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The partial amplitudes for elastic-scattering and for2s-~x transitions are calculated for A and 
2 total kinetic energies in the range from 0 to 500 MeV. The level spectnun for the quasinuclear 
system A-2 is found. It is shown that the coupling to the cl& 22 channel decreases appre- 
ciably the width of theA;i' resonances. The states in t h e 2 2  channel are manifest as anomalously 
narrow above-bamer resonances. It is found that the partial cross sections for e l a s t i c ~ x  scatter- 
ing in the vicinity of resonances close to t h e 2 2  threshold can have a s h a p  that differs significant- 
ly from the Breit-Wigner shape. The physical cause of the phenomenon is investigated. The 
calculations are performed within the framework of r realistic scheme with one-boson exchange 
potentials. 

1. INTRODUCTtOEJ 2. EMPLOYED POTENTIALS AND CALCULATION SCHEME 

It is known that a storage ring for slow antiprotons (see 
Ref. 1) affords excellent opportunities for the search and in- 
vestigation of narrow states of baryon-antibaryon (B'ij ) sys- 
tems. This has made it necessary to solve a number of hither- 
to little investigated problems in the theory of quasinuclear 
baryonium. These include, in particular, the problem of the 
coupling of various BZ channels. In the quasinuclear ap- 
proach, the interaction between B and 'ij is described via the 
one-boson-exchange (OBE) potentials. Exchange of identi- 
cal bosons leads to diagonal interaction between B and 3, as 
well as to transitions between different BZ channels. A con- 
sistent calculation of the spectrum of quasinuclear baryon- 
ium calls therefore for a multichannel approach. So far, 
however, principal attention was paid to interaction within 
any one of the BB channels (see Refs. 2 and 3). Only one 
paper4 deals with the NR resonance induced by the bound 
21 state on account of ZZ;-+NR transitions. 

Our purpose is to ascertain the changes that the cou- 
pling of the AX and 22 channels produce in the spectrum of 
the quasinuclear levels of a hyperon-antihyperon system and 
in the observable amplitudes and cross sections. Some of the 
investigation results of greatest importance for the experi- 
mental search were published earlier.5 Here we study in 
greater detail the energy dependence of the cross sections in 
the region of the resonances, various methods of regulariz- 
ing the potentials, as well as partial waves not considered in 
Ref. 5. 

The plan of the article is the following. Section 2 con- 
tains a description of the potentials employed and a scheme 
for calculating the elements of the matrix of the reactions. In 
Sec. 3 is given the obtained level spectrum of the quasinu- 
clear A Z - 2 3  system, and the change of the level widths on 
account of possible transitions between the indicated pairs is 
investigated. Section 4 is devoted to the behavior of various 
cross sections in the vicinity of the resonances. The final Sec. 
5 formulates briefly the principal results of the work. 

We consider two coupled two-particle channels, A x  
and 23 (with ismpin I = 0). " The annihilation processes 
that take place at distances r 5 m-' (m is the baryon mass)2' 
are not taken into account here. As shown earlier (see Refs. 2 
and 6 and the bibliographies there), the basic properties of 
baryonium are determined principally by nuclear interac- 
tion. On the other hand, the annihilation widths of the levels 
should be small (1-100 MeV, depending on the orbital mo- 
mentum L ), despite the high annihilation intensity. 

We are interested in a region of energies close to the 
thresholds of the considered channels, viz., AX (223 1 MeV) 
a n d 2 2  (2386 MeV). We can therefore use the nonrelativistic 
potential approach. The interactions between A and 2 or 2 
a n d 2  and the t r ans i t i ons2~-+A~ are described by realistic 
OBE potent ie  obtained by G-transformation from the cor- 
responding Wpotentials (Yis a hyperon), given in Ref. 7. To 
simplify the calculation, we disregarded the tensor forces 
that lead to mixing of triplet states with L = J + 1 and 
L = J - 1 (J is the total angular momentum of the system). 
A study of the NR system has shown that the tensor forces 
are of secondary significance in the determination of the 
qualitative laws. The spin-orbit interaction in the OBE mod- 
el is singular at short distances ( - r-3). It was regularized by 
using the cutoff 

Here i and j take on the values l (  AX channel) and 2 ( 23 
channel). The cutoff radius 0.64 fm was chosen from the 
condition K j  (r, ) 5 m. To check on the stability of the basic 
results to variation of the potentials at short distances, the 
calculations were performed also with a second cutoff meth- 
od: 

To calculate the K matrix of the reactions we used the 
phase-function method, 8 which leads to the equation 
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with boundary condition K (0) = 0. Here K (r) is the matrix of 
the reactions for the potential 

V ( I )  = V ( r )  6 ( r -  , Wrj ( T )  = (mimj) '"Vij(r), 

mi is the mass of the particles in the channel i, 

Ydj (r) =k;lh jL (kir) Zij ( r )  =-k;'" nL (k(r) 6ij 

for open channels, 
Yjj(r)=(-i)L+'(2~kj~)-'h[jL(i~kj~r)-inL(i~kj~r)], 

Zjj (r) =iL+' (2 1 k, I ) - Ih  [ jL (i 1 kjJ r) +inL (i  I kj 1 r) ] 
for closed channels, k j  = [mj(E - 2mj)]'12, and E is the 
total energy. 

In the considered case of two coupled channels, the ma- 
trix equation (1) reduces to a system of three nonlinear first- 
order equations for the independent elements of the matrix 
K (r). This system was solved numerically by the scheme de- 
scribed in Ref. 9. 

3. ARGAND DIAGRAMSAND SPECTRUM OF QUASINUCLEAR 
LEVELS 

Having calculated the reaction matrix K, it is easy to 
obtain the S matrix 

S(E) =(l-iK)-'(lfiK). 
To determine the masses and widths of the resonances, we 
plotted Argand diagrams that describe the behavior of the 
dimensionless quantities 

k S - ,  kzfzz= (Szz-l) /2i 

on the complex plane. Here f are the elastic-scattering par- 
tial amplitudes. On these diagrams the resonances appear in 
the form of rapid counterclockwise motion of the point with 
increasing energy. By way of example, Fig. 1 shows the be- 
havior of the 3P0 amplitudes obtained with the first cutoff 
method. 

The parameters of the resonances were obtained on the 
basis of the energy dependence of the S-matrix elements 

(E) =exp (2i6 f)  [ I-ir,/ (E -mR+ir/2) 1. 
(2) 

FIG. 1.  Argand diagram for 3P0 amplitudes of the AT (curve 1)  and 2' 
(curve 2) elastic scattering for the first cutoff method. The numbers at the 
points are the total energies (MeV). The unit circle is shown dashed. 

Here Sib = Sj(E) is the background phase (a slowly varying 
function of the energy). The resonance mass m, was taken to 
be the energy at which the S matrix changes most rapidly. 
The total width r = rl + r2 and the partial width r1 in the 
AX channel were calculated from the equations 

r=4(  IS,,^ I + I S Z Z ~  I ) -', 
ri=r 1 siif 1 ( 1 slit I + lsZz1 1 )  -I, 

where all the derivatives were taken at the point E = m, . 
Since we are solving a scattering problem, such a meth- 

od does not make it possible to find levels below the AX 
threshold. We can, however, indicate the energies of these 
states without taking t h e 2 1 e A X  transitions into account. 
To this end we introduce a fictitious channel of light parti- 
cles that is weakly coupled to the AX or 21 channel. In the 
fictitious channel the AX or 21 level will appear as a very 
narrow resonance. Provided that there is no lower-lying 
bound state with the same quantum numbers, the energy of 
such a level can only be decreased3' on account of the virtual 
AXe2 ;  transitions. If, however, two levels exist below the 
AX threshold, the mass of the heavier of them will increase. 

All the AX- 23 system levels obtained in this manner 
are listed in the table, which gives also their parameters ob- 
tained without allowance for the possible AX+ 21 transi- 
tions. It can be seen from the table that the coupling to the 
closed21 channel decreases noticeably the widths of the AX 
resonances. An example that shows this most pronouncedly 
is the resonance 3F3 (2250), whose width decreases by four 
orders. The physical cause of this phenomenon is that the 
additional attraction due to the virtual transitions AX* 21 
leads to a decrease of the excitation energy (from 320 to 20 
MeV relative to the AX threshold in the case of the afore- 
mentioned resonance 3F3). The penetrability of the centrifu- 
gal barrier is then increased and the width of the resonance 
decreased. 

Another mechanism that generates narrow states in a 
light-particle channel was indicated earlier also in Ref. 4. 
The levels of the 21 system will manifest themselves as 
anomalously narrow highly excited AX resonances. In our 
case the states of this type are the resonances 3S1 (2327), 'So 
(2357), 3P0 (2396), 3P1 (2394), 3Pz (2399), 'PI (2403) and 3P0 
(2390), 3P1 (2388), 3P2 (2357), 'PI (2384). Thus, the width of 
the 3P0 (2390) resonance is only 17 MeV (see the table), al- 
though its excitation energy ER = 160 MeV greatly exceeds 
the height Vc = 15 MeV of the centrifugal barrier. For the 
above-barrier resonances, in addition, it would be natural to 
expect a width r 2  200 MeV, as for the 3D3 (235 1) resonance, 
which has ER = 120 MeV, Vc = 85 MeV, and r = 220 
MeV. 

We note that the sufficiently strong interaction that re- 
lates the channels AX and 21 can lead to the appearance of 
new levels. Such is the situation with the resonace 'S0(2385) 
and with the coupled states 3P0 ( 5 2230) and 3P1 ( 5 2230), 
which are quite close to the AX threshold (see the table). The 
existence of the last two levels is indicated by the appreciable 
increase of the AX elastic-scattering cross section at low ki- 
netic energies. 

It can be seen from the table that the total number of the 
levels and their sequence depend little on the method used to 
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TA_BLE 1,Spectrum of isoscalar levelssf the quasinuclear system AT + 2x with allowance 
(An + 22 ) and without allowance ( A n ,  23) of the possible transitions between the indicated 
pairs (2m, = 2331 MeV, 2m, = 2386 MeV) 

With cutoff Vi j ( r<r , )  =O 

Z+~L,  

'8' 

'So 

3po SP' 

'Pa 

'Pi 

With cutoff Vij(r<r , )  = V i j ( r , )  

Mass, MeV 

hiirf / A 1 l 

cut off the potentials at short distances, although the level 
energies can be considerably altered in this case. 

r=r;i+r2g, MeV rAxlr  

A 1 G 1 ri 1- G+ZZ 

4. ENERGY DEPENDENCES OF THE CROSS SECTIONS NEAR 
THE RESONANCES 

In this section we consider the behavior of the partial 
and total cross sections for AT and BE elastic scattering and 
for the reaction 21- AX in the vicinities of the resonances 
obtained in Sec. 3. The partial cross sections u,,(A;?+ 
AT ), ~ ~ ~ ( 2 2 - t  21 ) and u1,(21+ AX ) are connected with 
the S-matrix elements by the known relations: 

The most important for exploratory experiments is the 
fact that near certain resonances the excitation curves 
uzz(E), u12(E), and u l l (E)  can take substantially different 
forms. Thus, in the vicinity of the levels 3S1 (2327), 'So 
(2357), 3P0 (2396), 3P1 (2394), 3Pz (2399), 'PI (2403) (see the 
table) a minimum is observed in the cross section a,, (see Fig. 
2afor the 'Po cross sections). In the second cutoff method the 

cross section a,, near the resonances 3P0 (2390) and 3P1 
(2388) show in succession a maximum and a minimum (see 
the 3P0 cross sections in Fig. 2b). At the same time the cross 
sections a,, and u,, show the usual peaks near the reson- 
ances in all cases. The strong difference between the forms of 
the cross section uI i  in the vicinity of the indicated highly 
excited resonances, on the one hand, and the Breit-Wigner 
maximum, on the other, is explained by interference with the 
AX "eigenlevel" that is close enough to the threshold. In- 
deed, in each of the listed cases there exists one more lower- 
lying level with the same quantum numbers. Therefore the 
background phase S f in Eq. (2) may be not small near the 
heavy resonance. Its value is determined by the relation 
between the energies of the two states relative to the AX 
threshold: the closer the lighter level to the threshold, the 
faster the change of the background phase it produces. Thus, 
in the first cutoff method there exist levels 'Po and 'PI with 
binding energy E, = 10 - 20 MeV in the AX system. With 
increasing kinetic energy El of the AX pair, from El = 0 to 
E l z 1 6 0  MeV, the phase 6!(E1) decreases from 
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a(S :(O) = m, where n is the number of bound states below 
the AA threshold) to a/2. The cross section all  has therefore 
a minimum4' near the resonances 3P0 (2396) and 3P1 (2394). 
In the second cutoff method the binding energy of the levels 
with these quantum numbers is much smaller (EB 5 5 Mev). 
Therefore the phase 6: has time to change from S !(O) = 2a  
(in this case there exist two levels below the AX threshold) to 
6 : (160 MeV) =: 5a/4. The cross section oll in the vicinity of 
the resonances 3P, (2390) and 3P1 (2388) passes then first 
through a maximum (S (Em,, ) =: 3a/2) and then through a 
minimum (6 (Em, ) =. 277). The binding energy ofthe levels 3P, 
and ' P I  is about 100 MeV. Accordingly, the phase S ! de- 
creases from S (0) = a only to 6 : (140 MeV) =: 3a/4. There- 
fore the cross section all  near the levels 3P2 (2357) and ' P I  
(2384) first reaches a minimum (6 (Em, ) =: a) ,  and then a max- 
imum (S (Em, ) =: 3a/2). 

Figure 3 shows the total cross section for elastic scatter- 
ing of AX (curve 1) and 23 (curve 2), and for the reaction 

I I I 
I 

Z300 
I 

2400 25uu 
5 MeV 

FIG. 3. Energyiependence of the total cross sections for AX 
(curve 1) and ZZ (curve 2) elastic scattering, an_d values of vu 
(curve 3, where v is thcrelati~e velocity o f 2  and Z, u is the total 
cross ~ c t i o n  for the Z h  AA reaction) in the energy range from 
the AA threshold (223 1 MeV) to 2500 MeV. 

FLG. 2. Energy dep~ndence of the partial cross sections for 
AA (curve~_l) an@. (curves 2) elastic scattering and for the 
reaction 22- AA (curves 3) near the following resonances: 
a) 3P0 (2396) with cutoff Vi,(r < re) = 0, b) 3Po (2390) with 
cutoff Vij (r < rc ) = Vi (r, ). 

2X+AX (curve 3) in the energy range from the AT thresh- 
old (2231 MeV) to 2500 MeV. The plotted cross sections 
were obtained with the first cutoff method with account tak- 
en of all the partial waves up to L = 3 inclusive. The contri- 
bution of the waves with higher orbital momenta is negligi- 
bly small in the indicated energy region. The considered 
energy interval contains 1 1 resonances (see the left-hand part 
of the table), which manifest themselves quite distinctly in 
the corresponding partial cross sections. At the same time, 
the energy dependences of the total cross sections reveal only 
four irregularities, at 2245, 2280, 2327, and 2304 MeV. 
Thus, to observe the hyperon-antihyperon resonances con- 
sidered in the present paper it may be useful to separate defi- 
nite partial waves with good statistics and with an energy 
resolution on the order of 1 MeV. As already noted in Ref. 5, 
such conditions can be realized with the LEAR setup in ex- 
periments on the process pj+ AX or pp+ 21. 

5. CONCLUSION 

We obtained the following basic results: 
1. The width of AX resonances is noticeably decreased 

by the additional attraction due to the coupling with the 
closed 21 channel. 

2. ~ h e 2 1  levels manifest themselves in the AX channel 
as anomalously narrow resonances. 

3. A sufficiently strong coupling of different BZ chan- 
nels can lead to the appearance of additional quasinuclear 
levels. 

4. The cross section for AT elastic scattering in the vi- 
cinity of a resonance having a mass close to t h e 2 1  threshold 
can have a form greatly different from that of the Breit- 
Wigner peak. The physical cause of this phenomenon lies in 
the interference with a level that is close enough to the AX 
threshold and has the same quantum numbers. 

5. A reliable observation of resonances of quasinuclear 
type may call foran energy resolution of the order of 1 MeV, 
with an obligatory separation of definite partial waves and 
with sufficient statistics. 

6. The basic qualitative properties of the quasinuclear 
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hyperon-antihyperon system depend little on the method 
used to cut off the potentials at short distances. 

The authors thank D. D. Dal'karov and V. E. Marku- 
shin for helpful discussions. 

"The 2 L  AX transitions can take place only from states with I = 4 
since the A-hyperon isospin is zero, and the coupling of the AA and 22 
channels is due to isospin-conserving nuclear interactions. 

''Here and elsewhere we use a system of units in whch t = c = 1. 
3'See Ref. 10 concerning the level shifts due to virtual transitions into a 
closed channel. 

4'The form of the energy dependence of the cross section near the reso- 
nance, at various values of the background phase, was considered in 
detail in Ref. 1 1. 
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