ Λ Α = ^ Ο Σ ^ ( < ® ^ Λ ) · (3.4) 
^ μι/ 

Here Io = άσ/άΩ , CQQ = li C,o = Р,л , Co, = Р,л, and С,} are the spin-correlation 
coefficients. From the above expression for ^ A we can deduce easily 

Ό = Tr [flfc] , 

/oP A = Ъ^сг^ , 

I0P* = Ъ [0^0*1 , 

Io С, = Tr [ f l v X ® ^ ] . (3.5) 

Another useful observable is the so-called singlet fraction 5 defined by 

/o S = TV [^5] = ΎτΙ^Ι-σ^^σ^μ] = 

= (1 - C„ - C„ - C„)/4 , (3.6) 



56 Strangeness exrhange in antiproton-proton scattering 

where the operator S projects out the singlet state. Analogously we define the triplet 

fraction Τ 

Ιο Τ = Tr [ ρ λ Λ ί ] = Tr [pjA(3 + σ* ® ггл)/4] = 

= (3 + C M + C w + C „ ) / 4 • (3.7) 

It is obvious that S + Τ = 1. As to the kinematic limits on these observables we 

have that - 1 < P„Ctj < 1 and 0 < S,Τ < 1. When the spins of the outgoing 

particles are uncorrelated one has S = | , Τ — | . 

It is customary to use a right-handed coordinate system in which the y-axis lies 

normal to the production plane and in which the z-axis is parallel to the direc

tion of motion of the outgoing Λ (in the center-of-mass system). Using this set of 

axes and assuming the invariance of the strong interaction under the Ρ and the 

С transformation separately one can prove important symmetry relations for the 

spin-observables. Applying conservation of parity it is easy to deduce that 

ρ* = ρ * = ρ* = pf = о , 

^ху = (- ух — ^yz (-'zy ~ U · (*^·°) 

while charge-conjugation invariance adds the further restrictions 

рЛ = рЛ 

Су = С j , , (3-9) 

in case of self-charge-conjugate reactions (like pp—> ΛΛ). These symmetry relations 

leave us with five independent spin-observables: the polarization normal to the 

scattering plane Pj, and the spin correlations Cxx, Ονν. Czz, and Cxz, which are all 

functions of the center-of-mass scattering angle Θ. From rotational invariance follow 

some simple relations. Both in the forward direction (Θ = 0) and in the backward 

direction (Θ = π), one has P„ = 0, Cxz — 0. and Cxx = Ονυ. 

Experimentalists usually give the observables using two different sets of body-

fixed axes, (x, у, г ) л and (x, y, z ) j , which are rotated over 180° with respect to each 

other and where the z-axes are parallel to the momenta of the respective particles. 

This then gives a sign change in Cxx, Czz, and Czz. We will conform to this con

vention. It should be mentioned here that the data at риь~1546.2 MeV/c do not 

satisfy the requirement Cxx = -Ονυ at backward angles. 

This completes the discussion of the strong interaction density-matrix formalism 

relevant for our theoretical model. For the sake of completeness we will spend a few 

words in explaining the elegant experimental technique that is used to determine 

these observables. To this end, we first discuss the phenomenology of non-leptonic 

hyperon decay. 
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3.1.2 The electroweak decay of the hyperons 

A phenomenological analysis, independent of underlying dynamics, of hyperon non-

leptonic decay was first presented by Lee and Yang [Lee57], allowing for the possi

bility of violation of parity invariance. In the rest frame of the Λ, the final ρπ' state 

in the decay Λ—*ρπ~ can be Si/2 (parity conservation is violated) or p1/2 (parity 

is conserved), with respective amplitudes A and B. Three constants are needed to 

describe the decay, for instance |Л|, |B|, and their relative phase. Unlike the strong 
interaction amplitude M, the form of the weak interaction amplitude Mw is known. 
The amplitude* for the weak decay Λ —»ρπ- can be written as 

Mw = Α + Βσρ , (3.10) 

where σ is the spin vector of the Λ and ρ is a unit vector in the direction of the 

momentum of the decay proton. Due to the fact that the weak amplitude Mm 

contains a parity-breaking term, the weak decay produces a large asymmetry with 

respect to the polarization axes of the hyperons. Essentially this means that in 

the rest-system of the Λ the proton is not emitted isotropically, but that there is a 

preference on the part of the Λ to emit the proton in the direction of its polarization, 

as will be seen. 

The density matrix for the Λ with its spin in the direction specified by a unit 

vector s reads 
1 + < r s , 

Px = g · ( З Л 1 ) 

From this it follows that the density matrix for the ρπ state is 

Ρρπ- = Mw pK Ml 

= (Л + Б < т - р ) 1 ^ - ^ ( Л * + В -р) . (3.12) 

It can easily be shown that this gives 

pp„- = (ΛΛ4Μ·)(1+ο Î -Ê) \ {1 + σ - [ Ω β + ( S ' ß ) ß + 0{l X ß ) + 7 ß X ( S X ß ) 1 

1 -Γ ex s • ¿J 

(3.13) 
2\ 1 + a s - p 

where we have defined the constants 

α = 2KB {AB') I {A A' + BB') , 

β = 2lm{A'B)l(AA' + BB') , 

7 = (AA' -ΒΒ')Ι{ΑΑ' + ΒΒ·) . (3.14) 

'The usage of the term amplitude is a bit sloppy, actually it is the transition matrix in spin 
space. 
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for 

for 

for 

Λ —>ρπ 

Σ, —» ρπ 

Σ " - > ш Г 

Note that α is a measure for the interference of the parities in the decay. From the 

expression for p^- one observes that the spin of the decay proton is 

[qp + (s • p)p + ß(s χ ρ) + 7 p χ (s χ ρ)] 

1 + Q S - P ' ' 

This is (of course) a unit vector. Since α 2 + β2 + -y2 = 1 it is customary to write 

β = Vi — a2 sin Φ , 

7 = л/1 - α 2 cos Φ . (3.16) 

From this analysis we see that the decay Λ —» ртг " is completely characterized by 

three numbers, the decay probability per unit time (proportional to \A\2 + \B\2), the 

asymmetry parameter a, and the angle Φ that gives the direction of the proton spin 

with respect to the Λ spin and the proton momentum Experimentally the decay 

parameters are [PDG90] 

a = 0.642 ± 0.013 , Φ = - ( 6 . 5 ±3.5)° 

a = - 0 980 ± 0 016 , Φ = (36 ± 34)° 

α = -0.068 ± 0.008 , Φ = (10 ±15) ° for Е - - > ш Г . (3.17) 

From the three numbers α, Ф, and the decay probability, the amplitudes A and В 

can be obtained up to an overall phase. 

For the charge-conjugate decay Л —» ρπ+ we write 

Mw = Α+Βσρ , (3.18) 

where now ρ is a unit vector in the direction of the antiproton momentum. Assuming 

that the decay is invariant under the CP transformation, it is easy to show that 

A = —A and Β = Β, οτ in terms of the decay asymmetries α = —α. 

The probability that in the decay Λ —>ρπ~, in the rest frame of the Λ, the proton 

is emitted in the direction p, is obtained from Eqn. (3.13) as 

To = Tr [/ν-] 

= (l + as-p)/47r , (3.19) 

where the amplitudes A and В are normalized appropriately according to AA' + 

BB' = 4π, such that the total probability is one. The above expression clearly 

shows that in the decay parity conservation is violated and that the proton is emitted 

preferably in the direction of the Λ spin. 
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In case a Σ 0 is involved, it rapidly decays electromagnetically according to 

Σ 0 —>Λ7. This is an Ml transition (AJ = 0,"no") and the corresponding elec

tromagnetic amplitude Me is --

Me = Ασ-(ρχε) , (3.20) 

where ρ is a unit vector in the direction of the Λ momentum (in the Σ 0 rest frame), 

and ê is the transversal polarization vector of the photon, for which ê · ρ = 0. 

The distribution of the final state Λ is of course isotropic, since the electromagnetic 

interaction conserves parity. Usually one normalizes Me such that AA* = 1/8π, 

since summing over photon polarizations gives an extra factor 2. 

3.1.3 Measurement of the observables 

In this subsection we review how the parity-breaking weak decay of the hyperons 

produced in the reaction pp —> YY allows one to reconstruct their polarization and 

spin correlations without the need for secondary scattering. The experimentally de

tected charged-decay modes in pp—» ΛΛ are Λ —•ρπ" and Λ —>ρπ+, with branching 

ratios of 64.1%. The neutral-decay mode Λ —> η π 0 , with a branching ratio of 35.7%, 

is not detected. We will assume that CP is conserved'. 

In the reaction pp —> ΛΛ —» ρ π + ρπ~ it is possible to detect all four charged decay 

products [Bar87a]. According to the density-matrix formalism presented in the 

previous two subsections, the distribution of these four particles is given by 

I = Tr [MWMWPMMIMI] . (3.21) 

Note that since the Λ and the Λ are correlated, the density matrix ρΑλ cannot be 

separated into the outer product of p\ and p^. Instead, we use the the weak ampli

tudes from Eqs. (3.10) and (3.18) and the definition of the asymmetry parameters 

to obtain 

I = Τ Ϊ [ ( 1 + α σ · ρ ( ρ ) ) ( 1 + α <τ.ρ(ρ))ρ Α Λ ]/ (47Γ) 2 , (3.22) 

from which, with the help of the expansion for рдЛ given in Eqn. (3.4) and the 

definition of the observables in pp—> ЛЛ given in Eqn. (3.5), we get 

I = h 1 + α Рд- • p(p) + α Рл • р(р) + аа £ С,3 р,{р)р}(р) /(47Г)2 . (3.23) 

*Т1іе PS185 collaboration has investigated possible CP breaking in pp—> ЛЛ, by measur
ing the quantity A = (a + a)/(a — a). It was found to be A = —0.07 ± 0.09, consistent with 
zero, as required by CP invariance [Bar87b]. In the Kobayashi-Maskawa model one expects 
А и 10-4 [Don86a, Don86b]. 
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/o is the differential cross section for the reaction pp —» ΛΛ. Note that p(p) and p(p) 

refer to the direction of the momenta of the decay antiproton and proton as defined 

in the respective rest frames of Λ and Λ. From this expression we observe that if 

the complete kinematics of the reaction pp—>ΛΛ —»ρπ + ρπ _ can be reconstructed, 

the observables in pp —> ΛΛ, polarizations and spin correlations, can be inferred. 

In the analysis of pp —» ΛΣ 0 one can take into account the fast decay Σ 0 —» Λ7, but 

at the expense of some loss in statistics [Ohl90, Bar90a]. In the density-matrix for

malism this works as follows. As an example, we take the reaction pp —• ΧΣ 0 —» ΛΛ7 

—>ρπΗ ρ π _ 7 . For the final state distribution we get 

I = Tr [Μ.Μ 1 ,Λί ,ρ Ϊ Σ οΜ*Μ" ι .Μί] , (3.24) 

where Me is the electromagnetic amplitude for the process Σ 0 —> Λ7, given in Eqn. (3.20). 

After substitution of the relevant amplitudes we arrive at 

I = Tr [ (1 + άσ • p(p)) (1 - α p(p) · p(Α) σ • ρ(Λ)) ρχ^ } /(4π)3 , (3.25) 

after summing over photon polarizations and using ê · p(A) = 0. Evaluating the 

traces we obtain 

/ = io 1 + α Рд · p(p) - α p(p) · ρ(Λ) ΡΣο · ρ(Λ) - аа р(р) · р(Л) £ С,, p,(p)pj(A) 

(3.26) 

where I0 is the differential cross section for the reaction pp—> ΛΣ 0. Note that if we 

integrate this expression over p(A), we obtain 

I = I0 1 + α Рд · p(p) - - α Ρ Σ ο · p(p) - - a a 52 сч PÁP)P}(P) 
0 Λ 4 

/(4π) 2 , (3.27) 

so that if the polarization of the A is measured, the polarization of the Σ 0 is obtained 

from 

ΡΣΟ = - З Р л · (3.28) 

The reaction pp —> Σ 0 Σ ο can be treated in a similar fashion. 

3.2 Multichannel scattering formalism 

3.2.1 Multichannel Schrödinger equation 

Antiproton-proton scattering at intermediate energies is a complicated multichannel 

problem. Consider this problem on the isospin basis. Restricting ourselves for the 

/(4π 
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moment to the two-particle antibaryon-baryon channels below 2.0 GeV/c momentum 

with isospin 0, 1, or 2, the following three scattering problems have to be solved 

/ = 0 (ΛΓΛΓ,ΛΛ,ΣΣ) - (ΝΝ,ΑΑ,ΈΣ) , 

1=1 : (JVW, ΛΣ + ΣΛ, ΣΣ) -» (AW, ΛΣ + ΣΛ, ΣΣ) , (3.29) 

1 = 2 : (ΣΣ) -> (ΣΣ) . 

For isospin 0 or 1 the potentials on the isospin basis are 3 x 3 matrices in chan

nel space (6x6 matrices in the case of tensor-force coupled partial waves). As an 

example for isospin 0 we get for the wave function and potential matrix 

/ (resj\ÑN) \ f vNN νΝ/ί ν„Σ \ 

Φ'0 = (resJ\AA) , V0

J = VAN Клл ^ Λ Ε , (3.30) 

V (Γ/β7|ΣΣ> У \ νΣΝ νΣΑ νΣΣ ) 

where the notation of the potential matrix elements is such that for instance Удлг = 

(ЛЛ| V \NN). Similar expressions hold for isospin 1. These potentials are used 

in the relativistic, symmetric version of the radial Schrödinger equation in channel 

space. The relativistic Schrödinger equation [Par70, Erk74, Swa78] is a differential 

form of the relativistic Lippmann-Schwinger integral equation, which in its turn is 

equivalent to three-dimensional relativistic integral equations like the Blankenbecler-

Sugar equation [Log63, Bla66, Kad68a, Kad68b]. For an isospin I partial wave with 

total angular momentum J we have 

d2 Lì + j? - Uj\ ФЦт) = 0 . (3.31) 
dr2 г 

Here i// = y/2rnV/ у/2т, where V/ denotes the coupled-channels antibaryon-baryon 

potential (see next section) and ρ and m are diagonal matrices containing the chan

nel momenta (in the center-of-mass system) and reduced masses. The connection 

between the momenta ρ and the total center-of-mass energy y/s is given by the rel

ativistic expression p2 = \s — m2 (for equal baryon masses). L2 is a diagonal matrix 

with entries ί(ί + 1). In order to have the correct thresholds and to be able to in

clude the Coulomb interaction we use the physical particle basis in our calculation. 

Taking into account all baryonic channels below 2.0 GeV/c antiproton momentum, 

there are 7 coupled channels for partial waves with £ = J, s = 0,1 and 14 coupled 

channels for tensor-force coupled partial waves with i= J ±1, s = 1. 

3.2.2 Treatment of closed channels 

In our calculation on the physical particle basis we want to be able to take into 

account all channels, including the channels that are closed at a particular energy. 
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So in general we have a mixture of open and closed channels. In order to be sure 

that unphysical solutions which behave asymptotically like growing exponentials 

are excluded, the multichannel Schrödinger equation has to be solved backward, 

starting at infinity (i.e. outside the range of the nuclear potential). If the Schrödinger 

equation is solved in the usual forward manner, the unphysical solutions in the closed 

channels may spoil the numerical accuracy of the integration. In this subsection the 

correct treatment of the closed channels is given. The notations used are the same 

as in Chapter 2^. 

In a closed channel, the channel momentum ptt is positive imaginary, p a = г |р а | . 

By choosing the positive sign, such that in the multichannel complex momentum 

plane all momenta are found in the upper half plane Im p a > 0, we ensure that in 

the complex energy plane we are dealing with the physical Riemann sheet. This 

sheet contains the physical region, where all momenta are real and positive. The 

multichannel S matrix is analytic on the whole physical sheet, except for possible 

poles at bound-state energies and cuts on the real axis. In a closed channel, there 

is only one physical solution, namely the one that behaves like #і(г |р а | г ) for large 

τ and is asymptotically damped. The unphysical solution behaves like #2(î |p a | r) 

for large τ and grows exponentially. In a channel where Coulomb forces act, Ηχ 

and H2 are the Coulomb analogues of the spherical Hankel functions. The Coulomb 

interaction can also be treated correctly below threshold, by using Coulomb wave 

functions and phase shifts for complex momenta [Tho85]. In inelastic reactions 

with charged particles, like pp—> Σ > Σ + or pp—> Σ Σ , the Coulomb interaction is 

important close to threshold [Fon59]. 

The solution of the multichannel radial Schrödinger equation reads asymptoti

cally 

Ф»(г) r ^ > 0 0 J - № ( p r ) + Ih{pr)S] - L z f l . (3.32) 
V Ρ ypñP 

В is an arbitrary constant matrix. Suppose there is a total of І channels. If we 

divide the matrices in this expression into two blocks, the first block referring to the 

N0 open channels and the second block to the N,. closed channels, then we can write 

* - H * ¿И» *,)(££:)• <"» 
'The treatment given in this subsection corresponds to the usual choice of the basis in channel 

space where the factor 2mV appears in the Schrödinger equation As such, if follows closely the 
multichannel formalism of Chapter 2. In contrast, in the remainder of this chapter, the symmetric 
Schrödinger equation is used with the factor v2mVV2m. 
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Since the incoming spherical waves in the closed channels are unphysical and likewise 

the two subblocks Soc and 5CC, the wave function should actually be written as 

Φ fr) r ^ > ° 0 / ^ ( Я 2 ( р г ) + Hi(Pr)s°° \ _J_B 
^ ' V Ρ \ H^PriSco ) y/^P 

m f Hiipr) 0 H2(pr) ч ' ' 
ρ \ 0 Яі(рг) О 

\ 

Sc o Ι -^В , (3.34) 

where it is understood that in the closed channels the momenta are positive imagi

nary. We see from this that we can write the asymptotic wave function in the form 

of Eqn. (3.32), but now Hi is an TV χ TV matrix, and Ф^, Яг, and 5 are Ν χ N0 

matrices. 

The Schrödinger equation is now solved backward, starting with the following 

boundary condition at infinity r ^ 

*<'-> = Л "''Г"1 и,0 , " ' T - 1 ) - <3-35» 
V ρ \ о Ніірг^) ο ; 

By integrating backward to r = & (twice, once for the real part, and once for the 

imaginary part of the wave function) we obtain the numerical solution Ф тіт(' ') and 

its derivative Фпит(&)· These can be written as 

Фпшп(Ь) = ( Ф^Ь) Ф2(6) ) ( £ \ - Ф1(&)5 + Ф2(о) 

*™ш(Ь) = ф'1(г.)5 + Ф'2(Ь) . (3.36) 

By integrating forward from τ = 0 to г = b the solution Ф(6) and its derivative Ф'(6) 

can be obtained. Actually in the model we impose a boundary condition at τ = b. 

The two different solutions are to be matched at r = ò, so we require that 

ЦЬ)А = Φ 1(6)5 + Φ2(&) , 

Ф'(Ь)А = Фі(6)5 + Φ',ίδ) , (3.37) 

where Л is a constant Ν χ N0 matrix. Solving for the S matrix, one obtains 

5 = - [РФуіЬ) - ФІ(Ь)]-1 о [РФ2(6) - Ф'2(6)] , (3.38) 

where Ρ = Ф'(&)Ф~1(о) is the Ρ matrix, the logarithmic derivative of the wave 

function (see next subsection). Note that since Φι is a square matrix, the inverse 

does indeed exist. Using this method we have obtained an expression for the S 

matrix in terms of the numerical solution and the boundary condition at г = b. 
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3.2.3 The Ρ matrix 

Up to this point only the two-body baryonic channels have been accounted for, 

but the many mesonic annihilation channels coupled to the pp system have not 

been included yet. In these baryonic channels the long-range interaction is in our 

model given by an antibaryon-baryon meson-exchange potential. For the compli

cated short-range interaction we think that the meson-exchange picture is perhaps 

of limited use, since here the physics is probably dominated by a strong coupling 

to the many annihilation channels and possibly by quark and gluon degrees of free

dom. With the help of the so-called P-matrix formalism [Jaf79] we will circumvent 

the problem of the complex short-range physics. The Ρ matrix is defined as the 

logarithmic derivative of the solution matrix Ф(г) at a distance г = b from the 

origin 

р = ь ( ^ ф ~ 1 6 ' (з-з9) 

where the factor b is now included in the definition in order to make the Ρ matrix 

dimensionless. In the original work the Ρ matrix was used by Jaffe and Low in 

the bag model where at the energies of the eigenstates of the confined quark and 

gluon degrees of freedom the Ρ matrix exhibits poles. More generally the Ρ matrix 

relates the inner to the outer region physics. In scattering problems the short-range 

interaction is largely unknown and has to be treated phenomenologically. The long-

range physics is much better understood theoretically. The P-matrix formalism 

provides a useful separation between these two regions and is a very powerful tool 

in analyzing scattering data. Recently the Ρ matrix has proven its power in the 

Nijmegen partial-wave analyses of nucleon-nucleon scattering data [Ber88, Ber90]. 

As already mentioned in the introduction, using the same techniques here we can 

determine quite reliably the behavior of the most important amplitudes. 

We have put the boundary b at 1.2 fm. Any value between about 1.1 fm and 

1.3 fm would allow us to get an almost equally good fit to the data but 1.2 fm is 

more or less the optimal value. This is closely related to the range of the annihi

lation potential. Outside τ — b a (real) meson-exchange potential is used, whereas 

the (imaginary) annihilation potential inside г = b is completely represented by 

the Ρ matrix (see next section). This shows that the annihilation potential is of 

intermediate range because if we take the boundary at values smaller than 1 fm it is 

impossible to fit the data on pp —» pp in a proper way. In particular it would be very 

difficult to achieve a reasonable fit to the forward diffraction peak and minimum 

present in the elastic differential cross section. 

Starting with the boundary condition at infinity г ^ we integrate the Schrödinger 
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equation backward, numerically, for each partial wave with J < J m M down lo a 

distance г = b. There the 5 matrix is evaluated by matching Фпит(Ь) to the Ρ 

matrix. All the scattering observables defined in the previous section can then be 

calculated using standard methods. 

3.2.4 Parametrization of the Ρ matrix 

In the previous subsection we explained how the complicated short-range interac

tion can be represented by the P-matrix boundary condition on the wave function. 

The Ρ matrix has to be parametrized in a phenomenological manner. Many differ

ent parametrizations are possible. Let us begin the discussion with single-channel 

scattering. A simple but very convenient choice for the short-range interaction is 

a square-well potential of range b. The Ρ matrix for a single-channel square-well 

problem in a partial wave with orbital angular momentum ί is given by 

Р<=Р'ЪЩР^, (3.40) 
Jc(p'b) 

where Ji{z) = zji(z) with jt(z) the spherical Bossel function and p' = p2 - 2mV, 

V being the depth of the square-well potential. The prime on the Bessel function 

denotes differentiation with respect to the argument. The many mesonic annihilation 

channels which are coupled to each single antibaryon-baryon channel through a 

short-range annihilation potential are taken into account as an average by using a 

complex square well, leading to a complex instead of a real Ρ matrix. 

The simplest way to treat the case of coupled channels is to start from these 

single-channel Ρ matrices (which of course are just complex numbers) and arrange 

them in a diagonal matrix. The next step is to specify some sort of coupling. The 

short-range coupling between different antibaryon-baryon channels and the coupling 

due to the tensor force are taken into account by adding a prescription to parametrize 

the off-diagonal P-matrix elements. Suppose we have a diagonal Ρ matrix for two 

coupled channels. A useful construction to describe the mixing between these chan

nels, and the one we will actually employ in our model is given by 

/ coso sino W Pj 0 W coso - s i n 0 \ 

\ - s i n 0 coso / \ 0 Pj / \ 5Іп c o s 0 / ' 

In general the angle θ can be parametrized as a function of energy, although in our 

calculation we can take it a constant, dependent on the partial wave. 

In this way we have finally arrived at a multichannel Ρ matrix. The fact that 

a complex annihilation potential is used in the parametrization means that the 
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corresponding Ρ matrix is no longer hermitean, though still symmetric. This last 

fact follows from time-reversal invariance, which allows us to choose the phases of 

the physical states in such a way that the potential matrix and consequently the 

Ρ matrix is symmetric. This gives us N 

PT = Ρ , p t ^ ρ ) (3.42) 

where the Τ denotes transposition in channel space. For the partial-wave 5 matrix 

(actually the submatrix referring to the open channels) we then get 

ST = S , 5 t φ S 1 . (3.43) 

The fact that the 5 matrix is not unitary is a consequence of the disappearance of 

probability (flux) into the mesonic channels. 

3.3 Antibaryon-baryon potential 

In this section we want to sketch the derivation of the antibaryon-baryon potential to 

be used in the multichannel Schrödinger equation discussed in the previous section. 

In keeping with the work of the Nijmegen group on nucleon-nucloon and hyperon-

nucleon potentials [Nag78, Mae89], we will assume that SU(3)-flavor symmetry holds 

for the coupling constants between baryons and mesons. In order to implement this 

assumption and to calculate the various isospin symmetry factors, it is convenient to 

start the discussion from a Lagrangian of baryons and mesons with unbroken flavor 

symmetry, where the hadrons are assigned to multiplets which transform according 

to definite irreducible representations of SU(3). The formalism used here to describe 

the mutual interaction of baryons and mesons is explained in appendix В to which 

we refer for details. It was applied for the first time to the case of antibaryon-baryon 

scattering by P.H. Timmers and J.J. de Swart [Tim85b] and improved by us. 

Out of the baryon and meson fields, direct products can be formed with the help 

of the (real) SU(3) Clebsch-Gordan coefficients [Swa63]. This procedure leads to a 

local interaction Lagrangian of the following general form 

£.m(x) = - Σ 9(Ί) ( ^ μ ^ ) $?\х) ιΓ№4*)Φ{Λ*) • (3.44) 

The reader may easily verify that this interaction Lagrangian is a flavor singlet. 

The form (3.44) is equivalent to the more familiar one which is obtained by con

structing a baryon current out of ·φ{χ) and φ{χ) and coupling this current with the 
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multiplet 

scalar 

pscudoscalar 

vector 

tensor 

JPG 

0 + + 

o-+ 

1"-

2 + + 

'-•int 

дФФФз 

ίίϊΦΊμΚψΟμφρ ; ідф-уъФФр 

гдФъФФ + άΨσμνΜ&Φΐτ - Pfà) 

еіФііЛ + ΊΜ - ífad^M φψ 

Table 3.2: Interactions - £ ¡ n t of baryons and mesons, m and M are scaling masses, 

chosen as the mass of the charged pion and the proton, respectively. For pseu-

doscalars both pseudovector and pseudoscalar couplings are shown. 

meson field φ{χ) to a flavor singlet. In the expression for Lxtíí only flavor indices 

are explicitly shown wherecis Dirac spinor and Lorcntz space-time indices as well as 

possible derivatives acting on the baryon and meson fields are suppressed. гГ is an 

SU(3) invariant operator, for example a Dirac matrix in spinor space. Taking into 

account meson multiplets of different spin and parity we distinguish in our model 

scalar, pseudoscalar, vector, and tensor mesons. The interaction Lagrangians for 

these exchanges are summarized in Table 3.2 where this time the flavor indices and 

summations are suppressed. 

We apply this formalism to the case of antibaryon-baryon scattering B-^Bi —» B3B4. 

In doing this, care has to be taken with the phases of the antibaryon multiplet with 

respect to the baryon multiplet. In order to make the calculation more transparent, 

as well as to keep track of these phase factors, a set of Feynman rules, derived using 

the conventions of appendix B, is given in Table 3.3. 

Evaluating the one-boson-exchangc diagram for B1B2 —» B3B4 with the help of 

these rules gives for the scattering amplitude 

Mfi = (ßlWiV* \M\ μΊνιμι^ΐ) = 

= - Σ 5із(7)524(7') 
-ti'ν 

х[й(і)Ги(2)]гОР(к)[ (1)Т (3)} , (3.45) 

in an obvious notation. The indices μ and f denote the SU(3)-flavor quantum num

bers of the exchanged meson. Ор(к) is the Feynman propagator for the exchanged 

meson, for a scalar or pseudoscalar meson given by iDP(k) = (к2 + m2 - г е ) - 1 . 

Although we will not use it here, we mention for completeness that with these con

ventions the baryon propagator reads ISF{P) = (¿7 • ρ + m — ίε)~ι. 

As far as the masses of the baryons and mesons are concerned, SU(3)-flavor 

/i2 μ /i47 

U2 V l'i 
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• vertex factor: 'W Σ τ 312(7) 7 Γ 
V щ V 1/2 / 

- with (-)<?("'> + (-)«<«) + (_)«(") = 1 from charge conservation 

• internal lines: 

- meson propagator: y-J « »̂ V' ά^δ^ί-ψ^ϋρ^) 

- baryon propagator: μ j · > 9fjtv' S^Ö^Spip) 

• external lines: 

- absorbed baryon: > · u(p, s) 

- absorbed antibaryon: < 1 v(p, sj i-)*3 '" ' 

- emitted baryon: · > u(p, s) 

- emitted antibaryon: φ < v(p,s)( — ) ( ? ( ' / 

• permutation factor. for ВіВг —> B3B4 δ ρ = - 1 

(from normal ordering) 

Table 3.3: Feynman rules for —iMf, for baryons and mesons with unbroken SU(3)-

flavor symmetry. The corresponding Lagrangian is given in Eqn. (3.44). 
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symmetry is of course broken in nature and this breaking of the mass degeneracy 

can very easily be incorporated. Maintaining for the moment SU(2)®U(1) isospin-

hypercharge symmetry, contained in SU(3), let us calculate the scattering amplitude 

on the isospin basis. To achieve this, we split the SU(3) Clebsch-Gordan coefficient 

in the product of a SU(2) Clebsch-Gordan coefficient and a so-called isoscalar fac

tor [Swa63] in the standard way 

μι ß2 β3Ί 

Vi V2 з 
mi πΐ2 тпз 

μι 

IiYi 

μ2 Мз-, 
(3.46) 

Furthermore we take initial and final two-particle states of definite isospin and hy

percharge obtained from the direct products of the one-particle states with SU(2) 

Clebsch-Gordan coefficients. The scattering amplitude can be written in the follow

ing compact form 

Mf, = (ßlhY^hYj'Y'm'lMlßlhY^hY^Ym) = (3.47) 

= -^і'6уу6тт· Σ G(IY:l"Y")[u(4)r u(2)}iDF(k)[v(l)r v(3)) , 
I"Y" 

where I and Y are the isospin and the hypercharge of the exchanged meson. The 

factors G(IY\ I Y ) in this expression read 

G(IY;I"Y") = £<7із(7)924(7') 

μ2 

ι2γ2 

μ 

ι" γ" 

μ 

ΪΎ" 

μ*Ί, 

ι4γ4 

μ3 

h 
о 
h 

Κι 
ΙιΥι 

I" 

h 
h 

h 
h 
I 

(3.48) 

with the help of an SU(2) 9-j symbol. In order to arrive at this specific form, 

we employed some symmetry relations [Swa63] for the Clebsch-Gordan coefficients 

and isoscalar factors, valid for baryon octets and meson octets and singlets. The 

factors G{IY\I Y ), expressed in terms of the baryon-meson coupling constants, 

are collected in Table 3.4 for the case of pscudoscalar meson exchange. They were 

evaluated using the numerical values for the isoscalar factors given in [Swa63]. In the 

Table the isosinglet η is actually the octet member щ. The flavor singlet i/i couples 

universally to all members of the baryon octet. The physical nonet members η and 

η' are mixtures of щ and щ. 

In the same manner as shown above the SU(2)®U(1) symmetry can be broken 

further in order to account for the mass differences within each isospin multiplet. 
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/ = 0 , У - 0 

AW 

ΛΛ 

ΣΣ 

I=1,Y = 0 

ÑN 
(ΑΣ + ΣΛ)/Λ/2 

ΣΣ 

ÑN ΛΛ ΣΣ 

Зд2ш*> 9NNO -^9ÌNK ^QÌNK 

-^9ÌNK S A A , - ^ Α Σ . 

^9ÌNK -ν^ΡΛΣπ 2 5 Σ Σ Τ ; Ο Σ Σ , 

NN (ΛΣ + ΣΛ)/ν/2 ΣΣ 

92NNT,\ 9ΝΝη -v2g\NKgsNK "¿ΘΈΝΚ 

-JîgbNKgVNK ΑΑΣπ! ΟΛΑτ^ΣΣ, ν^ί/ΛΣ^ΟΣΣ,τ 

29-ΕΝΚ V 25ΛΣπΡΣΣΐΓ ίΣΣπ! 0ΣΣΓ, 

Table 3.4: Symmetry factors G(IY; ΐ"Υ") for pseudoscalar octet exchange. 

This is what we do in our calculation since otherwise the different ΣΣ thresholds 

would still remain degenerate. For completeness we give the relation between the 

coupling constants .9(7) (7 = 1,2) used here and the F and D type couplings found 

in literature 

20 
3(1) = -\J y ( α - 1)9 , 5 (2) = 2 / 3 a f f , (3.49) 

where a is the F/(F + D) ratio and q is for example the pion-nucleon coupling 

constant pjvjvir in case of pseudoscalar mesons. All baryon-meson coupling constants 

can be expressed in terms of g and a. As an example, for the strange mesons we 

have 

hmc = - ƒ ( ! + 2а)/%/3 , / E J W = ƒ ( ! - 2α) , (3.50) 

where SU(3)-flavor symmetry is assumed for the pseudovoctor coupling constant (so 

ƒ = ÍNN-H)· 

To make contact, at last, with the baryon-baryon one-boson-exchange potential, 

we have to relate the factor [Ü(1) Γ υ(3)] to the corresponding factor [й(3) Ги(1)] 

which occurs in the analogous expression in baryon-baryon scattering. Some gym

nastics using properties of the Dirac spinors and gamma matrices reveals that this 

relation is provided by the С parity of the neutral member φ0 of the meson multiplet 

in the following way 

[и(1)Г«(3)] = - ( - ) С ( * > ( 3 ) Г и ( 1 ) ] . (3.51) 

This relation leads to a connection between the potentials for the two reactions 

B1B2 —* B^Bi and .B3B2 -* B1B4 where the same meson is exchanged 

ІВІВЗ - ВД) = ( - ) с < * 0 (ЯзВ2 -» BlBi) . (3.52) 
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For instance we have that 

V(pp —> pp) = V(pp —» pp) for π 0 exchange, 

V(pp—*ñn) = V{np—>pn) for π* exchange, 

V(PP—»ΛΛ) = V(Ap—>pA) for K+ exchange. 

Finally, the non-relativistic reduction of the Dirac spinors and a Fourier transforma

tion to configuration space leads in a standard way to the meson-exchange potentials. 

It is important that in the outer region a realistic potential of good quality 

is used. The meson-exchange potential we use is the Nijmegen soft-core hyperon-

nucleon one-boson-exchange potential [Mae89]. Our description of the intermodiate-

and long-range interaction is thus parameter-free. This one-boson-exchange soft-core 

potential, based on the Regge-pole nature of the mesons [Nag78], gives a very good 

description of the existing data on ЛЧ and УЛГ scattering. The following meson 

nonets are taken into account: 

• The JPC = 0 _ + pseudoscalar meson nonet (π,η,η',Κ). SU(3) symmetry is 

assumed for the pseudovector coupling constant ƒ 

• The Jpc = 1 vector meson nonet (ρ,φ,ω,Κ*). 

• The Jpc = О-*-1 scalar meson nonet (5(980), 5*(975),ε(760),κ(1000)). 

• The Jpc = 2 + + tensor meson nonet {A2, f',P θ f,К"). Actually only the 

"diffractive" Jpc = 0 + + contribution from the tensor Regge trajectory is 

taken, leading to effective scalar-like potentials. This also leads to a mixing 

between the pomeron Ρ and the ƒ. In the Nijmegen potential the pomeron 

is an important ingredient. It should be noted that F. Low [Low75] and 

S. Nussinov [Nus75] have demonstrated in the context of QCD that pomeron 

exchange can be viewed as a two-gluon-exchange effect. 

The explicit potential functions as well as the numerical values of all the coupling 

constants and other parameters can be found in [Mae89]. Gaussian form factors are 

used at the vertices, reflecting the quark structure of the hadrons. The coupling 

constants of the strange mesons at the A.N and Σ Ν vertices, of particular interest 

to our problem, are summarized in Table 3.5. 

Some further remarks regarding details of our use of this baryon-baryon potential 

have to be made. First of all, the non-local terms of the potential are neglected 

because they cannot be handled in the Schrödinger equation with the same method 

as used in NN and YN models [Grc63]. Simply leaving these short-range terms 
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M 

К(Ш) 

Κ·(892) 

«(1000) 

#••(1430) 

ƒ 

9 

9 

f 
9 

9 

ANM 

-0.27045 

(-3.98122) 

-1.54408 

-3.36708 

-2.63359 

0.81469 

ΣΝΜ 

0.07904 

(1.20749) 

-0.89147 

1.69315 

-2.00682 

-0.51408 

Table 3.5: Coupling constants of the strange mesons. For Ar(494) exchange also the 

equivalent pseudoscalar coupling constants are given in parentheses for comparison. 

out is a very good approximation outside 1.2 fm where the one-boson-exchange 

potential is used. Secondly, charge-symmetry breaking [Dal64, Swa71] is included 

and introduces a mixing between тг0 and η and between Λ and Σ 0 . It leads for 

instance to a long-range one-pion-exchange potential in ΛΛ —> ΛΛ scattering. 

Some general features of the resulting potential are the following. Very attrac

tive potentials are present in the elastic channels due to the coherence of ω and 

ε exchanges. In the pp —> ΛΛ reaction we get a very strong tensor force from the 

combined К and K* exchanges. The spin-spin potentials of these mesons have op

posite sign, whereas their tensor potentials have the same sign. Compare this to 

the case of charge-exchange pp —» nn scattering where the tensor potentials due to 

π and ρ exchange also add up. We finally remark that in this way we do not, to 

this order in the coupling constant, get a potential for the double-charge-exchange 

reaction pp—» Σ~Σ [Ath72] and the double-strangeness-exchange cascade produc

tion reactions pp—»Ξ0Ξ0 and pp—>Ξ~Ξ~. These reactions are mediated via πΚ 

and 2K exchange. They can be treated analogously using the formalism outlined 

above. We want to point out, however, that in a multichannel calculation the 

transition pp—» Σ _ Σ _ is automatically obtained as a two-step process, for instance 

pp —» ΛΛ —» Σ - Σ - via subsequent K* and π± exchange. The reaction pp —» Ξ 0 Ξ 0 can 

be generated for instance via p p — > Σ + Σ + —>ΞοΞ0 through К0 and AT* exchange. 

The relative importance of this mechanism involving only one-boson-exchange forces 

as compared to a direct transition via πΚ or 2K exchange needs to be investigated. 

We have taken everywhere the linear combination λ Σ 0 + Σ0Λ and disregarded the 

orthogonal ΛΣ 0 — Σ 0Λ state, because the latter does not couple to the AW system. 

The С parity of an AW state with orbital angular momentum ( and spin s is given 

by ( - ) ' + ' · This state can couple to a ΑΣ 0 + Σ0Λ state which has the same С parity. 

The orthogonal state ΛΣ 0 - Σ°Λ has С parity ( - ) i + , + I . 
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Figure 3.1: Differential cross section in mb at momentum 1500 MeV/c and asym

metry at momentum 1550 MeV/c for pp—»pp. 

3.4 Results and discussion 

3.4.1 Elastic scattering pp—>pp 

With our model we will now analyze the scattering data on pp—>pp and pp—» ЛЛ 

recently taken at LEAR. Previous studies by others and ourselves have almost with

out exception pointed out the importance of initial- (and final-) state interaction 

effects on the antihyperon-hyperon pair production reaction. These should be taken 

into account properly. In this subsection we will consider the case of elastic pp —» pp 

scattering. At these intermediate energies, from 1.5 up to 2.0 GeV/c antiproton 

laboratory momentum, elastic scattering occurs mainly in D, F, and G waves, with 

many partial waves of both isospin 0 and 1 substantially contributing. To the 

charge-exchange reaction pp —» ñn, data on which are unfortunately almost com

pletely lacking at these energies, even more transitions contribute significantly. The 

data on pp —» pp consist of total and elastic cross sections, very accurate differen

tial cross sections of Eisenhandler et al. [Eis76], and high-quality asymmetry data 

of Kunne et al. [Kun88a, Kun88b], also recently obtained at LEAR by the PS172 

collaboration. We are able to achieve a nice fit to these data, an example of which 

is shown in Figure 3.1 for the differential cross section at 1500 MeV/c, fitted with 

xV-^obs = 1-5, and for the asymmetry at 1550 MeV/c, fitted with x2/Nobs = 1.5. 
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Especially the characteristic diffraction peak of the forward cross section is nicely 

reproduced. In subsection 3.2 we remarked that this is connected to the range taken 

for the annihilation potential. In our model this range is determined by the position 

of the boundary. The value r = b = 1.2 fm gives the best results. 

The fit is done with only one imaginary annihilation potential parameter used in 

all partial waves of both isospins. Furthermore we need 10 real potential parameters, 

5 for each isospin. Most of these parameters are necessary to obtain a satisfactory 

result for the asymmetry. With more parameters the fit could be even better, but 

it is not our main objective to fit the elastic data. If we were to look only at the 

cross sections, fewer parameters would suffice. Moreover, it is important to note 

that with the exception of the annihilation parameter to take care of the necessary 

amount of annihilation, these parameters are not essential for the quality of the 

fit to the data on pp—> ΛΛ. It is only the long-range interaction in the initial 

state (which has no free parameters) that is relevant for the strangeness-exchange 

reactions. This is shown by the fact that with no short-range elastic potential apart 

from one annihilation parameter an excellent fit to the data on pp —» ΛΛ is possible. 

We can understand this physically since the most important transitions start in the 

D-, F-, and G-wave pp channels. It thus appears that we do not need to specify the 

short-range initial-state interaction. In order to concentrate on the pp —* ΛΛ data 

and to minimize the number of parameters we will continue with the parameter set 

where we have only one parameter for the initial state. 

3.4.2 Strangeness-exchange scattering pp —» ΛΛ 

In order to discuss the reaction pp —» ΛΛ, we have to specify some sort of prescription 

for the final-state interaction. Of course no data exist on the reaction ΛΛ —> ΛΛ, so 

that essentially nothing is known about the final-state beyond what can be inferred 

from SU(3) symmetry considerations. Contrary to the initial state here the short-

range interaction is quite important. The available kinetic energy in the ΛΛ —» ΛΛ 

channel is low and scattering occurs mainly with the ΛΛ system in S and Ρ waves 

(with a rapid rise of D-wave contributions). The final-state absorption, again one 

imaginary potential parameter for all partial waves, is important in scaling the total 

cross section for the reaction pp —» ΛΛ. Three real parameters for the short-range 

potential in the final state are needed, one for the 3 5 i wave, one for the 3P2 wave, and 

one for all other partial waves. With only these 5 initial- and final-state parameters, 

already a qualitative fit is possible to the data on pp—» ΛΛ, with a x2/iVobs = 3.0. 

This clearly shows the importance of the initial- and final-state interactions, which 
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determine the global features of the data in a qualitative way. It also shows the 

quality of the the long-range Nijmegen potential tail, especially the off-diagonal 

strangeness-changing part. 

The differential cross sections exhibit a typical behavior at almost all energies, 

namely a peak at forward angles, followed by a more or less flat backward cross 

section. This already shows that a large amount of scattering occurs at longer 

range, in Ρ or higher waves, even at energies very close to threshold (e < 5 MeV). 

The polarizations are positive at forward angles, go through zero and stay negative 

at backward angles; except at very low energies where the polarization is positive 

over the entire angular range. The break in the differential cross section and the 

zero in the polarization occur at all energies at approximately the same value of 

momentum-exchange t' = t — i m i n in the center-of-mass system. Also the minimum 

in the diffraction peak in pp —» pp occurs at about the same place. In a simple picture 

of absorptive scattering the mean value of the slope of the forward differential cross 

section corresponds to scattering off a black disk with radius г = 1.2 fm. 

Available are data at six energies, at the highest energy enough events were 

measured to infer also the spin correlations. To describe these data quantitatively, we 

have to specify some parameters that correspond to short-range couplings between 

pp and ЛЛ. As explained in detail in section 3.3 this can be done by parametrizing 

the off-diagonal P-matrix elements with the help of mixing angles according to 

Eqn. (3.41). An excellent fit is obtained to the data set with the introduction of 

only five off-diagonal mixing parameters describing the short-range coupling between 

two channels. We need mixing angles in the following transitions: 3 5 1 , 3P2, 3D3, 

and the three lowest tensor-force transitions: 3.Di—>3Si, 3F2—SPi, and 3Сз—»3£)з. 

The parameter for the 3Di—>35i transition can be taken equal to the one for the 
3 5i transition. The fit is slightly improved by parametrizing the other triplet Ρ 

transitions with the same parameters as the 3P2 transition. Transitions with ( > 3 

or in singlet states are not parametrized as the data are not sensitive to these 

parameters. The parameter set is summarized in Table 3.6, where we also give the 

"errors" on the parameters, defined in the usual way as the change in each parameter 

which gives a maximal rise in the total χ^πίιι of 1.0 when the remaining parameters 

are refitted. These errors measure how sensitive the fit is to a certain parameter. 

Note that the mixing angles are quite small. 

The results for this parameter set are given in Table 3.7 for the different groups of 

data. The final fit has χ^ = 180.6 for a set of 157 data, this means χ2/Ν0^ = 1-15. 

If we look at the different observables we see that the 99 cross sections are fitted with 

XL, = 106.2 (xV^obs = 1.07), 38 polarizations with χ2^ = 37.9 (x2/Nobs = 1.00), 
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\Λ -» ЛЛ 

"Sr 
3P2 

rest 

V(r < b) 

94 ±26 

422 ± 134 

-121 ±23 

pp—>ЛЛ 

»S,,3 A - ' S , 
3 ρ 

"0,1,2 
3 Ö 3 

3 F 2 ^ 3 P 2 

3 G 3 - 3 ö s 

ö (degrees) 
-6.6° ± 1.3" 

4.9° ± 1.Г 

8.6° ± 1.7° 

-1.7 C ±1.2 0 

2.9° ± 1.9° 

Table 3.6: Parameter set of our ht. The pp—>pp initial-state annihilation parameter 

is W •= -617 + 81 MeV, while for the ΛΛ-»ΛΛ final state it is W = -182 ± 17 

MeV. 

and 20 spin correlations with \Jn l n = 36.5 (x2/N0bs = 1.83). It should be mentioned 

that 2 out of 5 data-points for C=z arc outside their kinematically allowed boundaries, 

being more negative than - 1 . Also we see from Figure 3.4 that the spin-correlation 

data do not satisfy the restriction Cxz = —Cm at backward angles following from 

rotational invariance (see section 2). Our model of course does satibfy this restriction. 

A few data were not included in the ht, first of all the 5 polarizations at 1435.95 

MeV/c (ε = 0.24 MeV), since they give essentially the same information as (hose 

at 1436.95 MeV/c (ε = 0.59 MeV) and arc of somewhat less quality. Also one cross 

section and one polarization point were left out because of their abnormal high 

contribution to \2

mm. These 7 data-points are not included in the final data set for 

which we quote the results. 

The results for the different observables at the different energies are summarized 

in Table 3.7. The integrated cross sections σ λ λ were not included, because they 

are redundant and should follow from integrating the differential cross sections. 

We tabulate also the rejected data and the theoretical normalizations with which 

the model results should be multiplied before comparing them to the data. A 5% 

normalization error was assumed for all data. As can be seen from this Table the 

overall picture is quite good with the possible exception of the observable C:z. A 

large negative value of Czz means that the antihyperon-hyperon pair is produced 

mostly with opposite helicities. Here there is perhaps room for improvement with 

the help of data at higher energies. From the Table we see that there is a (slight) 

normalization problem with the differential cross section at 1476.5 MeV/c (e = 14.5 

MeV). 

The resulting fits at four energies are shown in Figures 3.2 to 3.4. Partial 

cross sections at six energies are tabulated in Table 3.8. The dominance of the 

tensor-force induced transitions even at low energies is immediately evident. We 
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Plab 

1435.95 

1436.95 

1445.35 

1476.5 

1507.5 

1546.2 

Rcf. 

[Bar89, Fra87] 

[Bar89, Fra87] 

[Bar89, Fra87] 

[Bar89, Fra87] 

[Bar89, Fra87] 

[Bar89, Fra87] 

[Bar87a] 

[Bar87a] 

[Ваг87а] 

[Bar87a] 

[Bar87b, Dut88] 

[Bar87b, Dut88] 

[Bar87b, Dut88] 

[Bar87b, Dut88] 

[Bar87b, Dut88] 

[Bar87b, Dut88] 

No.,type 

10 άσ 

5 Py 

10 da 

5Py 

20 da 

10 Py 

20 da 

ЬРу 

20 da 

bPy 

20 da 

UPV 

ьсгх 

5 Cyy 

5 C « 

5CXZ 

Rejected 

all 

cos0 = 0.3 

coso = 0.55 

Norm. 

0.9819 

0.9984 

1.0267 

1.0047 

1.0166 

0.9993 

0.8594 

0.9736 

0.9405 

1.0009 

1.0765 

1.0124 

0.9829 

1.0235 

1.0266 

0.9941 

Л min 

11.6 

11.3 

9.3 

3.3 

21.9 

7.2 

17.3 

11.9 

22.2 

4.4 

23.9 

11.1 

9.6 

5.5 

12.3 

9.1 

xVNob, 

1.2 

2.3 

1.0 

0.7 

1.1 

0.7 

0.9 

2.4 

1.1 

0.9 

1.2 

0.9 

1.9 

1.1 

2.5 

1.8 

Table 3.7: Reference Table for the PS185 LEAR data on pp-> ЛЛ. 
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ρω, (MeV/c) 

ε (MeV) 

s D i - » 3 S i 

3 F 2 ^ 3 P 2 

3G3^DS 

'So 

'Pi 

' 5 , 

3Po 

3Pi 

3P2 

*DX 

3D2 

3ο3 

3F3 

' S i - » 3 ^ 

3 P 2 ^ 3 F 2 

J > 4 

singlet s = 0 

triplet s = 1 

total 

experimental 

1435.95 

0.24 

0.89 

0.01 

0.08 

0.01 

0.01 

0.00 

1.00 

1.00 

0.84(20) 

1436.95 

0.59 

1.36 

0.05 

0.01 

0.12 

0.01 

0.04 

0.03 

0.01 

1.60 

1.61 

1.44(32) 

1445.35 

3.5 

2.9 

0.7 

0.3 

0.1 

0.5 

0.4 

0.0 

4.9 

4.9 

4.86(42) 

1476.5 

14.5 

4.2 

4.0 

1.2 

0.5 

0.5 

2.9 

2.1 

0.1 

0.2 

0.4 

0.1 

0.1 

16.1 

16.2 

13.8(5) 

1507.5 

25.5 

4.3 

6.7 

4.0 

0.1 

0.6 

0.6 

4.5 

3.7 

0.2 

0.6 

1.3 

0.1 

0.3 

0.2 

0.1 

27.3 

27.3 

26.6(7) 

1546.2 

39.1 

4.0 

8.9 

9.6 

0.1 

0.7 

0.7 

5.3 

5.1 

0.5 

1.4 

3.2 

0.2 

0.8 

0.1 

0.9 

0.1 

41.3 

41.4 

44.6(1.5) 

Table 3.8: Partial cross sections in μb for pp—» ΛΛ. 
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Figure 3.2: Differential cross sections in /ib at four energies for pp—>7ÏA.. 
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Figure 3.4: Spin-correlation coefficients for pp—> ΛΛ at momentum 1546.2 M P V / C 

The dashed curve shows the spin correlations at 1445.35 MeV/c. 
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Figure 3.5: 5- and P-wave contributions to the cross section σ^Λ in /tb as a function 

of the excitation energy ε in MeV. 

remind the reader that the threshold (ε = 0 MeV) of the pp—»ΛΛ reaction lies 

at pub=1435.07 MeV/c, and that the lowest energy at which data were taken cor

responds to p l a b=1435.95 MeV/c (ε = 0.24 MeV). The important 3 P 2 , гРх, and 

^F-i—^P-i transition are the cause of the non-zero polarization close to threshold and 

their interference with the 3 5i and ZD\—>3Si transition explains the anisotropy of 

the differential cross section at these energies. The combined tensor-force transitions 

ί(ΑΑ) = ¿(pp) - 2 make up 90% of the total cross section at ріаь=1435.95 MeV/c 

(ε = 0.24 MeV), and still 56% at ріаь=1546.2 MeV/c (ε = 39.1 MeV). 

The 5- and P-wave contributions to the integrated cross section close to thresh

old are shown in Figure 3.5. The data here are from [Bar89, Fra87]. The Ρ waves 

start to dominate the S waves at very low values οίε. Also apparent (from Table 3.8) 

is the dominance of scattering in triplet states, the singlet fraction being practically 

zero everywhere, even to such an extent that it is possible to speak of a dynami

cal selection rule. Again this is mainly due to the contribution of the tensor-force 

transitions. 

Concerning the importance of the different strange mesons, the following can be 
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said. The model is not very sensitive to inclusion of the scalar к and tensor K** 

mesons, but the strong K* potential has a large influence on the parameters, and 

should of course be included in any realistic potential model. Also quantitatively we 

can see this. If we leave out the K* completely and refit the parameters, χ^ rises 

by 5.0. The scalar-like K" potential is quite weak. If we were to include the full 

tensor-meson-exchange potential, instead of just its J = 0 diffractive piece, it is not 

difficult to see that the resulting potential would contain a tensor force again of the 

same sign as those of the К and K' exchanges. So, in general, from a one-boson-

exchange model one gets a strong short-range strangeness-changing tensor potential, 

which would in fact in a full coupled-channels potential model where meson-exchange 

forces are taken into account at all distances down to r = 0 pose some problems in 

achieving a very good fit to the data [Tim85b]. 

In hindsight, the dominance of the tensor-force transitions can be understood 

using the following simple argument. The transition probability is in the first Born 

approximation maximal when the wave function overlap is maximal. In the case of 

free spherical Bessel functions prji(pr) this maximum lies at г ~ J((t+ l)/p. In 

our case р(ЛЛ) is much smaller than p(pp), so the overlap is maximal when £(ЛЛ) 

is smaller than i{pp). These transitions are moreover favored by the presence, in 

pp—»ХЛ, of a very strong tensor force due to the coherent exchange of the К and 

AT* mesons. 

Dalkarov, Protasov, and Shapiro [Dal90] recently explained the specific features 

of the data on pp—»ЛЛ with the use of so-called P-wave "enhancements". This 

phenomenon, caused by narrow resonances, was invoked to explain the substantial 

P-wave contributions to the cross sections at low energies. Tensor forces, however, 

were not included in order to simplify the calculations. In view of the results obtained 

with our model this seems a very unrealistic approach. Our calculation clearly 

shows that in a coupled-channels model that takes the tensor force properly into 

account, there is absolutely no need to resort to exotic things like enhanced Ρ 

waves. Rather there is suppression of both 5- and P-wave transitions due to short-

range annihilation, and in particular of the 5-wave transitions (for which there is 

no centrifugal barrier). 

Several trends in the data can be nicely understood by making a partial-wave 

decomposition of the observables [Nag75b]. This decomposition allows one to see the 

effects that certain transitions have on the behavior of the observables. Of course 

this is best done close to threshold where only S and Ρ waves contribute to the 

scattering process. If more waves contribute the results are no longer so transparent. 

Let us first take the case where the only transitions contributing significantly are 
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3 5 i —» 3 5i and ZD\—»35i. As can be seen from Table 3.8 this is the case only at very 

low energies above threshold. Even at ріаь=1435.95 MeV/c (ε = 0.24 MeV) there is 

some F-wave scattering. However, it interesting to see how the different observables 

start out at threshold. The polarization is zero in this case, and the spin correlations 

have the following shape 

C„(ß) = - -С, cos2 - - C a s i n o , 

CwW = ^А . 

Οζζ{θ) = d cos 20 - -Ci cos2 θ , 

Οχζ(θ) = - Ci sin 2Θ + -Ci sin2 θ , 

where the constants read C\ — \S\ + \/2Ci| and C2 = \S\ — \\/2C\\. S\ and C\ 

denote the matrix elements (fC'\(SJ-\)\(i)l2ik for t h e 3 5 i and 3Z)i->3Si transitions 

respectively. Looking at Figure 3.4. wc see that at ріаь=1445.35 MeV/c the shape of 

the spin correlations resemble those given bv these expressions. Noto that C2 «C Ci. 

Deviations from this behavior are due to interference with the Ρ waves. In the 

data at ріаь=1546.2 MeV/c it is still possible to recognize the shapes given above. 

Explicit expressions due to other transitions can be calculated, but in case of the 

spin correlations we do not learn much new. What is clear, however, is that we need 

the tensor-force transitions •lZ?i—>35i and 3^2—> 3Я2 to obtain the proper shape of 

the spin correlations. 

Turning to the polarization and including only transitions with 5- and P-wave 

final states, we have that 

Pv{9) = Ιπι(7Ί sin + 2 sin 2(9) . (3.53) 

In this expression Vx comes from the interference of the 3 5Ί and 3£Ί—> 35i transitions 

with the 3 F i )

 3F2, and З.р2—>3F2 transitions, whereas V2 is the result of the mutual 

interference of the F waves only. Thus we understand the sin θ shape very close 

to threshold and the sin 2Θ shape that becomes more important at higher energies. 

Again it seems unlikely that the proper shape of the polarization at all energies can 

be obtained without tensor-force transitions, since the 3F2—>3P2 transition makes 

a substantial contribution. The same is true for the interference of the 3D]—•3Si 

transition with the F-wave transitions. 
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Chapter 4 

An antiproton-proton 
partial-wave analysis 

4.1 The charged-pion coupling constant * 

The most accurate determinations of the coupling constant of the charged pions to 

nucléons came from analyses οϊπΝ scattering data. A generally accepted value [Koc80. 

Duin83] was 

/c

2 = ( 7 9 ± 1 ) 1 0 - 3 or 5C

2 = 14.3 ± 0.2 . (4.1) 

In the recent Nijmegen phase-shift analyses [Вег87а, ВегЭО] of all pp scattering 

data below Ti a b =350 MeV the coupling constant of the neutral pion to protons was 

determined [Вег87а, ВегЭО] at the pion pole and found to be* 

/p

2 = (74.9±0.7)1(Г 3 or gl = 13.55 ± 0.13 , (4.2) 

where the errors are purely statistical. Since there was no obvious reason to doubt 

either of these two values, it was concluded [Ber87a] that they seemed to indicate 

possible evidence for an unexpected large breaking of charge independence of the 

pion-nucleon coupling constants. 

Theoretically, one had a hard time finding an explanation for such a large break

ing of charge independence [Rij90]. Three possible culprits that come to mind turned 

'Based on "Determination of the charged-pion coupling constant from data on the charge-
exchange reaction pp—» nn" (Tim91bj, co-authors: Th A Rijken and J J. dc Swart, to be published 
in Phys. Rev. Lett. (1991). Note that in this chapter the coupling constants are defined without 
the factor Απ. A factor л/4ж is included in the Lagrangian. 

'In Reí. [Ber87a] only a preliminary version of the pp phase-shift analysis was presented which 
did not contain the important magnetic-moment interaction and also the data set was not as 
complete. Therefore only the value for ƒ£ given in Ref. [ВегЭО] should be quoted. 



86 An antiproton-proton partial-wave analysis 

out to be only small offenders. Electromagnetic radiative corrections to pion-nucleon 

coupling constants are of the order of 0.5%, or less [Mor68]. Deviations of charge 

independence due to the mass difference between up and down quarks are at most 

2% [Tho81, Hen87, Ber89b]. Quantum-mechanical mixing [Dal64] of тг0 and η also 

cannot do the job. It should be noted that not only the exact size, but also the 

sign of a possible splitting of ΝΝπ coupling constants is uncertain. Moreover, if 

SU(2)-isospin symmetry of pion-nucleon coupling constants is broken at a 5 or 10% 

level, one expects still larger breakings of SU(3)-flavor symmetry of meson-baryon 

coupling constants. But this latter assumption seems to be quite reasonable. For 

instance, we extracted [Tim91a] (see next sections) the KpK coupling constant from 

high-quality data on the strangeness-exchange reaction pp —» ΛΛ. The result, in 

case of pseudovector coupling, is consistent with the prediction from SU(3), leaving 

only room for small SU(3) breaking. The case for approximate charge independence 

of the strong interaction, and in particular of ΝΝπ coupling constants, thus appears 

to be rather strong as far as theory is concerned. 

Recently, in a new analysis [Arn90] of πΝ scattering data Arndt et al. determined 

the charged-pion coupling constant. They found 

/c

2 = (73.5 ± 1.5)10-3 or g2

c = 13.31 ± 0.27 , (4.3) 

at variance with (4.1), yet by way of charge independence consistent with (4.2). 

According to Arndt et al. the main reason for the difference between their value 

(4.3) and the old value (4.1) is that now a much larger and qualitatively much 

better data set is available. In view of these findings, other determinations of the 

charged-pion-nucleon coupling constant are most welcome. We want to show here 

that data on the charge-exchange reaction pp —> ñn can provide valuable independent 

information on the charged-pion coupling constant [Che58, DomSO]. The result is 

in support of the value (4.3). 

The results presented here are part of a much larger program to perform partial-

wave analyses (PWA) of antinucleon-nucleon scattering data below ріаь=950 MeV/c. 

Some preliminary results have already been presented [Swa88b, Tim89] and a de

tailed account will be published elsewhere [Tim91e]. In this section we concentrate 

on the determination of the charged-pion coupling constant. 

The method of analysis used is essentially the same as used in the pp phase-shift 

analysis (PSA), but there are some additional complications in that both isospin 0 

and 1 contribute and there is a large amount of annihilation into mesonic channels. 

Let us repeat the argument [Tim84] that in a single-energy proton-proton PSA one 

needs for each angular momentum J on the average 2.5 real parameters, but in 
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antinucleon-nucleon scattering 20 real parameters are required for J φ 0 and 8 

for J = 0. This means that in order to perform a partial-wave analysis a lot of 

theoretical input is necessary. As a consequence, the same degree of uniqueness as 

in a nucleon-nucleon PSA cannot be reached. 

For each partial wave the Schrödinger equation is solved for the coupled pp 

and ñn channels, starting with a boundary condition at τ = Ь = 1.25 fm. This 

boundary condition, called the Ρ matrix, is the logarithmic derivative of the wave-

function matrix. In the outer region г > b the C-parity transformed Nijmegen 

soft-core one-boson-exchange potential [Nag78] is used as intermediate- and long-

range interaction. This potential gives an excellent description of the rich and 

accurate data on nucleon-nucleon scattering. It is also one of the main reasons 

for the success of our PWA. The poorly known short-range interaction at г < b is 

treated phenomenologically by parametrizing the Ρ matrix as a function of energy. 

The mesonic annihilation is taken care of by using a complex Ρ matrix, leading to 

a non-unitary 5 matrix for the coupled pp and ñn channels. Actually the P-matrix 

parametrization chosen can be translated into a simple local short-range optical 

potential. The mass differences between ρ and η and between тг̂ - and π" and the 

Coulomb interaction are taken into account exactly (we work on the physical particle 

basis). 

The data set on antinucleon-nucleon scattering below pi a b=950 MeV/c is exten

sively described and analyzed in [Tim91e]. For the purpose of this study we restrict 

ourselves to the data between piab=400 and 900 MeV/c, which is where the accu

rate data on charge-exchange differential cross sections [Nak84, Brü86b] were taken 

at KEK and LEAR. The final set also contains recent high-quality data on elastic 

asymmetry [Kun88a, Ber89a], and the very recent charge-exchange analyzing-power 

data [Bir90]. The excellent data from the pre-LEAR era and from KEK on the 

elastic differential cross section [Eis76, Als79, Kag87] are included as well. We have 

a total of 884 data points. To achieve a good fit to these data we need 23 parame

ters, of which only 3 are for the annihilation. With this parameter set we reach an 

excellent x2/JV0bS=1.15. 

In NN scattering one encounters three ΝΝπ coupling constants, namely /p, /c

2, 

and /¿J = /2
n)ro. Once charge dependence of the ΝΝπ coupling constants is accepted, 

one naturally expects that ƒ? φ f Ι φ f η Φ fi- Since it is not possible to determine 

all three coupling constants from the data, one would like to have some theoretical 

input about the way charge independence is broken. However, as stated above, there 

is no unambiguous prescription available. We tried a few alternatives, but it luckily 

turned out that the results are rather insensitive to / 2 , so we used Û = ƒ„. 
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For the coupling between pions and nucléons we use the pseudovector interaction 

Lagrangian 

£ P V = ^-ν^(ψιΊμ^Φ)Ομφ , (4.4) 

TT?S 

because pseudovector coupling is favored over pseudoscalar coupling [Tim91a]. Here 

ms is a scaling mass in order to make the pseudovector coupling constant ƒ dimen-

sionless. It is conventionally chosen to be equal to the charged-pion mass ms - m„.+. 

As in Ref. [Ber87a], a simple one-pion-exchange (OPE) potential without a form 

factor is used for г > b 

VOI-EM = / 2 ( - ) 2 з 
Vms/ 3 

o-i • o-2 + S « 1 + + (ТПТ) (i??/1)2 
(4.5) 

where 

p - η 
f2 - ñ 
Ρ - Vi 

, m — τηπο for 

, τη = т я о for 

, m = mT+ for 

pp-»pp, 

nn —» fin, 

pp «-» nn. 

(4.6) 

By using only the tail of the OPE potential, we determine the coupling constant 

at the pion pole. As stated above, the heavy-boson-exchange part of the Nijmegen 

potential is used. 

In principle, we could try to determine both f* and Д2 by adding them both as 

parameters. This would give us both coupling constants with a certain statistical 

error and a correlation between them. However, our main goal is to investigate 

the possible charge dependence of the ΝΝπ coupling constants. In view of the 

values (4.1) and (4.3) it is the value of the charged-pion coupling constant ƒ? that 

is controversial. Moreover, one cannot hope to extract f^ in pp scattering more 

accurately than in pp scattering. We therefore fixed / 2 at the value (4.2) found in 

the Nijmegen pp PSA and leave the more comprehensive study for the future. It 

is also worth pointing out that since № is determined only by the data on elastic 

pp—>pp scattering, and /c

2 by the data on charge-exchange pp—» nn scattering, one 

expects that the correlation between these two parameters will not be very large. 

/ 2 and the P-matrix parameters are fitted to the data. The value found for ƒ,? at 

the pole is 

ƒ,? = (75.1 ± 1.7)1(Γ3 or g2

c = 13.6 ± 0.3 . (4.7) 

Again the error is of statistical origin only. We thus confirm the value (4.3) for 

ƒ,? determined by Arndt et αι. Comparing with the value (4.2) for / 2 we find no 

evidence for a charge dependence of the І ЛГтг coupling constants. 
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Because the essentially unknown short-range interaction is parametrized phe-

nomenologically, possible large systematic errors due to the model dependence are 

eliminated. Systematic errors may also come from the tail of the potential. We 

checked explicitly that adding a form factor to the OPE potential has no influence 

on the final results. We used a Gaussian form factor .F(k2) = exp[-(k 2 f τηΙ)/Α2], 

normalized such that at the pion pole F(-ml) = 1. Varying Λ between oo and 

600 MeV, we found no significant change in the value for the charged-pion coupling 

constant. 

In charge-exchange scattering only isovector mesons can be exchanged, the most 

important, next to the π, being the vector p(770). The scalar ao(980) and the 

"diffractive" piece of the tensor a2(1320) potentials are also included, but these 

contribute only very little to the tail of the one-boson-exchange potential. Their 

inclusion does not affect the results. The tensor potentials of the π± and px add 

up in pp —> nn and their spin-spin potentials have opposite signs. To investigate a 

possible systematic error due to the tail of the ^-exchange potential, we scaled this 

potential with a scale parameter 7 which we add as another parameter. Refitting 

the parameter set we find 7 = 0.8 ± 0.4, and the same value and error for /c

2 as in 

(4.7). In view of this, we think that our calculation is free of substantial systematic 

errors. 

Another consistency test is to determine in an analogous way the mass of the 

charged pion, which also «appears in the expression for the tail of the OPE potential. 

Adding 771,.+ as a parameter, we find τηπ- = 145 ± 5 MeV, in nice agreement with 

the experimental value Tnnt = 139.57 MeV. A large correlation between / 2 and 

777π+ is seen. Because the mass found is consistent with the experimental value, 

this correlation strengthens our belief in the correctness of the determination of the 

coupling constant. 

To summarize our findings, we confirm the low value for the charged-pion cou

pling constant found in the recent VPI&SU analysis of πΝ scattering data [ЛгпЭО]. 

Comparing these values with the neutral-pion coupling constant as determined in 

the Nijmegen pp PSA [Вег87а, Вег90], one sees that there is no evidence for a break

ing of charge independence of ATW coupling constants. A recommended [Swa90] 

value for the charge-independent ΝΝπ coupling constant at the pion pole is 

f (-ml) = 0.075 or 92(-ml) = 13.55 . (4.8) 

Using a Gaussian form factor with Λ = 779 MeV the value at k2 = Oís found to be 

/2(0) = 0.0738 or g2{0) = 13.34 . (4.9) 
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This is the value obtained when one uses naively the Goldberger-Treiman rela

tion [Gol58, Nam60] with /T = 92.4 ± 0.2 MeV [Hol90] and \gk/gv\ = 1.2650 ± 

0.0016 [Dub90]. 

Very recently, the ΝΝπ coupling constants have been determined in Nijmegen in 

a combined analysis of all pp and np scattering data below Тіаь=350 MeV [Klo91]. 

The resulting values at the pion pole are 

/p

2 = (75.1±0.6)10- 3 , 

ft = (75.0±2.0)10- 3 , (4.10) 

ft = (74.1±0.5)10- 3 , 

consistent with charge independence. This result for ft agrees with the value (4.3) 

obtained by Arndt and co-workers from πΝ scattering data and with our determina

tion (4.7) from the data on pp —> ñn. For the corresponding masses of the exchanged 

pions one found m^o = 135.6 ± 1.3 MeV and m„+ = 139.4 ± 1.0 MeV, in excellent 

agreement with the experimental masses. If charge independence is assumed, the 

result obtained for the charge-independent pion-nucleon coupling constant is 

ft = (74.9 ±0.4)10 3 . (4.11) 

In view of all results discussed above, the issue of the value and charge indepen

dence of the pion-nucleon coupling constant appears to be settled. 

4.2 Partial-wave analysis of the reaction pp —> ΛΛ 

In the previous chapter we have presented the results of a coupled-channels model 

that gives a very good description of the available data on pp —» ΛΛ. In our opinion 

the good results are mainly due to the use of a coupled-channels formalism, to the 

quality of the intermediate- and long-range interaction, and to the phenomenological 

treatment of the very complicated short-range dynamics. In this section we want to 

look at the results from a different angle, namely, we will argue that what we in fact 

can do is perform a partial-wave analysis (PWA) of the reaction pp —» ΛΛ close to 

threshold. We mentioned in the introduction that the method of calculation used 

is essentially the same as the one used in the Nijmegen phase-shift or partial-wave 

analyses (PWA) of all low-energy pp scattering data below T l a b =350 MeV [Ber88, 

Ber90]. Let us look at the pp case for a moment in order to compare it to our 

analysis of the reaction pp —> ЛЛ. 
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In a PWA one attempts to achieve a model-independent parametrization of the 

partial waves as a function of energy. A well-known model-independent way to de

scribe low-energy scattering data is for example the effective-range formalism. One 

has to realize, however, that even in the relatively simple case of single-channel pp 

scattering, it is necessary to supply a substantial amount of theoretical input in 

order to obtain good results. In a pp PWA one has to take into account the cor

rect electromagnetic interaction, including relativistic corrections like the vacuum 

polarization and the magnetic-moments interaction, and the one-pion-rxchange po

tential. These theoretically well-known interactions can be considered to be model 

independent. The description is improved by using as intermediate-range interaction 

a realistic heavy-boson-exchange potential. In the formalism used in [Ber88, Ber90] 

the theoretically well-founded long-range interaction and the semi-phenomenological 

intermediate-range interaction are used in the Schrödinger equation and the short-

range interaction is parametrized via the energy-dependent Ρ matrix. The P-matrix 

parameters are fitted to the data. With this method very good results are ob

tained. As a consequence, one now has a good idea about the behavior of the 

model-independent phase shifts. 

A PWA of the low-energy np scattering data below Г|аь=350 MeV poses already 

much more problems. Here one has both isospin 1 = 0 and I — 1. Since it is 

impossible to determine all amplitudes from the data, the I = 1 amplitudes are 

taken over from the pp case, after applying corrections for electromagnetic effects 

and mass differences [StoQOb]. So in the np case even more theoretical input than 

in the pp case is required to obtain good results. 

The same techniques are used in our analysis of the reaction pp —• ЛЛ. The 

generalization to the case of multichannel antibaryon-baryon scattering is straight

forward. Although the method of analysis is probably as model independent as one 

can hope to achieve at this stage, one cannot expect the results to be as unique 

as those of a pp PWA. The complexity of the problem necessitates the use of a lot 

of theoretical input. The long-range interaction, the Coulomb force, the one-pion-

exchange, and the one-kaon-exchange interaction, are model independent. For the 

intermediate-range a semi-phenomenological meson-exchange potential is used. Here 

the validity of SU(3) symmetry for the meson-baryon coupling constants is assumed. 

As in the pp case, the use of heavy-boson-exchanges, like /f'-exchange in pp —> ЛЛ, 

improves the description of the data. The short-range interaction, which in the case 

of antibaryon-baryon scattering is particularly complicated, is parametrized. 

In order to avoid systematic errors, we do not include the spin-correlation data 

now, for the reasons mentioned in the previous chapter. The data set used in the 
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PWA includes the cross sections and the polarizations, a total of 142 observables at 

six different energies. We now reach an excellent χ^ύπ = 147.7. 

As results of the partial-wave analysis we give in Table 4.1 the "model-independent" 

5-matrix elements for the relevant pp —• ΛΛ transitions as they follow from the fit to 

the data. In view of the quality of the fit, one can be confident that the important 

transitions are well described. It is not possible, however, to determine the behavior 

of all partial waves. For instance, the singlet transitions are not visible at all in the 

data. But even in most of these cases one expects that the tail of the strangeness-

exchange potential, which is more-or-less model independent, determines to a large 

extent the dynamics. 

In tabulating the 5-matrix elements we extract the kincmatical effects due to 

the vicinity of the threshold by writing the elements in the following way 

S = p/ + hp;+i . (4.12) 

Here p, and p/ are the center-of-mass momenta in the initial and final state. The 

complex numbers S are written in the form S = \S\ ехргФ. For each transition the 

absolute values |«S| and the phases Φ are given in Table 4.1. As can be seen from 

Table 4.1 this representation of the 5-matrix elements is quite nice, since many of 

the phases Φ are remarkably constant in the energy region under consideration. 

In the pp PWA the method of analysis allowed a determination of the neutral-

pion coupling constant from the data [Ber87a, Ber90]. We realized that analo

gously it should be possible to extract the ApÄ" coupling constant from the data on 

pp —» ЛЛ. The coupling constant, which appears in the tail of the one-kaon-exchange 

potential used outside r = b, is added as a further parameter and included in the 

parameter set that is fitted to the data. The results of this study are presented in 

the next section. We stress that the reliability of the result depends crucially on the 

type of PWA we present here, which is as model independent as possible. 

4.3 The ApK coupling constant * 

The pp —» YY reactions, accessible at LEAR, constitute a rather unique window on 

strangeness-exchange because they require the exchange of at least one quantum of 

strangeness. The ongoing PS185 collaboration has recently published data [Bar87a, 

Bar87b, Bar89] of high quality on the reaction pp —» ЛЛ, which has its threshold at 

'Based on "Determination of the ApK coupling constant from LEAR data on 
Й>-*ЛЛ" [TimOla], co-authors: Th.A. Rijken and J.J. de Swart, published in Phys. Lett. 257B, 
227(1991). 
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transition 

ε (MeV) 

0.24 

0.59 

3.5 

14.5 

25.5 

39.1 

transition 

ε (MeV) 

0.24 

0.59 

3.5 

14.5 

25.5 

39.1 

transition 

ε (MeV) 

0.24 

0.59 

3.5 

14.5 

25.5 

39.1 

'So 

10 4 | 5 | Φ 

52.6 177 

51.9 174 

49.3 160 

45.0 133 

42.7 115 

40.9 96 

^ 1 

10 4 | 5 | Φ 

18.6 255 

18.5 255 

17.3 257 

12.4 257 

9.11 250 

6.67 238 

' 0 2 

10 4 | 5 | Φ 

4.38 302 

4.36 302 

4.23 302 

3.77 302 

3.35 302 

2.86 304 

3 5 , 

10*\S\ Φ 

210 327 

202 325 

168 318 

103 308 

60.7 308 

30.8 343 

3Р0 

104 |SI Φ 

173 52 

172 53 

159 57 

ПО 63 

78.7 61 

56.1 54 

3D2 

10 4 | 5 | Φ 

6.84 259 

6.80 259 

6.52 259 

5.59 257 

4.79 256 

3.92 255 

s r i - » s S i 

10 4 | 5 | Φ 

38.5 344 

37.2 342 

31.8 334 

22.6 317 

17.1 304 

12.2 290 

3Pi 

W4\S\ Φ 

183 184 

182 185 

170 189 

123 197 

89.6 197 

64.1 194 

3D3 

10 4 | 5 | Φ 

33.5 146 

33.4 146 

32.9 146 

31.1 147 

29.3 149 

27.1 152 

3 5 і - 3 Я і 

10 4 | 5 | Φ 

118 134 

117 134 

114 134 

107 134 

101 135 

92.4 137 

3 P2 

104|<S| Φ 

84.3 106 

83.8 106 

79.8 105 

67.0 102 

56.7 98 

46.7 92 

3<?з-3£>з 

10 4 | 5 | Φ 

2.23 303 

2.23 303 

2.15 304 

1.90 306 

1.67 309 

1.41 313 

3D1 

104|«S| Φ 

6.47 159 

6.39 160 

6.00 160 

5.05 159 

4.33 159 

3.56 159 

3F^3P2 

IQ4\S\ Φ 

14.6 314 

14.5 314 

13.6 314 

11.0 312 

8.95 309 

7.06 304 

Table 4.1: 5-inatrix elements for the relevant transitions pp—*ÄA, with if < 2, 

parametrized according to Eqn. (4.12), where p,- and pf are given in units of MeV/he. 

The phase Φ is given in degrees. 
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1435 MeV/c antiproton laboratory momentum. The experimentalists have mean

while moved on to the reactions next in line, that is pp —» ΧΣ 0, Σ0Λ. Later the 

different pp —» Σ Σ reactions will also be investigated. In this section we want to 

demonstrate that these data can provide valuable information on the coupling of 

strange mesons to baryons. The coupling constants of the kaon can then be used 

to obtain information about the validity of SU(3) symmetry for the pseudoscalar-

meson-baryon coupling constants. In this letter we extract the ApK coupling con

stant from the PS185 data taken so far on pp—+ΛΛ. 

Our work is a continuation of the study of antibaryon-baryon scattering with 

the help of a coupled-channels one-boson-exchange model [TimQlc] (see previous 

chapter), which had its application in a partial-wave analysis of the pp-* ΛΛ scat

tering data from LEAR. The method of analysis used is essentially the same as the 

one used in the Nijmegen partial-wave analyses [Ber88, Ber90] of the very rich and 

accurate data on pp scattering below Тіаь=350 MeV, where it allowed the deter

mination [Вег87а, Ber90] of the pp~0 coupling constant. Although a partial-wave 

analysis of the same degree of uniqueness is certainly not possible here, we think that 

using the same strategy one can determine the behavior of the dominant amplitudes 

rather well. 

The scattering region is divided into two parts by using a boundary condition 

at τ = b = 1.2 fm. For the theoretically well understood long-range interaction for 

r > b a model based on meson-exchange is used. The coupled-channels Schrödinger 

equation is solved, taking into account all relevant baryonic channels and starting 

with the boundary condition at r = b. The poorly known short-range interaction 

is treated phenomcnologically by parametrizing the boundary condition as a func

tion of the energy. In antibaryon-baryon scattering the short-range interaction is 

especially complicated because it is dominated by the coupling to many mesonic 

annihilation channels. This additional complication can easily be handled by using 

a complex boundary condition. The imaginary part takes care of the disappearance 

of flux into the mesonic channels. For large values of the orbital angular momentum 

the inner region is screened by the centrifugal barrier, with the consequence that 

only a limited number of partial waves need to be parametrized. This separation 

between inner and outer region physics has proven to be very powerful in analyzing 

nucleon-nucleon scattering data. 

For the intermediate- and long-range interaction with г > b = 1.2 fm a realistic 

meson-exchange potential is employed, in our case the Nijmegen soft-core baryon-

baryon one-boson-exchange potential, which gives an excellent description of the low-

energy data on nucleon-nucleon [Xag78] and hyperon-nucleon [Mae89] scattering. 
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This potential can also account very well for the low-energy data on elastic pp —* pp 

and charge-exchange pp—>nn scattering [Swa88b, Tim89]. In Chapter 3 we have 

shown that the same potential describes also the data on pp —> ΛΛ very well. 

The data set on pp —> ΛΛ used in the analysis consists of 5 integrated cross 

sections, 99 differential cross sections, and 38 polarizations at six energies below 

Piab=1.55 GeV/c. It thus comprises a total of 142 data points. In this study we 

did not include in our data set the spin-correlation data which were taken at one 

energy. The reason is that some of these spin-correlation data are outside their 

kinematically allowed region. (In our final fit these data are quite well described). 

We also rejected 4 data points, 1 integrated cross section, 1 differential cross section, 

and 2 polarizations because of their abnormal high contribution to x^mn. 

It is advantageous for the analysis that the data were taken so close to threshold 

because then only a limited number of partial waves make a significant contribution 

to the cross section. The value of the total kinetic energy in center-of-inass system 

of the hyperon pair is only 39.1 MeV at the highest momentum ріаь=1546.2 MeV/c 

where data were taken. The behavior of only a few dominant transitions must then 

be determined. An additional simplification occurs in pp —+ ЛЛ because this reaction 

is purely isospin 0. 

The reaction pp —» АЛ is mediated by the strange mesons. We include the pseu-

doscalar А'(494), the vector Ä''*(892), the scalar «(1000), and the scalar-like "diffrac-

tive" piece [Nag78] of the tensor /i"**(1430). The к and K" potentials are quite weak 

outside г = b and do not affect the results. The K" potential on the other hand 

has a strong tail which extends well beyond the inner region. The tensor potentials 

of the К and K' exchanges have equal sign, while their spin-spin potentials are of 

opposite sign. For low energies in the final state the tensor potential leads to a dom

inance of the off-diagonal tensor force transitions £(ЛЛ) = ¿(pp) — 2, in particular 

the 3Di—>35i, 3i;2—»3P2i and 3Сз—>3D3 transitions. In our model these transitions 

make up 90% of the cross section close to threshold and about 60% at the highest 

energy considered. This dominance of the tensor force explains the almost complete 

absence of scattering in spin-singlet states, even to such an extent that one can 

speak of a dynamical selection rule. We are confident that the behavior of these 

important amplitudes is described rather well in our model. 

In our earlier work the tail of the meson-exchange potential was adapted from 

the Nijmegen potential and contained no free parameters. A total of eight short-

range parameters were needed to achieve a good fit to the data. These were: one 

annihilation parameter for the initial pp state, one annihilation parameter for the 

final ЛЛ state, three additional parameters for the final state, and three for the 
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off-diagonal pp—> ΛΛ transitions. In this study the ApK coupling constant is added 

as a ninth parameter. In view of the strength of the K* tensor force, this potential 

tail must be varied at the same time as that of the K. So a tenth parameter has to 

be introduced for the K' potential, in order to avoid a possible systematic error. 

The if'-exchange potential contains two independent coupling constants, namely 

the Dirac coupling g, and the Pauli coupling ƒ. In Chapter 3 these were taken from 

the Nijmegen hyperon-nucleon potential, where SU(3)-flavor symmetry is assumed 

for the vector-meson coupling constants. Although there is no definite evidence 

that this assumption is correct, it certainly appears to be reasonable, in view of the 

success of the Nijmegen hyperon-nucleon potentials for example. It is at present not 

possible to determine both these coupling constants from the experimental data, in 

particular because only the linear combination (g + fjTn\/mp)
2 appears in front 

of the tensor part of the K' potential. Severa,! options remain for choosing the one 

parameter that is necessary. A convenient choice is to simply scale the K* potential. 

The scale parameter that multiplies the potential is called 7. The two parameters 

for the intermediate- and long-range interaction, the kaon coupling constant and 

7, are expected to be strongly correlated. The ten parameters are adjusted in a 

least-squares fit to the data set consisting of 142 observables. 

There is some arbitrariness in the kaon-baryon interaction. One can use the 

pseudoscalar PS or the pseudovector PV vertex with the respective interaction La-

grangians 

£ps = 0\/4π (іріІьФ)Ф and £pv = —\/4л· (φΐ'ίμ^Φ)9μφ , (4.13) 

ms 

where ms is a scaling mass to make the PV coupling constant ƒ dimensionless. It 

is commonly chosen to be equal to the charged-pion mass ms = m + . The one-kaon-

exchange (ОКЕ) potentials following from these vertices are the same, provided 

Ілрк/т+ = 9ΑΡΚ/(Μ\ + M p) . (4.14) 

It is also possible to add a form factor to the potential, but this is a short-range 

effect. We have checked explicitly that including a form factor in the ОКЕ potential 

has no influence on the final results. Thus we will use for r > b = 1.2 fin the 

following ОКЕ potential 

ОКЕИ = flPK ( m ) \ [«Л · <Г2 + 5 1 3 ( l + — + ¡ Д ^ ] — m r , (4.15) v \m+/ 3 [ \ (mr) (mry J J r 

where m 2 = m2

K — (M\ - Mp)2, m¡( being the charged-kaon mass. This form of 

the ОКЕ potential follows from a standard non-relativistic reduction of the ОКЕ 

Feynman diagram with the vertices prescribed by Eqn. (4.13). 
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Reference 

Martin, [Mar81] 

Antolin, [Ant86] 

Adelseck and Saghai, [Ade90] 

Maessen, Rijken, de Swart, [Mae89] 

This work 

Method 

KN forw. disp. 

KN forw. disp. 

К photoproduction 

YN potential 

analysis of pp —> ЛЛ 

WflpK 
64 ± 12 

58 ± 5 

80.3 

73.4 

71 ± 7 

2 
9ApK 

13.9 ± 2.6 

12.5 ± 1.1 

17.4 

15.9 

15.4 ± 1.5 

Table 4.2: Determinations of the ApK coupling constant. In [Ade90] and [Mae89] 

no errors were quoted. 

Let us now come to the results of the analysis. Fitting the parameter-set to the 

observables, we reach χ^ ι η =146.0 for our data set consisting of 142 data. The ApK 

coupling constant is found to be 

ПРК =0.071 ±0.007 or glpK = 15.4 ± 1.5 . (4.16) 

We determine the coupling constant at the kaon pole because we use only the tail of 

the ОКЕ potential. The value found is in agreement with the value used in the recent 

soft-core Nijmegen hyperon-nuclcon potential [Mae89], where α = F/(F+D) for the 

pseudoscalar-meson nonet was determined in a fit to the data on hyperon-nuclcon 

scattering. Other independent determinations of the ApK coupling constant come 

from single- or multi-channel analyses of kaon-nucleon scattering data using forward 

dispersion relation techniques [MarSl, Ant86]. or from the analysis of data on the 

kaon photoproduction reaction -yp —*K+A [Ade90] The values for the coupling 

constant are summarized in Table 4.2. Further references to other determinations 

can be found in the papers quoted. The value found for the scale parameter 7 

introduced in the K" potential is 7 = 0.74 ± 0 21. The expected strong correlation 

between the two parameters was indeed found. 

The method of analysis used here is probably as model independent as one 

can hope for. The model-dependent short-range interaction is parametrized phe-

nomenologically. The theoretical uncertainty in the long-range interaction is small 

For instance in the Nijmegen partial-wave analyses of the low-energy pp data several 

realistic meson-exchange models were used as long-range potential tails and all gave 

quite similar results. In our case, the most important source of possible systematic 

errors is the remaining part, next to the ОКЕ potential, of the long-range meson-

exchange potential. We have taken care of this by introducing a scale parameter for 

the K' potential. As stated above, the other heavier strange mesons do not affect 

the final results. In view of this, we are confident that our calculation is free of large 

systematic errors. 
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A good consistency check is to determine in an analogous way the mass of the 

charged kaon. The mass also appears in the tail of the ОКЕ potential. Varying 

both fX-K and the mass (which increases the number of parameters to 11) we find 

flpK={70 А гОДО - 3 and m * = 480 ± 60 MeV. The mass found in this way is in 

good agreement with the experimental value πΐχ = 493.646 ± 0.009 MeV. This 

indicates that we are actually looking at a one-kaon-exchange mechanism in the 

reaction pp—> ΛΛ. 

In case of exact SU(3)-flavor symmetry of the PV meson-baryon coupling con

stants the λρΚ coupling constant is related [Swa63] to the pion-nucleon coupling 

constant by 

f ANK = -ƒ«№,(! + 2a)/y/3 , (4.17) 

where α — F/(F + D). When we assume SU(2)-isospin symmetry (charge indepen

dence) for the pion-nucleon coupling constants, we can use for ftw* the value of the 

ρρπ 0 coupling constant Ρ „ — 0.0750 ± 0.0007 as obtained in the recent Nijmegen 

partial-wave analyses [Ber90] of proton-proton scattering data. We then find for the 

α = FI(F + D) ratio 

αρν - 0.34 ± 0.04 . (4.18) 

However, if we assume SU(3) symmetry for the PS coupling constants we get 

aps = 0.42 ±0.04 . (4.19) 

The difference between a p S and ap\ comes from SU(3) breaking of the baryon 

masses. The fact that PV coupling is to be preferred to PS coupling was also 

concluded by Pilkuhn [РІІ70] 

Using SU(3) symmetry in weak semileptonic baryon decays [Cab63] the value 

α = 0.355 -Ь 0.006 is obtained [Diim83] for the hadronic axial-vector current. If we 

assume the validity of the SU(3)-generalized Goldberger-Treiman relations this value 

for α can be related [Sak64] to Qpv for the pseudoscalar-meson-baryon PV coupling 

constants. One then finds ару — a. The agreement between the two different ways 

of determining α is seen to be good''. 

In anticipation of further experimental results from PS185 on the reactions 

'pp—>ΛΛ, pp—> ΛΣ 0.Σ 0Λ, and pp—> ΣΣ, it is interesting to speculate on the pos

sibilities of determining in ал analogous way the ΣρΚ coupling constant. From 

our experience with the reaction pp —> ΛΛ we feel that is needed a data set of cross 

sections and polarizations at various energies close enough to threshold such that 

'This connection was also investigated by Nieh ¡NieCSj using the λΝΚ and ΣΝΚ coupling 

constants determined by Kim [Kim67, Cha68]. 
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scattering occurs mainly into S, P, and D final states. Once the data have become 

available the method outlined above will be eminently suited to extract in a com

bined analysis the A.pK and ΣρΚ coupling constants. One hopes that the statistical 

errors will be small enough to draw more definite conclusions on the validity of 

SU(3)-flavor symmetry for meson-baryon coupling constants. 

The fact that in charge- or strangeness-changing pp scattering only a very limited 

number of mesons can be exchanged makes these reactions especially good candi

dates for determining the corresponding coupling constants. A good place to extract 

the charged-pion coupling constant is for example in pp —> ñn charge-exchange scat

tering. In pp —> ñn similar features are encountered as in pp —• ΛΛ. For instance the 

π and ρ tensor potentials add up. We have analyzed the data on pp —> Tin along the 

same lines as followed here [TimDlb]. 

To summarize our findings, we have determined the ApK coupling constant from 

accurate scattering data on the strangeness-exchange reaction pp -» ΛΛ taken at 

LEAR. Comparing the value found for the F/(F + D) ratio with that obtained from 

weak semileptonic baryon decays, we conclude that PV coupling of pseudoscalar 

mesons to baryons is favored over PS coupling. We find that the SU(3) relation (4.17) 

for the PV coupling constants is valid with no indication for an appreciable breaking. 
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Chapter 5 

Envoi 

In this final chapter, some of the work done on antiproton physics in Nijmegen 

is evaluated and suggestions are made for possible future research. Of course the 

future course should be planned in conjunction with the experimental work done 

at LEAR in CERN and the other antiproton facilities in the world, such as at 

Fermilab, Brookhaven National Laboratory, and KEK in Japan. But it appears that 

especially at CERN antiproton physics will remain one of the most important fields 

of research, so fortunately the future of this fascinating field looks rather bright. It 

is to be regretted, however, that time and time again it appears necessary to dress 

up proposals for new experiments with plans to search for exotics, like baryonium, 

glueballs, and so on, in order to have a chance to obtain funds and beam time. 

The coupled-channels potential model presented in Chapter 2, which is an im

proved update of the Nijmegen model A [Tim84], is at present the only model in the 

world that gives a satisfactory quantitative description of all the low-energy data. 

Apart from this, this model В is also satisfactory from a theoretical point of view, 

in that it contains purely meson-exchange forces in the antinucleon-nucleon sector 

with satisfactory values for the meson-nucleon coupling constants. Some improve

ment may still be possible, but this should not be a high priority. It is important, 

however, to make sure that additional spin observables that come from LEAR are 

fitted by the Nijmegen model, since spin observables contain useful information on 

the spin structure of the nuclear force. When a new generation of experiments is 

performed at LEAR, and many new data become available, one may think of pre

senting an upgrade of model B, to be called model C. An overly enthusiastic person 

who rushes into fitting the coupled-channels model to the world data on antinucleon-

nucleon scattering, should be warned that he is in for ploughing the sands. It took 

about a year to obtain a satisfactory fit for model B. 
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One project that to my mind is worth serious consideration, is the study of 

specific annihilation reactions, like for instancepp —» π+π~ or pp —> K+K~. For these 

reactions a lot of data are available, including spin observables, like asymmetry data. 

At present, meson spectroscopy is very actively pursued at LEAR by the Crystal 

Barrel and OBELIX collaborations, in the hope of finding non-conventional states, 

like glueballs, baryonia and so on. Also rare processes like pp —» φφ or pp —» φω will 

be investigated by the JETSET experiment. One can do some interesting physics 

here, because these reactions require a microscopic description in terms of quark 

and gluon degrees of freedom. The group-theoretical expertise required to do this 

work properly is available in Nijmegen [Som84]. Furthermore, the toupled-channels 

model puts us in a unique position in Nijmegen. One can enlarge the channel space 

with these annihilation channels, and in this way automatically make sure that the 

initial pp state is described realistically. Work in this direction has been done by Liu 

and Tabakin [Liu90]. Since these reactions, with very small cross sections, remove 

only little flux, the description of the antinucleon-nucléon data is not spoiled. In 

this manner different transition potentials can be tested. One may also consider 

looking at protonium physics. 

The study of strangeness-exchange in antiproton-proton scattering at intermedi

ate energy stops in mid-air. So far our model could only be applied to the data on 

pp—»pp and pp—»ΛΛ. However, from the experimental side there is more in store 

for the future. The reaction pp—> ΛΣ 0,Σ 0Λ is being studied [Ohl90. Bar90a]. Also 

more data on pp—» ЛЛ at higher energies are being taken. Especially interesting are 

the prospects of obtaining data on the Σ production reactions and in particular on 

the double-charge-exchange strangeness-exchange reaction pp —» Σ Σ , which can 

possibly provide a window on physics beyond the one-boson-exchange picture. In a 

meson-exchange picture the exchange of a charged pion and a charged kaon is re

quired. A TrAT-exchange potential can be calculated using the techniques developed 

by Th. Rijken in his derivation of a soft-core 27r-exchange potential with Gaussian 

form factors [Rij91a], starting from earlier work by Brueckner and Watson [Bru53b] 

and by Taketani, Machida, and Ohnuma [Tak52], and assuming complete dynamical 

suppression of antinucleon-nucleon pairs [Bru53a]. 

A comprehensive analysis of all the data on antihyperon-hyperon production is 

of course a difficult enterprise, but the model presented in Chapter 3 is well suited 

to do this job. In the way demonstrated here for the case of the reaction pp —» ΛΛ, 

the model can be used to perform partial-wave analyses of all the reactions pp —» YY 

close to threshold. In this way a lot of information can be obtained on the dynamics 

of strangeness production in antiproton-proton scattering. We have shown how 
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the data on pp —» ЛЛ clearly reflect the presence of a strong tensor force due to 

the combined exchange of the ^"(494) and K*(S92) mesons. With data on several 

reactions available, parameters can be constrained from SU(2) or SU(3) symmetry in 

order to limit their number. One hopes especially to reduce as much as possible the 

number of final-state parameters. One major goal of this work must be to obtain 

more information on the coupling of the strange mesons Ä'(494) and АГ*(892) to 

baryons, by extracting both coupling constants /лрлг and fepK from future data 

in the manner demonstrated in Chapter 4 of this thesis for the available data on 

pp—* ЛЛ. This will be a more severe test for the validity of SU(3) symmetry and an 

independent delermination of the α = F/(F + D) ratio. 

The partial-wave analysis of antinucleon-nucleon scattering data (the first ever 

of its kind) which has come about in the past few years represents to my mind 

an important development, in that it is a model-independent description of the 

data, analogous to phase-shift analyses, well-known from work on nucleon-nucleon 

scattering. Due to lack of space and time the details could not be written up in this 

thesis, but the complete analysis is being written up [Tim91e]. Each time new data 

become available, they should be analyzed, and the partial-wave analysis should 

be correspondingly updated. In this way the predictive power of the analysis keeps 

growing, and wo have at our disposal a very powerful tool with which it is possible to 

analyze data, improve potential models, study potential tails, and so on. Important 

independent information about the value of the charged-pion coupling constant can 

be obtained from the analysis of the charge-exchange reaction, and maybe, if more 

data are taken, it will be possible to isolate the p-exchange contribution to the 

charge-exchange reaction. 

In conclusion, there is still an enormous amount of interesting work that can 

be done in antiproton physics, especially in the study of the spin structure of the 

nuclear force and of quark and gluon effects in annihilation reactions. 



The soft-core functions 103 

Appendix A 

The soft-core functions 

In this appendix we list the central, tensor, and spin-orbit soft-core functions that 

appear in the meson-exchange potentials of Chapter 2. The symbol "erfc" denotes 

the complementary error function, m is the meson mass, and Λ is the form factor 

cut-off appearing in the meson propagator. 

• Central potentials 

Ф?.(г) = е х р ( т 7 Л 2 

Ф.(г) . t j M - ^ j ß ) 

• Tensor potentials 

, , Лг m , Λ Γ »η ' 

„fr(__+_)_e-„fr(y+A) 
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о /-- ι / е х Р 

1 / Л \ 5 Г З 

2у/п \т) [2 

у 2 ; 
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, Лг, 

(А.1) 

Ф°.(г) = етр(т2/Л2) (1 + тт + i ( m r ) 2 ) e - m ' e r f c ( - y + ^ ] 

1 Л 7* 777 
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• Spin-orbit potentials 
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Appendix В 

SU(3)-flavor formalism 

An irreducible representation of the flavor group SU(3), denoted by {μ}, has a matrix 

representation in a complex vector space of dimension Νμ spanned by the basis ξΙμ\ 

where и summarizes the SU(3) magnetic quantum numbers, ι/ = (І. лп), with m 

the z-tomponent of the isospin. Note that is zz (I. — У, —m). For an element U(n) 

of the group we have 

tfWtf0 = í W ¿ ( « ) · (B.l) 

This defines the matrix representation D^(a) of the irrep {μ}. The contragredient 

representation {μ*}, in general not equivalent to {/t}, is defined by the basis 

# • ' = ( - « ' - f , (D.2) 

in a manner consistent with the Condon-Shortley phase convention [Swa63]. The 

matrix representation of the contragredient representation {μ*} is related to that of 

M by 
/?<"» = (-)« " ' ' д ^ Ж - р " . (B.3) 

Using these conventions we can now construct one-particle states for mesons, baryons, 

and antibaryons in a Fock space by the action of the usual creation and annihilation 

operators on the vacuum, keeping in mind that mesons are assigned to selfconjugate 

representations {μ*}={μ} 

ΙΜ,ι/) = a '̂ílOlO) , 
\р,з,ц,и) = bl^(p,s)\0) , 

Ι ρ , β , μ » = άΙ^\ρ,5)\0) . (ΒΛ) 

Неге s symbolizes the z-coinponent of the spin. In the expression for the meson state 

possible spin indices are suppressed. These annihilation operators thus transform 
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with Ζ)(μ' (Ζ)'*1*' for the antibaryon) wherecis the corresponding creation operators 
transform with D^' (D*'1*1" for the antibaryon). The canonical (anti)commutation 
relations, from which follow the normalizations of the one particle states, are given 
by 

[a^i'Ui^W] = M 2Ek ¿
(3)(k - k') V C ' -

{ ^ ' ' ( Р ^ І / Л Р , * ) } - (2π)3 2EP δ^(ρ - ρ'ίδ^,δ,,, , 

{ ^ ( p V M i r ' W ) } = (2π)3 2ΕΡ ¿
3)(р - р')*«,.«^«... , (Β.5) 

where Ερ = ν/ρ1' + m2. Finally, second-quantized meson and baryon fields are 
defined by 

^ " ) ( х ) = / ( ¿ ^ {а^кУкх + (-)QM^We-'kI) , (B.6) 

Ф^{Х) = J ( 2 ^ 2 Ε ~ Σ (bít')(p,sHp,s)e^ + (-f^dU':)\p,s)v(P,s)e-^) . 

(B.7) 
The space-time signature used is (—h ++). Possible spin indices of the meson field 
are again suppressed. The fields defined here transform with ΰ'*1' , whereas the 
conjugate field, given by 

ψ{„μ)(χ) = νΙμ),ΗΊ* , (B.8) 

transforms with D^K 
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Samenvatting 

Antiprotonprotonverstrooiing bij LEAR energieën 

In dit proefschrift wordt de sterke wisselwerking bestudeerd tussen protonen en hun 

antideeltjes, antiprotonen. Het is van belang om deze wisselwerking goed te begrij

pen, ondermeer omdat ze indirect informatie kan verschaffen over de meer alledaagse 

wisselwerking tussen protonen en neutronen. Volgens een fundamentele natuurwet, 

namelijk de invariantie van de sterke wisselwerking onder de verwisseling van deeltje 

en antideeltje, is de wisselwerking tussen protonen en antiprotonen gerelateerd aan 

die tussen protonen onderling. 

Hoewel de wereld om ons heen vrijwel uitsluitend is opgebouwd uit protonen, 

neutronen (samen nucleonen genaamd) en elektronen, blijkt het tamelijk eenvoudig 

te zijn om antiprotonen en antineutronen te produceren. Het praktische probleem 

doet zich echter voor dat wanneer een antiproton in contact komt met een proton 

of een neutron, er onmiddellijk onderlinge annihilatie optreedt. Dat wil zeggen dat 

het antiproton en het proton of hel neutron verdwijnen en dat er een aantal andere, 

meestal lichtere, deeltjes ontstaan, genaamd mesonen. Het lichtste meson is het 

pion. Bij antiprotonprotonannihilatie in rust worden gemiddeld reeds vijf pionen 

geproduceerd. Een ingenieuze uitvinding van de Nederlander Simon van der Meer 

heeft het echter mogelijk gemaakt om antiprotonen in grote aantallen op te slaan in 

een ringvormige versneller. Een voorbeeld van een dergelijke versneller is de '"Low-

Energy Antiproton Ring" (afgekort LEAR) op CERN in Genève. waarmee men de 

antiprotonprotonwisselwerking bij lage energieën onderzoekt. De antipiotonfysica 

heeft door deze techniek in de afgelopen jaren een enorme sprong voorwaarts ge

maakt. Men kan nu bundels antiprotonen maken met een hoge intensiteit. Door een 

bundel antiprotonen te schieten op (te verstrooien aan) een doelwit opgebouwd uit 

protonen, verkrijgt men informatie over de grootte en de aard van de wisselwerking. 

Een dergelijk experiment heet een verstrooiingsexperiment. 

De methoden die gebruikt worden om de antiprotonprotonwisselwerking te be-
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schrijven zijn die der quantummechanica. Door het oplossen van de Schrödinger 

vergelijking verkrijgt men de quantummechanische golffunctie, die alle informatie 

bevat over het te bestuderen systeem. Met behulp van deze golffunctie kunnen alle 

observabelen uitgerekend worden. Met observabelen worden hier bedoeld die groot

heden die experimenteel meetbaar zijn. Een bijkomende complicatie in het geval van 

de wisselwerking tussen nucleonen of antinucleonen is dat deze deeltjes een bepaalde 

oriëntatie in de ruimte bezitten. Deze eigenschap noemt men spin. De wisselwerking 

hangt op een zeer gecompliceerde wijze af van de relatieve oriëntatie van de spins 

van het antiproton en het proton. 

In hoofdstuk 2 wordt een model gepresenteerd dat een uitstekende beschrijving 

geeft van de bestaande experimentele data over de antiprotonprotonwisselwerking. 

Deze wisselwerking wordt beschreven met behulp van een zogenaamde potentiaal, 

een grootheid die nauw verbonden is met de kracht als functie van de onderlinge af

stand tussen het antiproton en het proton. De wisselwerking die in het model wordt 

gebruikt is gebaseerd op de Nijmegen potentiaal, waarmee een prima beschrijving 

wordt gegeven van de nauw verwante protonproton- en neutronprotonwisselwerking. 

Het idee achter deze potentiaal is dat de sterke wisselwerking wordt veroorzaakt 

doordat nucleonen onderling mesonen, bijvoorbeeld een pion, uitwisselen. Dit is 

analoog aan het moderne beeld van de electromagnetische wisselwerking, die tot 

stand komt doordat geladen deeltjes massaloze lichtdeeltjes, genaaind fotonen, uit

wisselen. In het model wordt de mogelijkheid dal het antiproton en het proton 

elkaar kunnen annihileren expliciet in rekening gebracht. Een belangrijke conclusie 

is dat ook het annihilatieproces sterk afhankelijk is van de spins van het antiproton 

en het proton. Het model dat in dit proefschrift beschreven staat geeft van alle 

bestaande modellen verreweg de beste beschrijving van de experimentele data. 

Protonen en neutronen zijn niet de enige materiedeeltjes die bekend zijn. Er 

bestaan ook zogenaamde vreemde deeltjes, die wat betreft hun fysische eigenschap

pen afwijken van de nucleonen, maar toch sterk aan hen verwant zijn. Wanneer een 

antiproton met voldoende snelheid op een proton botst kan het gebeuren dat een 

vreemd deeltje en een vreemd antideeltje ontstaan. Volgens het boven geschetste 

beeld wordt deze gebeurtenis veroorzaakt door de uitwisseling tussen antiproton en 

proton van een meson, en wel in dit geval een vreemd meson, zoals een kaon. In 

hoofdstuk 3 wordt de dynamica achter dit interessante fenomeen, de uitwisseling 

van vreemdheid, in detail onderzocht. 

Om vele redenen is het wenselijk om ook te beschikken over een modelonafhan-

kelijke beschrijving van de experimentele antiprotonprotonverstrooiingsdata. Voor 

het geval van protonproton- of neutronprotonverstrooiing is dit goed mogelijk. Het 
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volstaat om voor elke energie de fase van de quantummechanische golffunctie voor 

.grote afstanden te specificeren. In Nijmegen is een nieuwe methode ontwikkeld 

waarmee het mogelijk is de fases uit de verstooiingsdata te bepalen en een vrijwel 

perfecte beschrijving van de data te bereiken. Het blijkt hiervoor noodzakelijk om 

de wisselwerking voor grote afstanden zo exact mogelijk in rekening te brengen. Met 

name de electromagnetische wisselwerking en de uitwisseling van het lichtste meson, 

het pion, dient men correct te behandelen. Vanwege de mogelijkheid tot annihilatie 

is het veel moeilijker een analoge methode toe te passen op de antiprotonprotonver-

strooiingsdata. Tot nu toe heeft dan ook niemand zich hieraan gewaagd. Met de 

hoeveelheid data die afkomstig zijn van LEAR blijkt dit echter toch mogelijk te zijn. 

Ook de productie van vreemde deeltjes in antiprotonprotonverstrooiing kan men op 

deze wijze analyseren. 

In hoofdstuk 4 worden enkele van de belangrijkste resultaten van deze analyse 

gepresenteerd. Hiertoe behoren de bepaling van de koppelingsconstanten van het 

geladen pion en het geladen kaon. Deze geven de grootte aan van de wisselwerking 

tussen antiproton en proton ten gevolge van de uitwisseling van deze deeltjes. De 

waarde van de koppelingsconstante van het geladen pion wordt bepaald door de 

data van de reactie waarbij het antiproton en het proton omgezet worden in een 

antineutron en een neutron onder uitwisseling van een geladen pion, de zogenaamde 

ladingsuitwibseliiigsreactie. Het resultaat voor deze koppelingsconstante blijkt in 

overeenstemming te zijn met de controversiële bepaling in Nijmegen van de koppe

lingsconstante van het neutrale pion uit de protonprotonverstrooiingsdata, en vormt 

daarmee een belangrijke bevestiging van de ladingsonafhankelijkheid van de wissel

werking ten gevolge van de uitwisseling tussen twee nucleonen van een pion. 
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Stellingen 

I 

De stelling van N.G. van Kampen dat "the collapse of the wave function of 
the object system is a consequence of the Schrodinger equation for the total 
system (i.e., object system and measuring apparatus together)" wordt niet 
gerechtvaardigd door het door hem ter illustratie bedachte voorbeeld. De be
drieglijkheid van de redenering bestaat eruit dat hij ten onrechte de detectie 
van het foton, byvoorbeeld met behulp van een fotografische plaat, buiten 
beschouwing laat. 
N.G. van Kampen, Phyuca A 1 5 3 , 97 (1968). 

II 

Een boek waarin een andere dan de "Kopenhaagse" interpretatie van de quan-
tummechanica wordt verdedigd is niet geschikt als leerboek voor een inleidende 
cursus in de quantummechanica. 
B.H. Bramden and C.J. Joaehain, "Introduction to Quantum Medíanle·". 

I l l 

De opmerking dat een Stern-Gerlach opstelling ongeschikt is om het magnetisch 
moment van een vrij electron te meten is misleidend, aangezien het in principe 
onmogelijk is om deze grootheid op welke manier dan ook direct experimenteel 
te meten. 
B.H. Branaden and C.J. Joaehain, "Introduction to Quantum Medianica". 

IV 

De kracht van het pad-integraalformalisme voor de quantisatie van niet-abelse 
ijktheorieën wordt overschat. Deze methode vormt weinig meer dan een formele 
aanvulling op de kanonieke wijze van quantisatie. 

V 

Uit statistische overwegingen volgt dat de potentiaalstaart die gebruikt wordt 
in de Nijmeegse analyse van proton-protonveretrooiingsdata beneden 7 ,|вь=350 
MeV nog steeds voor significante verbetering vatbaar is. 
J.R. Bergervoet, P.C. van Campen, R.A.M. Klomp, J.-L. de Kok, Т.Л. Rijken, V.G.J. S t o b , 

and J J . de Swart, Phyi. Rev. C41,1435 (1990). 



VI 

Het meenemen van de τ 0 7 - uitwisselingspotentiaal in de faseverschuivings-
analyse van proton-protonveretrooiingsdata zal de koppelingsconstante van het 
neutrale pion aan protonen vergroten. De nieuwe waarde zal ongeveer één stan
daarddeviatie verwijderd zyn van de oude waarde. 

VII 

De koppelingsconstantes van de p(770)- en van de ω(783)- uitwisselingspoten-
tiaal dienen bij voorkeur bepaald te worden in een gecombineerde analyse van 
nucleon-nucleon- en antinucleon-nucleonverstrooiingsdata. 

VIII 

In sommige boeken over quantummechanica wordt beweerd dat de onzeker
heidsrelatie A E At ~ h voor energie en tijd eseentieel verschilt van de analoge 
onzekerheidsrelatie ApAx ~ h voor impuls en positie. Deze bewering is onjuist. 

IX 

Het С PT theorema doet geen uitspraak over de vraag of een antiproton even 
zwaar ie als een proton. Het LEAR experiment PS200, waarin de valversnelling 
van een antiproton in het zwaartekrachtveld van de aarde gemeten wordt, is dan 
ook geen test van С PT invariantie. 

X 

Het geloof in het bestaan van een "grote woestijn" bij energieën "beyond the 
standard model" is niet zo zeer een teken van naïviteit als wel van hoogmoed. 

Nijmegen, 22 oktober 1991, 
Rob Timmermans. 






