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Abastract

The physical reasons of anomalously large P-wave enhancement
in pp interaction at low energy and in PP ——-FU\ reaction near
threshold are revealed. For this the total, elastic, annihilation
and charge-exchange cross-sections of Pp interaction, energy de-
pendence of real-to-imaginary ratio for forward elastic pp-scat-
tering amplitude, shifts and widths of 1S- and 2P-levele of Pp-
atom, and also total,differential cross-sections, polarization of
_T\(A) in Pp ——I-U\ reaction near threshold are calculated using
coupled channel wmodel and compared with LEAR data. It is shown
that the common reason of observable P-vave enhancement in all
these processes is the existence of nearthreshold P-states of
quasinuclear nature in nucleon-antinucleon and hyperon-antihy-

peron systems.



Introduction

Experimental data on Pp and ZA interactions which wvere ob-
tained recently show up a large enhancement of P-wave in baryon-
antibaryon systems near thresholds. Among them it is necessary to
note the following :

(a) In the LEAR experiments the differential cross-section for
Pp elastic scattering at lov energy vas wmeasured [11]. In Fig. 1
taken from ref. [1] the differential cross-section of Pp-scat-
tering (incident P momentum in c.m. system K = 144 MeV/c) in com-
parison with snologous cross-section for pp-scattering at the
near momentum (K = 138 HeV/c [2]1) is shown. The forward peak (at
the angles in c.m.s. 6 § 10 ) ie due to Coulowb interaction. 1In
the interval of angles 10 < 8 § 30 the Coulomb-nuclear inter-
ference is essentiallyjused for extraction such interaction charac-
teristice as total cross-section, slope parameter and real-to-
imaginary rétio for the forwvard elastic scéttering amplitude. At
the angles @ > 30 where nuclear interaction dominates Pp-and pp-
scatterings are distinctly differed: there i a strong forward
anisotropy (rectilinearness) in Pp-scattering at the momenta con-
sidered above. Experimental data indicate cleaﬂythat in Pp-scat-
tering at low relative momenta the contribution of partial waves
with nonzerc orbital momenta is large at the same time in pp-
scattering S-wave dominates. A rough phase shift enalysis of
these experimentel data reveals that P-wave contribution in the
cross-section of pp elastic scattering is about 30% and about 50%
in the annihilation cross-section (D-vave contribution do

not

exceed ~10%). The obtained values for P-~wave contribution are

anomalous. They are substantially higher than  usual theoretical



estimations according to these the ratio of L/S contributions
must be of the order of (KR)Z“/[(2L+1)113°(K is c.m. momentum, R ~
~1 fm is the radius of nuclear forées, L i@ the orbital mowmen-
tum for relative'motion of p and p), i.e. (if KR <€ 1) shoﬁld not
exceed in this case the value of ten per cents for L = 1,

The same phencwenon was obaerved in the charge exchange
reaction Pp == fin even at relative momenta less than 140 NMeV/c.
In Fig. 2 taken from ref. (3] the differential cross-section for
Pp = fin reaction at incident antiproton momentum P = 183 MeV/c
is shown. From the figure an angular anisotropy demonstrating a
large P-wave contribution is clearly seen.

(b) Study of lightest antiprofonic atom -~ protonium indicates on
the large annihilation from 2P-state. The annihilation width of
2P-gtate measured at LEAR is in 40 times larger than it is usual-
ly expected (from the experiment E;,=40 meV (4] instead of the
of the nrder of 1 weV). The ratio f; / r;ot from atowic experim-
ents is in the diapason from 20% [S] to 40% [6] what is substan-
tially higher than expected (vithout resonances) P-wvave contribu-
tion in low energy antiproton annihilation.

(c) Another groupe of nev experimental data concern to the study
of energetical behaviour of the value P-—real—to*imaginarv ratio
for the forvard pp elastic scattering amplitude. This ratio wes
meagured at LEAR experiments using Coulomb-nuclear interference
in the diapason of incident antiproton wmomenta P = 180 - 600
MeV/c (7,81 and also in the works which wvere carried out earlier
(at higher womenta) [(9,10,11]. HMost of published data on energy
dependence of j) are shown in Fig. 3. Besides that S) could be
extractad from P-nucleus scattering data. As it was shown in ref.
£121 the differential cross-section in difracfive minima is very

sensitive to j? . The authors of ref. [12] wusing this property



carried out the analysis of P-nucleus scattering on nucied fronm

208

12(3 to Pbo. The values obtained this way sre in good agresns

with 5) measured directly in Pp-scatiering.

From these dsta it follows f:hat the value &) grova down Lo
the threshold and cloges to zero at very gswall womenta. From the
other side the wmeasurements of the ehift and width of 1S-level
for protonium give a ratio J@ a2 AE/ [ ee - 1 [13,141. Hence the
value ‘g}e has a very sharp energy dependence just near threshold
at the womenta P = 0 - 200 MeV/c. 4s it was first mentioned in
ref., (151 such very fast increasing of ‘B} at the wowmenta from O
f;o 200 MeV/c could be explained by the largé P-vave contribution,
i.e. ‘turned out to be directly connected with other phenomana
pointed out - the effect of P-wave enhancement. (Let's mwenticned
that a comment in ref. [41] on the results of ref. [135] that ibha
| reason of unugual behaviour of 9 ig due to openning of PBp = Tin
channel only is not true and' is based on misunderstanding).

(d) HMore expressive data which demonstrate an anomalous P-zowve
contribution in the interaction of slow baryons with antibei.uns
vere obtained from the investigaton of Pp m@x’fm reaction at very
low (£ 3 MeV) kinetic energies in Z\A system [16]., Studdy of the
energy dependence for the cross-section of Pp me»»?ﬂ\ reaction show
up that this cross-section just near threshold (gee Fig. 4)
reveals Ks—dependence ingtead of linear K behaviour correspording
to the production of ﬁA pair in S-state (K is a momentum in ..
system K and AA ). Such regime is observed even at very low wmowmen-
ta K& 30 MeV/c (what corresponde to the Elm kinetic energy 4&;-&% &
HeV), The measured angular distribution of ]& cHh ) is strongly
anigotropic sven at the momenta K20 MeV/c (see Figs., S(a, bl
In the msame experiments a nonzero polarization for }‘; (/) at all

momenta considered above was observed. This fact indicates

@



directly on the existence of triplet P-wave in Al gsystem (Fig.
6).

Experimental data considered above testify to substantional
role of P-wave contribution in ]h\ interaction in comparison to
S-vave contribution even at K for which an expected P-wave con-
tribution according to conventional theoretical estiwmations
should not exceed of per cent in the consmidered cross-sections
near threshold. If we try to explain even 10% of P-wave contribu-
tion proposing an expansion of the region for ]h\ interaction,
the radius for this region should be taken equal to one for uran-
ium nucleus (~ 7 fm)!l

The real reason for the large P-wave enhancement in Pp aend
RA interactione at lov energy is due to nuclear BB forces (B = N,
A) vhich esre ss it ie expected strongly eattractive. Therefore
the existence of nearthreshold (closed to 2H, vhere M is the wase
of baryon) bound (or resonant) quasinuclear P-states asre pos-
sible. Due to corresponding poles in pp-scattering amplitude P-
wave contribution in the scattering cross-section will be en-
hanced (as such as the cross-section for triplet S-wave n-p scat-
tering is enhanced through deutron pole). As it is followed from
the wunitarity of manychannel S-matrix an amplitudes of all pro-
cegges will have the same poles. In the case considered here this
means that the annihilation cross-section at lovw energy will be
enhanced through quasinuclear poles in the same manner as & prob-
ability of elastic scattering.

An existence of NN guasinuclear P-states vas predicted 17
years ago (see refs. in the review [17]) in the framevork of OBEP
model. After this it wvas cleared up that the physical reason of
angular anisotropy in Pp-scattering at lov energy is a nuclear

interaction [18] but not annihilation taking into account of



vhich wmany authors tried to explain distinct difference between
Pp~ and pp-scatteringsz at low energy . It iz necessary Lo note
that the experimental data on P-wave contribution in Pp == Iu\
reasction considered above show that the P-wave enhancement effect
in Pp mw-ﬁﬁ processes is unlikely due to annihilation. The wain
contribution into this reaction is given by the strange wmeson ex-
change, just as the role of mesonic annihilation with the fol-
lowing reannihilation into KA. pair is negligible. At the same
time the expansion of annihilation radius up to needed size (~7
fm) lookse physically inadmissible. The unique real basis for the
explanation of available experimental data on large P-wave en-
hancement in baryon-antibaryon systems at lov energy is an exis-
tence of nearthreshold poles.

However it was always clear (this question was discussed in
the first theoretical wvorks (see ref. [171)) that main problem of
theory congists in the correct estimation of influence on the po-
siton of nearthreshold levels and in the calculation their an-
nihilation widths.

Since the annhilation cross-secton at low energy is closed
to the wunitary limit it seems on the face of it that annihilaton
widths should be large also and P-wave enhancement proposed above
will not operate. In the reality annihilaton cress-section turns
out to be large (closed to unitary limit) exactly owing to the
smallness of annihilation level width since in this case the
regsonant enhancemwent is large. The physical reason for narrow
widthe is due to the fact that from ph&sical point of view an an-
nihilation distances should be equal (by the order of magnitude)
to Compton wave length of annihilating particles ( ~ 0.1 fm),i.e.
should be small in comparison with the radius of bound quasinuc-

lear state (~1 - 2 fm) (the same situation is well known in the



theory of hadron atoms: level shifts and widihs are swall becauge
strong hadron-nuclear interaction acte only on the distances much
less than stomic Bohy radius). The first rough estimations for
annihilation widths of quasinuclear levels (see [17]1) grounded on
factorization relation (like the formulae for hadron atoms) give
the values for the widthe in the diapason between 1 - 100 HeV in
dependence on orbital momenta. After the validity of factoriz-
ation relation in the framevork of coupled channel model (CCH)
(19, 201 vas studied.

In this work ve use a coupled channel wodel for the descrip-
tion of recently obtained experimental data on pp and.ﬂﬂainterac-
tioneg at low energy. Our purpose is to f£ind out the physical
nature of P-vave enhancement effects® in the scattering and an-
nihilation of slov antiprotons and in Pp =~ ;ifk reaction near
threshold. It will be shown that the reason for anomalous P-wvave
contribution in ép- and ]u\—interactions at lov energy is the
presence of nearthreshold bound and resonant P-atates in the con-
sidered baryon-antibaryon systems. Some of the results contained
in thig vork were published earlier as short communications [221].

The schewe of the expositicn is as follove. In section 2 ve
formulate simple CCH for description of the experimental data on
Pp~interaction. Section 3 is devoted to the formulation of CCH
for simultaneous descrintion of BB systems and to discussion of
main properties of CCH which are needed for description of the
experimental datea on Pp- and .KA ~interactions. In section 4 the
results of numerical calculations for Pp elastic, charge-exchange
and annihilation cross-sections are given and are compared with
the experimental data. Also the mspectrum of quesinuclear P- and
D-states in NN syatem is shown. The reéal-to-imeginary retio for

BN elastic scattering amplitude is congidered in section 5. In



section 6 the PN scéttering lengths in S- and P-states and also
the shifte and widthe of S- and P—protonigm levels are calculated.
The section 7 is devoted to the calculation of total cross-sec-
tion, differential cross-section and polarization ]i ¢ A) in the
PP —@nKA reaction. It will be shown that observed phenomena are
caused by the presence of quasinuclear P-resonance in ]ﬂ\ system.
In conclusion the main consequences and results obtained in this

work are summarized.

2. Simple two channel model

The main peculiarity of this model which has been used ear-
lier (see refs. [20,21]) is simplistic phenomenological treatment
of nucleon-antinucleon annihilation. The channel 1 here corres-
ponds to NN system. An interaction between N and N is due to one
boson exchange which is described by the potential (23]

VosEP
vll' The simplistic treatment of annihilation is that all of
numbers of different NN annihilation channels are replaced by the
only one (channel 2). This channel contains two noninteracting
particles. Here as earliar in ref. [21] the mass of each this
particle is putted on the mass of 5)-meaon: "2 = 763 MeV. The

coupling of 1 and 2 channels is realized by short range Yukawa

notential

20 AL ' (o

where Ta is the annihilation radius, aLis the dimensionless con-
stant which is depend on orbital momentum for N and N relativa
motion. Isospin and G-parity of particles in the 2 channel are

not fixed also owing to there are no any specific limitation for



NN annihilation from different spin and isospin states. Actually
this means that in our model many two particles noncoupled (due
to the difference of conserved quantum numbers) channels are pro-
posed. Hovever the formalism for calculation in this model is
identical to the method of the solving of two channel task. Its
dynamical ground is the potential matrix

v = Vi1 Vi2 :
= v o ()
12

This is Hermitian watrix since V11 and V12 are real in conseqg-
uence of that S;matrix is unitary in CCH (unlike a scattering S-
matrix in optical model with complex potential an imaginary part
of which takes into account annihilation processes).

Analitical properties of S-matrix in two channel CCHM as a
function of energy vere considered in ref. [20]. Here we would
like first of all to study the dependence of annihilation cross-

section 9ann ©0 coupling constant a. The point is that as it was

n
shown in ref. (201 the same annihilation cross-section %ann could
be obtained for different values of 2 even for simplest case -
separable potential V12 (gee fig.7). In connection witn this a

question is what 2 corresponding to observable ¢ is physically

ann
justified. The ansver on this question demands an investigation
of the function aanntﬂ) for realistic local potentials.

Such study was carried out in present paper for potential
(1) (numerical calculations). In fig.8 the dependence obtained is
shown. Annihilation cross-section cann(a) has oscillating behav-
iour as a function of A. Such behaviour of o  (A) could be ob-
tained analytically for local potential choosing potential as a
square well. Function oann(A) is written in Appendix I.

From the results discussed above it follows that many dif-

ferent values for coupling cunstant correspond to the same an-



nihilation cross-section for local realistic potentials. For this
reason the choice of annihilation coupling constant in the inter-
action Hamiltonian for. CCH is very essential jin vording of the
problewm. In this model the main qualitative characteristic - an-
nihilation shortrangeness as compared with nuclear forces (annih-
ilation radius rain (1) is equal of the ordef of wmagnitude to
Compton vave length of baryon) is taken into account only. To the
opinion of the authors a modern status of theory do not support
the possibility to calculate without perturbation arguments =an
annihilations effects in bafyon-antiba?yon interaction taking

into account a details of annihilation dynamics vhich is really

relativistic quantum field process. On the other hand the nuw ar
interaction of slov antibaryons with baryons could be con3idered
more universal in the framework of potential approach wvhich is
used‘successfully in the aescription\ of nonrelativistic baryon
systems (including nuclei). Hence the theory of nonrelativistic
baryon-antibaryon systewms grounded on any phenomenological CCH
vill have a physical sence only in the case if the observable
consequences will depend weakly on the details of annihilation
processes. This is possible due to the smallness of annihilation
radius as compared with nuclear forces one at limited value of
annihilation constant l considered above. At very large % the
forces corresponding to virtual annihilation as it is “shown in

the follaving diagram begin to act:

i ? ! ! (3
This “annihilation scattering® at sufficiently large A

could change a wave function at the distances of the order of

nuclear forces. A criterium of smallness this changing which is



needed as it was shown in [20] is a factorization relation of an-
nihilatiqn cross-section on nuclear and annihilation parts.

After that as it was shown in ref. [20] the factorisation is
realized at A< Amax (i.e. at left side of "hump"- see fig.7). It

could be expected that for local interaction the factorization

takes place at A< 21 max also. Therefore a constant ﬁ for des-
cription of experimental data on Pp-interaction should be in the

diapason between O and Y This condition wvas not reached in

1 max’
ref. [21], but it is valid in this paper.

In this model two sets of paraneters are exist, one of them
corresponds to annihilation, second - to nuclear interaction.

As it was noted above the interaction for trangition from
chénnel 1 to 2 was taken in the form (1), where rq is the annihi-
lation radius which is equal to ré*l/ZﬂN (H“ is the nucleon mess)
€171, in concrete calculations it was chosen rg = 1/1.85H“ (as in
ref. [211). The dimensionless constant AL should be valid to two

conditions: 1) AL is in the diapason from-0 to A (L)Y; 2) it

1 max
is necessary to support an observable annihilation cross-section.
In Hn scattering for the energy range from N £hreshold (1878
HeV) to E & 1950 HeV ‘S-, P-, and D-waves take into participation
for which 2L vas taken: B

Ag x4, Ap=x 18, Ap = 44.

The realistic one boson exchange potential has a singularity
at swmall distances therefore it is necessary to do a regulariza-
tion which was realized by zero cut-off 7

Vll(r) =0 at r <r,
aince'rc depends on quantum numbere of the system in this task T
was chosen to get first of all a correct value for annihilation

crose-section for Pp-interaction. The rest values experimentally

observed (elastic, charge-exchange cross-sections, real-to-imag-



inary ratio for the forvard elastic scattering amplitude) are
recieved automatically. The values of r, are shown in Table 1
(in £fwm).

For simplification of calculations tensor forces leaded to

the mixing of the states with L = J * 1 were asided.

3. Model for calculation of pp —e=AA process

Congiderable problem in NN scattering is the taking into ac-
count the hyperon-antihyperon channels. Here we propose a method
to take into consideration the channels with strange particles
(A or £) in the presence of annihilation.

First simplest and on a glance correct approach is in the
following: two channel task (annihilation channel and NN one)
turns into four channel for isospin O (annihilation, BN, AA, ED)
or five channel for isospin 1 (annihilation, NN, AL, AT, TD.
Between them baryon-antibaryon channels are connected by the
OBEP. All of three (or four for isospin 1) channels with strong
interacting particles are connected with annihilation channel.
Moreover annihilation couplings and annihilation radii T, for all
channels would not drastically distinguished (for simplicity they
wvere putted on equal). In this scheme a potential has the form

(for isospin O, for 1 - analogically):

o vann Vann vann
v o= Vann D B E P ¢
\'A
ann
v
ann

vhere Vann is the annihilation potential {(by the assunption the
same for all channels). "OBEP'is the matrix 3X 3 (for isospin 0)

or 4% 4 (for isospin 1) of OBE potentials.



_14_-

We are interesting for influence of Y¥Y channels on annihila-
tion NN cross-section. Let’s consider sufficiently low energies
closed to NN threshold in the range E = 1880 -~ 1950 MeV.

From the begining the influence of ¥Y channels due to OBEP
is congidered. This will make using .Kﬁs channel since this one
lies more close to NN threshold therefore this channel proves to
be most influence. An effective interaction potential in NN chan-
nel taking into account ;Q& channel will have the form (symbol-

ically):
eff_ N _ '
an - Van * Yna ®Aa Vna )

v
vhere VB-QN is the interaction in NN channel without AA channel,
VM ig the transition potential from HN to 7\1\ channel, GI\J\ is
the exact Green function in Ji/\ channel. If for this Green func-
tion the spectral representation is used it will be clear that
the main contribution in Vﬁﬁf potential corresponds to the low-
est bound state in ;&Ai system, since its contribution ain the
spectral density is proportional to < 1/(En— E ), vhere E is
the energy for rscattering problem (this value is of the order
of 1900 HeV), En is the energy of this state (all states in sys-
tem are closed to ZD\ threshold i.e. 2M, = 2231 MeV [251). Hence

due to the factor 1/(E A E ) a contribution of the second term in
formula (5) turns to be small. Second term will be essential in
NN scattering only at the energy E -~ 2 GeV.

For thies reason at the energy E ~ 1900 HeV’the small com-
ponents in potential (4) (i.e. matrix elements of OBEP which are
correspond to YY channele and RN = VY transitions)v could be ex-
cluded. In consequence the potential is obtained in the following
form (for isospin 0):

(o} v

v o= ann v

Vann 0

o)

O 0 0O <

y
ann



As it was noted above it is better to work with annihilation

constants % for which the factorization of annihilation cross-

section is realized. Therefore it is sufficient to study 032n=0.

Moreover in this region a separable interaction should reproduce
all to our interest. For obtaining of analytical form one will be
considered that the potential has the following separable forwm:
o] 1 1
] o
v = VIR >< =
[¢] § §l o] o]

A% >< k)

- e
O O O =

0 [¢]

One could ever consider that potential matrix has arbitrary
dimension N #® N. Then the scattering awplitude T in Lippman-
Schvinger equation

T =V + V¥V GO T

(G0 is the free OGreen function) will be find in the form T = F-
‘!§>< §\.
For F algebraic equation is obtained which can be easily re-

solved:

= - 'l.
F (1 v0<§150‘§>) Vg
F12 element of F matrix which is contained in the expression
for annihilation NN cross-section (cross-section for transition

between 1 and 2 channels) is in the interest.

ann K’ 2 g = 2
a (A~ 7 lP12\ .‘<§lK >< KIE >y
-y
wvhere K is the relative momentum for the particles in channel 1,

wp
K is the same for channel 2. F12 element is easily calculated. In

consequence
aa““<3> A 22
I L - Al 9 r . \2
a1y, %5’#

where %§i§5 < §I%i|§ >, 91 is the free.Green function for chan-




nel i, i = 1 % N.
The graph of this function is shown in fig. 7. Maximum of
the curve corresponds to

1

‘“351? 122 %§1§ l‘

Let 9E2§ - 9;3;"’""-"- 9;"; :%‘ (the validity of this as-

sumption for many channel problem vith realistic nucleon and hyp-

Amax

eron magses will be discussed later), then
amax -~ L ) = =3
N - 1 I gtlﬁ.gt l

and annihilation cross-section at A = amax will be

o (A=A ) ~ -t

bar

wvhere Nbar = N - 1 is the number of baryons considered here.

Hence the simplest estimations show that the first maximum
of annihilation cross-section is displaced in fl‘l_b:: times and its
value in the first maximum is decreased at Nbar times.u .Note that
numerical calculation fulfield for realistic potentiales is fairly

agreed with these estimations. The dependence of 9 n()) for Yuk-

n
awa type potential was obtained the same as in fig.” 8 and besides

amax 1T2and o (A)/g =5% (o, is the unutary limit for o_ ).
For two channel case: amax 2=4 and oann(a)/uUL = 20%.

Now it is necessary to understand: 1) why is true the qual-
itative estimations for separable interaction in wmany channel
case (i.e. an assumption g ;2§‘::... > gi“i which is seems to be
doubtful at a glance); 2) what is the correct method for the tak-
ing into account more high-lying channels for NN. It is clear
that the method considered above is not valid since the introduc-

ing of new channels diminishes automatically the annihilation



crogs-section - nucleon-antinucleon system even if these ad-
ditional channels should ot yet have influence on N system ac-
cording to the estimations (5) for nuclear interaction.

For answer the first question let’s consider|§ > in the form
< ?l§ > = ‘r‘?/_é?:e-?/r /r (this form ls > is more closed to the case
of local potential considered here). Then for ggigone obtain g‘ig”
~—F2/(Ki + i P)z, vhere Ki is the momentum in channel i. Here §~
~ 2N, just as at the considered energies |Ki‘< 500 HeV/c (for
channels ﬁN,Kﬂq RI,AE.EZ). This meaps £hat an asgumption g’2§&
> “-'gwi is so much the better as smaller parameter Ki/B. From
physical point of veiw this means that at small distances (where
, baryon and .antibaryon drawv together up to the distances of the
order of annihilation radius -~ very swmall value - about 0.1 fm)
the particle has such momentum (virtual) that the mass difference
for nucleon and .hypernn will turn to be negligible. It is seen
Vthat such method for the taking into account\ HN annihilation (in
the presence of ¥Y channels) leads to the disappearence of mass
difference betweeh nucleon and hyperon. From the other side it is
known that among ﬁN annihilation products the channels with
strange particles is about 5% [26], jﬁst as for IV\ one could ex-
pect that»annihilation into KK +etc will dominate i.e. NN and EA
annihilation channels are not coincided.

It is clear from considered above that nucleon-antinucleon
scattering taking into account hyperon-antihyperon channels
should be considered in the following way: each baryon-antibaryon
channel (ﬁN.ZA,<ﬁZ and AE, L) would have its annihilation chan-
nel and different baryon-antibaryon channels vwould bge connected
to each other by transition DBEY potential. For simplicity one
could propose that in annihilation channels the particles are

free and an interaction between annihilation channels does not
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exist. Nov in the limit where coupling between different baryon-
antibaryon channels goes to zero the task is desintegrated on
several indepe‘ndent ones in each of which a scattering of corres-
ponding particles taking into account of annihilation is consid-
ered. In particular we obtain automatically two channel case for

i system at the energy E ~ 1900 MeV.

According to the considered above let’s make a model for
descripf.ion nev experimental data for Pp -'rﬁ.l\. reaction at the
energy :j.n M c.m. system £M= "0 - & MeV above T\A threshold. A
model is actually two of twvo channel systems connected together:
first two channels correspond to N and annihilation channel for
N (these two channels were defined in section 2); other two
channels correspond to M and annihilation one for T\A Channels
RN and .KA are connected together by OBEP corresponded to K and
K.-mesoﬁ exchange. Coupling congtants of K and K*with N and 7\
vere taken as gKl-U-\ = - gkNA and gK’ﬁl_\ = SK’NA' In accordance with
the assumption considered above N and I—\A annihilation channels
are not connected. ’

All of parameters for NN system}: annihilation radius r, an-
nihilation coupling constant XL' mass of particles in annihila-
tion channel, cut-off radii for nuclear NN potential we;-e fixed
earlier (see section 2). It ig necessary nov to fix also analog-
ous parameters for KA system and cut-off radii for NN —‘BKA
transition potential.

Since from the experimental data for M system are nothing
known we make this in the following way. By the analogy with N
system: annihilation radius vas taken ra(T\A) = 1/2M, = 0.09 f£m
H'A_is the mass of A-hyperon: annihilation. constants for T\A sys

tem were taken the same as in NN system (at the energies consid
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ered above the contributions of S~ and P-vaves are considered
only) i.e. QS(KA) =Ag (i, Apthdy = Ap(MN); mase of particles
in annihilation channel for FU\ was teken equal to K -meson one.
Such choice of the mass in ennihilation channel is due to the
purpose to make similar an annihilation in NN and jhﬁ systems: in
this case we obtain l;!A/ﬂN = HK*/ﬂ?and from other side first wmax-
imum in annihilation cross-section ¢ n(2) lies at approximately

an
the same values of ﬂ as in NN system. Cut-off radii for nuclear
interaction in K!\ channel were taken from ref. [25]1 (all ofbcut-
off radii r_ = 0.64 fm).

Hence the only one free parameter which vas used to fit to-
tal cross-section of Pp -» AN reaction is cut-off radius Te for
transition potential V(pp ~AN). For description of experimental
data the following cut-off radii were used: rc(lso) = 0.67 f£m,
r %) = 0.7 gmr Py = r_tppy = r PP = r Oy = 0.96 fm.
It ie not so important that the values of these parameters are
relatively large (as cowmpared with cut-off radii for diagonal NN
and .El\ potentiais). The point is that coupling constants for K
and K" -mesons are known very bad therefore they could be consi-
dered az the variable parameters, but we have prefered to fix the
constants gKﬁi\ and gK.ﬁZ corresponding to gKNI\ and %K“NA from

the description of the data in baryon-baryon channel (23] and to

varify cut-off radii for transition HN - AA potential.

4, Comparison with experimental dats

In considering & comparison of the obtained theoretical re-
sults vith experimental data it is necessary to note that CCH ie

very simple model putted in a cleim for description of the wmain
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qualitative properties of the problem under discussion. For this
reason it is not necessary to attach importance to possible div-
ergence betvween quantitative details of model calculations and

experimental data.

The results of the calculations of total (ctot) and annihi-

lation (qann) cross-sections for Pp-interaction are shown in
figs. 9 and 10 correspondingly. Theoretical results for partial
annihilation cross-sections for S-, P-, and D-wvaves are represen-
ted in fig 11. Fast increasing and large contribution of P-wave
at low momenta are clearly seen. Momentum K = 144 MeV/c in c.m.s.
correspondg to the experiment (1] fulfield at CERN and cited
above. P-wave contribution in annihilation cross-section is equal
to cann(P)/aann = 75% at this momentum. In fig. 12 the energy

dependence of elastic (qel) and charge exchange (°5p~ﬁn

sections is shown. Effect of P-wave enhancement leads to the dip

) cross-

in theoretical curve for Ta1 at Ecm 2 1880 MeV which as it seems
to us is in agreement with experimental data (though experim-
ental errors are large yet). As it was expected the total P-wvave
contribution into elastic cross-section 9ol turns to be large. At

thé momentum K = 144 MeV/c about 50% of 9.1 is given by P-wave as

it is demonstrated in fig. 13. An interference of S- and P-waves
leads to the large observable forward anisotropy for the angle
distribution (in c.m.s.) of scattered p (calculated differential
crogs-section of pp-scattering is shown in fig. 14). To avoid a
mistake in the understanding that annihilation is a real reason
for P-wave enhancement we have calculated S- and P-wave contribu-

tions to LY when annihilation is turned off ( ﬂL= 0) but OBEP is

taken into account. The results are shown in fig. 15. It is seen



that in this case P-wvave contribution is even more achieving 80%
instead of 50% when annihilation is included. This phenomenon
(first ewphasized in ref. [181) as it wvas noted above demon-
strates clear that P-wave enhancement is caused by the nuclear NN
interaction Sut not the openning of annihilation cheannels.

The explanation of the physical nature of P-vave enhancement
considered above is contained in Table 2. There the results of
caloculations for nearthreshold bound and resonant states in CCHM
are shown. As ve can see from Table 2 there are 5 nearthreshold
P~levels vhich (as it is followed from ocur calculations) give the
main part of P-wvave enhancement of annihilation and elasastic
crogs-sections. These levels considered as the poles of S-matrix

are decisive for all amplitudes of Pp-interaction at threshold.

.

S. Real-to-imaginary ratio for the forvard elastic

PN scattering amplitude

The experimental data reveal very fast growth of the ratio.9
with increasing of P momentum in c.m.s. from P = 0 to 200 MeV/c
(see fig.3). As it vas first shown in ref. [15] the rapid rise of
9 with increasing of p momentum could be explained in the asgsump-
tion of large P-wave in this region. The results of CCM calcula-
tions shown in fig. 16 confirm this observation. As it can be
seen on figure the CCM calculations reproduce the main feature of
the P-dependence of the quantity.9 at low momenta. @Qualitatively,
the effect of rapid rise of 9 cohsist in the opposite signes of
S- and P-wave amplitudes of pp elastic forward scattering there-
fore a large contribution and rapid rise of P-vave amplitude

leads to the compensation of real parts of S- and P-amplitudes
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i.e. to zero values of _? at the momenta P £ 300 MeV/c. in our
calculations of j? ve did not take into account the Coulomb ef-
fects which can increase j? by the absolute value at P = 0 ap-
proximately on 0% (at P = 300 MeV/c Coulomb corrections are neg-
ligible). At the same time it is necessary to note that the ex-
traction of j? from Pp data in the region of Coulomb-nuclear
interference should realized using correct formula for such in-
terference [(27]. This can decrease .? at P£ 200 MeV/c on the
value of the order of ‘Aj) « 0.05 that leads to better agreement
betveen experimental results and theoretical curve in fig. 16.
Effect of rapid rise of P-wave contribution is revealed more
clearly in the dependence of j? for the awplitude with pure iso-
spin state I = 1 i.e. for Pn (or Tp) scattering (see fig. 17).
Now an extraction of S) in pure isospin state I = 1 is possible
only from the data on P-nucleus scattering (see refs. [12,281).
The value J? obtained in ref. (28] at p momentum -~ 600 MeV/c in
laboratory system as it is seen on fig. 17 are not in disagree-

ment with our calculations.

6. S- and P-wave scattering lengths. Shifts and

widthe of S- and P-levels of Pp-atom

Simultaneously with the description of pPpp-scattering data we
have calculated lov-energy parameters of pN scattering for S- and
P-vaves. S-wvave scattering lengths & and real-to-imaginary ratio
5) for PN forward scattering amplitude at zero energy are shown
in Table 3 (see also fig. 16). The““alue<5>§p(0) = - 1.08 cor-
responds to slightly different dimenéionless anihilation constant
11

S,) that is

Ag ¢ Ag= 4.0 instead Ag= 3.9 in tﬁe ?artial vave o
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not lead to any changing of the obtained results for cross-sec-
tios at Ecm > 1890 MeV. It is necessary to note that taking into
account of Pp == Tn thresﬁold in Pp-scattering using the method
of ref. [15] (see also fig. 14) one can support an increasing of
S?EP(O) approximately on 10% by the absolute value. Bes%des that
Coulomb corrections increase also the absolute value of .})EP(O)
on ~ {0 %. Taking into account all of these corrections ‘5) BP(O)
has the following values: yﬁp(O) ~ 0.9 and ng(O) ~ 1.3 .

There are no experimental data for ,S)BH(O) at present. But
the estimation ImCIEn = 0.23520.121 £m obtained from the data on
annihilation of stopped p in 4He (see ref. (301) is in agreement
with the value Im(]an = 0.28 seen in Table 3.

The shifts and widths of 1S-level of protonium calculated
using S-wave scattering lengths fer Table 3 turn out to be
equal:

0.68 1.79
Re (AE ;o) = , l“ls =
(KeV) 0.74" (KeV) 1.39"

These values are not in disagreement with available (rather
contradictory) data on the shift and width of 1S-level of pp-
atom.

P-wvave scattering volume for pp-scattering are shown in
Table 4. In this case the calculated shift and width of 2P-level

for Pp-atom ie equal to:

Re (&E_ ) = - 18 meV . = 39 mev .

2P 2P
The value for Y;P obtained in our calculations is in rather good
agreement with large experimental value of 2P-level width of Ppp-

atom: {7 5%P= ( 39.8 + 10.7 ) mev r41.
It is necessary +to emphasize that the comparison with ana-

logous calculations in optical models ([29] shows an essentiauy
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large value of the real part of P-vave scattering length obtained
in our calculstione (Re AP is about of 3 tiwmes larger then tﬁe
same value in ref. [21]). Broadering of P-level in 6ur calcula-
tions is caused as it vas repeatedly notedvby the existence of

gpectrum of guasinuclear P-waveé nearthreshold N resonances.

7. Nearthreshold P-wave enhancewent in Pp - A

reaction

The calculated total cross-section of pp —» AN reaction is
shown in fig. 18 (golid curve). It is seen that at the momenium
range K ~ S0 %+ 60 HeV/c (E%A23 - 4 MeV) P-vave contribution is
about one half of total cross-section. The calculated differen-
tial cross-section for the reaction at kinetic energy in ZQ\ sys-
tew EKA = 3.8 HeV\in comparison with experimental deta 1is shown
in fig. 19. It is necessary +to note that the model parameters
tout-off radii for PP -a-]h\ transition potentiasl) were fixed
using only the values of total cross-sections for Pp — AN reac-
tion.

The calculation of Pp ->ﬂh total, differential cross-sec-
tions and polarization at the energy of several tens MeV vere
fulfield in refs. (33, 34,35,361.

A large P-vave enhancement in Zh\ system observed in the ex-
periment and calculated in our model should be caused by the same
reasons &% in pp-interaction near HN threshold. For revealing of
this question ve have investigated simultanecusly a epectrum of
P-wvave quasinuclear ZXA. reaanances; One of the P-states (SPI)
vhich contributes substantional input to P-vave amplitude in 2\]\

system for pp —» [\ reaction hasas the folloving pesrameterss R =
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= 2237 Mev, [,_,= 8 Mev, = 2.5 Mev, I} = 0.7, JFC = 1**,

tot aa / Rot

Such states could be manifest themselves as the narrowv resonances
in KK + nF systems. The cross-sections for these resonances are
of the order of several pb (experimental upper limit available
nov for such states in pp —» KK channel [31] is more than expec-
ted value of the cross-section). In fig. 20 the calculated polar-
ization A (A) in Bp —PM reaction is shown. Observation of non-
zero polarization on the experiment should testify of the exis-
tence of triplet P-states in IU\ system.

Hence a proposed model describes besides NN channel also the
main qualitative properties of pp —anKA process. As a natural
consequence the model predicts an existence of the spectrum of
quasinuclear (bound or resonant) ID\ states. The presence of the
states with nonzero orbital momenta (P-states in our case) leads
. to expected effect of P-wave enhancement in Pp —-KA reaction at
low relative momenta of Ji ;nd A . Analogous behaviour for the
cross-sections should be observed for other channels with hyp-

eron-antihyperon pair production, i.e. pp = KE(AE), TE.

Conclusion

The main developments presented above show that the baryon-
antibaryon interaction at low energy is determined dowminantely
by nuclear forces. This is caused by two factors: by the exis-
tence of nearthreshold quasinuclear levels in BB asystewm and be-
cause of the short range of the annihilation interaction. From
the physical point of viev both reasons are natural and trans-
parent. It seems that the low energy P-wave enhancement effects

discussed in this paper may be considered as a strong menifesta-
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tion of nearthreshold quasinuclear states.

Let us emphasize that the observed angular anisotropy in the
PP —O'Jh\ reaction just near threshold hardly can be explained
as a result of S-wave suppresion in the BB interactions at low
energies vhereas the P-wvave contribution has its normal value (as
. it vas supposed in ref. (341). From the dinamical point of view
for the S-vave suppression the L-independent forces or annihila-
tion in S-state must be strongly reduced. We do not see physical
reason for introducing such an exotic supposition into any real-
istic wodel of the interaction responsible for the process in
question. Moreover, we have learnt from the experiment that the
same phenomenon (angular anisotropy) takes place in Bp elastic
and charge-exchange scattering (Pp —® 0n) at low energies,
vhereas .the S-wave pp-scattering length has its normal value. It
follows from all these facts that a common property for BB inter-
actions at lovw energies is rather the P-wave enhancement but not
the S-wave suppression. The physical reason for the P-wvave enhan-
cement effect seewms to be clear: it takes place because of the
appearence qf the P-wave bound or resonant nearthreshold states
in the BB systems wvhich are caused by strong attraction forces
acting between B and B. All realistic OBEP models give such for-
ces and the annihilation processes as it was shown above do not
destroy the results of nuclear interaction because the annihila-
tion range is wmuch smaller than the nuclear one.

The used coupled channel model does not pretend to give an
exact position of quasinuclear levels and their widths mainly be-
cause the annihilation was treated very roughly. But it seems the
P-wave BB bound states would expected really to have the widths
about 30 - 80 MeV. For this case the calculations of the discrete

K‘—spectrum corregponding to the (Bp)atom (NN trangi-

nucl
¢
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tions was performed long time ago in ref. [321. The theoretical
eatimations [32] gave for the relative probability of the transi-

tions between S-levels of Pp-atom and quasinuclear P-states the

values in the range ( 0.4 - 5.0 )-10_3(a ratio f;/ r;nn vas cal-
culated, where [ is the annihilation width of atomic 1S-level,

ann

f} is the rédiative width of the transition). For this it vas
proposed that r;nn(IS) = 0.3 KeV and the population of atomic 1S-
level is 100%. From the new experimental data it follows that an-
nihilation width of 1S-level is about 1 KeV and its population
is less than 100% (from 60% [6] to 80% [51). Taking into account
these data the theoretical estimations (32] of z’-lines inten-
sities should be diminished in 4 - 6 times. Hence the expected
discrete lines should have a relative intensities in the diapason
from 10 %o 1072, The main interest is an investigation of a‘-
spectrum in the lov energy range from 10 to 100 HeV since the
binding energies of guasinuclear P-levels 1lie in this interval
more probably. The predicted intensities of z‘—lines shov why for
their observation an exclusive experiments are desirable.

The resonant NN states both narrow ('~ 10 - 20 HeV) and re-
latively wide (T~ 70 - 80 MeV) are hardly observed in the forma-
tion experiments without extraction of partial waves with defin-
ite quantum numbers. Let’s to note that in our CCM calculations
presented in this paper and in‘ref. [21] narrow D- and F-states
in the region of S-meson are obtained. However the observation of
such states in formation experiments needs the possibilities to
make up the partial vave analysis. Another method to check narrow
resonant states can be the production experiments in the case of

clear reaction mechanism. It is necessary to note that in produc-

tion experiments S-meson was observed independently by different



- 28 -

experimental groups.

The polarization experiments for NN scattering could be also
highly informative especially at very low energy where j?—para
meter (real-to-imaginary ratio for the forward elastic amplitude)
has unusual (oscillating) behaviour.

The study of pp-atom (investigation of relative intensities
for Kg - and Ly -lines in the experiments at different pressure
and shifts and widths of 15- and 2P-levels) is a unique socurce of
information on the scattering lengths for the states with diffe-
rent guantum numbers. The antiproton-nucleus scattering could be
used as an independent scurce of eszsential information about the
parameters of ﬁN—amplitude (in particular, extraction of S)Bn -
parameter ié possible novw only from Pp-nucleus scattering).

As for 1&A system these investigations are in the beginning
at present. Observation of the clear effect of P-wave enhancement
indicates on the \existence of the spectrum of quasinuclear P-
states in ]U\-system. At present it is necessary to study en
energy dependence of the total cress-section of _Sp o ZA reac-
tion, to measure more precisdythe differential cross-sections and
polarization characteristics. Direct observation of jiﬂ.-statea
(bound and resonant) is possible in the exp;rimentn with annihi-
lation Pp -- RK + nfi in the mass range near M threshold (such
states should wmanifest themselves 88 a narrov meson resonances in‘
KK + n}i systems with expected production cross-sections of the
order of several pb).

It is very interesting to study the processes of pp - AL »
+ AT and PP - TL near corregponding thresholds. It is theoreti-
cally possible to expect the existence of quasinuclear states in
these systems [(25] which should support the appearence of enhan-

cement effects in the states with nonzero. orbital mowmenta by the



analogy with observation in the interactions of ji and A .
Let’s now emphasize once more that the aim of our calcula-
tions in the simplified CCM is the dewonstration of the physical
nature of observed phenowmena. We did not try to obtain an exact
theoretical description of the details of available experimental

data.

The authors are sincerely grateful to K.Kilian and R. von
Frankenberg for kind giving information about new experimental

data.
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Appendix 1

Here ve show that the cross-section for square well poten-
tial in both channels as a function of annihilation coupling con-

stant has an oscillating behaviour.

An interaction potential has the following forwm:
81 380 at r § r
290 92 o

V=20 at r < r

<
[

and
s}
(for simplicity the size of square well potentials put on the

same). S-matrix element corresponding to the annihilation process

can be written as [2&4]:

o L2 5,- ;2”.(1.(21(11(2)1’2.6 'i‘yf yz’
i2 9(.?1'32)

vhere 9i= (Ki ro)/])‘li, Ki is the wowmentum, Hi is the wmass in

channel i;

§i = €cta®y;

2 2 _ .2 a2, P2 2.2 _ o2 .
L, =€@7-Ry =R, - €3 £, =€ - Ry =R, - €T

5 L(RY
Rf’ (9§' girg) ;

P70 ZHRES 28 7L TR PLPHIREY P P YR S P
M TR PRX{ A 4 R

For a clearing of the formulae let’s consider the case

2 1.r2. 2y « L.((r2- r2)2 2 492.,1/2
€.% = 3-(RY+ RD * 3-URT- RHZ+ 4 Qorg A% ;

vhere A is very large. In the limit of large :

€Ixg,Ari=«, 1 €32 goArg> Ly
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i ctge2 a cthlez\ - NN

We take A= gorgx. than

2 A (ctgdns 1H?
qann(a)~|sl2l ~ *

AS P, CctalR-1)+ P, (ctglRr1) 124 p2 (ylyz*j\,zctgm) 2

Hence we find the oscillating function of A\, with the period

Te T2
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Table 1. Cut-off parameters for N potential

Ly "Sg Sy Py TPg TPy TPy, "Dy Dy "Dy "Dy
i
0 0.55 0.50 0.70 0.55 0.72 0.72 0.62 0.62 0.63 0.62
1 0.60 0.50 0.64 0.68 0.72 0.67 0.62 0.52 0.54 0.62
Table 2. NN resonances in mass region 1700-1980 HeV
25+1 G ,.P
Ly S S O L Hasa, Total &
HeV vidth, HeV [“
i + +*
P, 1Y oath) 1840 70 -
%, 17 (0*) 1855 75 .
- + :
3 17 at 1870 75 --
p .
1 0° ) 1800 35 --
3 17 2" ) 1870 85 --
P
2 o' 2" 1860 70 --
1 - -
D, 17 @) 1975 35 0.3
%, 1 oaT) 1920 15 0.2
3 1Y @27 1930 20 0.3
2 0 (27 1955 35 0.6
3 -

D, 0" (37 1975 35 0.3




- 36 -

Table 3. Lov energy S-vave parameters

el 280l re Ol m O P
11 - 1.92 6.10
0 - 2.45" 4.27°
s, - 1.28 0.24
g, - 0.3¢ 0.34
g - 0.71 0.29
_ - 0.79 1.03 - 0.77
Bp
- 0.86" " 0.80" - 1.08"
S-vave
Pn (I=1) - 0.85 0.28 - 3.07
Table 4. Low energy F-vave para-egere
28+1; . Re Ay, (GeV/e)™3 Im Ay, (GeV/c) >
3 e bp P
te, ‘84 64
3
Po 71 105
3
P 4 9%
3 o
P, 53 130
& > ’
P-wave 48

104
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Figure captions

Elastic differential cross-sections for Ppp- and pp-
scattering at the momentum of incident antiproten
P = 287 HeV/c. The experimental data are taken from
refs. (1,21,

Charge-exchange differential cross-section at the
momentum of incident antiproton P = 183 MeV/c. The
experimental data are taken frow ref. (31].
Real-to-imaginary ratio for the forward elastic pp-
scattering amplitude as & function of incident an-
tiproton momentum. The experimental data are taken
from refs. (4,7-111.

Total cross-section for pp —= A\ reaction as a func-
tion of incident antiproton wmomentum ( Ebih is the
kinetic energy in liA. c.m. 8. ). The experimental date
are taken from ref. [161].

Differential cross-section for pp —= AA reaction at
the energy 85“ = 3.6 MeV. The experimental data are
taken from ref. [161].

The same at eﬁA = 0.6 HeV.

Polarization of ji(l\) at ékh= 3.6 MeV. The experim-
ental data are taken fromwm ref. [161].

Behaviour of annihilation cross-section Cann 28 @
function of dimensionless ennihilation constant for
separable potentisl.

The same for local potential.

Total cross-section of pp-interaction. The experim-
ental dats are taken from ref. [371].

Annihilation cross-section of Pp-interaction. The ex-

perimental data are taken from ref. [381.
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Partial annihilation cross-sections for 8-, P-, ana
D-vaves.

Elastic and charge-exchange cross-sections for pp-in-
teraction. The experimental data are taken frow refs.
i, 3,39, 401.

Relative partial cross-sections for the elastic Pp-
ascattering.

The same as in fig. 1. Solid curve is the calcula-
tion frowm this work. Dashed curve is the same for
ro¢*%s) = 0.47 fm, r_®35) = 0.60 £m, r_ ', =
= 0.65 fm.

Relative partial annihilation cross-sections of pp-
interaction.

The sawe as in fig. 3. Solid curve is the calcula-
tion from this work, dashed - taking into account
Pp =+ hn channel.

Real-to~imaginary ratio for the forward elagtic Pn
(np)-scattering amplitude. The experimental data are
taken from ref. [(281.

The same as in fig. 4. Solid curve is the calcula-
tion frow this work, dashed - S-wave contribution.
The same as in fig. 5(a). Solid curve is the calcula-
tion frow this work at EKA = 3.8 HeV.

The same as in fig. 6. Solid curve is the calcula-

tion from this vork at &KA = 3.8 MeV.
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