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Measured yields of K- mesons from proton-nucleus collisions at sub­
threshold beam energies a.re presented. A detailed comparison of the results 
of calculations of the K- differential cross sections for the reaction p +Be9 

in the framework of an appropriate folding model for incoherent primary 
proton-nucleon and secondary pion-nucleon production processes, which 
takes properly into account the struck target nucleon momentum and re­
moval energy distribution (nucleon spectral function), as well as nuclear 
mean-field potential effects on the on~step. and two-step antikaon cre­
ation processes with the obtained experimental data is given. The main 
contribution to the antibon yield in the process comes from the direct K­
production mechanism. It is obtained that the measured K- differential 
cross sections both for the reaction P+ Be9, p+AI2T, p+CU68 can be fairly 
well reproduced also by the simple pa.rameter-free folding model uses only 
the internal nucleon momentum distribution extracted from the subthresh­
old "hard" K+ production experiment. 
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1. Introduction 

Kaon and antikaon properties in dense matter a.re a subject of consider­
able. current interest in the nuclear physics commynity. The knowledge 
of these properties is important for understanding both chira! symmetry 
restoration in dense nuclear medium and neutron star properties. Since the 
pioneering work of Ka.plan and Nelson [1] on the possibility of bon conden­
sa.tion in nuclear matter, there ha.ve been many theoretical studies on the 
in-medium properties of bons a.nd antikaons, based on various a.pproaches 
such as the effective chira.l Lagrangian [2-6], the boson exchange model [6, 
7], the Namby-Jona.-Lasinio model [8], the qua.rk-meson coupling model 
[9], the coupled-ehannel [10, 11] and effective K N scattering length [12] 
approaches. Although these models give quantitatively different predic­
tions for the bon and antikaon potentials in a nuclear medium, they agree 
qualitatively in esta.blishing that in nuclear matter the K+ feels a weak 
repulsive potential of about 20-30 MeV at normal nuclear matter density 
Po (Po = 0.17 /m-3 ), whereas the K- feels a strong attractive potential 
which ra.nges between -140 and - 75 MeV at PO. The K- atomic data 
also indicate [13] that the real part of the antikaon optical potential can be 
of the order of IItl - 200: 20 MeV at normal nuclear matter density while 
being slightly repulsive at very low densities in accordance with the K-p 
scattering length. As a result, & condensation of antika.ons in neutron sta.rs 
at critical density of about 3po becomes possible, which would then lead to 
the lowering of the maximum neutron star mass to the value that is in a 
good agreement with the observed one &.S well as to the existence of & large 
nwnber of low mass black holes in galaxy [14]. On the other hand, in the 
recent chiral approach of Oset and Ramos [15] was shown that as nuclea.r 
density PH increases the attraction felt by the K- is essentially more mod­
era.te than tha.t obtained with other theories and the effective K- maS8 

mic- gains at high densities the level around the value achieved a.lready 
a.t PH ~ Po, namely: mx- (PN > po) .. mic- (PH =Po) = 445 MeV, wha.t 



2
 

makes very unlikely the appearance of the phenomenon of K- condensation 
in neutron sta.r matter. The in-medium K- mass of 445 MeV corresponds 
to a weaker attractive K- optical potential of about - 50 MeV a.t normal 
nuclear matter density. Furthermore, coupled-channel calculations for an­
tikaons in matter performed very recently in [16] have demonstrated that 
the K- optical potential turns repulsive for finite momenta or finite tem­
perature. The momentum dependence of the K+ and K- potentials at 
finite nuclear density has been investigated in [17] within the dispersion 
approach. It was obtained, that contrary to [16], the antikaon potential 
remains attractive even at high momenta. Therefore, it is very important 
to have such experimental data which allow one to test the predictions of 
the above model8. 

Subthreshold bon and antikaon production in heavy-ion collisions in 
which the high densities are accessible is apparently best suited for the 
studying of their properties in dense matter. The transport model cal­
culations [18-21) have shown that the bon transverse flow is a sensitive 
probe of K+ potential in medium. The dropping K- mass scenario will 
lead to a substantial enhancement of the K- yield in heavy-ion collisions 
at subthreshold incident energies due to in-medium shifts of the elemen­
tary production thresholds to lower energies. Antikaon enhancement in 
nucleus-nucleus interactions has been recently observed by the KaoS a.nd 
FRS Collaborations at SIS/GSI [22-24]. This phenomenon has been at­
tributed to the in-medium K- mass reduction [12, 14, 25, 26]. Thus, 
analysis of· the KaoS data [22, 23J within the framework of a relativistic 
transport model [14, 25] has shown that these data. are consistent with 
the predictions of the chiral perturbation theory that the K+ feels a weak 
repulsive potential and the K-:- feels & strong attractive potential in the nu­
clea.r medium (respectively, of about 20 and -110 MeV at normal nuclea.r 
ma.tter density). This is simila.r to the findings of Cusing et aI. [26J. 

Of special question is the validity of extrapolation of extracted in [14, 
25,26] an "empirical" bon and a.ntikaon dispersion relations from densities 
of (2-S)po to the density of ordinary nuclei. This can be clarified from the 
study of subthreshold K+ and K- production in proton-induced reactions. 
The advantage of these reactions is that a possible bon and antikaon mus 
changes (up to 5% and 20% for K+ and K-, respectively), a.J.though smaller 
than those in heavy-ion collisions, can be better controlled due to their 
simpler dyna.mic8 compared to the case of nucleus-nucleus interactions. 
Therefore, the information obtained from the proton-induced re~tions 
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will supplement that deduced from heavy-ion collision studies and provide 
an independent test of theoretical predictions that precursor phenomena. of 
chiraleymmetry restora.tion should be observable already at normal nuclear 
matter density. 

Another a very important informa.tion tha.t can be extracted from the 
study of K+ and K- meson production in pA-collisions a.t subthreshold 
incident energies concerns such intrinsic properties of target nuclei as Fermi 
motion, high momentum components of the nuclear wa.ve function. 

The inclusive K+ production in proton-nucleus reactions a.t bombard­
ing energies less than threshold energies. in a collision of free nucleons has 
been extensively studied both experimentally a.nd theoretically in recent 
years [27-39}. This phenomenon is under studying presently a.t the ac­
celerators COSY-Jiilich [40J and CELSIUS [41J as well as at the ITEP 
proton synchrotron [42]. Up to now, there have been, however, no da.ta on 
subthreshold K- production in proton-nucleus collisions. Therefore, the 
main goal of the present work is to study this phenomenon. In the paper 
we present the results and analysis of the first experiment on subthreshold 
K- production on Be, Al and Cu target nuclei by protons. Some prelim­
inary results of this study have been reported in [42]. It should be noted 
that the investigation of inclusive and exclusive subthreshold K- produc­
tion in pA-interactions is planned in the near future at the accelerator 
COSY-Jiilich [40J. 

The paper is organized as follows. In Section 2 we briefly review the 
experimental setup. The Table with the measured cross sections for K­
production in pBe9-, pAl2C and pCu63-collisioDs, their A-dependence as 
well as its comparison with the A-dependence for the subthreshold K+ 
production on the same target nuclei are given in Section 3.. In Section 4 
we carry oui a deiailed study of subthreshold antikaon production in pBe9

­

interactions on the basis of the spectral function approach that includes 
consistently the mean-field potential effects both on the one-step and on 
two-step antikaon production processes. Section 5 presents the description 
of the measured invariant cross sections for K- production on Be9, Al21 
and Cu,63 target nuclei within the simple folding model based only on the 
internal nucleon momentum distribution. Finally, the results of this work 
are summarized in Section 6. 
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2. EXPERIMENT 

The experiment was carried out with internal proton beam of the ITEP 
synchrotron irradiated Be, Al and Cu targets less than 100 micron thick. 
Initial proton energies were determined within the a.ccuracy of 5 MeV by 
measurements of the accelerating frequency. Secondary particles of mo­
mentum (1.28* 0.014) GeV were detected at 10.5 degree (lab.) by Focusing 
Hadron Spectrometer (FHS). FHS is a double focusing magnetic cha.nnel 
consisting of two dipole and two pair of quadrupole magnets. The accep­
tance of the spectrometer was equal to 0.8 msr. Multiwire proportional 
chamber located at the second focus of the magnetic system served for the 
control of the outgoing particle profile. 

The trigger for the hardware K- selection included the signals from 
differentia.l Cherenkov counter and two-stage TOF system based on the 
scintillation counters. The efficiency of Cherenkov counter was periodica.l­
Iy tested in special measurements a.t above threshold energy using rather 
intensive flux of positive ka.ons with the same momentum. Two photomul­
tipliers XP2020 were mounted on both sides of each scintillator used for 
the TOF measurements. The time resolution of the system did not exceed 
300 ps (FWBM). Only about 51 of bons reached the stop counter since 
the distance from the production targets to second focus of the spectrom­
eter was equal to 32 meters. Veto signal from gaseous Cherenkov counter 
provided additional pion suppression. The particle identification was quite 
reliable up to the value of K--- /.,,--- ratio equal to 1:6*106 at the downstream 
TOF counter. The kaon missidentificatioD was less than 5X for projectile 
proton energy range 2.9-2.35 GeV and did not exceed 151 in the two lowest 
point. Specia.l pion trigger was also prepared to determine the pion yields. 

The measurements of K- /'If- ratios covered the initial proton energy 
range from 2.91 to 2.25 GeV. Four activation experiments in this energy 
range were performed for determination of pion crOS8 sections. The result­
ing uncertainty of absolute normalization of the differential cross sections 
for kaon .production was equaJ to be 201. Obtained values of the cross 
sections were corrected for the particles 108s due to nuclear interactions 
with ma.terial in the spectrometer, multiple scattering, meson decays and 
detector efficiency. 
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3. EXPERIMENTAL DATA AND ATOMIC 

MASS DEPENDENCE 

The measured differentia.l cross sections for K- production from different 
nuclei axe summa.rized in Table 1. The uncertainty of the absolute normal­
ization does not included. 
The example of energy dependence of K+ cross section production on Be is 
presented in Fig.2. The arrow indicates the threshold energy for the pro­
duction of K- with detected parameters in free nucleon-nucleon collisions. 
Double differential cross sections for negative pion production were also 
measured at the primary proton energies ranged from 2.9 to 2.25 GeV. 
The conclusion on the reaction mechanism can be drown from the analysis 
of the Observed atomic mass dependence. The ratios of the experimen­
tal K- production cross section on nucleus A and the same values on Be 
nucleus denoted as R(A/Be) are plotted in Fig. 1. against the atom­
ic rous number A. The corresponding ratios for K+ mesons [55] are also 
shown. This ratios calculated for the energy interval reffering to the same 
values of qmi". The values of qm',. can be calculated taking into a.ccount 
the energy-momentum and strangeness conservation in pA - N N K K­
reaction, (P + W - PK-)2 = (2MN + MK)2. Here MN stand for nucle­
on masses; P(Eo,Po), W(w,qmi.), PK-(EK-,PK-) are components of the 
four-momenta. for projectile proton, target nucleon and detected antikaon, 
respectively. It is seen that A-dependence for K- mesons is slightly weaker 
of K+. It could be explained by high level of K- absorbtion in the nucleus. 
Since the main contribution to the K+ production cross section comes from 
the direct channel [55] this finding evidences for the domination of the di­
rect mechanism in process of subthreshold K- production in pA collisions. 
The assumption that the opening of the cascade channel is a single reason 
for observed enlargement of R provides the possibility to estimate the max­
imal contribution of the cascade production to the cross sections. Taking 
into account that the c&sca.de process plays a minor role in our study for 
the light Be nucleus (see, below Sec. 4,5) one can find these contributions 
for Al and eu nuclei a.re about 1/3. 
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Table 1
 
Invaria.nt cross sections Eduld3'P [nbGeV- 2sr-1c3] for K- production
 

with momentum 1.28 GeVIe a.t 10.5 degree (lab) on Be, Al and Cu. The
 
uncertainty of the absolute normaliza.tion (see text) is not included.
 

To,GeV Be AL Cu 

2.92 3830;i: 570 8760= 1300 12110: 1700 
2.80 1800: 270 3795: 500 6305: 880 
2.70 800= 110 1880:1:: 280 2500= 370 
2.60 500:1: 80 1005= 150 1615: 240 
2.50 169: 25 349: 51 415: 75 
2.45 93:1:: 15 
2.40 42=6 98: 16 197:1: 31 
2.35 19.8: 2.8 57.5:i: 10 86: 14 
2.30 9.0= 1.4 29:1:: 10 
2.25 4.7: 1.0 

4. D a t aA D a 1y 8 i 8 • The Mod e 1 and 1 D put 8 

4 •1 D ire e t K - Pro d uc t i 0 D M e c h aD ism 

Apart from participation in the elastic sca.ttering a.n incident proton can 
produce a. K- directly in the first inelastic pN-collision due to nucleon 
Fermi motion. Since we a.re interes~ed in a few GeV region (up to 3 GeV), 
we have taken into account [43] the following elementary process which has 
the lowest free production threshold (2.99 GeV for kinematical conditions 
of our experiment in which we have detected the rather "hard" K- mesons 
with momentum of 1.28 GeV/c a.t the laboratory angle of 10.5°): 

p +N - N +N + K + K-, (1) 

where K stands for K+ or KO for the specific isospin cha.nnel. In the 
following calculations, we will include the medium modification of the fi· 
nal hadroDs (nucleons, kaon and antikaon) participating in the production 
process (1) by using their in-medium masses m1 determined below. The 
kaon and antikaon masses in the medium mir* can be obtained from the 
mean-field approxima.tion to the effective chiral Lagrangian [44-46], i.e.: 

• (EKN . 3 )
mX='=(PN)" mK 1- 2j2mJrPS:l: 8j2mK

PN , (2) 
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where mK is the rest mass of a kaon in free space, I = 93 MeV is the 
pion deca.y constant, and };KN is the K N sigma term which depends on 
the strangeness content of a nucleon a.nd reflects the explicit chiral sym­
metry brea.king due to the non-zero strange quark mUSt It determines 
the strength of the attractive scalar potential for bon and antika.on. The 
scalar and nuclear densities are denoted, respectively, by PS and PN. Since 
the exact value of '£KN and the size of the higher-order corrections lead­
ing to different scalar attractions for ka.on and antikaon are not very well 
known, the quantity '£KN has been treated in [14, 25] as a free parameter 
which was adjusted separa.tely for K+ and K- so that to achieve in the 
framework of the relativistic transport model a good fits to the experimen· 
tal K+ and K- spectra [22, 23] in heavy"':'ion collisions. Using the values 
of the "empirical kaon and antikaon sigma. terms" obtained in [14, 25] and 
taking into account that PS IiIl O.9pN at PH S Po [44), we ca.n readily rewrite 
Eq. (2) in the form: 

(3)
 

where the K* optical potentials UK=(PN) are proportional to the nuclear 
density PH 

(4) 

and 
U~+ =22 MeV, U~_ =-126 MeV. (5) 

To explore the sensitivity of the K- spectra from primary channel (1) in 
proton-nucleu8 reactions to the K*' potentials in nuclear matter, we will 
both ignore these potentials in our calculations and &dopt also in them 
instead of antikaon potential (4), (5) the K- potential extracted [13] from 
the analysis of bonie atom data, viz.: 

UK-(PN) = -129 [-0.15+ 1.1 e~t·l ':: MeV. (6) 

It is easily seen that the potential (6) amounts to - 200 MeV in the nuclear 
interior. According to the predictions of the quark-meson coupling model 
by Tsushima et aI. [9J, one has that mlco = mlc+ in symmetric nuclear 
ma.tter. The effective m&8S mil of secondary nucleons produced in the 
reaction (1) can be expre8sed via. the scalar mean-field potential UN(PN) 
&8 follows [31]: 

(7)
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where mN is the bare nucleon mass. The potential UN(PN) was assumed 
to be proportional nuclear density [15]: 

UN(PN) =U~~ (8)
Po 

with the depth at nuclear saturation density Po relevant [37] for the momen· 
tum range of outgoing nucleons for the most pa.rt of kinematical conditions 
of the present experiment on subthreshold antik&on production 

U~ = -34 MeV. (9) 

To see the sensitivity of antibon production cross sections from the one­
step process (1) to the effective nucleon potential, we will both neglect this 
potential in the following calculations and employ in them the potential of 
the type (8) with depth [15, 36} 

u~ = -50 MeV: (10) 

The total energies E~ of secondary hadrons .inside the nuclear medium 
can be expressed through their effective masses mh defined above and in­
medium momenta p~ 8.8 in the free particle case, namely: 

(11)
 

It should be pointed out that the use of the quasiparticle dispersion relation 
(11) with momentum-independent scalar potentials (4)-(6), entering into 
the in-medium masses of final KZ mesons, is very well justified for the 
K+ meson [17], whereas in the ease of K- meson it is valid only for small 
momenta. However, for reasons of simplicity as well as in view of the 
substantial uncertainties of the model K- optical potential (see, above), 
we will neglect the explicit momentum dependence of antikaon mean-field 
potential in the present study. 

Now, let us specify the energies and momenta of incoming proton inside 
the target nucleus as well as of the struck target nucleon participating in 
the first chance pN-collision (1). The total energy E~ and momentum p~ 
of the incident proton inside the target nucleus are related to those Eo and 
Po outside the nucleus by the following expressions· [37]: 

I 6 p 2 
Eo == Eo- --, (12)

2MA 
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p~ = Po - .1.p, (13) 

where 
bop = EoVo Po . (14)

Po !Pol 
Here, MA is the mass of the initial target nucleus, and va is the nuclear 
optical potential that a proton impinging on a nucleus at the kinetic energy 
fO of about a few GeV feels in the interior of the nucleus (~ Rl 40 MeV). 
Further, let E~ and Pi be the total energy and momentum of the struck 
target nucleon N just before the collision (1). Taking into account the 
respective recoil and excitation energies of the residual (A - 1) system, one 
has [36, 37]: 

E1 =MA - V(- P1)2 + (MA - mN +E)2, (15) 

where E is the removal energy of the struck target nucleon. After specify~ 

ing the energies and momenta all particles involved in the K- production 
process (1), we can write out the corresponding energy and momentum 
conservation: 

E~ + Et = E~l + E~2 + E~ +E~-, (16) 
I I Ir, 

Po + Pi ~ PNl + PN:a + PK + PK-' (17) 

From (16) and (17) we obtain the squared invaria.nt energy available in the 
first chance pN-collision: 

, 2 I 2 
8 = (Eo + E,) - (Po + p,) . (18) 

On the other hand, according to the Eqs. (16), (17), one gets: 

8 = (E~l + E~:a + E~ + E~_)2 - (P:V1 + P~2 + p~ + p~_)2. (19) 

Using (11), this leads to the following expression for the in-medium reac­
tion threshold: 

{if;. == 2mN +mx+ +m~- = ..; 8~" + 2UN + UK+ + UK-, (20) 

where";:;;;; = 2(mN + mK) is the threshold energy in free space and the 
effective potentials are given by (4)-(6), (8)-(10). It is clear from (20) that 
the threshold for antikaon production in the reaction pN - NN K K- is 
lowered when the in-medium masses are used. Thus, for example, the 
reduction of the K- threshold in the nuclear interior will be 172 MeV 
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and 204 MeV, respectively, for potentials (5), (9) and (5), (10). This 
will strongly enhance the K- production in first chance pN-collisions at 
subthreshold beam energies. 

Finally, neglecting the K- production via resonances in pN-collisions 
[12] and taking into consideration the antika.on final-state absorption, we 
can represent the invariant inclusive cross section for the production on 
nuclei K- mesons with the total energy EK- a.nd momentum PK- from 
the primary proton induced reaction channel (1) &s follows (see, also, [36, 
37)): 

t/4(7f'lm) ( ) 
EK- ,A-+K-X Po = AjP(r)dr)( (21)

tlPK­
o +~ 

)( exp [- #(Po) j per + zOo)" - #(PK-) I per + :cOK- )dz] x 
-~ 0 

(E ' do',N....NNKK-[P~, P~- ,p(r)])
)( K- ..l ' ,

"'PK­
where 

(E~- dO'pN_NNK~t~·p~-·p(r»)) =f f pep"~ E)dp,dE. (22) 

dU,N....NNKK-[v'i,p~_,p(r)l].[E' x K- ..l ' , 
""PK­

I-'(Po) = u;;(Po)Z +u;:(po)N, J1.(PK-) =UiC~,(PK-)Z +U1C~,,(PK- )N. (23) 

Here, E~-do"N_NNKK-[v''i, P~_ ,p(r)]/dp~- is the "in-medium" invaria.nt 
inclusive cross section for K- production in reaction (1); p(r) and P(Pt, E) 
are the density and nucleon spectral function normalized to unity; Pi and 
E are the internal momentum and removal energy of the struck. target 
nucleon just before the collision; u;'k and u~~N are the inelastic and total 
cross sections of free pN- and K- N-interactiona; Z and N are the numbers 
of protons and neutrons in the target nucleus (A=N+Z)j 0 0 = Po/po (Po 
is the beam momentum), 0K- = PK-/PK-j B is the pN center-of-mass 
energy squared. The expression for' is given above by the formula (18). 
In Eq. (21) it is assumed that the K- meson production crOBS sections 
in pp- and pn-interactions are the same [21, 43) as well a.s any difference 
between the proton and the neutron spectral functions is disregarded [36, 
37]. In addition, it is suggested tha.t the way of the produced antikaon 
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out of the nucleus is not disturbed by the K- optical potential and K- N 
elastic rescatterings a.s well as that O"~~N(P:rc-) ur-N(PK-) 1. As aIla 

result, the in-medium antikaon momentum p:rc- is assumed to be pa.rallel 
to the va.cuum one PK- and the relation between them is given by: 

(24)
 

In our approach the invariant inclusive cross section for K- production 
in the elementary process (1) ha.s been described by the four-body phase 
space calcula.tions normalized to the corresponding total cross section [36]: 

(Ji-m~+ -m~_ r' ,\( d .2)
• • • tit) '7f' f SNNtmN,mN14(8 ,fflK+t mK-,mN,mN = '2 )( (28) 

4miJ SNN 

)( 13(8, mic-, -liNN, mX+)daNN, 

'\(z,y,z) =/[z- (-Iy+v'z)2][z- (v'y- v'zp] , (29) 

8NNK :: 8 +mil- - 2(E~ +Et)E~- + 2(p~ +p~)p~-. (30) 

Here, U,N_NNKK-(v'"i,v'Sfh) is the "in-medium" total cross section for 
K- production in reaction (1). This cross section is equivalent (20, 26, 
31] to the vacuum cross section U,N_NNKK-(-Is,-I 81h) in which the free 
threshold" 8th is replaced by the effective threshold "8ij; a.s given by Eq. 
(20). For the free tota.l cross section U'PN_NNKK-(v'i,v' 81h) we have used 
the parametrization 2 suggested in [43, 47] that has been corrected for the 

lSuch approxima'iona are allowed in calcula.ting the X- productioJl croll lecHona for kine. 
miotic, of 'he prelen' experiment. 

'It should be men'ioned that this parame'ri...tion hal been propOied for the inclulive " -+ 

K- X crolillection which ia u81lmed to be the lame u thd 101' PP - 1fJX+X- .., beam e:aer;ie. 
of Interest (43, 41). 
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new data point 3 (500 pb) for pp .... ppK+K- reaction from the COSY-11 
colla.bora.tion at COSY-JiiUch [48) taken at 6.1 MeV excess energy, viz.: 

0.098 (1 - bf)2.23 (rob] 

for 0 < -Ii - -I 8~h S 0.1 GeV 

(31)
F (,:.) [mb] 

for "i - -I'iih> 0.1 GeV, 

where 

(32) 

and 

Fl(Z) = (1 + l/-li)ln(z) - 4(1- 1/-li), 
F2(Z) = 1- (1/-1;)(1 + In (z)/2), 

u 
Fa(z) = (:I: ~2 1r (33) 

For X- production calculations in the case of Be9 target nucleus re­
ported here we have employed for the nuclear density p(r) the harmonic 
oscillator density distribution: 

p{r) = PN(r)/A = (6':):" {l + [A; 4] br'}exp(-br') (34) 

with b = 0.329 1m-2. Another a very important ingredient for the calcu­
lation of the K- production cross sections in proton-nucleus reactions in 
the subthreshold energy regime- the nucleon spectral function 4 P(Ph E) 
(which represents the proba.bility to find a nucleon with momentum P1 and 
removal energy E in the nucleus) for Be9 target nucleus was taken from 
[36, 37] . 

. Let us consider now the two-step K- production mechanism. 

3Thi, data point it underettim..'ed .. well (by a factor of ..bout 20) by the currellt 
paramelriution employed in the recut Ihdy [11) of the antibon p:rooduc\ioll i.. pro\oa-:u.ucleu 
colllaiolli. 

tit .hould be n~tic.d that dIe flln energy-momentum di.'ribv.tioll of the struck t ..rget nu­
cleons ha.s not bee. t&ken into consideration ill the previoUi ltudi.. [1 T, 42, 49, 50] of the 
nDthrelAold aDd llea.r thre.hold utibon production In proton-nucleul rea.etionl. 



13
 

4.2 Two-Step K - Production Mechanism 

Kinematical considera.tions show that in the bombarding energy range of 
our interest (s 3.0 GeV) the following two-step production process may 
not only contribute to the K- production in pA-interactions but even dom­
inates [11,49) at subthreshold energies. An incident proton can produce in 
the first inelastic collision with an intranuclea.r nucleon also a pion through 
the elementary reaction: 

p + N1 - N + N +?r. (35) 

Then the intermediate pion, which is assumed to be on-shell, produces the 
antikaon on a. nucleon of the ta.rget nucleus via. the elementary subprocess 
with the lowest free production threshold (1.98 GeV for kinematics of the 
present experiment): 

1r +N" - N + K +K- (36) 

provided that this subprocess is energetica.lly possible. To allow for the 
influence of the nuclear environment on the secondary K- production pro­
cess (36), it is naturally to use in calculations of the K- production cross 
section from this process the same in-medium modifications of the masses 
of final hadrons (bon, antikaon and nucleon) as those (3), (7) for hadrons 
from primary pN-collisions due to the corresponding mea.n-field potentials 
UK*(PN) and UN(PN). For the sake of numerical simplicity, these poten­
tials are assumed here to be density-independent with depths (5) and (9) 
taken at the nuclear saturation density. Evidently, this ena.bles us to ob­
tain an upper estimation of the respective cross sections. Moreover, in 
order to reproduce the high momentum tails of the pion spectra at for­
ward laboratory angles from the reaction (35), which are responsible for 
the K- production through the 1fN... NK K- channelt it is necessary to 
take into account in calculating these spectra, as was shown in [37J, the 
modification of the mass of each low-energy nucleon produced together 
with a high-energy pion by the effective potential (9). But, since we will 
employ (see, below) in our calculations of the antikaon production from 
secondary process (36) the pion spectra from proton-nucleus interactions 
also measured in the present experiment instead of the theoretical ones, 
this modification will be a.utomatically included. Then, taking into ac­
count the a.ntikaon final-state absorption as well as using the results given 
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in [36 t 31}t we easily get the following expression for the K- production 
cross section for ,A-reactions from the secondary pion induced reaction 
channel (36), which includes the medium effects under consideration on 
the same footing as that employed in calculation the K- production cross 
section (21) from primary proton induced reaction channel (1): 

da~~~K- .l'(Po) _ ~ / dO JI~"f("") 2.1 dO'~~~.l'(po)
EK- - ~ ... P"a-Pff )( (31)

dpK- ff=ff+,ffo,ff- 40ff ,~. dpff 

Iv [A, q~1r(Po), q:'~(Ptr)t qk~N(PK-), ~fft~K-}
 
)( I~[A, O';1r(po), O'~~('ff)' iff) )(
 

•f f P(p'.,E')tlp'.dE' [E~- du'N~Kd;~_i1'P'K-)] , 
where 

IV[A,cr~N(PO)'O'~~(Pf()'O'}(:N(PK-)'~f(t"K-] =A2 f f drdrI 9(zl\»)( (38) 

)( 6(2)(xl.)p(r)p(r l)>< 

ox exp [- JJ(Po) / perl + z'Oo)dz' - #.'(p.,;} 7perl + z'Otr)dz']x 
-00 0 

00 

)( exp (-P,(PK-) / per + Z'OK- )dz~, 
o 

I~[A, cr;'N(po), (1~~(Pf()' 11ff] = A / p(r)drx (39) 

)( exp [- #I(Po) f
o 

per + zOo)dz - #1(',:) / 
00

per +:z:Off)dz), 
-00 0 

r - fl == zu0" + X.J., ()., =Pff/P."cos'6ft = (}o(}.,tCOS"x- = OO(}K-; (40) 

",(,.,) = (A/2)[u~~(Pff) + q~~(Pff )}t 9(zn) = (zll + \ZUI)/2Iznl 

and 

(41) 
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_ ZE' dO'",,_K-X(v'il,p'K-) + N 4u1fD_K-X(J ii, P'K-)E, 
- K- I K-..1 , ,A dp K- A u,p g-

I81 == (E... + Et')2 - (P,.. +p.,)2 , (42) 
, I 

Et = mN - E - Cree, (43) 

"m(t(} ) _ PAPa cos iff + (Eo + MA)Jpl- 4m;(8A + p~ sin
2

f",) (44) 
P... l' - 2(8.4 + p~sin2",... ) , 

PA = SA + m: - Ml+H SA = (Eo + MA )2 - p~. (45) 

Here, du~.l~n:.>x(po)/clp,. are the inclusive differential cross sections for pion 
production on nuclei from the prima.ry proton induced reaction channel 
(35); E~-c/,(1 ...,_K-X/dp'K- (E~-d,qf("'_K-X/dp'K-)is the in-medium in­
clusive invariant differential cross section for K- production in 'lfP ('lfn)­
collisions via the subprocess (36); u~~(P1') is the total cross section of the 
free 'lrN-interaction; p" and E" are the momentum a.n.d total energy of 
a pion; p;6. is the absolute threshold momentum for antikaon production 
on the residual nucleus by an intermediate pion & ; p~m«(J,..) is the kine­
maticallimit for pion production at the lab angle fJ,. from proton-nucleus 
collisions. The quantities I-'(Po) and J,£(PK-) are defined above by the Eq. 
(23). And finally the quantity C"tte in (43) takes properly into account the 
recoil energies of the residual nuclei in the two-step production process 
(Cree'" 3 and 16 MeV fOf initial Be9 target nucleus in the case of use in 
(37), respectively, uncorrelated and correlated parts of the nucleon spectra.l 
function). The in-medium momentum p'K- of antikaon produced in the 
secondary ?rN - N K K- channel is related to the free one PK- by the 
relation (24) in which, according to the above mentioned, one has to put 

_~ mic- == mK +Uz,- with U~_ = -126 MeV. 
Because we are interested in the high momentum parts of pion spectra 

du~~~x(po)/dp,.. at forward la.boratory angles, as was noted a.bove, and 
since the high momentum tails of the experimental pion spectfa 
du~~!!,..x(po)/dp". at these angles Me populated mainly by the pions from 
first chance pH-collisions (35) f37], we will employ in our calculations of the 
K- cross sections fro~ the two-step process (35), (36) the experimental 
pion yields at sma.ll angles and for high momenta. In the case of Be9 

target nucleus of interest these yields have been measured in the present 

ICaledationl thow that ,:. ,., 1.88 GeV/c for the production of K- meloal with momentum 
of 1.2& GeV/e at the l..b ugle of 10.5°. 
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experiment at the laboratory angle of 10.50 for incident proton energies 
1.15,2.25 GeV and the results of measurements, using those from [51, 52J, 
have been parametrized as follows: 

(46) 

. dO"(8,.p) () 
E.,- pBe 

9 -+.,-X Po := 130(1 _ :u~)3+5'1 [GeV. mb/(GeVle)3], (41)
dp.,­

where the radial scaling variable z~ is given by 

•
B P 

ZF:= -.-, (48) 
Pm4ll: 

• .r;:-;--; ." 1 2 ~)p= VPL +p1, PmG:D= 2~ 8A .It(8A,m., MA+1 

and PL, pJ. are the longitudinal and transverse momenta of pion in the 
pA center-of-mus system, respectively; PftWI is the maximum value of P 
allowed by the kinematics. The quantity 8A is defined above by the Eq. 
(45). The 'lr0 spectrum also· needed for OUI calculations can be approxi­
mately expressed via the.,-* spectra as: 

E.G dCT~;~-+.,ox(po) = ! [E.,,+ tla~~;J-+ ..+x(po) +E.,- dcT;~1-+.,- X(PO)] .. 
dp..a 2 tlp.,+ dp.,,­

(49) 
In our method the Lorentz invariant inclusive crOBS section for K­

production in 'll"N-eollisioDS (36) has been described by the three-body 
phase space calculations normalized to the respective "in-medium" total 
craas section (lftN_NICIC-(-I 81, J'!,tb.)' According to [53], one has: 

' dtT",N-NKK-(-li'i,P'IC-) _ !U."N-+NKK-(oIii,{if;)
E (50)

K- .J , - 4 1: ( • • .) )(l6p K- 3 "I,mK+,mK-,rnN 

.2 ' , ') ,
SKN = "1 +mK- - 2(E. +E1)EK - +2(p", +P t P K- (51) 
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and 
18tCh = J 81,th +U~ +U~+ +U~-, (52) 

where J 81,'11. = fflN +2mg is the vacuum threshold energy and the quanti­
ties 13 , Aare defined by the (27), (29), respectively. Like above, we assume 
tha.t the "in-medium" crOS8 section CT-wN-NKK-("; 81, V,tin.) is equivalent to 
the vacuum croS8 section CT",N-NKK-(" '1," '1,.,11.) in which the free thresh­
old J 81,t" is replaced by the effective threshold J'i,ch as given by Eq. (52). 
For the free total cross section U"N-NKK-(J Bb J Bl,Ch) we have used the 
following parametrization suggested in [53): 

_ .. A[(J 81 - J 'l,C,.)/GeV]i 
U-wN-NKK-(J II,"; 81,,11.) = B + [("; 81 _ ..; 81,Ch)/GeV]i' (53) 

where the constants A, B, i and j are given in Table 2. 

Table 2. Pa.rameters in the approximation of the partial crOS8 sections 
for the production of K- mesons in 'K N-collisions 

Reaction A(mb) B i ; 

'/r++n - p+K++K­ 0.1757 0.4938 1 2 

w- +p - n+K++K­ 0.1800 0.0549 2 3 

'/r-+p - p+Ko+K­ 0.0576 0.0549 2 3 

'/r-+n _ n+Ko+K­ 0.0647 0.2910 1 2 

For obtaining the to~aJ Closs sections of ?r0p _ pK+K- , 'iron - nK+K­
and 'iron _ pKoK- reactions where da.ta are not available we have em­
ployed the isospin considerations. They shown that there exist the follow­
. l' 6 h /lng re atlons among t e U"N_NKX-8: 

2l1'-W-1'_ftK+K- +O'1l'-,._nKoK- +U",-p_,KOK- =2[2u...o,_pK+K- +l1"l!'Q3_pKOK-], 

(54) 

In Ihould be noted \ha\ \hele rel..tionl &1'e 11 line with thOle among the V:N_NKK-' derived 
in (54) employbg the g--reloDuce exchuge model. 
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(55) 

and 
0'-r0._,KoK­ .. CT"-p-+n.X+K- • (56) 

Using (54)-(56), one gets: 

1 
O'yfJJl-+PK+K­ = u..o"..."X+K- ;;: 4' (O'"-,,.......ucoK- + (J'IJ:-fJ"'fJKOK-)' (57) 

Within the representation (50), the inclusive invariant differential cross 
sections 
Eg - dO'-rJl-+X-xlap'K- and E'x-do'ff".....K-xIdp'g- for antikaon production 
in 'lfP- and 'Kn-interactions appearing in the Eq. (41) can be written in 
the following forms: 

(58)
 

E' do'1t+,,_x- x(.J"ii, P'K-) _ E' do'''+''-1K+K-(.Jil, P'K-). 
x- d ' - x- .J , ,Px- (,IoPg­

d do'.oz=:x-x(" ii, p'K-) E' dq..Op_pK+K-(.J ii, p'K-)
rix- ~ , == x- d ' , (59) 

apx- Px­

' dO'~._K-X(v'8i',p'g-)_E g- d ' ­PK­

_.".I du,.o"....nK+K-(v' it, p'/C-) E' dO'",o__pxoK-(.Jil, p'g-). 
- I!iK- d ' + K- .J. , ,

PK- aPK­

' dU-r-p_x-x(.Jii,p'K-)_EK- , - (60)
dPK­

' d<1..-,_d+K-(.Jil, P'K-) E' M.-p-.pJCOK-{.J'ii, p'K-)

== EK- .1 , + K- d I , 

apx- PK­

E' dO",,-_...K-x(v'il,p'K-) _ E' dO'''-,. ....,.g°K-(.Jil, p'x-)
 
K- d ' - K- d I •
P K- P K-

Now, let us discuss the results of our ca.lcula.tions for antibon produc­
tion in pBe-interactions in the framework of model outlined a.bove. 
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4.3 Com p ari80u with Data 

At first, we will concentrate on the results of our calculations for the direct 
K- production mechanism. 

Figure 2 shows a comparison of the calculated invariant cross section 
by (21) for the production of K- mesons with momentum of 1.28 GeV/c a.t 
the laboratory angle of 10.50 from primary pN - N N K K- channel with 
the data from the present experiment for p + Beg - K- +X reaction at 
the various bombarding energies. The elementary cr08S sections O';:N and 
(1~!.N in the calculations were assumed to be 30 mb [31, 47). One can see 
that: 

1)	 our model for primary antikaon production process, based on nu­
deem spectral function, f&ils completely (especially at "low" beam 
energies, dash-dotted line) to reproduce the experimental da.ta at 
subthreshold beam energies (at energies ~ 2.99 GeV for the kine­
matical conditions of the present experiment) without allowance for 
the influence of the corresponding nuclear mean-field potentials on 
the one-1ltep production process (1); 

2)	 a simultaneous inclusion of potenti&1s for final nucleons, bon and 
antikaon (dashed line with two dots) lea.ds to an enhancement of the 
K- yield by about a factors of 1.6 and 3, respectively, at "high" and 
"low" incident energies as well as to a. reasonable well description of 
the experimental data except for the four lowest data points; 

3)	 the previous scenario is hardly distinguishable from the one with 
employing only the a.ttractive outgoing nucleon effective potential 
(dashed line with three dots), wha.t indicates that the simultaneous 
application of bon and antikaon potentials unaffects the K- yield 
and it is mainly governed by the nucleon mean-field potential; 

4)	 although the K+ and K- potentials are substantially different in 
magnitude, the effect of the K+ potential alone (compare solid line 
and dashed line with two dots) is comparable to that from the K­
potential alone (compare solid line a.nd dashed line with three dots) 
and they act in opposite directions, namely, the inclusion of the K+ 
or K- potential alone results in reduction or enhancement of the 
antikaon yield by a factors of about 1.2 and 1.5, respectively, at 
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"high" and "low" beam energies which are insufficient to describe 
the data in case when only antikaon potential alone is included; 

5)	 our calculations with including simultaneously both attra.ctive an­
tikaon (4), (5) and nucleon (8), (9) effective potentials (solid line in 
Figure 2) reproduce quite well the experimental da.ta in the energy 
region 7 !o ~ 2.4 GeV, but nevertheless underestimate the data at 
lower bombarding energies &8 in the considered above cases with the 
different scenarios for the in-medium masses of hadrons produced in 
the prima.ry production process (1) 8 ; 

6)	 an application of the effective nucleon potential (8), (10) alone (short­
dashed line) leads to a result which gives also a rather well description 
of the experimental data except for the three lowest data points, what 
means, taking into account the above mentioned, that the determi­
nation of the K- potential from the excitation function for "hard" 
antikaons appears to be difficult; 

7)	 the antikaon yield from the one-step K- production mechanisin is en­
tirely governed by the correla.ted part of the nucleon spectral function 
only in the far subthreehold energy region (at bombarding energies 
of fo S 2.4 GeV), what intimates that the internal nucleon momenta 
greater than the Fermi momentum a.re needed for K- production in 
direct process (1)·&t given kinematics and these beam energies 9 • 

The results presented in Figure 2 indicate, as was also noted above, that 
the one-step production process (1) misses the experimental data in the 
energy region far below the free threshold (at beam energies to S 2.4 GeV) 
even when the influence of the nuclear density-dependent mean-field po­
tentials (4)-(6), (8)-(10) has been included. But the K- creation due to 
first chance pN-eollisions (1) in this energy region occurs, as is evident 
from the foregoing, when the incident protons collide with the short-range 

'What count. in favou of the .eeudo that for poahlve bon. a.pparently no any medium 
modification. are needed to reproduce the da.h hi this energy region. 

an alLollld be pointed out that the 11.•• in the calc.latlon the K- optical potential (6), extrl.Ct­
eel from t:Ae bonie atom data, ba.teLd of potutlal (4), (5) lnda to acreu. of the "low" eurgy 
(eo S 2.& GeV) and "high" energy (to> 2.5 GaV) pa.rt. of the utikaon excit ..tiol\ function only 
b1 abo1l.t 16" and &%, reapectlvely. 

'Calculationa oow that the minimal internal nucleon momenta. needed for K- production in 
prim&ry ploceu (1) at incideJl' eJlergiei of 2.2&, 2.30, 2.35 a.nd 2.40 G,V correlpoadhlg to the 
fou lowest data points in Pigure 21 relpectively, lore 424, 3'74,331 and 291 MeV/c. 
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two-nucleon (or multinucleon) correlations inside the target nucleus, what 
means that the local baryon density a.round the spatial creation points of 
hadrons in these collisions can be high [38). Therefore, the antikaon pro­
duction in the far subthreshold energy region should be evaluated more 
likely for the density-independent potentials with depths (5) and (9) tak­
en at norma.l nuclear density Po than for the density-dependent fields (4) 
and (8) where the local average nuclear density is involved. 

The results of such calculations obtained both for the one-step (1) and 
two-step (35), (36) rea.ction channels as well as the same experimental data 
as those presented in Figure 2 are shown in Figure 3. It is seen that~ 

1)	 our calculations for the one-step reaction channel (1) with the set 
of parameters Vo = 40 MeV, uKr = 0, Ui-+ = 22 MeV, U~_ = 
- 126 MeV (dot-dashed line) underpredict substantially the data in 
the energy region far below the threshold, whereas the additional 
inclusion of the nucleon effective potential UFi = - 34 MeV (dashed 
line with two dots) leads to a quite well description of the data in 
this energy region, wha.t mea.ns that the K- yield is almost totally 
determined by the nucleon mean-field potential (compare u well 
dashed lines with two and three dots in Figure 3); 

2)	 the scenario when only attractive a.ntikaon density-independent p€>­
tential with depth Ui- = - 126 MeV alone is used does not allow us 
to reproduce the data in the far subthreshold energy region (compare 
solid line and dashed line with three dots), what is in line with our 
findings inferred above from the analysis of the same data with the 
density-dependent potentials; 

3)	 the results of our calculations of the antikaon yield from the sec­
ondary reaction channel (36)· with including the influence of the dif­
ferent in-medium scenarios on it underestimate essentially the da.ta 
and calculated ClOSS sections from primary process (1) (dashed lines 
with two a.nd three dots, solid line), wha.t implies the domina.nce of 
the one-step K- production mechanism for the considered antibon 
production at all beam. energies of interest. 

Let us consider now the subthreshold K- production from p + Beg, 
p +Al21 and p +CU63 reactions within the simple folding model based on 
the internal nucleon momentum distribution. 
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6. 8im pIe Firat C ollieion Folding Model 

A more conventional theoretical approach to describe the subthreshold 
hadron production on nuclei, the so-called "simple folding model" [29, 
30, 53] is based on the momentum distribution of intranuclear nucleons 
n(p,) = JP{Ph E)dE, where pep"~ E) is the nucleon spectral function. In 
this folding model it is assumed that the masses of the produced hadrons 
and the four-momentum of incoming proton are not cha.nged in the nuclear 
medium as well as that the total energy E; of the off-shell struck target 
nucleon is related to its momentum1't as follows: 

p2
E-; =mN - --'- - f, (61)

2MA-l 

where MA-l is the mass of the recoiling target nucleus in its ground state 
a.nd £ = 2 MeV is the minimal nucleon separation energy in the target 
nuclei under considera.tion. Such definition of the total energy E, is mo­
tivated by the basic idea of finding of the momentum distribution n(pc) 
in which the contribution of high momentum component C&D. be as least 
&8 possible. This was the main purpose of our work [55} devoted to the 
study of K+ production on nuclei in the near threshold and subthresh­
old energy regimes. An a.nalysis of the experimental data on subthreshold 
K+ production in pBe9-, pA121- and pCus3-rea.ctions in the framework of 
the simple folding model performed in [55) has enabled us to extract the 
internal nucleon momentum distributioDs in the considered target nuclei. 
These momentum distributions will be employed here in calculating the 
respective K- production cross sections. It should be pointed out that at 
PI > 300 MeV/c the total energy Et of the struck target nucleon given 
by the Eq. (61) is considerably greater than that gained in the spectral 
function approa.ch where on the avera.ge < E1 >= mN - ,U2mN' 

Replacing in (21) the total nucleon spectral function P{Ph E) on the 
momentum distribution of intranuclear nucleons n(pt), we easily get the 
following expression for the invariant inclusive cross section of antikaon 
production on nuclei from the primary proton induced reaction channel 
(1): 

(62) 
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X exp {- #(90) f per + :dlo)d:c - #(PK-) Jper + :cS1K- )dz]x
 
-00 0 

E d(1PN_NNKK-[PO~PK-]) 
)( ( K- dPK- ' 

where 
(EK - d<TZN~N~;:~[Po' PK-l) = / n(Pt)dp,. (63) 

)( (I,N_NNKK-(v'"i, v8ih)/4(8, PK-). 

The quantities II(Po), JSCPK-), 1.(a, PK-) and U,N_NNKK- (..; 8,"; 8th) en­
tering into the (62), (63) are defined above by the equations (23), (26) 
and (31), respectively. It should be noted that the similar approach has 
been used in [42] for the analysis of subthreshold K- production in pBe9­

collisions with adopting the alternative parametrization of the cross section 
for exclusive K- production in pN-reactions. It was ba.sed on the calcula­
tions in the framework of meson exchange model [54] which reproduces well 
the available experimental data on exclusive go production in another iso­
topic channels. The relations (62), (63) link the elementary proton-nucleon 
and proton-nucleus K- production cross sections as well &s take into ac­
count the absorption of the incident proton and outgoing antikaon in the 
nuclear matter. Using (62), (63), the calculations of the corresponding K­
cross sections from pBe9-, pAI2T- a.nd pCu63-co1lisions have been carried 
out. The nuclea.r density p(r) for Be9 target nucleus was taken in the 08­

cillator form (34), whereas for the densities p(r) in the case of Al2'1. and 
Cu83 nuclei we have assumed It. two-parameter Fermi distribution: 

p(..) = Po [1+ exp (~ ~ R)r (64) 

with R = 3.01 1m, a = 0.52 1m for AI21 and R =4.20 1m, a= 0.55 1m 
for Cu83 (56]. The internal nucleon momentUm distributions n(pt) in the 
target nuclei are assumed to be in the form: 

_ 1 [ 1 (pl ) h (P: )] (65)n(pt) - (2'X)3/ 2(1 + h) err exp - 2u1 + (If exp - 2(1l ' 

where (II = 132 MeV/c, (12 = 220 MeV/c for Be9, (II = 146 MeV/c, 
0'2 = 220 MeV/c for AI2T, Cu63 and h = 0.11 for all nuclei. As has been 
noted above, the indica.ted parameters (11, (12 and h have been extracted in 
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(55) from the experimental data on subthreshold "ha.rd" K+ production in 
pA-reactions assuming the dominance of the direct mecha.n.ialn for "hardtl 

kaon production at subthreshold incident energies. These data have been 
obtained on the same experimental setup &8 that used in the present work. 
The two-step K+ production mechanism contributes to the measured kaon 
cross sections at the level of 10% [55}. 

Figure 4 presents measured and calculated by (61)-(65) invariant cross 
sections for the production of K- mesons with momentum of 1.28 GeV/c 
at the la.b a.ngle of 10.5° from primary pN -+ N N K K- channel in pBe9-, 

pAl21- and pCfj63-collisions at different beam energies. It shows &1so the 
calculated K- cross sections within the simple folding model outlined above 
from secondary 'f( N.... NK K- channel in the case of Be9 target nucleus. 
It is nicely seen that our simple folding model calculations for primary 
K- production process (1) reproduce fairly good all the data, whereas the 
analogous calculations for secondary antikaon production process (36) in 
the case of Be9 nucleus fail completely to reproduce the respective da.­
ta points, what counts as well in favour of the conclusion drawn above 
from the a.nalysis of the data under consideration in the framework of the 
spectraJ function approach that the one-step K- production mechanism 
clearly dominates in the subthreshold "hard" antikaon production in pBe9

­

colliaions. A good agreement between the data and calculations for A121 
and Cu63 indicate! that the one-step K- production mecha.nism is of im­
portance also in pA12C and pCutl3-interactions. Therefore, the reaction 
p + A - K- + X in the subthreshold regime and for "hard" kinematics 
along with the P+ A -+ K+ +X one may be recommended for experimental 
study of the high momentum components within target nucleus. 

8. Sum mary 

In this study we have presented the experimental data on subthreshold 
K- production on Be, Al and Cu target nuclei by protons. The measured 
yield of K- mesons with momentum of 1.28 GeVic at the lab angle of 
10.5° from p + Be9 reactions in the subthreshold energy ra.nge was com­
pared with the results of calculations in the fra.mework of an appropriate 
folding model for incoherent primary proton-nucleon and secondary pion­
nucleon production processes, which takes properly into account the struck 
ta.rget nucleon momentum and removal energy distribution, novel elemen­
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tary ClOSS section for proton-nucleon reaction channel close to threshold as 
well as nuclear mean-field potential effects on the one-step and two-step 
antikaon production processes. It was shown that the effect of the nucleon 
mean-field is of importance in explaining the considered experimental data 
on antikaon production, whereas the K- optical potential pla.ys a minor 
role. It was also found that the pion-nucleon production channel does 
not dominate in the subthreshold "hard" antikaon production in pBe~­
collisions under consideration and the main contribution to the antikaon 
yield here comes from the direct K- production mechanism. 

Further, it was obtained that the measured K- cross sections both for 
the reaction p + Be9 and for the reactions p + AZ:~T, P + CUB3 are well 
reproduced also by the simple parameter-free folding model, which takes 
no account of the nuclear mean-field potential effects and uses only the 
internal nucleon momentum distribution extracted from the subthreshold 
"hard" K+ production experiment. Most likely, this means that the ob· 
tained experimentally nucleon momentum distributions, which are univer­
sal for reproducing the K+ and K- data points, take into account both 
the nuclear mean-field potential effects considered by us and the strong 
difference between the relations for the total energy of the struck target 
nucleon adopted in the spectral function and simple folding models, re­
spectively. The compe.rison of the results of calculations within the two 
different approaches presented in this study with the other data on sub­
threshold hadron production in pA-interactions, &8 one may hope, allow 
one to achieve a. better understanding of the nuclear structure as well as to 
get a. deeper insight into the particle production mechanism in the nuclear 
environment. 
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Fig.2. LOlent. invariant crOll sedions for the production of K- m.eeODB with moment.um 
of 1.28 GeV/c at the lab angle of 10.5° in 7' +Be' reacuons u functionl of the labo­
ratory kinetic energy EO of the proton. The experimental data (fulllquarel) are from 
the present experiment. The curvee are our calculabon with the deDBit.y-dependent 
pot.entialB. The duhed linel with one, two, three dots; the IOlid and short-duhed 
linel are c&1culauou for primary production procea (1) with the total nucleon .pec­
tral function at t'o =40 MeV, UN(PN) = 0, UX+(PN) = 0, UX-(PN) = OJ t'o = 
40 MeV, UN(PN) = -34(PN/Po)MeV, UX+(PN) = 22(PN/po)MeV, UX-(PN) = 
-126(px/po)MeV; t'o = 40 MeV, UN(PN) = -34(PN/po)MeV, UX+(PN) = 0, 
UX-(PN) =OJ t'o = 40 MeV, UN(PN) = -34(PN/Po)MeV, UK+(PN) =0, UX-(PN) = 
-126(PN/Po)MeVa.nd t'o = 40 MeV, UN(PN) =-50(PN/po)MeV, UK+(PN) = 0, 
UK-(PN) = 0, rupective1y. The long-duhed line denotes the lame II the dashed 
line with two datil but it iJ IUPPOIed. in addition that the total nucleon spectral 
function ill replaced by its correlated part. The arrow indicates the threlhold for 
the reaction pN ~ NN K K- occuring on a free nucleon at the kinematics under 
conaideration. 
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Fig.S. Loren~1 inv&ria.nt CI088 ledioDJ for the production of K- meeona wUh momentum of 
1.28 GeV/cat the lab angle of 10.6°inp+Bel reactions u function8oUhe laboratory 
energy of the proton. The experimental data (full squa.rel) a.re from ~he preeent 
ezperiment.. The curvel a.re our calculauon with the density-independent potentials. 
The duhed lines wUh one, two, ~hree dots and the thin lolid lin. are calculatioDJ 
for primary produdioll procelll (1) with the total nucleon spedral funchon at YO = 
40 MeV, U.£. = 0, Ui-. = 22 MeV, Ui-- = -126 MeV; Vo = 40 MeV, U'£' = 
-34 MeV, Ui-+ == 22 MeV, Ui- = -126 MeV; Vo = 40 MeV, U~ = -34 MeV, 
U~+ = 0, U~_ = 0 and YO = 40 MeV, U~ = -34 MeV, U~+ = 0, Ui-- = 
-126 MeV, respectively. The dotted, Bhort- and long-duhed. Iincs are calculatio!l8 
by (31) for t.he leCondary plodue:t.ion procell (36) at U.£. = 0, UJc+ = 0, U~_ = OJ 
U} = 0, U~+ = 0, Ul-- = -126 MeV and U~ = -34 MeV, U~+ = 22 MeV, 
U~_ = -126 MeV, respectively. The line wit.h alternating short and long dashes, 
\he thick BOlid line represent. our calcu1&tiODJ for the secondary production process 
(36) a~ U~ = 0, U~+ = 22 MeV, U~_ = -126 MeV; U} = -34 MeV, U~+ = 0, 
U~_ = -126 MeV, reapective1y. The arrow indicates the threshold for the readion 
pH - N N K K- occuring on a free nucleon at. the ki~emat.ics under consideration. 



29 

I 
l .... d I . u· 

.... 
I ... 

('I')fI) 103 

NY 
I 

>
CD 

CJ 
.c 
c 102 

-Q. 
('I') 

'"0 ....... 
t:> 

'"0 
W 101 

2,2 2,3 2,4 2,5 2,6 2,7 2,8 2{9 3,0 

EO' GeV 
Flg.4.	 Loren\a invari&nt crOM .ec:tiODJI for the production of K- meson. with momeD~um 

of 1.28 GeV/c a.~ ~he Ia.b l.ngIe of 10.5° in p +Bes, p + Ala, and p + Gu·3 reac­
tion. u function. of the Ia.boratory energy of the proton. The experimental data 
(fulllquaree- Bee, full circlel-AI2", full triangles-OuN) are from the presen~ exper­
iment. The curves are OUI calculation within the simple folding model. The .olid, 
dashed and dot-duheq linea are calculation. for. primary prodUCUoD proCell (1) 
for pBes-, pAf3'- andpau83~ollilionl,reepedive1y. The dotted line is 'calculation 
for I8condary production praceu (36) for pBes-interaction•. The arrow indie&tel 
the threshold for the reaction pN -+ NNK K- oecuring on a free nucleon at the 
kinematicl under consideration. 
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