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Abstract. We study the inclusive K−-meson production in proton-nucleus collisions in the subthreshold
energy regime in the framework of a spectral function approach for incoherent primary proton-nucleon
and secondary pion-nucleon production processes. Our approach takes properly into account the effect of
the nuclear mean-field potentials on these processes, as well as the final-state interaction (FSI) among the
outgoing nucleons participating in the one-step antikaon creation process. A detailed comparison of the
model calculations of the K− differential cross-sections for the reactions p+ 9Be, p+ 63Cu, and p+ 197Au
at subthreshold energies with the currently available experimental data obtained recently at the ITEP
proton synchrotron and at SIS/GSI is given. We find that our calculation, which includes both the nuclear
density-dependent mean-field potentials and the elementary NN -FSI effects on the K− production from
the direct mechanism, is able to reproduce the energy dependences of the invariant differential cross-
sections for the “hard” antikaon creation in p-9Be and p-63Cu collisions. This result contradicts previous
estimates which used only density-dependent mean fields in calculating the K− yield from this mechanism.
We further show that the NN -FSI effects play a minor role in describing the data on the spectrum of the
relatively soft K−-mesons from p-197Au interactions at incident energy of 2.5 GeV. We find that the relative
strength of the proton- and pion-induced reaction channels in the subthreshold energy regime is governed
by the kinematics of the experiment under consideration. We also explore the influence of the antikaon
mean-field potential on the K− yield at low antikaon momenta.

PACS. 25.40.-h Nucleon-induced reactions

1 Introduction

In a recent publication [1] the possibility to describe the
first experimental data [2] on subthreshold antikaon pro-
duction in p-9Be and p-63Cu collisions within the spectral
function approach has been investigated. This description
is based both on the direct mechanism of the K− pro-
duction and on the two-step mechanism associated with
the creation of antikaons by intermediate pions. Within
such an approach the measured yields of rather “hard”
K−-mesons with a momentum of 1.28 GeV/c at a labo-
ratory angle of 10.5◦ from p+ 9Be and p+ 63Cu reactions
are reproduced quite well at beam energies ε0 > 2.4 GeV
by calculations which, for the primary production process
pN → NNKK− (the dominant one), use attractive nu-
cleon and antikaon density-dependent effective potentials.
At lower bombarding energies the experimental results are
underestimated by these calculations. The use of the corre-
sponding density-independent fields with depths taken at
nuclear saturation density ρ0, significantly improves the
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agreement of calculations with the data in the far sub-
threshold energy region (at energies ε0 ≤ 2.4 GeV), but
overestimates the data by a factor of 2 at higher incident
energies. Evidently, the use of the density-independent
mean-field potentials in the calculations of ref. [1] for the
one-step reaction channel pN → NNKK− allows one to
get an upper estimate of the respective cross-sections. In
this case the enhancement of the K− production via the
above channel is maximal since the (density-independent)
shift of the elementary production threshold to lower en-
ergy is the largest, and the available phase space, of the un-
observed NNK system (which determines the K− differ-
ential cross-section in pN collisions), becomes maximal for
the smallest density-independent masses of the final nu-
cleons. In fact a certain averaging of the antikaon produc-
tion over all densities ρN ≤ ρ0 takes place. Therefore, the
existing disagreement between the calculations of ref. [1]
with the nuclear density-dependent potentials and the
data of ref. [2] at energies far below the free K− produc-
tion threshold indicates that higher-order processes might
play an important role. Taking into consideration that in
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the far subthreshold energy region the relative momenta
of the outgoing particles (two nucleons and kaon) partic-
ipating in the primary proton-induced reaction channel
pN → NNKK− are small, the latter discrepancy might
be entirely due to a final-state interaction (FSI) effect be-
tween them (mainly among the final nucleons, since the
KN interaction is known to be rather weak in comparison
with the strong NN interaction). Such a FSI effect may
greatly modify the angular-momentum distribution of an-
tikaons produced in this channel. This effect was neglected
in ref. [1] in the calculation of the “in-medium” differen-
tial cross-section for the K− production in pN collisions
for the kinematics of the experiment in ref. [2]. It is the
purpose of the present study to address these issues by
computing this cross-section using the Watson-Migdal FSI
theory [3–5], as well as, by reanalyzing the data in ref. [2]
employing the new cross-section in the calculations for the
direct antikaon production mechanism. Furthermore, new
experimental data on the subthreshold K− production in
p-197Au interactions have been obtained recently by the
KaoS Collaboration at SIS/GSI [6]. Namely, the double
differential cross-section for the K− production at a lab
angle of 40◦ in p + 197Au collisions at 2.5 GeV beam en-
ergy has been measured in ref. [6]. The aim of this paper
is also to present an analysis of these data using the spec-
tral function approach in ref. [1] that has been modified,
in line with the above-mentioned arguments to account
for the NN -FSI effects in the primary creation process. It
is clear that such an analysis will permit to improve our
understanding of the phenomenon of the subthreshold an-
tikaon production in composite hadronic systems. In this
paper we also present our predictions for the differential
cross-section for the K− production using 9Be as target
nucleus at 2.25 GeV incident energy, which might be mea-
sured, for example, at the ITEP proton synchrotron or at
the Cooler Synchrotron COSY-Jülich. The spectral func-
tion approach is explained in detail in ref. [1], we briefly
recall the main assumptions here and describe the respec-
tive modifications.

2 The model

Apart from participating in the elastic scattering an inci-
dent proton can produce a K− directly in the first inelas-
tic pN collision due to nucleon’s Fermi motion. Since we
are interested in the few-GeV region (up to 3 GeV), we
have taken into account the following elementary process
which requires the least amount of energy and, hence, has
the lowest free production threshold:

p+N → N +N +K +K− , (1)

where {NNK} stands for {ppK+}, {ppK0}, or {pnK+}
for the specific isospin channel. As in ref. [1], in the fol-
lowing calculations we will include the medium modifica-
tion of the final hadrons (nucleons, kaon, and antikaon)
participating in the production process (1) by using their
in-medium masses m∗

h

m∗
h(ρN ) = mh + Uh(ρN ), (2)

which include the effective scalar density-dependent po-
tentials Uh(ρN ) determined in [1] (formulas (4)-(9)). We
also take into account in the calculation of the K− pro-
duction cross-section from the one-step process (1) the
influence of the nuclear optical potential V0 ≈ 40 MeV on
the incoming (with kinetic energy ε0) proton [1]. In our
method, the K− production cross-section for pA collisions
from the primary reaction channel (1) can be expressed as
the corresponding density-averaged integral of the prod-
uct of the in-medium inclusive elementary antikaon pro-
duction cross-section (which was assumed to be the same
for pp and pn interactions) and nucleon spectral function
P (pt, E) over the struck target nucleon momentum pt

and removal energy E [1] (Eqs. (21)-(23) from this ref-
erence). The in-medium invariant inclusive cross-section
for the K− production in the elementary process (1) has
been described previously [1] by the four-body phase-space
calculations not including any FSI effects between the re-
action products. In the far subthreshold energy region of
interest the relative momenta of the outgoing particles
(two nucleons and kaon) are small. Therefore, such a FSI
among them (mainly between the final nucleons, since the
KN interaction is rather weak compared to the strong
NN interaction) may influence strongly the energy de-
pendence of the antikaon production cross-section mea-
sured in ref. [2]. Following the Watson-Migdal theory of
FSI [3–5] for two-body processes, we assume that the to-
tal reaction amplitude MpN→NNKK− for the production
process (1) factorizes approximately as 1

MpN→NNKK− =M
(0)
pN→NNKK− ·MFSI , (3)

whereM (0)
pN→NNKK− represents the short-ranged produc-

tion amplitude which is a smooth and slowly varying func-
tion of the invariant energy

√
s at beam energies of inter-

est, while MFSI describes the on-mass-shell elastic scat-
tering among protons in the exit channel in line with the
assumption in ref. [1] of disregarding any difference be-
tween the K−-meson production cross-sections in pp and
pn interactions. Among the different ways [3–5,7–35] to
account for the FSI between two particles at low relative
energies we employ here the Jost approximation [4,27–35]
and express MFSI as an inverse S-wave Jost function:

MFSI(q) =
1

J0(q)
=

q + iα

q − iβ
, (4)

where q is the relative momentum of the final protons,
while the parameters α and β in the absence of Coulomb
force 2 are related to the S-wave pp scattering length a0

1 It should be pointed out that the validity of such a proce-
dure in the meson production processes close to the threshold
is a matter of current debate [7–10].

2 Our calculations showed that the use of the Coulomb-
corrected [31] effective range approximation parameters ac

0, rc
0

in eq. (5) instead of those a0, r0 reduces the “low”-energy
(ε0 ≤ 2.5 GeV) and “high”-energy (ε0 > 2.5 GeV) parts of
the antikaon excitation function analyzed below only by about
13% and 7%, respectively.
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and effective range r0 as follows [4,18,28,33]:

α = (1/r0)[1 + (1− 2r0/a0)1/2],

β = (1/r0)[1− (1− 2r0/a0)1/2]. (5)

Using the standard values for a0 = −7.81 fm and r0 =
2.77 fm [36], we get

α = 164.35 MeV/c,
β = −21.90 MeV/c. (6)

This parameter set will be used in our subsequent calcu-
lations. It may be noted that for large q, the amplitude
MFSI goes to unity, i.e., for high relative energies the FSI
is of little importance [3–5]. Finally, using eqs. (3), (4),
we can write expressions (25)-(28) from ref. [1], which de-
scribe the in-medium invariant inclusive cross-section for
K− production in the elementary process (1), in the fol-
lowing FSI-modified form:

E′
K−

dσpN→NNKK− [
√
s,p′

K− , ρ(r)]
dp′

K−
=

σpN→NNKK−(
√
s,

√
s∗th)f

FSI
4 (s,p′

K−), (7)

fFSI
4 (s,p′

K−) = I3(sNNK ,m∗
K+ ,m∗

N ,m
∗
N , FFSI)

/

[2I4(s,m∗
K+ ,m∗

K− ,m∗
N ,m

∗
N , FFSI)] , (8)

I3(s,m∗
K+ ,m∗

N ,m
∗
N , FFSI) =

(
π

2
)2

(
√

s−m∗
K+ )2∫

4m∗2
N

λ(sNN ,m
∗2
N ,m∗2

N )
sNN

λ(s, sNN ,m
∗2
K+)

s

×FFSI(sNN )dsNN , (9)

I4(s,m∗
K+ ,m∗

K− ,m∗
N ,m

∗
N , FFSI) =

π

2

(
√

s−m∗
K+−m∗

K− )2∫

4m∗2
N

λ(sNN ,m
∗2
N ,m∗2

N )
sNN

FFSI(sNN )

×I3(s,m∗
K− ,

√
sNN ,m

∗
K+ , FFSI = 1)dsNN . (10)

The so-called FSI enhancement factor FFSI is given by

FFSI(sNN ) =
∣∣∣MFSI(q)

∣∣∣2 = q2 + α2

q2 + β2
(11)

and
q =

1
2
√
sNN

λ(sNN ,m
∗2
N ,m∗2

N ). (12)

Using (6), one may easily obtain that the enhancement
factor FFSI is equal to 46.8, 3.6, and 1.7 at relative mo-
menta of 10, 100, and 200 MeV/c, respectively. Thus,
the production of antikaons in the one-step process (1)
is expected to be enhanced when the nucleons emerge
with a low relative momentum in the final state. The
squared invariant energy s available in the first pN col-
lision (1), the function λ(x, y, z), and the squared invari-
ant energy sNNK of the final nucleons and kaon, appear-
ing in (7)-(10), are defined as in ref. [1] by eqs. (18),

(29), and (30), respectively. The in-medium antikaon mo-
mentum p′

K− is related to the vacuum one pK− by
eq. (24) from [1]. The “in-medium” total cross-section
σpN→NNKK−(

√
s,

√
s∗th) for the K− production in re-

action (1) appearing in (7) is equivalent to the vacuum
cross-section σpN→NNKK−(

√
s,
√
sth) [1], in which the

free threshold
√
sth is replaced by the effective thresh-

old
√
s∗th . The latter is related to the vacuum threshold√

sth = 2(mN + mK) and to the mean-field potentials
UK±(ρN ), UN (ρN ) introduced above by eq. (20) from [1].
As in ref. [1], we will employ in our calculations of the an-
tikaon production from the primary process (1) for the free
total cross-section σpN→NNKK−(

√
s,
√
sth) the fit (31)

(from ref. [1]) of the available experimental data close to
the threshold for the pp → ppK+K− reaction. Therefore,
relevant pp-FSI effects in σpN→NNKK−(

√
s,
√
sth) are au-

tomatically included. It should be noted that a special
question regards the validity of the incorporation of the
elementary NN -FSI effects into the analysis of p + A re-
actions. The possible screening of these effects in the nu-
clear medium is an open subject, which has not yet been
investigated theoretically. Since in the subthreshold en-
ergy region the outgoing nucleons are mainly emitted in
the forward directions close to each other with small rel-
ative momenta and “laboratory” (relative to the target
system) momenta, essentially greater than the Fermi mo-
mentum, one may hope that the bare NN -FSI is not dras-
tically suppressed in nuclei, but only partially loses its
strength here. The latter has been taken into account in
our approach by using in (12) the effective nucleon mass
m∗

N instead of the free one mN . Since the total cross-
section σpN→NNKK− is proportional to the quantity I4
in the near-threshold energy region, the energy depen-
dence of the inclusive invariant cross-section (7) for a given
kinematics (for fixed three-momentum of the produced
antikaon) close to threshold √

sNNK,th = 2m∗
N + m∗

K+

is almost entirely governed by the medium-FSI-modified
three-body phase-space integral (9). Equations (8), (9),
(12) show that the relevant relative NN momentum q for
fixed excess energy εNNK =

√
sNNK −2m∗

N −m∗
K+ varies

from zero up to qmax ≈ √
m∗

N εNNK . For example, the
momentum qmax is approximately equal to 100, 150, and
220 MeV/c at excess energies of 10, 25, and 50 MeV, re-
spectively. Therefore, at beam energies far below the free
threshold energy 3 of interest, where the corresponding
excess energies εNNK are sufficiently small 4, the K− pro-
duction on nuclei from the primary reaction channel (1)
will be enhanced (see below) due to the elementary pp-
FSI compared to the calculation in [1] which does not in-
clude this FSI. In what follows we use eqs. (7)-(12) in our

3 It is determined from the condition that
√

sNNK = 2mN +
mK and, for instance, equals 2.99 GeV for the kinematics of the
experiment in ref. [2] in which K−-mesons with a momentum of
1.28 GeV/c at a laboratory angle of 10.5◦ have been detected.

4 Thus, for example, our estimates show that the main con-
tribution to the K− production in the primary process (1) at
incident energy of 2.25 GeV for kinematics of the experiment
in ref. [2] comes from the excess energies εNNK falling in the
range between zero and approximately 50 MeV.
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calculations of the antikaon production cross-sections on
9Be, 63Cu, and 197Au target nuclei from the one-step re-
action channel (1) in the framework of the model in [1].
For the K− production calculations in the case of the
197Au target nucleus reported here we used for the nuclear
density ρN (r) the Woods-Saxon distribution (35) from [1]
with R = 6.825 fm and a = 0.55 fm [37]. The nucleon
spectral function P (pt, E) for this target nucleus is as-
sumed to be the same as that for 208Pb [38]. The latter
was taken from [39].

Now let us briefly consider the two-stepK− production
mechanism adopted in [1] . An incident proton can also
produce a K− through the following two-step production
process:

p+N1 → N +N + π, (13)

π +N2 → N +K +K−. (14)

Again, as in [1], we will use in the subsequent calculations
of the K− production cross-section from the secondary
reaction channel (14) the same in-medium modifications
of the masses of final hadrons (kaon, antikaon, and nu-
cleon) as those (2) for hadrons from primary pN collisions
due to the corresponding mean-field potentials UK±(ρN )
and UN (ρN ). In the present work these potentials are as-
sumed to be density-independent with depths U0

K± and
U0

N taken at a nuclear saturation density. In line with the
above-mentioned arguments, the FSI between the outgo-
ing kaon and nucleon participating in the K− production
process (14) is assumed to be negligible due to the weak-
ness of the KN interaction. As a result, we will calculate
hereafter the K− yield in pA collisions from the secondary
channel (14) following strictly the approach [1]. It should
be pointed out that in our calculations of the antikaon
production from the pion-induced reaction channel (14)
in the case of having 197Au as target nucleus, which we
present below, the ratio of the differential cross-section for
the pion creation on this nucleus from the primary process
(13) to the effective number of nucleons participating in
it is supposed to be the same as that for 63Cu adjusted to
the kinematics of 197Au.

Now, let us proceed to the discussion of the results
of our calculations for antikaon production in p-Be, p-Cu,
and p-Au interactions in the framework of the model out-
lined above.

3 Results

At first, we will concentrate on the reanalysis of the ex-
perimental data in ref. [2] on the K− excitation functions
for the p+ 9Be and p+ 63Cu reactions.

Figures 1 and 2 show a comparison of the calculated
invariant differential cross-sections for the production of
K−-mesons with a momentum of 1.28 GeV/c at a labora-
tory angle of 10.5◦ from the primary pN → NNKK− and
secondary πN → NKK− channels with the data taken
from the experiment in ref. [2], respectively, for p + 9Be
and p+ 63Cu reactions at various bombarding energies. It
is seen again that, indeed, our old calculations in [1] for the

Fig. 1. Lorentz-invariant cross-sections for the production of
K−-mesons with a momentum of 1.28 GeV/c at a lab angle of
10.5◦ in p+9Be reactions as functions of the laboratory kinetic
energy ε0 of the proton. The experimental data (full squares)
are from the experiment of ref. [2]. The curves show our cal-
culation. The thin solid line shows the calculation in [1] for
the primary production process (1) with the density-dependent
potentials not including the FSI effects among the outgoing
nucleons at V0 = 40 MeV, UN (ρN ) = −34(ρN/ρ0) MeV,
UK+(ρN ) = 0, UK−(ρN ) = −126(ρN/ρ0) MeV. The short-
dashed line denotes the same calculation as the thin solid line,
but this time including the FSI effects between the outgoing
nucleons. The thick solid line shows the calculation in [1] for
the secondary production process (14) at U0

N = −34 MeV,
U0

K+ = 0, U0
K− = −126 MeV. The long-dashed line is the sum

of the short-dashed and thick solid lines. The arrow indicates
the threshold for the reaction pN → NNKK− occuring on a
free nucleon at the kinematics under consideration.

primary antikaon production process (1) with the attrac-
tive nucleon and antikaon density-dependent mean-field
potentials not including the FSI effects among the out-
going nucleons (thin solid lines in figs. 1, 2) substantially
underestimate the far subthreshold data points 5. Calcu-
lations in [1] for the secondary K− production channel
(14), when in-medium modifications of the masses of the
outgoing antikaon and nucleon are included (thick solid
lines in figs. 1, 2), essentially miss the data at all beam
energies of interest. Additional inclusion of the FSI effects
between the final nucleons participating in the primary
production process (1) enhances the K− yield from this
process by about a factor of 2.5 and 1.2, respectively, at
“low” (ε0 = 2.2 GeV) and “high” (ε0 = 3.0 GeV) incident

5 It should be stressed that the additional application of the
repulsive K+ potential of about 20 MeV at a normal nuclear
matter density ρ0, as was shown in [1], does not allow us to
describe the near-threshold data points either, and this counts
in favor of the scenario with a zero kaon potential.
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Fig. 2. Lorentz-invariant cross-sections for the production of
K−-mesons with a momentum of 1.28 GeV/c at a lab angle
of 10.5◦ in p + 63Cu reactions as functions of the laboratory
kinetic energy of the proton. The experimental data (full trian-
gles) are from the experiment in ref. [2]. The curves show our
calculation. The notation of the curves and arrow are identical
to those in fig. 1.

energies (compare short-dashed and thin solid lines in
figs. 1, 2), as well as brings the theoretical predictions in
much better agreement (especially at energies ≤ 2.6 GeV)
with the experimental data 6. Moreover, adding to the an-
tikaon yield in the latter case also the contribution from
the pion-induced channel (14) results in a very good de-
scription (long-dashed lines) of the data [2]. The good
agreement with these data achieved in our present calcu-
lations indicates that the use of the elementary NN -FSI
effects in p + A reactions seems quite reasonable. On the
other hand, it leaves a minor room for the K− produc-
tion via higher-order processes such as, for example, colli-
sions of the initial proton with nucleon clusters. Figures 1
and 2 also illustrate that the two-step (thick solid line) to
one-step (short-dashed line) K− production cross-section
ratio increases with decreasing incident energy down to
2.2 GeV. In the present model calculations this ratio is
about 1/1.8 and 1/1.6 at “low” kinetic energies (ε0 ≈ 2.2–
2.3 GeV), about 1/4.5 and 1/2.5 at “intermediate” inci-
dent energies (ε0 ≈ 2.4–2.5 GeV), about 1/12 and 1/5 at
“high” beam energies (ε0 ≈ 2.7–2.9 GeV), respectively,
for 9Be and 63Cu target nuclei. This demonstrates that
the proton-induced reaction channel clearly dominates the
K− production only at bombarding energies ≥ 2.4 GeV,
whereas at lower incident energies its dominance, contrary
to the results in [1], is less pronounced.

Now let us focus on the analysis of the experimental
data [6] on the K− spectrum from p+ 197Au interactions.

6 It should be emphasized that the inclusion only of the NN -
FSI effects alone in calculating the K− yield from the primary
process (1) does not allow one to describe these data.

Fig. 3. Double differential cross-sections for the production
of K−-mesons at a lab angle of 40◦ in the interaction of
protons of energy 2.5 GeV with 197Au nuclei as functions
of antikaon momentum. The experimental data (crosses) are
from the experiment in ref. [6]. The curves show our calcula-
tion. The thin solid line shows the calculation for the primary
production process (1) with the density-dependent potentials
not including the FSI effects among the outgoing nucleons at
V0 = 40 MeV, UN (ρN ) = −34(ρN/ρ0) MeV, UK+(ρN ) = 0,
UK−(ρN ) = −126(ρN/ρ0) MeV. The short-dashed line repre-
sents the same as the thin solid line, but incorporating the
FSI effects between the outgoing nucleons. The thick solid line
shows the calculation for the secondary production process (14)
at U0

N = −34 MeV, U0
K+ = 0, U0

K− = −126 MeV. The long-
dashed line is the sum of the short-dashed and thick solid lines.
The line with alternating short and long dashes shows the same
as the long-dashed line, but the deep K− optical potential of
depth 200 MeV, extracted [40–42] from the kaonic atom data,
is used instead of a relatively deep potential of depth 126 MeV.

Figure 3 shows the results of our calculations for the
double differential cross-sections for the production of
K−-mesons from the primary pN → NNKK− and sec-
ondary πN → NKK− channels at an angle of 40◦ in the
interaction of protons of energy 2.5 GeV with 197Au nu-
clei and together with the preliminary experimental data
of ref. [6]. If we adopt the same in-medium nucleon and
antikaon optical potentials and use the elementary NN -
FSI effects, which allowed us to describe the above data on
the antikaon excitation functions [2], our full calculations
(the sum of the results obtained both for primary and sec-
ondary antikaon production processes, long-dashed line in
fig. 3) reproduce reasonably well the data of ref. [6]. Using
in the calculation a deep K− optical potential of depth
200 MeV, extracted from the kaonic atom data, instead
of a relatively deep potential of depth 126 MeV (the line
with alternating short and long dashes) leads to a better
description of the experimental data at antikaon momenta
≤ 0.5 GeV/c. This counts in favor of the conclusion that



150 The European Physical Journal A

the K− nuclear potential can be as attractive as that de-
rived from the kaonic atom studies [40–42]. To make more
reliable conclusions on the actual magnitude of the K−
optical potential in nuclear matter, we strongly need fur-
ther measurements of differential cross-sections for theK−
production in pA collisions at low antikaon momenta. In-
consistently with our previous findings of figs. 1, 2, the
inclusion of only the pN → NNKK− channel substan-
tially underpredicts the data (see fig. 3), and the majority
of antikaons stem, in the heavy target nucleus, from the
pion-induced process πN → NKK−. The latter channel
is dominant in the kinematics under consideration. So, it
becomes evident that, while the FSI among the final nucle-
ons participating in the one-step process (1) increases (by
a factor of about 1.4) the K− production cross-section
from this process (compare short-dashed and thin solid
lines), it nevertheless only slightly contributes to the to-
tal antikaon yield. This is contrary to the preceding cases
where the process (1) is found to be of importance.

Finally, in fig. 4 we show the predictions of the above
model for the Lorentz-invariant inclusive cross-sections
for the production of K−-mesons at a laboratory an-
gle of 10.5◦ from the proton- and pion-induced reaction
channels for p + 9Be → K− + X reaction at 2.25 GeV
beam energy. The data point 7 at 1.28 GeV/c was taken
from [2]. It can be seen that the inclusion of the FSI ef-
fects among the outgoing nucleons participating in the
one-step process (1) (short-dashed line in the top panel)
enhances the high-momentum part (plab ≥ 0.8 GeV/c)
of the antikaon spectrum from this process by a factor
of about 1.2–2.5 and practically does not affect its low-
momentum part (plab ≤ 0.6 GeV/c). As a result, our
overall calculations (the sum of contributions both from
the one-step (1) and from the two-step (13), (14) reaction
channels, long-dashed line in the bottom panel of fig. 4)
reproduce quite well the measured K− double differen-
tial cross-section at 1.28 GeV/c (cf. fig. 1) [2]. It is also
clearly seen that the low-momentum parts of the antikaon
spectra from the one-step and two-step production mech-
anisms react sensitively to the K− potential at antikaon
momenta plab ≈ 0.2–0.3 GeV/c. The K− yields here are
about a factor of 2–3 larger when a deep potential of depth
200 MeV [40–42] is applied compared to a shallow one
with a central depth of 55 MeV, predicted very recently
by the self-consistent chirally motivated coupled-channel
approach [43] (compare three-dot and dotted lines in the
top and bottom panels of fig. 4). This gives an opportunity,
as was also noted before [1,44,45], to determine the K−
potential in nuclear matter experimentally (to distinguish
at least between shallow and deep K− optical potentials)
by measuring differential cross-sections for subthreshold
“soft” (low-momentum) antikaon production on different
target nuclei. Figure 4 shows that the two-step (thick solid
line) to one-step (short-dashed line) K− creation cross-
section ratio is about 2.5/1 and 1/3, respectively, at low
(plab ≈ 0.2–0.4 GeV/c) and high (plab ≈ 0.8–1.0 GeV/c)
antikaon momenta. This indicates the dominance of
the one-step and two-step K− production mechanisms,

7 It corresponds to the lowest data point in fig. 1.

Fig. 4. Lorentz-invariant inclusive cross-sections for the pro-
duction of K−-mesons at a laboratory angle of 10.5◦ in
the interaction of 2.25 GeV protons with the 9Be nuclei
as functions of antikaon momentum. The experimental data
point at 1.28 GeV/c (full square) is from the experiment
in ref. [2]. The curves show our calculation for the primary
and secondary K− production processes. Top: the thin solid
line is the calculation for the primary production process
(1) with the density-dependent potentials not including the
FSI effects among the outgoing nucleons at V0 = 40 MeV,
UN (ρN ) = −34(ρN/ρ0) MeV, UK+(ρN ) = 0, UK−(ρN ) =
−126(ρN/ρ0) MeV. The dotted and three-dot lines denote the
same as the thin solid line, but using, respectively, the shallow
antikaon potential UK−(ρN ) = −55(ρN/ρ0) MeV and the deep
one, extracted [40–42] from the kaonic atom data, instead of a
relatively deep potential of depth 126 MeV. The short-dashed
line denotes the same as the thin solid line, but incorporates the
FSI effects between the outgoing nucleons. Bottom: the dotted,
two-dot, three-dot, and thick solid lines are calculations for
the secondary production process (14) at U0

N = 0, U0
K+ = 0,

U0
K− = −55 MeV; U0

N = 0, U0
K+ = 0, U0

K− = −126 MeV;

U0
N = 0, U0

K+ = 0, U0
K− = −200 MeV; and U0

N = −34 MeV,

U0
K+ = 0, U0

K− = −126 MeV, respectively. The long-dashed
line is the sum of the short-dashed (depicted in the top panel)
and thick solid lines.
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correspondingly, in the “hard” and “soft” subthreshold
antikaon production in p-9Be collisions. It should be, how-
ever, stressed that the latter is in line with the findings
inferred above (see figs. 1-3) about the role played by
the direct K− production mechanism in the subthresh-
old “hard” and “soft” antikaon creation, respectively, in
p-9Be, p-63Cu interactions [2] and in p-197Au collisions [6].

Taking into account the above considerations, we may
conclude that the FSI effects between the nucleons origi-
nating from the primary K− production channel (1) are
quite important in order to describe the experimental
data [2] on the “hard” antikaon creation in p-9Be and
p-63Cu interactions within the approach [1] when the in-
fluence of the nuclear density-dependent nucleon and an-
tikaon mean-field potentials on this channel is included.
On the other hand, these effects are found to be negli-
gible in reproducing the data [6] on the K− production
in p-197Au collisions due to the dominance here, contrary
to the measurements [2], of the secondary pion-induced
reaction channel (14).

4 Conclusions

In this paper we reanalyze the experimental data [2] on
antikaon excitation functions for p + 9Be and p + 63Cu
reactions and analyze the data [6] on the K− spectrum
from p + 197Au interactions in the subthreshold energy
regime using a spectral function approach [1]. It has been
modified to account for the final-state interaction be-
tween the outgoing nucleons participating in the primary
proton-nucleon production process. The nucleon-nucleon
final-state–interaction correction of the invariant inclusive
cross-section for the antikaon production in this process
was made in line exactly with the Watson-Migdal theory
of the FSI adopting the inverse Jost-function method. It
was shown that this correction is important for reproduc-
ing the energy dependences [2] of the Lorentz-invariant
cross-sections for the “hard” K− production in p-9Be and
p-63Cu collisions within the present approach when the
influence of the nuclear density-dependent nucleon and
antikaon effective potentials on the proton-induced reac-
tion channel is included. On the other hand, it was found
to play a negligible role in describing the data [6] on the
spectrum of relatively soft antikaons from p-197Au inter-
actions at an incident energy of 2.5 GeV. In this case,
contrary to those mentioned above, the pion-induced re-
action channel turned out to be dominant and, therefore,
only the attractive nucleon and antikaon mean fields were
essential. The good agreement with the experimental data
obtained within the present approach favors the possibility
to employ the elementary NN -FSI effects in p + A reac-
tions, as well as leaves a minor room for the subthreshold
K− production via other mechanisms in these reactions.

Consistent with the previous findings in [1], our present
results show also strong sensitivity of the “soft” K− pro-
duction in pA interactions at subthreshold incident en-
ergies to the in-medium antikaon optical potential. Ac-
cording to them, the measurements of differential cross-
sections for the K− creation on different target nuclei are

most promising at antikaon momenta plab ≤ 400 MeV/c to
distinguish between shallow and deep antikaon potentials.
The experimental data [6] available presently in the indi-
cated momentum range favor a deepK− optical potential.
However, these data are poor to draw more definite con-
clusions on the actual magnitude of the K− potential in
nuclear medium. Therefore, further measurements of the
low-momentum antikaon production in pA collisions at
subthreshold beam energies are needed nowadays to get
a better understanding of the K− properties in nuclear
matter.

The author is grateful to Yu.T. Kiselev and V.A. Sheinkman
for their interest in the work.
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