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Absstract

The influence of nuclear interaction between nucleon (N) and
antinucleon (¥) on the probability of low energy antiproton annini-
lation is investigated. On the dasis of cslonl_atlon- carried out in
the framework of unitary lcﬁm of coupled channels with realistic
one boson exchange potentiamls (OBEP) it is shown that just strorg
attraoction between ¥ and ¥ gives rise to large observed annihilation
oross-gsection, The width of p~- and d- levels of quasinuclear bdbaryo-
nium turn out rathexr small (of the order of tens MeV and several
MoV correspondingly). At the same time annihilation, slastic scatte-
ring and charge-exchange(pp —»En) oross-sections both adsolute value
and ensrgetio behaviour agree with experimental data. The physical
significance of this results is turned out., The possidble informative
experiments (for problems discussed here), using modern low energy

antiproton beams are sonsidered.



I. Introduction
It 48 known that the annihilation of noni:iativietic antipro-~

tons takes place at the distances of the order of their compton
nvolonéths and therefore 1s essentially relativistic process not
80 much in the kinematical sense as in dynamical one. That is why
other treatment of the annihilation problem exepi quantum-field
theory ons, can not be convincing. However the caloulatlion of NN
ennihilation crogs-gection, proceed from initial principles of a
atrong interaction field theory (even using most wide-spread ver-
sion - QCD); is not possible now., In any case such problem is not
even propoused (in the published works).

Meanwhile, a question of the low-energy antiproton annihila-~
tion probability became nrgent after the idea of possible existence
of many bound and resonant quasinuclear typs states in T system
was expressed Al + The two faocts were grouads for this prediection:
possibility of a strong nuclear atiraction between N and ¥ and abo-
ve mentioned mllhun of annihilation region radius (I’ o~ f/? ﬁ’

2 0.1 £m) *) compexred with the radius of mmcisar forces (R =1 m),
In,';heso works it was shown also that due to existince of small
parameter ':/R’Xz 0.1 the fcllowing factorization reiestions take

Uo;—:zfﬁj{%(o)\z) »W/ /W(o)]

where U is a ¥ and ¥ relative velociiy, (T; is a totel annihi-

*) Here and in the following F- O = 1’ m‘ is th: nmucleon masa.
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lation oross-section, l’; is an annihilation width of quasinuclear
level. In the formilae (1) Y5 (") ana ¥y (7). ere the wave fune-
fibnb of continuous and discrete spsctrum oorraa;dn(l‘iggly,iioh
are determined by nuolear interaction completely, As’ :tor G; ’
its value is determined by "proper" amnihilation proceséesa Since
the exaol calcuiations of annihiletion oroms-sections as emphasized
above are not possible now, the factorization relations have parti-
cular mporfbhcepthey show a method of the determination of quagis
nuolear resonance width From the observed annihilation cross-sec-
tion (and vice versa)., D. 2 to the effect of faotorization it is
possible to find out quantitative oharacteristics of nuclear
interaction using an experimental date on the cross-sections and
spectrum of gquasinuclear levele in NN system. Necessary date wili
be available in the near future owing to low energy amntiproton
ring (LEAR) which is in operation now /2/. Thie question will be
d4lscussed in Section 6 in more detail.

In the works n/ using factorization relations it was shown
that _:ln spite of the large annihilation cross-section for low-ener-
gy antiprotons, widths of quasinuclear baryonium levels do not
excead the normal badron widths ( ~ 100 MeV). In the states with
nengero orbital angular momentum £ of ¥ and ¥ relative motion
these widths can be much emaller (of the order of tems and several
MeV for p- and d- levels correspondingly). Such conclusion is based
on the faot that the nuolear wave function ‘7% (r) for discrete
spectrum is concentrated at the distances / ~ 1 fm, That is why
the probability of N and X drawing close up to annihilation dis-
tances is mot large. The wave function of the continuum %(0) ~
A f -jﬁk)( 7,/ (—A’ ) 1s a Jost function for nuclear EN interso-
tion). If there are bound and resonant near-threshold FN states
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2.
the coefficient ,/ ‘/{, {/0)/) 1aadf_ _t:: conslderable enhancement of purs
annihilation cross~seotion O;: (dua ¢o the near~threshold mercwy
of Josi fuactlon 7///(/ corresponding to such statss)., Hence strong
nuslear attraction between N and N gives xi a: Doth the lerge annibi-
lation oross-secticn for slow p and rich spectrum of rather narrow
levals of quasinucleer type in it aystem. Demomsiration of reliabi~
11ty of the qualitative astimationg cited above (8ee also review
37y 4a the purpose of this work, For this aim Pp ennihilation,
elastic scettering and charge-exchange cross-aections are osloula-
ted and compared with experimental data., The gugsinuciear baryonium
spectrum is obtained also. The calculstions are performed in the
framework of a couplad channel mode) with realistioc one boson
exchange potsntial {OBEP).

The plan of the paper iv the following., In Section 2 we expound
our point of view on existent approaches to ihe problem of nonrela-
tivistio antinucleons annihilation. Seotion 3 is devoted to treai-
ment of the model which is used here to describe the interaotion of
#glow ¥ and i. In Section ¢ some physiocally important resulte, obtai-
ned in our former works using the same medel, are considered. The
oross-sections energetic behaviour and spectrum of quasimiclear be-~
ryonium levels caloulated in this work are presen..d in Section 5.
The oconclusions, important fo. experimental study with modern anti-
proton low energy beam (LEAR), are considered in Hection 6. Pinally
Bection 7 contairs the brief resume of main results.

2. MODBLS FOR DESCRIPTION OF NONRRLATIVISTIC
ANTIPROPON ANNIHILATION . .

Vith the incresse of experimental activity in the atudy of
slow p 4/ interaction the keen intereat to the problem of annihie
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lation appaarod. llany theoretical papers were p\tblishod in which u
: nuthora opinion the probebility of baryonium annihilation was calcu-
htodc (but not “evaluated as 1n ret./ _’/ ) using upor:l.nenta.l dat. on
mihilat:lon. elaatic -and charge-exchange uross-uotions. '.l‘hia
works oould be dividtd in “two _groups.

1« A caloulations in the framework of optical uodol rith rea-
listic nuclear reel part and phenomenological imaginary one to
desoribe an annihilation processes 15/, 18/ '). The npumber of
works, in which the model energy and qugntum numbers dependence of
imaginary part obtained eithor from quark "rearrangsnent model”
8/, 19/ or from the calculat:lon of det:l.nite set of annihilation
atagrams 719/ 1s introduced, also belomg to this group. In thess
works the good desoription of experimental data on umihnation,
elactic end change-exchange cross-sections is reached with annihi-
lation redius [, £ 2.2 fm. However the imaginary part of poten-
tial in this case is 80 large even at nuclear distances that, as
a rule, baryonium widths are large (several hundred MeV practically
for any orbitel momenta ")). The point is tfut ths optical model
1s sensitive to wave funotion asymptotics but not $o ite behaviour
at the range of nuclear foroes. Therefore such model could be very
uni’nl for scattering desoription but not for a calculations of
positions and widths of discrete speotrum levels.

*) It should be noted that there are some works /7/, in which the
potential described annihilation has a real part also. Howsver
the results are not changed qualitatively in this case.

**)- In thw work /9/ the celculated widths for some baryonium levels
are not large (several MeV). The peripheral annihilation model
which was used in this work has not, for our opin:lon, suffi-.
cient muon grounds.
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fhe "boundary condition model® 711/ ghould be also related to
optical model. In detail the question of optical model applicabi-
1ity was comsidered in reviav'/ 3/ "

2. A calculations with K/D-method used the disgontinnity of
Born nuclear amplitude (instead of exact one) on the left (dynami—
cal) cut in complex energy plane / 12’ The diascontinuity of annihi-
lation amplitude was aproxinated by 5 - funoction with coupling
constant of elastic channel with annihilation one as varied para-
meter, The same sense has a modal calculation on the basia of integ-
ral equations of scattering theory 13/ « In this works e satisfaeo~
tory description of experimental data on Pp interaction oross-sec-
tions is schieved. The obtained baryonium widths [, 2 100 Mev
.independmtly on orbitel angular momentum of states. A quasinuclear
resonances are not manifest themselves even in corresponding par-
fial cross-sections and Argan diagrams. At the same time S5- matrix
poles, created by ammihilation interaction, appear just neer R
threshold. The positions of such dinguhr:l.t;ea (unlike & queinucleax
ones) depend strongly on tha details of muclear dynamics at smell
" distences where potential qpproaotheh was used has no senss. Az
1t was shown in the work /'#/, the results wits "Born /D method",
aiffer ntrongly from exact ones. The obtained barvoniun spsctrum do
not agree with exact solutic i of Schrddinger equation even in tha
‘abaence of amnihilation /'5/, fhe main defect of such approsch is
that the rostrictién by first Born approximation in the case of
intensir . muclear interasction between N and ¥ is insufficient.

Tat us mention alse  the works /1%/ in which the widtha of
‘qQuasimiclesar levels are determined by quadratic diegrams for annihi-
lgtion rescattering. Suoch calculations give a several narrow baryo~
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nium levels, however the NN interaction cross-sections are not cal-
oulated, o

Finally, 4n works /14/» / 17-20/ coupled channel spproach was
developed for model demonstration of qualitative conclusions for
quasimiclear dberyonium theory.

We are passing now to description of this method.

3. COUPLED CHANNEL PORMALISK

In our opinion the method whick is used for description of
nonrelativistic antinucieons annihilation should takes into aceount
at least the following main features of annihilatiom intersctionm.

1. Smallness of ite radius ([ ~ 1/zm, = 0.1 tm).

2. Unitarity, i.,e. the fact that particles not only leave NN
ochannel, but cams back due to amnihilation rescattering.

The coupled charmel model (first proposed for description of
slow antiprotons annihilation in ref. n ) satisfies these demards,
Ve consider two coupled chammels, Chammel I (¥) contains twe pazr-
ticles with equal mssses /77, . Since we take an interest in the
ensrgy region closed to NN threshold this particles are treated as
nonrelativistic. Channel 2 (products of annihilation) corresponds
te two partioles with masses /1,</7. Those particles are treated
as nonrelativistic alsc. In our approsch this channel is mot
1dentified with conorete two-bosen amnihilation decsy ohemmel but
effectively takes into scoount all aminilation processes.

The c.m.8. momeats K; end K, in channels I and 2 are re-
lo;tac to total energy B by the <following way

1/2 .
K=l (E-2m)] ", g2
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S0 S- matrix es a funotion of the energy B has two square root
branch points: £ =2”-f , ( a1, 2. Therefore the sorrespondin -
Reeman surfece has four shests. The cuts are drawn fruom branch
points to. the right along the real nxis. The Joining of the sheets
and their numeration are defined by the inequalities

T ImK, >0 T ImK >0 ] # Im4 (‘a} V. ImK<pQ
Ink, >0 Imk <o)’ Imk<o)?  Dn k>0

Then the poles 'comsponding to bajow~threshold quasinuclear states,
which can decay only into channel 2, will then locatad on sheet II
and to abovethreshold resonances (docaying both into ohannel i and
ohannel 2) will be on aheets III and IV. ]

Two-channel S- matrix as & function of momentus K, 1is defi-
ned on two-sheet Reeman surface. If the oute are drawn from branch
points K, ni‘[[Zm, (m, -/, )]%up end down along the imagi-
nary exis, then tha poles location on secona sheet will be symmet-
tric (relatively to this xxis) refleotion of the picture on first
sheet. On the htfer. the poles,corresponding to resonances in
channel 1'm located in third and fourth quadi-anis above biseotor,
while thoage, dorres,pondl.ng to hound atata'ﬂ,m above bisector of
the seconC quadrant.

The interaction hetwssn the particliea in channel 1 is described
by a potential ‘{1 with an average radius NI ~ { fm. The partic.
les in consnnel 2 are treated as noninteracting (ea in all works
considered in the previous Seoction) The coupling of channels is
desoribed by a potential K, with en average raudius, correspon-
ding to compton wave-length of nucleon ( /, -« 1/2,",4‘ X 0.1 ftm).
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Hence the Hamiltonian of the considered two~-channel system -_1-'
the following Hermitien 2z X 2 malrix

e, n R
A A’ //),’ -+ l/,; ‘/{;

- (2)
H V., £ /i,

In the following Section we consider socme physically importent
results obtained before in the framework of this model.

4. CALCULATIONS WITH SEPARABLE POTENTIAL V,,

The model, described in the previous Section, was used in
re_f./ 14/ gna rot./ 17-20/ 44 study a behaviour of quasinuclear poles
on Reeman surface R (or K‘) in the dependence of annihilation
intensity. The orbitel momentum / = 2 was connidered in ro!’./ 19/
and (- 0 ~ in the all other works. The corresponding partial
cross-seotions were caloulated for annihilation of low energy esnti-
protons, the factorisation relation (1) was ohecked up in e RALY s
nuclear ephancement of "proper” amnihiletion cross section was
studied in 720/,

In abovementioned works the potential V,, was chosen in thu'

separable form

<Pl [P5>= A§Bst)Lcs) (D

\ith fora-tactor § (r) falling exponentially at /™~ //21’1,.
Either a model potential of Yukavs type (as 1n ref.”') or sepe-
rable type potential (3) with s form-factor corresponding to the
radive R 7T 1 fm were used for potential v". In this model cal-
culations all particles are considered as spinless for simplioity.



- 10 -

The mass m, = 0.75m,.
The equation for l-!- radial wave function in such model has

e+l Q8- m V- AmsB s fro W o o

where é is a Green function of radial Sohrodinger equation for
- noninteraoting partiocles in channel 2. ‘!hs generalized optical po-
tential, desoribed in (>3) an annihilation processes, is nonlocal,
energy and quantum numbers dependent umlike to usual optical model.
It has not onlyv imeginary but real part also which for nonrolati-
vistic ¥ and ¥ is attractive (see re:./19/).
The main physical results, obtained in ret./'/» /17-20/
are the following. | A
1. Amnihilation widths of quasinuclear levels have an upper
limit for any coupling constants A (if T, /B = 0.1), Por
mtance,in the case of 3~ wave pole, thg bebaviour of which in the
dependence of coupling constant A is shown in Fig.1 (from vref.
/%), we bave' /[; < 240 MeV. In the case of £ =2 [ <4 Mev
(aio Pig.2 taken from ref. /‘9/).
' 2. Partial cross-sections for the annihilation of slow anti-
protons can be comparable with correasponding unitary limit., Mean-
- time an annihilstion widths are not large (in any case for ofbital
momente /£ 4 0). Por example the width /2 = & MeV corresponds
-to point 1 in Fig.2. At the same time the unitary limit for d-
wave is saturated up to 90% at the momentum Ky = 300 MeV/c. In
- Pig.1 the 14—?07 & O;/ values are shown (near corresponding ppint)
where V ia a relative velosity of p and P ( zéy,g lf'(/—‘; ‘m 15 mb
correspouds to the halt of unitary limit for S- wave at Ky = 150



Nev/c).

Ae it was emphasized above large value of partial annihilation
oroag~-section in spite of the small annihilation radius achieved
dué to strong muclear attraction between N and § (see /20/ )e Such
sttraetion leads to existence of nearthreahold qminuéloar ¥E
states and consequently gives rise to strong cnhanoom.nt *proper®
amnthilation oross—-section.

3e Factorisation relations are satisfied with 800d accuracy
up to the values 2 for which suftioicntly large annihilation
oross-seotion is reached (for Fig.1 up to ﬁ;g U0p 24 mb).

4. /nnihilation may leads to noticeable diminition of total
width of abovethreshold quasinuclear resonances (see PMig.Dd tahn
from /’9/, where total width decrease from / = 15MeVat =0
to r = 5 MoV for poinf 1 in Pig.3). The reason of phenomenon is
an additional attrmction between nonrelativistic ¥ and N due to
annihilation rescattering. Such atiraction leads to decreass of
resonance ﬂiitation energy (weaskly excited resonances may become
subthreshold) and elastic width simultangously. The same reason
leads to the imorease of subthreshold levels binding .aergy
within the 1imits of several tens MeYV. i

In the works comsidered in this Ssction ammihilation comstant
) wag not fixed and the beshaviour of ammihilstion cross-sections,
wldihs and shifts of quasimuolear levels aes a function of ) was
atudied, using modsl pcton’c;ala V“. How we shall discuss the resulte
obtained with realistioc potentials V¢ and with intensity of anni-
nilation fixed by expsrimental date on the cromss-sections for inter-

_aotion of low emergy p with p.



5. ABNIHILATION WIDTHS OF QUASINUCLEAR BARYONIUM
AND Pp CROSS-SECTIONS

~ We consider two-body nyﬁten of two coupled chann.l, which is
described by the Hamiltonien (2). , } :
In this section we'll use the potentisl Vy,, obtained by G-
transformation from realistic NN OBBPIZV ‘2 toi desoription of nuc-
lear ¥N interaction. Tensor forces are unimportent for qualitative

sapects of NN interactions. Such forces, which lead to the mixing '
of the triplet states with Z = / t4( - total angular momen-

tum), have been thrown  away for simplicity. At distances sualler

than F we set the potential equal to zero. In this paper the
28/

rono-in; cutors radis /. ( Z , 8- spin) have been used:

LS )15 )=055m b (£)=457Fm,;
K (2)=k(B)£ (% )—mf/m (=D )065 b -
(2 (2)1 ()= ’”/A):&;ﬁ/m ,

V, ()= A, Cxp 4l )

with radius /;_ a 0.11 fm is taken for nondiagonal annihilaetion
interection., The varied parameter — amnihilation -constant .)ﬁ

*)¥e also have used the real ba.rt of ‘Bryan-Phillip:. potenmtial /51
for nuclear NW interaction. The qualitative resulte are the same.
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depends on orbital angular momsntum f only. The radial equation
for 5K wave function with definite quantum numbers has the form:

- L, oot SN M oo 6

Here (7, 1s the Green function of redial Sridinger equation for
noninteracting particles (witﬁ mass m, = 763 MeV) in annihilation
channel 2. Tha only difference between (4) and (5) is the faotori-
zation of 7” and 52'2 in (4). The generalized optical potential
in (5) (as in (4) ) is nonlocal, energy and quantum number depen~
dent and has both the imaginary and the real parts. The integrals
in (5) and (4) are proportional to nuclear NN wave funotion ‘70(0)
{because of the annthilation interaotion short range character).
So the effective constant ')t %f(j( %ﬁ?)fv ////kj . //A’j
18 Jost function for nuolear NN interaction), determined the anni-
hilation from ocontinuous npeatm is mich leger than parsmeter
Al %(pj(%//'v//‘/?} R = 1 fm is the radius of
qnaainuolear state), determined the annihilation from discrete
spactrum state. Therefors considered generalized optical potential
epsential differ from the usual nommitary optical potential,
uged in ret./5-10/, ) _

Let us conaider now the results of our model calculations.
"i‘ha ”GL as a funotion of the total energy E from .1 ]
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threshold (1878 MeV) to 2000 MeV *) has been plotted in Fig.4
(annihilation constauts are

| Aaﬂ )1 = 86, )a- 100 ).

%he pp elastic scattering ( Ge' - curve 1) and pp —» Tn change
exchange ( (/: - ourve 2) cross-geections are giveﬁ in Pig.5. vhe
t;gu.res demonstrate that the results of our caloculations are in
satisfactory agreement with the experimental data /22/, /23/ .

) Th_a quaginuclear baryonium p- and d- levels ere given in
Table 1. There are a few p~ levels with annihilation widths /: =
= 10-50 MeV below NN threshold. This feature isn't specific for
considered NN potential. There are & few belowthreshold p- levels
in all OREP (/3/' /15/, /25/) used for description of NN nuclear
interaction. The d- levels annihilation widtha are by the order of
magnitude smaller and vequal to 1-10 MeV, The effect of centrifugal
barrigr,whioh prevenis f come nearer to N up to annihilation range,
account for the significant decreasing of levels annihiletion
widths with the orbital angular momentum { increasing. So the
annihilation widths of belowthreshold levels with 14 2 3 will be
smaller than 1 MeV and the total width of abovethreshold resonance
with /n 3 in 3~ meson region will be /"< & M./, For example,
we show 1. Table 1 the 3!'2 +1937) 1isoscalar resonance with total
width - /"= 3 MeV, obtained at the annihilation constant )3 = 195

") The r rtial waves with ( < 2 only give eppreciable contribution
to the total cross-sections in this region. Bnergies B > 2 CeV
haven*t been conaidered, because it is necessary _$o take into
account the strong coupling with 4/ and 3 J ochannéls at
such energies (smee 124/ ). We'll investigate the ~ffuot of these
channels in other paper. :
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and cutoff radius /; (3F2) = 0,64 fm, Its contribution to the
total oroass-sections are shown by dashed lines in Fig.4 and Fig.5.

The levels energies and widths without annihilation (,l;- ;& -Li:
- _)3 w 0) are presented in Table 2. As it was expécted. the anni-
hilation leads to the increasing of binding energies by a few tens
MeV and decreasing of abovethreshold resonances excitation energies
and their total widths. The levels experimental manifentations are
discussed in next 8eotion,

As it mentioned in Section 1, the strong nuclear ettraction
leads to gignificant enhancement of "proper" annihilation cross-
section EZf » To investigate the nuclear interaction effect quanti-
tatively, we have calculated annihilation cross-section EZ; with
the nuclear interaction turmed off ( VW = 0). The enhancement
factors (Z; //tzz for S-, p~ and d- waves partial cross-geotions
are given in Fig.6 (ourves 1, 2 and 3 correspondingly). The figure
shows that the strong nuclear attraotion enhances the proper annihi-
lation cross-section by the order of magnitude. The existence of
the belowtureshold p~ levels account for the rapid p~ wave enhance-
ment factor increasing when the energy come nearer to N« threshold. .
The d- wave enhancement factor behavior is explained by the aho;o-
threshold d~ wave resonances (firstly, by 301 (1935) isotriplet
resonance),

It's important to emphasize the striking difference of our
results from the ones, obtained in optical /5-10/ gpg otner/12-13/
models. All approaches describe th: cross-sections experimental
data equally well, But the baryonium levels annihilation widths
in coupled channel model are by the order of magnitude smaller than
in others,
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At the end of this section wse note that the model, considered
above, tekes into account the main physical features of FN annihi-
lation processes only (the strong nuclear attrgctipp together with
the short range "proper" annihilation interac{tion). The accurate
(from the fundemental principles of quantum field theory) calcula-~
tions of the lfﬁ annihiiatioﬂ properties requ;l;‘_e the m'i short raﬁso
relativistic dynamics k:nowled_ge and aren't possible now. Our results
ghould be ireated as a model demonstration of reliability of the
quasipuclear ppproach qualitative estimations.

6., EXPERIMENTAL CONSEQUENCES

The investigations of the nonrelativistic NN interactions are
in qualitative development now. Due to the low energy a.ntipr'oton
storage ring LEAR /2/ it's possible to carry out the number of
experiments,which are of great importance for the nearthreshold Ii
interactions understanding. Here we'll point ouf some of tham,

"1, Pirst of all we'll mention of the cjecking theoretical rela-
$ion of the-‘baryonium levels amnihilation widths to corresponding
~ ennihilation cross-sections. This relation, obtained from (1), is
_ the following: ' - o

L=0G L, M They”™ e

‘where VB/ﬁ‘)J and %/O) are the bound and scattering
atates wave functions with the same quantum numbers. The ansihila-
tion cross-sections 4 e O; /F»)c? : can be taken:
a) from the phase-shift analysis of the nhearthreshold
Pp data; : ’
b) from the measrement of the pp atom (protonium) levels

energy shifts and widthe (the sacond way is more preciwse).
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Thue, in this po'int. the quasinuclear approach ’suggga’t the follo-
wing programme: the N¥ nuclear potential reconstruction from the
baryonium spectrum and ;p oross-gections energy dependence. Then
EN wave funo‘tioﬁa are calculated and factorization formula (6) is
checked.

2., The belowthreshold p- and d- baryonium levels should mani-
fest themselves in the electromagnetic transitions from the Pp
atom states to quasinuclear onea, The corresponding &/ = lines
spectrum and their relative intensities were pred!éted in /26/ long
before the first exper.mental indicetions of its existence /21/ .
The observed d/- lines widths are close to the belowthreshold
levels annihilation widths, calculated here.

The discrets d/ ~ spectrum of the stopped P annihilation on
p 18 the direct evidence of the belowthreshold quasinuolear NN
levels existence. Movweover, the { - gpectrum investigation will
make it possible to determine the daryonium levels quantum num-
bers {either by the anmnihilation decay products or by the simmlta-:
neous atudy of protonium X - rays spectrum and protonium —»» ba-
ryonium transitions d/ - gpectrum)

3. The abovethreshold resonances clearly manifest themselves
in the partial cross-gections and corresponding Argan plots (see,
for example, Fig.T and Fig.8). At the same time it is diffioult
to gelect a separate resonance contribution to the total oross-
sections experimentally, as it is seen from Fig.4 and 5. So phase~
shift analysis Pp data should be required for unambiguous discovery
of abovethreshold quasinuclear resonances.

A 4, In the light of preceding paragraph the investigation of
the anmnihilation modes, corresponding to definite quantum numbers,
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is of considerable interest. Specifically, it concerns Pp -—Do*a"
. -nnihilation oros-oloction.vhich un-t be enhanced by the factor
//Qg}{éaa/ (wave function with Jr ) !h. enhancement fac-
tor inoreases with energy oonins nearer to RN thr-ahold. Buch beha-
"viour leads to the pp - 6 *o~ 'croaa-saction doviation from 1/v law.
The cleetromamotic form-factor G emrgy depundenoe is determined
- by the enhancement factor /@%}d&h/ ‘also. Therefore toru-tuotur
G must be 'increaged tith the energy oomins nearer to ) ] threshold
(see /28/), Ons can ofreotivoly use experimental Anformation about
such quantities behavior at 101 enargy ‘for the NN nuolear potential
parameters r‘conatruction.
5. For study of Pp interactions in 2-2.5 Gev ug:lon 1t's nece-
ssary to teke into account atrons oeupling with . /’/' and 2 Z
channels., We'll conaider this queation in othar paper, Now lel us
point out only that pp crosa«sections energy depcndonoc unnt have
a definits irregularities near A A aa T thresholds due to
the /{44 and Qf;? quasinucle.r statou existence (-ee lﬂ‘/)
Significant. pu-t, of the heavy quuimzclear mesons annihilation
decay channels must contain strangs p&ﬁoiqm, n this connection
let us note that isoscalar 2* resonances ﬁth’ mass 2160 and 2320 .
MeV, recently diaeorvored in YV system /23/ s Bmay bc quasinuclear
AA-33 states. In this case 2320 MeV resonance should decay %o
/1/_1 channel with significant probability.

Il :oncluaion ]
The main conclusion from results, obtained above, is the
following. Our model calculations show, in asreemfent with the

. qualitative estimations /s 13/ y that in 'qm:lnncl.;ar approach
the existence of narrow (with widths C = 1 + 50 MeV) baryonium



_ states naturally comtims with the satisfaotory low energy Pp data
-description. This ros}llta are in striking contradiction with the
optical /5-10/ g4 other model /12 =1¥ cqiculations. a1l appro-
aches describe Pp oross-sections data equally well. But the daryo-
nium levels annihilation widths in coupled channel model are by
the order of magnitude smaller than in others,

At the same time we note that our model takes into account
only the main physical features of NN annihilation (the strong
nuolear attraotion together with the short range “proper” amnihila-
tion interaction). The accurats (from fundemental principles of
quantum field theory) N¥ amihilation properties caloulation requi-
res BN short range relativistic dynamics knowledge and imn't possi-
ble now. ‘

The authors greatly appreciate the uwseful digoussion with
Y.B.Barkushin.
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APPENDIX
Por calculation of reastion ]( - matrix we use variable
phase approach 130/ s which leads to equation:

KH=[YH) KOZ W ZHAF) wn

vith boundary ocmdition (% « 0. Here A (7 1s resction
| matrix for potential ) :

.07= V. 1180712,
W, or)=cm) B,

/77. 1is the particle mass in chamnel ¢ ,

YK Yl th e (2

for e¢pen channgl,

Y - Tt )Y o nct
~ bl e
AT BN Y

for cloas chamal,

7/
K=/ (E-2m)]

zf: is the total emergy,

{_’; ’./2;/ and /’,%r (/ Z // are Iuown gpherical Bessel end Houmsn
HE Y

Funetlona, In ooneldered ¥wo coupled chaxmel cage, matriz
sgoation (4.1} veduess ke three memlimesr fivst order equaticns

o 1]
syatem for iandependent zlaments of }f-ffg:/ matriz. Thi syaday
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is ulved nunriuuy by the -chm. desoribed in / 3" )
It's easy to oaloulate SI- matrix by hm K- matrix:

”/f"/: (Z- H) (e A

Rescnences parsmeters are determined by the S’ - utrit energy
_dependence;

s @- @/&f/ﬁ GHEm i)

: llore 3— is bact;rom phase (slow changed tunction of mru).
. Resonance mass M is the energy, at which Sl - matrix most
repidly change. Total width / and pertial widih /"

_are caloulated according to the formulas

NEET A Y 5o0) ARV 5,/

where all derivatives are takes at £ =
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Muasinuolear baryonium levels ‘with nonsero
orbital angular momentum with annihilation

254 G/ Mass, Total width, -
4 J / ( J ) eV MoV Lz 7 :
‘e, ") 1875 50 —

3 17 (o%) 1842 65 -
° ot (09) 1590 8 —
%, 1~ 1756 55 —
or (1*) 15685 10 —

3p, 17 (2") 1885 50 0,35
ot (2*) 1675 55 —

b, 17 (27) 1990 85 0.32
ot (27) 2050 130 015

3, 17 1935 31 0.27
o~ (1) | 1e37®; we1s* | 1% 8* —

3, 1" (27) 1975 80 0.38
9~ (27) 1970 16 0.43

3, 1 (37) 2000 95 0.26
3 0" (37) 2000 96 9,25
oy, ot (2%). 1937 3.4 0.49

at cutoff redius /Z = 0.63 fm.

(2

at [;-o.se tm.

\
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ZTable 2

Quasinuclear baryonium level with nonsero orbital
angular momentum without annihilation

23"4}_ 7€ /jf’) Mass, vidth,
HeV HeV
‘e, | 1ah 1897 38
e, "0 1882 2.5
o* (o%) 1645 —
3p, =Y 1847 -
ot (1%) 1672 —
’p, 17 (2%) 1900 64
o' (29) 1894 22
'», 1" (27) > 2050 > 500
ot (27) 2 2050 > 500
3, 1+ (o) - 2010 320
- (10) - 1715°%; 1875** o
I, 1 (27) 2020 450
0~ (27) — 2015 400
%p, 1" 37 > 2050 > 500
: 0” (37) 2,2050 > 500
’r, o*(2*) 1982 1o

‘_Lt cutoff radius /; = 0.63 fm.

**at ([=o0.68 fu.



YIOURE CAPIIONS

Pig. 1 Motien of quasinuclear S-wave bound state pols with amnihi-
i lttion constant inoressing, B is the kinstic energy of l;
pair, Wumbers are 2 Cj /1, v@luu in mb, Figure is
_ taken from rer./1¥/,

lfis. 2 Motion of quasinuclear d-wave bound state pole with annihi-
lation comstant inoreasing. Point 1 corresponds to 0:/0;"ﬁ
= 0.9 at momentum K; = 300 MeV/c ( G;ué is d-wave an i-

_hilation oross-section unitary limit). Figure is taken
from ref. 1y .

Fig. 3 Motion of quasinuclear d-wave resonance poles with annihi-
lation conatant A inorcasing. Poimt 1 correspond to
the total width minimus value / = 5 MoV (/” = 15 eV
at ) = 0). Figure is taken from ref. 19/,

Fig. 4 Annihilstion cross-section: VG; as a function of the
total ene.gy E. Dashed line is the contribution of‘ isosca~
lar 3? (1937) resonance. Experimental data m taken from
vef. 122/ (points) and ref. /23/ (oroasses).

Pig. 5 Blastic Pp scattering oross-section Gé (ourve 1) and

» charge exchange (Pp —» 1n) cross-a;oction (curve 2) against
B. Dashed lines are the contribution of isosoalt 3, (1937)
resonance, Bxperimental data are taken .fron ref. / 22/

Pig. 6 Ratio of partial s annihilation cross-section with ( U_— )
and without ( O; ) nuolear interaction taken inte
socount for orbital angular momentum ! =0, 1 and 2

. (curves 1, 2 and 3 correspondingly).

¥1g. 7 Dependence of 3D1 (igospin T = 0) annihilation ocross-sec-

tion 2}/0‘; (ourve 1), elastic Y73 cross-section



rig. 8

(ocurve 2) and scattering oross-seotion of particles in
boson sxmnihilation obannel (curve 3) on R in vieinity.

ot 3p; (1935) resomance,

Argan disgram for K,.’(” (curve 1) and K;z,(omo 2)
( ./;’ and f&z are 391 amplitudes with isospin I = 0 .
for elastic NN scattering and soattering of partioles in
enhihilation chaxpel). Numbers near points are the totsl
onergy X in MeV. Dashed curve is the unitary circumfe-~
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