


1 INTRODUCTION S i

Durmg pa.st few years the expenments performed at the Low Energy -
“"Antiproton Ring (LEAR) at CERN and also at BNL (USA) and KEK ‘
\ (Japan) provided rich information on. NN mteractlons at low energies.
‘There are two main features of proton-antiproton reactions at low .

¥ energies which make them very dxstmct from pp interactions. The first is

the large annihilation of a pp system (‘at antiproton beam momentum in -
- the laboratory system pg between 180 and 600 MeV/c the a.nmlula.tlon
" cross-section is about 2-3 times larger than the elastic one) whereas for
pp interaction this process is absent. The second is the high anisotropy
- of elastic pp - scattering and pp — ni charge-exchange reaction which -
.is produced by the interference of s - and higher waves. The analyses of
_data [1-3] lead toa significant p -wave contribution even at very small -

‘momenta to the elastic scattering cross section and to the annihilation

.~ whichis qulte different from  pp scattenng where the s - ‘wave mteractlon :
dominates and the p -wave contribution is small. & '
One of the interesting features of the data is also the unusua.l beha.v-
" jor of the real- to-lmagma.ry ratio of the .pp forward elastic sca.ttermg
amphtude p = Re fp5 / Im f,5 |¢=0 which is large and nega.tlve at zero
* energy and changes rapidly when' py grows. :

" The charactenstlc distance in low energy elastic and anm}ula.tlon pp
interaction is about 1 fm and for such distances the perturbation QCD
theory is not applied. In this situation phenomenologicalanalyses of data

were made within the various potential models [4-8], but these ana.lyses,
‘are in fact model dependent

Other analyses fulfilled in the framework of the sca.ttermg-length ex-
pa.ns1on [9,10,15], on the contrary, are practically model-independent.

These analyses incorporate analyt1c1ty and unitarity in the M -matrix
- formalism [11,12]. The nfi channel was taken into account whose thresh- -

old is distant from pp ones at 98 MeV/c and affect the behavior of p -
“and elastic 'pp -amplitude. The annihilation channels were considered

by taking the elements of M- -matrix in a complex form. But the
arguments, given in paper [10], that the annihilation can be taken into

account in a similar way are not consistent; particularly, in papers [9,10],

mentioned above, there. are discrepancies concerning the effective radii

*. being complex or not. Below we discuss this problem, and our analysis

involves the annihilation channels directly.
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One point of interest is the question of resonances ( or baryonium )
‘and bound states in the pp .system. In recent years, considerable ex-.
perimental efforts have been made in search for this problem Although
several candidate states ha.ve been reported in the pp system, they have

failed to be confirmed in pp cross section experiments. But if these reso- -
nances sit on alarge nonresonant background, they might be visible more -

sensitively in the phase analysis rather than in cross section. Below we

discuss the experimental data within the framework of phenomenologlcal :

conslderatlon and try to perform an analysis of that type.

The contents of the paper is the following. In section 2 we discuss. -

bneﬂy the M -matrix method and the problem of complex scattering

lengths and radii. In section 3 the ' M -matrix effective range expansion :
is formulated for the NN system. -In section 4 numerical fits to the data ..

are presented. Section 5 is devoted to discussions of the fitted parame-

ters, positions of the resonance and bound:states and ‘their connection
© with the behavior of the p ‘ratio. In section 6 brief conclusrons and the

: problems are presented.

2_ MULTICHANNEL M
| METHOD

T he multlchannel effectlve range theory is a part of ' M matnx

method and it is based on the well-known eﬂ'ectlve range method in the

_case of elastic scattering.
tlon
U ImT o= %L ()

may be written in the physical region in the form

T‘= ( 2,5,__1) /21 7 . X : - e (2)"1

‘ For the ampl:tude fz determined by Tt = 21 f; the uruta.ry condltlon
is

Imft o= e, .«»(a)'*

- MATRIX

- The partial wave amplitude T, sa.tlsfymg the ela.stlc umta.ry condi-’

where k is the center-of-ma.ss momentum, SRR ‘ i

]

- Vi —(ml +ma)flls = (mi = mz)=1/4s SO

m; and m, are the masses of colhdmg pa.rtlcles From equa.tlon (1) 1t_ :

' follows that f, ma.y be represented in the form

fl : ]\l,(k)-——zkz"“ ; k ‘ (5)

where M(k) is the real functlon Im M(k) =0. Note a.lso tha.t

T,‘ =,—-z+1\'11/k2""l ‘and M kz'“cotb}

Functlon M(k) is a.na.lytlc in the complex k pla.ne in the v1c1mtyt S "

of k =0 and may be expanded ina senes in powers of Irc2 ;

aw <Ly L g

At the threshold f; =ay The pa.ra.meters ‘a a.nd ;- are ca.lled "scat-

tering lengths” and ”effective ra.dn s respectxvely, a.nd are rea.l because
otherwise Im Mi(k). #0. ol L T =

Above the threshold the posxtxons of possxble resonances are’ deter— ,
mined by the relation- M(k) =0~ Below the threshold & Silk| and
the zero of the denominator of formula (3) in the complex ‘& -plane cor-
responds to a bound state, when the pole lies in the upper: k- ‘half-plane
('the first/physical sheet in the “s -pla.ne ) and to a virtual’ sta.te “when -
the pole lies in the lower k half-plane ( the second/ unphysxca.l sheet in
the s -plane ). i

“/The simplest way to mclude the 1nela.st1c1ty into thls scheme is to
cha.nge real a; to complex a}+ia) . This leads to vwla.txon of ela.stxc

umtary COIldlthIl (1) and elastic a.nd tota.l cross sectlon are proportlona.l e

to- a, and’ a;?", respectively. But this simplest way is ot sufficient if -
it is necessa.ry to descnbe the transxtxon amplltudes 1nto concrete ﬁnal :
states. i : : RPN

"A sulta.ble eﬂ'ectlve range method for reactions of a system of severa.l
two-body ‘channels has been developed by M. Ross and. G:Shaw [11 12]
For partlal amphtudes T.-_, (_1 | T, | 1) the umta.ry rela.tlons are B

Ty T ;= zzz To s f(%)‘



o where i,7,n - are numbers of channels For amphtudes f., whlch arel

. determmed by the relatlon L

7‘1 :-= I::'“/z f "ct+1/z ,’.'

where £ is the diagonal matrix momentum k._, =K 6,, and k, is glven;

, by eq. (4) the umta.ry condrtlon ha.s the form

3 Jmf-‘ S O}

B Equatlon (8) is satlsﬁed automatlcally 1f f is wrltten in the form (the'

partlal-wave’mdex Il for f,_, and MJ is implied everywheré below) -
(M kzt+1)— i ‘f’« S (9)

;where matrix M (s) is rea.l and symmetncal a.nd its elements are a.na.lyt-

« ical (- outside of dynamical cuts ) functions free of unitarity s1ngula.r1t1es

N Thus ‘they can be expa.nded in a series in powers ‘of "k? near any energy
% PBy.in the neighborhood of the. threshold of one, of the channels L

”M,-,- Y .,(Eo)+ R, (kz kz(Eo))+ , (10)1'

Dy

,,where M,_,(Eo), R._, are. the real consta.nts g

..‘The: partla.l wave analysis ba.sed on expanslon (10) is often used a.nd 3

~ we refer, for example, to the. xx. analysis of Protopopescu et.al. .[13]
where the KK channel was taken into account and three first terms of
'expansmn of ‘M;;(s) were used. Note tha.t Ross and Shaw demonstrated

[11] that in a simple model a good approx:matlon is Ry~ 0 f 35

“.even when:the dra.gona.l elements R,, ‘are; la.rge ‘and. numenca.lly qulte

drﬂ'erent

Before we sha.ll formulate our problem conslstently, drscuss br1eﬂy a
d1screpancy which often occurs in a phenomenologlca.l analysis of multi-.

- channel reactions using the effective range formalism with the so-called

complex sca.ttenng lengths ‘ There are several wa.ys to 1ntroduce tha.t
‘length : ' SO : S o
) Shaw a.nd Ross [12] cons1dered the case where _]ust one 1mt1al cha.n-
: nel is accessible expenmentally The complex energy-dependent scatter-
1ng length a(k) is 1ntroduced in tlus cha.nnel n by the formula. ‘

s .

T,.,. k”“[l/a(k)+zk”“]‘ )
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kand l/a(k) depends on the M -matrxx elements

A—l/a(k) = M....+M ;MT'M'"’ (12)

'“where M.J is the i ] minor of (M—zkzl“) The role of a(k) in T.J
(1. 7 75 n) is comphcated It is seen from (ll) that the energy dependence 5

of l/a(k) is not 51mple In fact, the zero- -range’ a.pproxlma.tlon 1.e.

‘ta.kmg the matnx R;; equal to zero is not equlvalent to a constant

scattering length The complex scattering length can be used to describe

some of observations but as it 'seen from (12) the knowledge of all 1'?1 J

is needed for the full effective range a.nalys1s :

:1i) ‘Dalitz et.al.(see [14]) used the complex sca.tterlng lengths in the
:K “matrix formalism. - The' hermitian K * -matrix is rela.ted to the-

sca.tterlng amphtude T and M- -matr1x by .-

T oo

T K(l—zK)*‘ M= kg k2'+1

" For a two-channel problem (for slmplxclty) _ -

Sl ka.ﬂ T —— R R

where
| A’— a +1,Bz/(1 - 17) Za+ ib

is 1nterpretable as a complex (energy-dependent) length for the ﬁrst

-.channel since 1n the ela.stlc ca.se (B = 0) ' Tul\— 6'5'311161 ‘ and
A—a—tg& , ¢ e ‘ : '
Though the a.mphtude L 'l L
lei‘f e 17 1 —zA

does not depend only on a and b both quant1t1es l Tu |z and | le lz o

a+b ~‘nb',\,<,: : -

w |sz| TI(T¥b7) (13)

l Tu |2

: do depend on them and it is poss1b]e to ﬁt the cross sectlons 0'“ , 012

if A =a+1b is assumed to be complex constant (zero‘eﬂ'ectlverrange)



s But bes1des the energy-dependence of A other amplltudes for example

T3, ca.nnot be eva.lua.ted only from a and b.
L i) In the framework of the' M -matrix method complex scattenng
lengths in all channels were used i in papers [9,10]. Note that matrix

elements M_., are not, evaluated vxa the combination 4 = a + ib and-

the complex lengths ln “the dlscussed papers are not the same as in the

. previous pa.rt ‘The reason for suggestlng the lengths in' M -matnx to be
. complex is the follow1ng The amphtude fu for the case of two coupled
,channels (for exa.mple) may be wntten in the form '

/ (Ms; - 1k”“)] (14)

fa f 1/ [(Mu'—zkz”'l)
If the second term in the square brackets is approx1mately constant for
: the corncrete phy51ca.l problem, it may be treated as a complex addition
- to Mu(Eo) and the opening of the inelastic channel can be practically
treated by mtroducmg the complex scattering Iength (but the’ effective
- range'is stlll rea.l in contradlctlon w1th the assumptlon in paper [9], see
- also [15]).

In paper [10] these arguments were presented for nucleon- antlnucleon,

, ‘'scattering for the purpose to take into account the annihilation channels

“for the two channel - PP, mA: -problem The results of our lnvestlgatlon '

'y demonstrate that these arguments are not correct enough

EFFECTIVE RANGE EXPANSION
FOR THE NN SYSTEM :

The eﬂ'ectlve range analy51s of N N 1nteract10n 1s rather comph- .

: cated since one should take into account the P and nit channels,

:annlhlla.tlon cha.nnels and Coulomb a.ttractlon ‘As has been discussed

jabove we shall not use so 1ll-deﬁned phenomena as the’ complex scat-
,tenng length”, and sha.]l try to 1nclude the a.nnlhllatlon channels mto
our scheme d1rectly ‘For technical reasons we suppose that annihilation

» channels are effectively reduced to one channel that consists of two par--
" ticles with equal masses mq . The ratio - mo/mp is, in principle, the

k parameter of the method but the results are not rather sensitive to its

B vana.tlon in'the physically reasonable reglon between about 0 6 and 0 8

Below we fix it equal 10 0.7

i S S A etk e A_;'EA-M.A,, e 5 v T S e
. W R . . S

et .M.ig';, T“‘L‘wﬂl—’—!i&.’@i«;@ ~ %

- where

e The‘vmatrix_f,-j has the;,forr:n Sl

My =ikt My, My,

f(s)': "My Jlfzz—ikgH'l Mss . ~ , (15)
L M31‘ Bt ,Maz Mas—"sz-l e

where 1nd1ces 1 2, 3 stand for channels of pp,nn and anm}ulatlon The s
momenta ki are:: . ... o co .ot e a0

k ,; 3‘_4m; ’k _ 5—4m? % kn.l"‘- s —4m? %

The real matnx M,(s) ds symmetnca.l because of the tlme-reversali_.
mvar1ance L :
We obtam for the amphtudes dlscussed below

a0 i %zx)/ux )
iy (Mu - 1k2’+,1 ot yl)/Dl R
e =- sz ;—;\/zxyx)/Dx g

S

. . Mza/(M% - 1k2’+l) Vyl ’;- 13/(M33v" 'kng) l
Dl = (Mu - 1kz'+l o yx)(Mzz - 1k2'+1‘— 31) (M12 = Vz'y’)
sty det( l)/(M:s:s - 1k§'+l) (17)

It is seen from eq (16) (17) tha.t 1f momenta. k3 and a.]l matnxv

. elements M.3 a.re not constants, it is 1mp0551ble to take the anmlnlatlon
‘cha.nnels into account effectlvely by renorming ma.tnx elements ,M,_., :

with 1nd1ces i,j =1,2. Just the same situation occurs in ‘our problem
i) the variations of k§ and kf - are equal when the momentum of an’
incident antlproton pL grows from zero; ii) ‘all our ﬁts lea.d to at least ’
oneof the M;(s): which depends substa.ntlally on’ energy e

Another problem is connected with: 1sotop1c mvana.nce and its role‘ -
for:the matrix elements M._., . Usually, this phenomenon is treatedias a

kinematical one, i.e.; the M;; are assumed to be unaffected by’ the mass |

: sphttlng In: partlcu.lar, the constant:terms ° My1(Eo)  and. May(Eo)
- wluch are named in papers 19, 10] the scattenng lengths of PP and n#



coincide and can be expressed in terms of the 1sosp1n sca.ttenng lengths
af) and a(‘) with 7=0 and I=1: -

ONPIORS EUEORRAOR

Mll(EO) : MZZ(EO) —(‘,)—W M]_z(Eo) -—W . (18)

kv‘ The effectlve ra.dn of PP a.nd ni: 1ntera.ct10ns are supposed to be equal )
- to each other too but for P nn the a.na.logous term'is supposed to”

_equa.l zero. - . : . S
' In distinction w1th tll.lS a.pproa.ch we do. not ma.ke such a'not well-
founded assumption that in the ‘case when' the cross section pp — nh

- isof the same order of magnitude as the elastic .one, i.e. large isotopic- .
'1nva.r1a.nce \nola.tlon ‘the matnx elements M,, a.re unaffected by this
 violation. We want to stress that if one ta.kes 1nto account . the 1sosp1n ’
\nola.tlon not only by proton and neutron mass dlfference but with in- o
clusion of the charge-exchange channel, the vrola.tlons become dyna.rmca.l

and the drfference between a.mplltudes of strong interactions f11-and
faz® ‘may be large by definition. Note, that we use equal initial va.lues

of adjustible pa.ra.meters for the matrix elements M;;: ‘and . Ma; ', “but
_this equahty brea.ks down in the processes of ﬁttlng procedure due to the

effect of cha.rge-exc.ha.nge channel

- Therefore, we do not suppose a.ny artlﬁcra.l restnctlon on coefﬁc1ents .
of M;; and physrca.l values of the sca.ttenng lengths and effective radii -
- will only be Tesults‘of the ﬁt Thus, we use the actual scattering ampli- *
tudes but a(l) and " a(l) are calculated via actual physical length, i.e. -

- via the values of amphtudes fi; at the correspondlng thresholds. To

end this dJscussmn let us write down these scattenng lengths for the two
cha.nnel pp -, ni -problem without arnihilation a.nd Cou]omb attrac-’
“tion’ (for 51mphc1ty) Usrng eq (10) w1th ta.kmg the ni’ threshold for

‘Eo we obta.ln S

R IEREIPEEA 1 (a12 — lrle)z Lonn o
B 2o = A N
) fll ‘|k1_>0” - [all 7'11 2 a;z]_ = ‘TzzA + A]'/z ERE TSNS

SR S U IR AT ::"al —1

- L 1 12 ¢ >

—of =1 o e el EETRCNE 19
: fzz |kz—v07( = [azz au - ‘lA] , ( )

o hizle=e = (a’lz - ""le)[(au f—""‘nA)(azz fzzA + A’) j"‘f' k

(a,z - -mm- '

~.r_’ég‘f«-m-.v-w“;;« u;!;, S

* . where

o ,do-li/dg -

A = mioml, o= MuE)

S22 is complex indeed. Only in thé case when channels pp and nf

. are not:coupled ( My; = 0 and o(pp — n) =0) and. A =0,

the channels - p5. and ‘nfi' coincide and the equality. a1 '= @22 must .

“hold. Tt is clear that it is not _correct to dema.nd this equahty a prwry

especially When a(pp = nn) is compa.tlble with the cross-section of an

elastic process

- We take into a.ccount pa.rtla.l a.mplltudes with l = 0 a.nd l= 1 and
use the’e’ﬁ'ectwe ra.nge expa.nslon of elements M., in the sta.nda.rd form

'[11]

M °fi+1r-,k§,' M’ 8 El"

(@ij 2 v

iL
2 Rij-

where the nfi ‘threshold was ta.ken for Eo a.nd only ﬁrst two terms in

k§, T (20')

‘the row (10) were kept..

*The differential cross section of the ela.stlc scattermg a.mphtude and

cha.rge-excha.nge rea.ctlon are expressed through the sp1n a.vera.ge a.mph-
tudes - : : R ;

|Fc(0)+c’[ (°)+3k= z'(""°)(1+17 ) (l)cosg] |z
czkz l (0) + 3klkze.(6,—6o)(1 ¥ nz)l/Zf(l)coso lz (21)

2 dal;/dﬂ "

where the Coulomb a.mpl1tude [10 12 18]
Fc(a) t—-(2klsm —) 17 e:z:p [—1. 17 In (sm —)] ) (22)

Ty —f-—l/klag , aB = 2/amP ~ 57 6 f'm is the Bohr ra.dlus of the pp

a.tom

; =‘—27r17/[1 — e:z:p (27r17)], 6; = arg I‘(l + 1 + 117)

Accordmg to pa.pers [10 12], bes1des the Coulomb fa.ctors expllcltlyk
“contained in ‘egs.(21) and (22), the' amphtudes fii have still addi-

tional Coulomb corrections produced by cha.ngmg (Mu - zkz'“) to’

V(Mnk—‘ 1k” k1 H1+A( )) ) where

k1 =k [c —2117h(k1a3)] , h(::)~ —7+ln::+12/:: s zf::>>1 ,




7= 0.577... is the Euler constant, [J; =1 ,' if 1 =0 and H,k‘—r- 1+n%;
if l'=1:A¢ " is the Cou]omb correction to the sca.ttermg lengths:
A£G o, osfm—l A~ e

NUMERICAL ANALYSIS OF THE‘

EXP ERIMENTAL DATA IR Tt

S Our da.ta. set covers differential elastic a.nd charge excha.nge pp

:'cross sectxons a.ngle«lntegra.ted cross sectxons o’,;(pp), oeot(PP), ' .Oez(PP)
‘and the real-to- -imaginary ‘ratio of the .pp . forward ela.stxc scattering
amplitude p . At our disposal there are differential cross section data
for elastic : pp sca.ttermg at three values of 1nc1dent momenta: " pp =

'181, 287 and 505 MeV/c in the full angular fegion [1). The differential
cross section data for cha.rge-excha.nge PP > nh sca.ttenng exist for
" 'alarge set of momenta p;  [3,24], and we use few of them, ‘which are
close to available momenta for elastic sca.ttermg We use the data of

v refs [1 3 16 17, 19 20] for a.ngle 1ntegra.ted cross sectxons a.nd da.ta. of refs.
16,21 22] for 2 values. The information for. p at zero ‘energy. comes

from the energy shift:and width, AE,, — iI',/2 of the 1s stht of a
pp ~atom. (a.ntlprotonlc hydrogen) [25,26]. The expenmental data are - -

VAEI,, (08 +0.2) KeV, . T = (10+02) KeV .. Note also that

‘the' present ‘experimental data for the cross ‘sections are a.vera.ged over'

spins and therefore our theoretxca.l 1nvest1ga.txon does not mclude the
: "spm dependence. R ’

“We a.na.lyze the whole set of the. a.bove-mentloned da.ta. simultane- ‘

K ously, ie. ‘we make the energy-lndependent fit. The curves descnbmg

the drfferentla.l cross section for elastic sca.ttermg are shown in Fig.1-3.
. Two typlca.l results for the dlﬂ'erentxa.l cross section for cha.rge-excha.nge L
sca.ttenng at two values of momenta are shown in Flg 4 and 5. One sees’

that the agreement of theory with expenment in a wxde energy interval
‘1s not bad. of coutse, when we made the energy-dependent analysis,
we got ‘the’ excellent x qualxty a.t ea.ch energy for both elastxc a.nd
cha.rge-excha.nge dlfferentxa.l cross sectxons ’ ;
Fig.6 shows’ the ratio P a.nd Fxg 7 ShOWS the a.ngle mtegra.ted cross
sections o’,z(pp), o'm(pp) a.nd o’,,(pp) asa functxon of a.ntxproton bea.m
momentum : : : ; SR
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TABLE 1. Va.lues of the fitted pa.ra.meters The va.lues of aijy bij, Rij

“in’ fm ;bu lIl fm

~ait | 5.025
azs | 9.484
" azs | 14.664 "
azs | 6.311
ais'| 8.874
az; | 7.920
Sy | 3:291
rg2 | -7.577 |
U133 | -11.808
b | 4.420
b7 | 1.450 |-
b3s | 95.560°
by | 0.804.
by} 20.616
| bz | 2.080 .
‘| Rss 22892 | .

i The values of the ﬁtted pa.ra.meters are hsted in Table 1. The 16 real :
: pa.ra.meters were a.d_)usted (the pa.ra.meters Cu a.nd sz _were ﬁxed a.nd
: equa.l zZero, for s1mphc1ty) '

&

5 DISCUSSION AND RESULTS

We comment ﬁrst on the va.lues of the ﬁtted pa.ra.meters hsted in

Table 1. As has been mentloned a.bove rea.l pa.ra.meters a'1 and b'1
do not c01nc1de with scattering léngths in _respective cha.nnels and a.re'

~.not compatlble with analogous complex parameters in ref. [9 10,15]. The
_scattering lengths are computed as values of amplitudes f% .at the"

ij

thresholds and presented in.Table 2. Note that for the aim to 1nvest1ga.te )
“the’ influence of the’ cha.rge-excha.nge cha.nnel to pp and nf - cha.nnels '
- the sca.ttenng lengths afe computed' wrthout inclusion’ of Coulomb in-
;. teractions, i.e; - for: cha.nnels with pp- 1mt1al sta.te they a.re the strong ;

sca.tterlng lengths but niot’ physlca.l ones.’

) One sees from Table 2 tha.t threshold values of fu a.nd f22 defer‘
v from each other and i 1sosp1n invariance is. broken rather suﬁic1ently It
. is ‘not surprlsmg, as it: follows from the a.bove-drscusslon and is not-the -
g result of our a.pproa.ch only -For the purpose of demonstra.tmg this, we -
" have calculated the above-mentioned values usxng the formulas and coeffi-
cients of paper [9] @ = —0.131+40.818, {9 = 0. 044+10 730, f1 =
1,695 +40.174, f22_1385+10672 _ ~
; The sign of the real part of the scattering length for P! sca.ttenng is -
- :'negative for s -wave and positive for p. -wave, and it may lead to the
destructive interference between the s <-a.nd P -waves contnbutrons to -

the ratio ‘p. As.to values of rij and- Ry, they do not cotrespond to

.the radius of NN interaction a.nd in the M -matrix method ma.y be

negative.

A way to understa.nd the unusua.l beha.vror of the ratio p s to"
consider the NN resonances (ba.ryomum) or bound sta.tes below P
threshold. The positions of the resonances or bound states of the strong

part of sca.ttenng a.mphtudes are given by the roots of the equa.trons

ReDa(ff) =0 g

when the Coulomb mteractlons are not taken into account. The results k
are presented in Ta.ble 3. It was surpnsmg for us that all performed fits -
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TABLE 2. ‘The sca.ttenng lengths computed as s the va.lues of strong pa.rts :
of sca.ttenng amplitudes f(') at the correspondmg thresholds at k = 0 ‘

The va.lues of f(l o) in fm, f(l'l), in fm3.

1 -o0867+i0.902 | -
19 [0.201440.170
(9 10.079 ~ 10.368

71| 0.242 +i0.609
A 0.737-+zp.038‘, o
Y] —0a123—id0a51 ) -

i
¥

: TABLE3 NN bound states and resonance Masses and total a.nd
X pa.rtla.l Wldths of the resonance.are in MeV. ... . :

m F I‘pﬁ rnﬁ 'I‘annih o
1809 - | | )
1843
1875.8 | T B
'1942.5 [ 46|17 146} 144

O b b | ey

402

o0 b
PR ‘540_ :

0.30

020

RN RN E N RN RN AR AR AR ER RN

TTTTTTTT

o ’
O R EENENE RN NN AT EN AN E RN SURERU S S ENNENEU RN S AEENRUSNEY |

—0.25 -0.20 -0.15 010 —0.05 0.00 0.05

FIG.8. Argand dJa.gra.ms for pp scattenng for s- wave (left curve) and
- p -wave (nght curve)
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lea.d to resonance in s ‘-wave at an 1nc1dent antlproton ‘momentum of

' about 500 MeV/c or 1940 MeV energy in the c.m.s. It is very 1nter-

estlng because among the reported baryonium candidates, the S (1935)

- resonance (list of relevant information see in'[23]) has a long history. It . -

was observed as a peak in both total and annihilation cross sectlons of’
the" PP interactions {19, 27—31] and the existence of a rather narrow S+
-resonance seemed to be’ established. However, other expenments did

~ not'confirm the e)ostence of enhancement in the S- -reglon in total cross"

sections. In paper (17] reanalysis of the data of few groups was made and -

" no evidence was found for na.rrow structure’(less than 10-M eV) in the
PP total cross section but it was pomted out that the broad S resonance

(w1dth >20 MeV ) is statistically inconsistent with the data.’

"The Arga.nd dlagrams plotted in Fig.8 show the elastic pp amplitude
Ty, for''s -and’ p -waves. The Argand curve for s -wave has a circle
due to the resonance beha.vxor of the amplitude." The total and’ pa.rtla.l
widths of the resonance are presented in'Table 3 and they have been
calculated following paper [32]. As our fit for total cross section is not -
good enough at beam ‘momentum above 400M eV/c, we are not sure

.. that the resonance parameters are rather correct; but it is interesting that
o though the resonance is clearly seen in the part1a.l wave, it is not visible

in the cross sectlons where it is hidden by the background Parameters
of the background and'its 1nﬂuence on the para.meters of the resonance

L Wll.l be studied in'a subsequent paper.

. One topic of interest is to establish the connectlon between the be-,
hawor of the p(p[,) and existence of the resonance and bound states.
For this purpose we have expenmented with artlﬁclally cha.nglng value of
p(0) in'a’wide interval. All ﬁts descnblng the cross séctions well enough

* lead to the -s “-wave resonance with a mass from about 1930 to.1945

MeV But the positions of bound states are very sensitive to the value of

- p(0) and to the fit of the cross sections. Therefore; the ‘behavior of the

pratio'is strongly correlated with the emstence and pos1tlon of bound
states in NN amplitudes. - i B
Note that the fits with energy-mdependent M are sufﬁciently .
worse than those described above. As was mentloned this'means that =
annihilation channels cannot be taken into account by assummg tha.t ma-

. tnx elements M @) are complex

o i
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6 CONCLUSION

We have made the coupled channel M -matnx mvestlgatlon for
low energy . NN interaction, which takes into account pp; nfi . and
annihilation channels. Several features of NN  interactions-were the

_topics of our interest: high anisotropy, ra.p1d rise of the p. ratio from a
- large and negatrve value at a zero energy, posslble resonances and bound
states; the values of low- -energy parameters, such as scattering lengths. .

- We have used the effective r range expansion ‘of matrix elements M;; @
~ and kept two first terms in this expansion. The coefﬁcrents of these senes
- are real in accordance with the M. -matrix theory whereas in-similar

investigations on this topic:the complex coefficients were used.- Consxd—_ ’

“ering the annihilation channels by taking into account the M- -matrix
" elements in a compléx form .is formally suitable. but not consxstent be-
- cause of the following reasons: 1) though it leads to additional inelasticity,
any information about _position of the inelastic channels is lost; ii) being
complex, only few elements of the . M- -matrix are necessary for taking
effectively into account the rnelastrc channels and it is not_clear whlch
" ‘matrix elements are to be considered as complex and why.. 2 g

Breakxng of the isotopic invariance due the important role of the :

charge exchange channel affects very 51gn1ﬁcantly the parameters of strong

interactions.’It is not a result of our concrete investigation but is a result
of inelastic unitarity for partial amplitudes. Particularly, the radii of in-
teractions in: pp and n#a channels in potentral models are not equal to-

each other:a priory . ..oy

4 Our analysis leads to.a rather w1de (- I‘ o~ 46 M eV ) resonance
in s--wave at invariant mass 1942 MeV (whlch produces the resonance
 behavior of - s -partial. wave) in spite of it being not visible in the'total

‘¢ross section. : The existence of this resonance and the position of the -

bound states are strongly connected with the unusual behavior of  p(pr) .
The existence of bound states in p -wave near the threshold leads to an
~ important role of this wavein NN interactions. These two results made
our work different from papers'[9,10]. They are the consequences of an
adequate account of unphysical cut in the pp- elastic scattering.. Our
" conclusion agrees \ Wlth that of paper [33] where the srmllar procedure was
made :

. The important questron is the range of apphcabrhty of our approach
. One of the problems arises from the dynamical cuts in the partial wave

18

’amplltudes due to the t -channel meson exchange. The second is the

use of the effective range appronmatron whereasin NN sca.ttenng the:
term proportional to - k* is important at a rather small energy. The
third is to take account of d -wave. All these problems are now under

1nvest1gatlons
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XeHHep B.K., Memepsxos B.A. R E2-91-360

‘MHOFOKaHaHbHHH aHanna HH3KOSH€DF€THH€CKHX

HYKHOH‘&HTHHYKHOHHHX BS&HMOHQHCTBHH

MHoroKaHaanmn M-Manuqun MeTon npumeHeH x cHCcTeMe—
NN YUuTeHbI ynpyroe pp—pacceﬂﬂue . PeaKUHs - nepesapagku
pp > nn u KaHai, pp—aHHnrunﬂuuu Hoxasaﬂo, YyTo 3a cuer

~60HmeFO BHHHHHH KaHana nepesapﬂnxu, napaMeTps! CHIJILHBIX
VB3aHMOHeHCTBHH He YHOBHGTBOPHMT CTaHﬂapTHMM npennonome—

HHAM FHHOT83H H3OTOHHH€CKOH HHBapHaHTHOCTH, B- OTHHqu OT

. PAHHHX TOAXOHOB ManHque anemeHTm M-ManHum neHCTBnTenb—
“Hbl, Mbl omuchiBaeM nn@@epeﬁuuanbﬁme M, TIOJIHblE "CeYeHHA fIPo=—

ueccog PP > PP H pp = nn, nonHme -ceuyeHus otot(pp) H OT—.

' HolleHHe IeHCTBUTENBHON - U MHHMOH YacTH aMINIHTYObl YIOPYroro

PP pacceﬂﬂnﬂ no 3Haqeﬂun mMnynbeoB 600 MaB/c. Hpouenypa

. MHHHUMH3alUuH npuBonnT K pesoHaHCy B S —BOJIHE npu HMHyHbCE
500 MaB/c H CBHS&HHOMY COCTOSIHHIO B p—BoOJHe BGJIH3H Topora.

Pa6oTra anonHeHa B Haooparopuu TeopeTqucxon @HSHKH, ,

Hpenpm-rr Os‘beIKHHEXHOI‘O HHCTHTyTa ﬂnepﬂmx uccnenosam—m IIyGHa 1991

.

Henner V K Meshcheryakov V A R fw:E2—91;360
Coupled- Channel Analysis of Low Energy (R R

”Nucleon Antlnucleon Interactlons

Lo

Multlchannel M- matrlx method is applled to an NN sys—

tem with taklng into account elastlc PP™ scatterlng,vchar-

ge- exchange pp = nn reaction and pp ~annihilation. It is
shown that contrary to standard assumptlons the isotopic

'v1olat10n due the large influence of ‘the charge exchange
|, channel affects very s1gn1f1cantly the parameters of -

strong 1nteract10ns :Contrary . to. previous descrlptlons,

"'M-matrix elements are treated as real functlons.,We des-.
w2l cribe the. differential and total cross-sections for pp ~

> pp and pp = nn processes, cross-section otot(pp) and

1 | the .real-to- 1mag1nary ratio of the forward amplitude of
L felastlc pPp scattering up to ‘beam momenta plab—600 MeV/c.

' The flttlng leads to-a resonance in the s-wave at about.

pplab = 500 MeV/c. and to bound states in p wave near. the

PP threshold

The 1nvest1gation has- been performed at the Laboratoryv B

N of Theoretlcal Phy51cs, JINR

Preprmt of the Jomt Instltute for Nuclear Research Dubna 1991 R ., -




