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c© Società Italiana di Fisica
Springer-Verlag 2000

Antikaon production and medium effects in proton-nucleus
reactions at subthreshold beam energies

E.Ya. Paryeva

Institute for Nuclear Research, Russian Academy of Sciences, Moscow 117312, Russia

Received: 20 July 2000 / Revised version: 10 November 2000
Communicated by W. Weise

Abstract. The inclusive K−-meson production in proton-nucleus collisions in the subthreshold energy
regime is analyzed 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 removal energy distribution (nucleon spectral function), novel elementary
cross-sections for proton-nucleon reaction channel close to threshold as well as nuclear mean-field potential
effects on the one-step and two-step antikaon creation processes. A detailed comparison of the model
calculations of the K− differential cross-sections for the reactions p + 9Be and p + 63Cu at subthreshold
energies with the first experimental data obtained at the ITEP proton synchrotron is given, that displays
both the relative role of the primary and secondary production channels at considered incident energies
and the contributions to the K− production coming from the use of the single-particle part as well as
high-momentum-energy part of the nucleon spectral function. It is found that the pion-nucleon production
channel does not dominate in the subthreshold “hard” antikaon production in p9Be-, p63Cu-collisions and
the main contributions to the antikaon yields here come from the direct K− production mechanism. The
influence of the nucleon, kaon and antikaon mean-field potentials on the K− yield is explored. It is shown
that the effect of the nucleon mean-field is of importance in explaining the considered experimental data on
“hard” antikaon production, whereas the K+ and K− optical potentials play a minor role. The sensitivity
of the subthreshold “soft” antikaon production in p9Be-, p12C-reactions to the nucleon, kaon and antikaon
mean fields is studied. It is demonstrated that, contrary to the case of “hard” antikaon production, the
K− potential has a very strong effect on the K− yield, which is greater than that from nucleon effective
potential.

PACS. 25.40.-h Nucleon-induced reactions

1 Introduction

Kaon and antikaon properties in dense matter are a sub-
ject of considerable current interest in the nuclear physics
commynity [1]. The knowledge of these properties is im-
portant for understanding both chiral symmetry restora-
tion in dense nuclear medium and neutron star properties.
Since the pioneering work of Kaplan and Nelson [2] on the
possibility of kaon condensation in nuclear matter, there
have been many theoretical studies on the in-medium
properties of kaons and antikaons, based on various ap-
proaches such as the effective chiral Lagrangian [3–8], the
boson exchange model [8–10], the Namby-Jona-Lasinio
model [11,12], the quark-meson coupling model [13],
the coupled-channel [14,15] and effective KN scattering
length [16] approaches. Although these models give quan-
titatively different predictions for the kaon and antikaon
potentials in a nuclear medium, they agree qualitatively
in establishing that in nuclear matter the K+ feels a weak
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repulsive potential of about 20–30MeV at normal nuclear
matter density ρ0 (ρ0 = 0.17 fm−3), whereas the K− feels
a strong attractive potential which ranges between −140
and −75MeV at ρ0. The K− atomic data also indicate [10,
17,18] that the real part of the antikaon optical potential
can be of the order of ≈ −200±20MeV at normal nuclear
matter density while being slightly repulsive at very low
densities in accordance with the K−p scattering length.
As a result, the deeply bound kaonic nuclei should ex-
ist [19]. Moreover, a condensation of antikaons in neutron
stars at critical density of about 3ρ0 becomes possible,
which would then lead to the lowering of the maximum
neutron star mass to the value that is in a good agree-
ment with the observed one as well as to the existence
of a large number of low mass black holes in galaxy [20].
On the other hand, in the recent chiral approach of Oset
and Ramos [21] was shown that as nuclear density ρN in-
creases the attraction felt by the K− is essentially more
moderate than that obtained with other theories and the
effective K− mass m∗

K− gains at high densities the level
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around the value achieved already at ρN = ρ0, namely:
m∗

K−(ρN > ρ0) ≈ m∗
K−(ρN = ρ0) = 445MeV, what

makes very unlikely the appearance of the phenomenon of
K− condensation in neutron star matter. The in-medium
K− mass of 445MeV corresponds to a weaker attractive
K− optical potential of about −50MeV at normal nu-
clear matter density. Furthermore, coupled-channel calcu-
lations for antikaons in matter performed very recently
in [22] have demonstrated that the K− optical potential
turns repulsive for finite momenta or finite temperature.
The momentum dependence of the K+ and K− poten-
tials at finite nuclear density has been investigated in [23,
24] within the dispersion approach. It was obtained, that
contrary to [22], the antikaon potential remains attractive
even at high momenta. The K− potential of ≈ −28MeV
at density ρ0 and an antikaon momentum of 800MeV/c
has been extracted in [25] from the data on elastic K−A
scattering within Glauber theory. Therefore, it is very im-
portant to have such experimental data which allow one
to test the predictions of the above models.

Subthreshold kaon and antikaon production in heavy-
ion collisions in which the high densities are accessible is
apparently best suited for the studying of their proper-
ties in dense matter. The transport model calculations [1,
26–33] have shown that the in-reaction-plane and out-of
reaction-plane kaon flow is a sensitive probe of K+ poten-
tial 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 elementary production thresholds to
lower energies. Antikaon enhancement in nucleus-nucleus
interactions has been recently observed by the KaoS and
FRS Collaborations at SIS/GSI [34–38]. This phenomenon
has been attributed to the in-medium K− mass reduc-
tion [16,20,39–42]. Thus, analysis of the KaoS data [34,35]
within the framework of a relativistic transport model [20,
39–41] 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 a strong
attractive potential in the nuclear medium (respectively,
of about 20 and −110MeV at normal nuclear matter den-
sity). This is similar to the findings of Cassing et al. [42].

A special question regards the validity of extrapolation
of extracted in [20,39–42] an “empirical” kaon and an-
tikaon dispersion relations from densities of (2–3)ρ0 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 kaon and antikaon mass changes (up to 5% and
20% for K+ and K−, respectively), although smaller than
those in heavy-ion collisions, can be better controlled due
to their simpler dynamics compared to the case of nucleus-
nucleus interactions. Therefore, the information obtained
from the proton-induced reactions will supplement that
deduced from heavy-ion collision studies and provide an
independent test of theoretical predictions that precursor
phenomena of chiral symmetry restoration should be ob-
servable already at normal nuclear matter density.

Another very important information that can be ex-
tracted from the study of K+- and K−-meson production
in pA-collisions at subthreshold incident energies concerns
such intrinsic properties of target nuclei as Fermi motion,
high momentum components of the nuclear wave function.

The inclusive K+ production in proton-nucleus reac-
tions at bombarding energies less than threshold energies
in a collision of free nucleons has been extensively studied
both experimentally and theoretically in recent years [43–
55]. This phenomenon is under studying presently at the
accelerators COSY-Jülich [56] and CELSIUS [57] as well
as at the ITEP proton synchrotron [58,59]. Up to now,
there have been, however, no data on subthreshold K−
production in proton-nucleus collisions. Recently, such ex-
perimental data have been obtained at the ITEP proton
synchrotron [60]. The main goal of the present work is to
analyze these data within the spectral function approach.
In the paper we present the analysis of the first experi-
ment [60] on subthreshold K− production on Be and Cu
target nuclei by protons. Some preliminary results of this
analysis have been reported in [60]. It should be noted that
the investigation of inclusive and exclusive subthreshold
K− production in pA-interactions is planned in the near
future at the accelerator COSY-Jülich [56].

The paper is organized as follows. In section 2 we give
a review of the spectral function approach employed as
well as the parametrizations for the elementary antikaon
production cross-sections. In section 3 we present a de-
tailed comparison of our calculations with the data [60] as
well as our predictions for the differential cross-sections
for “soft” K− production on 9Be and 12C target nuclei,
which might be measured at, for example, the Cooler Syn-
chrotron COSY-Jülich. Finally, the results of this study
are summarized in section 4.

2 The model and inputs

2.1 Direct K− production mechanism

Apart from participation in the elastic scattering an inci-
dent proton can produce a K− directly in the first inelastic
pN-collision due to nucleon Fermi motion. Since we are in-
terested in a few GeV region (up to 3GeV), we have taken
into account [61] the following elementary process which
has the lowest free production threshold (2.99GeV for
kinematical conditions of the experiment [60] in which the
rather “hard” K−-mesons with momentum of 1.28GeV/c
at the laboratory angle of 10.5 ◦ have been detected):

p + N −→ N+N+K+K−, (1)

where K stands for K+ or K0 for the specific isospin
channel. In the following calculations, we will include the
medium modification of the final hadrons (nucleons, kaon
and antikaon) participating in the production process (1)
by using their in-medium masses m∗

h determined below.
The kaon and antikaon masses in the medium m∗

K± can
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be obtained from the mean-field approximation to the ef-
fective chiral Lagrangian [27,62,63], i.e.

m∗
K±(ρN) ≈ mK

(
1− ΣKN

2f2m2
K

ρS ± 3
8f2mK

ρN

)
, (2)

where mK is the rest mass of a kaon in free space, f =
93MeV is the pion decay constant, and ΣKN is the KN
sigma term which depends on the strangeness content of
a nucleon and reflects the explicit chiral symmetry break-
ing due to the non-zero strange quark mass. It determines
the strength of the attractive scalar potential for kaon and
antikaon. The scalar and nuclear densities are denoted, re-
spectively, by ρS and ρN. Since the exact value of ΣKN and
the size of the higher-order corrections leading to different
scalar attractions for kaon and antikaon are not very well
known, the quantity ΣKN has been treated in [20,39] as
a free parameter which was adjusted separately for K+

and K− so that to achieve in the framework of the rela-
tivistic transport model a good fits to the experimental
K+ and K− spectra [34,35] in heavy-ion collisions. Us-
ing the values of the “empirical kaon and antikaon sigma
terms” obtained in [20,39] and taking into account that
ρS ≈ 0.9ρN at ρN ≤ ρ0 [27], we can readily rewrite eq. (2)
in the form

m∗
K±(ρN) = mK + UK±(ρN), (3)

where the K± optical potentials UK±(ρN ) are proportional
to the nuclear density ρN

UK±(ρN) = U0
K±

ρN
ρ0

(4)

and

U0
K+ = 22MeV, U0

K− = −126MeV. (5)

To explore the sensitivity of the K− spectra from primary
channel (1) in proton-nucleus reactions to the K± poten-
tials in nuclear matter, we will both ignore these potentials
in our calculations and adopt also in them instead of an-
tikaon potential (4), (5) the K− potential extracted [17]
from the analysis of kaonic atom data, viz.

UK−(ρN) = −129
[
− 0.15 + 1.7

(
ρN
ρ0

)0.25]
ρN
ρ0
MeV. (6)

It is easily seen that the potential (6) amounts to
−200MeV in the nuclear interior. According to the pre-
dictions of the quark-meson coupling model by Tsushima
et al. [13], one has that m∗

K0 = m∗
K+ in symmetric nuclear

matter. The effective mass m∗
N of secondary nucleons pro-

duced in the reaction (1) can be expressed via the scalar
mean-field potential UN(ρN) as follows [53]:

m∗
N(ρN) = mN + UN(ρN), (7)

where mN is the bare nucleon mass. The potential UN(ρN)
was assumed to be proportional to the nuclear density [21]:

UN(ρN) = U0
N

ρN
ρ0

(8)

with the depth at nuclear saturation density ρ0 rele-
vant [53] for the momentum range of outgoing nucleons
for the most part of kinematical conditions of the experi-
ment [60] on subthreshold antikaon production

U0
N = −34MeV. (9)

To see the sensitivity of antikaon production cross-sections
from the one-step process (1) to the effective nucleon po-
tential, we will both neglect this potential in the follow-
ing calculations and employ in them the potential of the
type (8) with depth [21,52]

U0
N = −50MeV. (10)

The total energies E′
h of secondary hadrons inside the

nuclear medium can be expressed through their effective
masses m∗

h defined above and in-medium momenta p′
h as

in the free particle case, namely

E′
h =

√
p′2

h +m∗2
h . (11)

It should be pointed out that the use of the quasiparti-
cle dispersion relation (11) with momentum-independent
scalar potentials (4)–(6), entering into the in-medium
masses of final K±-mesons, is very well justified for the
K+-meson [23], whereas in the case 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 in-
coming 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′

0 and momentum p′
0 of

the incident proton inside the target nucleus are related
to those E0 and p0 outside the nucleus by the following
expressions [53]:

E′
0 = E0 − ∆p2

2MA
, (12)

p′
0 = p0 −∆p, (13)

where

∆p =
E0V0
p0

p0

|p0| . (14)

Here, MA is the mass of the initial target nucleus, and V0
is the nuclear optical potential that a proton impinging on
a nucleus at the kinetic energy ε0 of about a few GeV feels
in the interior of the nucleus (V0 ≈ 40MeV). Further, let
Et and pt 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 [52,53]

Et =MA −
√
(−pt)2 + (MA −mN + E)2, (15)
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where E is the removal energy of the struck target nucleon.
After specifying the energies and momenta all particles in-
volved in the K− production process (1), we can write out
the corresponding energy and momentum conservation:

E′
0 + Et = E′

N1
+ E′

N2
+ E′

K + E′
K− , (16)

p′
0 + pt = p′

N1
+ p′

N2
+ p′

K + p′
K− . (17)

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

s = (E′
0 + Et)2 −

(
p′
0 + pt

)2
. (18)

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

s =
(
E′
N1
+ E′

N2
+ E′

K + E′
K−

)2
−(

p′
N1
+ p′

N2
+ p′

K + p′
K−

)2
. (19)

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

√
s∗th = 2m

∗
N +m∗

K+ +m∗
K− =√

sth + 2UN + UK+ + UK− , (20)

where
√
sth = 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→ NNKK− is lowered when
the in-medium masses are used. Thus, for example, the
reduction of the K− threshold in the nuclear interior will
be 172MeV and 204MeV, respectively, for potentials (5),
(9) and (5), (10). This will strongly enhance the K− pro-
duction in first chance pN-collisions at subthreshold beam
energies.

Finally, neglecting the K− production via resonances
in pN-collisions1 [16] and taking into consideration the
antikaon final-state absorption, we can represent the in-
variant inclusive cross-section for the production on nuclei
K−-mesons with the total energy EK− and momentum
pK− from the primary proton induced reaction channel

1 It should be pointed out that in the threshold energy region
the K−-mesons can be produced in these collisions also by the
decay mainly of the φ-meson as an intermediate state [64,65].
Thus, the resonant (φ-meson) to non-resonant K− production
cross-section ratio in pp-reactions measured recently by the
DISTO Collaboration at SATURNE [65] at a beam energy of
2.85GeV is equal to 0.82. However, in view of the complete
lack of another data in the literature for φ-meson production
in pp-interactions at energies close to the threshold needed for
accurate estimation of the resonant contribution to K− pro-
duction in pA-reactions, it is naturally to assume, calculating
the K− yields in pA-collisions from primary channel (1), that
the antikaons are produced directly in this channel.

(1) as follows (see, also, [52,53]):

EK−
dσ(prim)

pA→K−X(p0)

dpK−
= A

∫
ρ(r) dr

× exp
[
− µ(p0)

∫ 0

−∞
ρ(r+ xΩ0) dx− µ(pK−)

×
∫ +∞

0

ρ(r+ xΩK−) dx
]

×
〈
E′
K−
dσpN→NNKK−

[
p′
0,p

′
K− , ρ(r)

]
dp′

K−

〉
, (21)

where〈
E′
K−
dσpN→NNKK− [p′

0,p
′
K− , ρ(r)]

dp′
K−

〉
=∫∫

P (pt, E) dpt dE

×
[
E′
K−
dσpN→NNKK−

[√
s,p′

K− , ρ(r)
]

dp′
K−

]
; (22)

µ(p0) = σinpp(p0)Z + σinpn(p0)N,

µ(pK−) = σtotK−p(pK−)Z + σtotK−n(pK−)N. (23)

Here, E′
K−dσpN→NNKK− [

√
s,p′

K− , ρ(r)]/dp′
K− is the “in-

medium” invariant inclusive cross-section for K− pro-
duction in reaction (1); ρ(r) and P (pt, E) are the den-
sity and nucleon spectral function normalized to unity;
pt and E are the internal momentum and removal en-
ergy of the struck target nucleon just before the colli-
sion; σinpN and σtotK−N are the inelastic and total cross-
sections of free pN- and K−N-interactions; Z and N are
the numbers of protons and neutrons in the target nu-
cleus (A = N + Z); Ω0 = p0/p0 (p0 is the beam momen-
tum), ΩK− = pK−/pK− ; s is the pN center-of-mass energy
squared. The expression for s is given above by the for-
mula (18). In eq. (21) it is assumed that the K−-meson
production cross-sections in pp- and pn-interactions are
the same [29,61,66] as well as any difference between
the proton and the neutron spectral functions is disre-
garded [52,53]. In addition, it is suggested that the way of
the produced antikaon out of the nucleus is not disturbed
by the K− optical potential and K−N elastic rescatter-
ings as well as that σtotK−N(p

′
K−) ≈ σtotK−N(pK−). Such ap-

proximations are allowed in calculating the K− produc-
tion cross-sections for kinematics of the experiment [60].
As a result, the in-medium antikaon momentum p′

K− is
assumed to be parallel to the vacuum one pK− and the
relation between them is given by

√
p′2
K− +m∗2

K− =
√

p2
K− +m2

K. (24)

In our approach the invariant inclusive cross-section
for K− production in the elementary process (1) has been
described by the four-body phase space calculations nor-
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malized to the corresponding total cross-section [52]:

E′
K−
dσpN→NNKK−

[√
s,p′

K− , ρ(r)
]

dp′
K−

=

σpN→NNKK−
(√

s,
√
s∗th

)
f4

(
s,p′

K−
)
, (25)

f4
(
s,p′

K−
)
=

I3(sNNK,m∗
K+ ,m∗

N,m
∗
N)[

2I4(s,m∗
K+ ,m∗

K− ,m∗
N,m

∗
N)

] , (26)

I3
(
s,m∗

K+ ,m∗
N,m

∗
N

)
=(

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
dsNN, (27)

I4
(
s,m∗

K+ ,m∗
K− ,m∗

N,m
∗
N

)
=

π

2

∫ (
√

s−m∗
K+−m∗

K− )2

4m∗2
N

λ(sNN,m∗2
N ,m

∗2
N )

sNN

×I3
(
s,m∗

K− ,
√
sNN,m

∗
K+

)
dsNN, (28)

λ(x, y, z) =
√[

x− (√y +√
z)2

][
x− (√y −√

z)2
]
, (29)

sNNK=s+m∗2
K−−2(E′

0 + Et

)
E′
K− + 2

(
p′
0+pt

)
p′
K− .(30)

Here, σpN→NNKK−(
√
s,

√
s∗th) is the “in-medium” total

cross-section for K− production in reaction (1). This
cross-section is equivalent [28,42,53] to the vacuum cross-
section σpN→NNKK−(

√
s,
√
sth) in which the free thresh-

old
√
sth is replaced by the effective threshold

√
s∗th

as given by eq. (20). For the free total cross-section
σpN→NNKK−(

√
s,
√
sth) we have used the parametriza-

tion2 from [66] that has been corrected3 for the new
data point (2.1 nb) for pp → ppK+K− reaction from
the COSY-11 collaboration at COSY-Jülich [67] taken at
17MeV excess energy, viz.:

σpp→ppK+K−(
√
s,
√
sth) =



0.372
(
1− sth

s

)2.72

[mb]

for 0 <
√
s−√

sth ≤ 0.1GeV ,

F

(
s

sth

)
[mb]

for
√
s−√

sth > 0.1GeV,

(31)

2 It should be mentioned that this parametrization describes
the inclusive pp → K−X cross-section which is assumed to
be the same as that for pp → ppK+K− at beam energies of
interest [61,66].

3 It is interesting to note that such correction, as showed by
our calculations, leads to reduction of the respective antikaon
production cross-sections in pA-collisions only by 1–2% at the
beam energies of interest.

Fig. 1. Total antikaon production cross-section in proton-
proton collisions as a function of the available energy above
the threshold. For notation see text.

where

F (x) =
(
1− 1

x

)3[
2.8F1(x) + 7.7F2(x)

]
+ 3.9F3(x), (32)

and

F1(x) = (1 + 1/
√
x) ln (x)− 4(1− 1/√x),

F2(x) = 1− (1/
√
x)(1 + ln (x)/2),

F3(x) =
(
x− 1
x2

)3.5

. (33)

The comparison of the results of our calculations by (31)
(solid line) with the experimental data close to the thresh-
old for pp → ppK+K− reaction from the installation
COSY-11 (open triangle [67], open square [68]), from the
DISTO Collaboration at SATURNE [65] (full square) as
well as with the K− inclusive production cross-sections
at higher energies (open circles) [61] is shown in fig. 1.
In this figure we also show the predictions from the cur-
rent parametrization (dashed line) employed in the recent
study [23] of the antikaon production in proton-nucleus
collisions. It is seen that our parametrization (31) ac-
counts well for the K− cross-sections measured in the ex-
periments [65,67,68] near the production threshold and is
larger than that from [23] at low energies.

For K− production calculations in the case of 9Be and
63Cu target nuclei reported here we have employed for the
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nuclear density ρ(r), respectively, the harmonic oscillator
and a two-parameter Fermi density distributions:

ρ(r) = ρN(r)/A =

(b/π)3/2

A/4

{
1 +

[
A− 4
6

]
br2

}
exp

( − br2
)
, (34)

ρ(r) = ρ0

[
1 + exp

(
r −R

a

)]−1

(35)

with b = 0.329 fm−2 [60] and R = 4.20 fm, a =
0.55 fm [69].

Another very important ingredient for the calculation
of the K− production cross-sections in proton-nucleus re-
actions in the subthreshold energy regime, i.e. the nucleon
spectral function4 P (pt, E) (which represents the proba-
bility to find a nucleon with momentum pt and removal
energy E in the nucleus), for 9Be target nucleus was taken
from [52,53], whereas for 63Cu it is assumed to be the same
as that for 208Pb [72]. The latter was taken from [73].

Let us now simplify the expression (21) for the invari-
ant differential cross-section for K− production in pA-
collisions from the one-step process. Since we are inter-
ested in the spectra of emitted antikaons at forward labo-
ratory angles, i.e. when ΩK− ≈ Ω0, we have

EK−
dσ(prim)

pA→K−X(p0)

dpK−
=

2πA
∫ +∞

0

r⊥ dr⊥
∫ +∞

−∞
dzρ

(√
r2⊥ + z2

)
× exp [ − µ(p0, pK− ; r⊥, z)

]
×

〈
E′
K−

dσpN→NNKK−

[
p′
0,p

′
K−,ρ

(√
r2⊥+z2

)]
dp′

K−

〉
, (36)

where

µ
(
p0, pK− ; r⊥, z

)
= µ(p0)t

(
r⊥, z) + µ(pK−)t(r⊥,−z

)
(37)

and

t(r⊥, z) =
∫ z

−∞
ρ
(√

r2⊥ + x2
)
dx. (38)

The quantites µ(p0) and µ(pK−) entering into eq. (37)
are defined above by the formula (23). In the case of the
harmonic-oscillator density distribution (34) integral (38)
has the following simple form:

t(r⊥, z) =
(
2b
πA

){
1 +

[
A− 4
6

]
br2⊥ +

[
A− 4
12

]

+f(z)− f(−z)
}
exp

( − br2⊥
)
, (39)

4 It should be noticed that the full energy-momentum distri-
bution of the struck target nucleons has not been taken into
consideration in the previous studies [23,58,70,71] of the sub-
threshold and near threshold antikaon production in proton-
nucleus reactions.

f(z) = Θ(z)

{[
1 +

(
A− 4
6

)
br2⊥ +

(
A− 4
12

)]

× erf(z
√
b)−

(
A−4
6

)
z
√
b√
π
exp (−bz2)

}
,

Θ(z) =
(z + |z|)
2|z| , erf(x) =

2√
π

∫ x

0

exp
( − t2

)
dt. (40)

Taking into account that for K−-mesons with momen-
tum of 1.28GeV/c the elementary cross-section σtotK−N ≈
30mb [61] as well as that σinpN ≈ 30mb [52] for the beam
energy range of interest, we have

µ(p0) = µ(pK−) = µ = 30 ·Amb. (41)

Then the expression (37) is reduced to a more simple form:

µ(p0, pK− ; r⊥, z) = µt(r⊥), (42)

t(r⊥)= t(r⊥, z)+t(r⊥,−z)=2
∫ +∞

0

ρ
(√

r2⊥+x2
)
dx.(43)

For the harmonic-oscillator density distribution (34) the
quantity t(r⊥) in view of eqs. (39), (40) has the following
simple form:

t(r⊥)=
(
4b
πA

){
1+

[
A−4
6

]
br2⊥+

[
A− 4
12

]}
exp

( − br2⊥
)
.

(44)

Let us consider now the two-step K− production mecha-
nism.

2.2 Two-step K− production mechanism

Kinematical considerations show that in the bombarding
energy range of our interest (≤ 3.0GeV) the following two-
step production process may not only contribute to the
K− production in pA-interactions but even dominates [23,
70] at subthreshold energies. An incident proton can pro-
duce in the first inelastic collision with an intranuclear
nucleon also a pion through the elementary reaction

p + N1 −→ N+N+ π. (45)

Then the intermediate pion, which is assumed to be on-
shell, produces the antikaon on a nucleon of the target nu-
cleus via the elementary subprocess with the lowest free
production threshold (1.98GeV for kinematics of the ex-
periment [60]):

π +N2 −→ N+K+K−, (46)

provided that this subprocess is energetically possible.
It is important to note that the elementary processes
πN → NπKK− with one pion in final states, as showed
in our calculations with the total cross-sections of these
processes taken from [20], play a minor role in subthresh-
old antikaon production in pA-reactions for kinematics of
the experiment [60].
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To allow for the influence of the nuclear environment
on the secondary K− production process (46), it is natural
to use in calculations of the K− production cross-section
from this process the same in-medium modifications of the
masses of final hadrons (kaon, antikaon and nucleon) as
those of (3), (7) for hadrons from primary pN-collisions
due to the corresponding mean-field potentials UK±(ρN)
and UN(ρN). For the sake of numerical simplicity, these po-
tentials are assumed here to be density-independent with
depths (5) and (9) taken at the nuclear saturation den-
sity. Evidently, this enables us to obtain an upper estima-
tion of the respective cross-sections. Moreover, in order
to reproduce the high momentum tails of the pion spec-
tra at forward laboratory angles from the reaction (45),
which are responsible for the K− production through the
πN → NKK− channel, it is necessary to take into ac-
count in calculating these spectra, as was shown in [53],
the modification of the mass of each low-energy nucleon
produced together with a high-energy pion by the effec-
tive potential (9). But, since we will employ (see, below)
in our calculations of the antikaon production from sec-
ondary process (46) the pion spectra from proton-nucleus
interactions also measured in the experiment [60] instead
of the theoretical ones, this modification will be automat-
ically included. Then, taking into account the antikaon
final-state absorption as well as using the results given
in [52,53], we easily get the following expression for the
K− production cross-section for pA-reactions from the sec-
ondary pion-induced reaction channel (46), which includes
the medium effects under consideration on the same foot-
ing as that employed in calculating the K− production
cross-section (21) from the primary proton-induced reac-
tion channel (1):

EK−
dσ(sec)pA→K−X(p0)

dpK−
=

∑
π=π+,π0,π−

∫
4π

dΩπ

∫ plim
π (ϑπ)

pabs
π

p2πdpπ

dσ(prim)
pA→πX(p0)
dpπ

×IV
[
A, σinpN(p0), σ

tot
πN(pπ), σtotK−N(pK−), ϑπ, ϑK−

]
I ′V

[
A, σinpN(p0), σ

tot
πN(pπ), ϑπ

]
×

∫∫
P

(
p′
t, E

′)dp′
t dE

′
[
E′
K−
dσπN→K−X(

√
s1,p′

K−)
dp′

K−

]
, (47)

where

IV [A, σinpN(p0), σ
tot
πN(pπ), σtotK−N(pK−), ϑπ, ϑK− ] =

A2

∫∫
drdr1Θ(x‖)δ(2)(x⊥)ρ(r)ρ(r1)

×exp
[
− µ(p0)

∫ 0

−∞
ρ(r1 + x′Ω0) dx′

−µ(pπ)
∫ x‖

0

ρ(r1 + x′Ωπ) dx′
]

×exp
[
−µ(pK−)

∫ ∞

0

ρ(r+x′ΩK−) dx′
]
, (48)

I ′V
[
A, σinpN(p0), σ

tot
πN(pπ), ϑπ

]
= A

∫
ρ(r) dr

× exp
[
− µ(p0)

∫ 0

−∞
ρ(r+ xΩ0) dx

−µ(pπ)
∫ ∞

0

ρ(r+ xΩπ)dx
]
, (49)

r − r1 = x‖Ωπ + x⊥, Ωπ = pπ/pπ,

cosϑπ = Ω0Ωπ, cosϑK− = Ω0ΩK− ;
µ(pπ) = (A/2)

[
σtotπp (pπ) + σtotπn (pπ)

]
,

Θ(x‖) = (x‖ + |x‖|)/2|x‖| (50)

and

E′
K−
dσπN→K−X(

√
s1,p′

K−)
dp′

K−
=

Z

A
E′
K−
dσπp→K−X(

√
s1,p′

K−)
dp′

K−

+
N

A
E′
K−
dσπn→K−X(

√
s1,p′

K−)
dp′

K−
, (51)

s1 =
(
Eπ + E′

t

)2 − (
pπ + p′

t

)2
, (52)

E′
t = mN − E′ − Crec, (53)

plimπ (ϑπ) =

βAp0 cosϑπ+(E0+MA)
√
β2A−4m2

π(sA+p20 sin
2 ϑπ)

2(sA+p20 sin
2 ϑπ)

, (54)

βA = sA +m2
π −M2

A+1, sA = (E0 +MA)2 − p20. (55)

Here, dσ(prim)
pA→πX(p0)/dpπ are the inclusive differen-

tial cross-sections for pion production on nuclei from
the primary proton-induced reaction channel (45);
E′
K−dσπp→K−X/dp′

K− (E′
K−dσπn→K−X/dp′

K−) is the in-
medium inclusive invariant differential cross-section for
K− production in πp(πn)-collisions via the subpro-
cess (46); σtotπN(pπ) is the total cross-section of the free
πN-interaction; pπ and Eπ are the momentum and total
energy of a pion; pabsπ is the absolute threshold momentum
for antikaon production on the residual nucleus by an in-
termediate pion (pabsπ ≈ 1.88GeV/c for the production of
K−-mesons with momentum of 1.28GeV/c at a lab angle
of 10.5◦); plimπ (ϑπ) is the kinematical limit for pion produc-
tion at a lab angle ϑπ from proton-nucleus collisions. The
quantities µ(p0) and µ(pK−) are defined above by eq. (23).
And finally the quantity Crec in (53) takes properly into
account the recoil energies of the residual nuclei in the
two-step production process (Crec ≈ 3 and 16MeV for
initial 9Be target nucleus as well as Crec ≈ 0.4 and 2MeV
for 63Cu target nucleus in the case of use in (47), respec-
tively, of uncorrelated and correlated parts of the nucleon
spectral function). The in-medium momentum p′

K− of an-
tikaon produced in the secondary πN → NKK− chan-
nel is related to the free one pK− by the relation (24) in
which, according to the above mentioned, one has to put
m∗

K− = mK + U0
K− with U0

K− = −126MeV.
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Because we are interested in the high-momentum parts
of pion spectra dσ(prim)

pA→πX(p0)/dpπ at forward laboratory
angles, as was noted above, and since the high-momentum
tails of the experimental pion spectra dσ(exp)pA→πX(p0)/dpπ

at these angles are populated mainly by the pions from
first chance pN-collisions (45) [53], we will employ in our
calculations of the K− cross-sections from the two-step
process (45), (46) the experimental pion yields at small
angles and for high momenta. In the case of the 9Be and
63Cu target nuclei of interest these yields have been mea-
sured in experiment [60] at a laboratory angle of 10.5 ◦
for incident proton energies 1.75, 2.25GeV and the re-
sults of measurements, using those from [74,75], have been
parametrized as follows [60,76]:

Eπ+

dσ(exp)p9Be→π+X(p0)

dpπ+
=

220
(
1− xR

F

)3+3p2
⊥ [
GeV ·mb/(GeV/c)3],

Eπ−
dσ(exp)p9Be→π−X(p0)

dpπ−
=

130
(
1− xR

F

)3+5p2
⊥ [
GeV ·mb/(GeV/c)3]; (56)

Eπ+

dσ(exp)p63Cu→π+X(p0)

dpπ+
=

3650
(
xR

F

)4(1−xR
F

)2+2xR
F+3p2

⊥ [GeV ·mb/(GeV/c)3],

Eπ−
dσ(exp)p63Cu→π−X(p0)

dpπ−
=

2460
(
xR

F

)4(1−xR
F

)2+2.2xR
F+5p2

⊥ [GeV·mb/(GeV/c)3];(57)

where the radial scaling variable xR
F is given by

xR
F =

∗
p

∗
pmax

,

∗
p =

√
∗
pL

2

+ p2⊥,

∗
pmax =

1
2
√
sA
λ
(
sA,m

2
π,M

2
A+1

)
(58)

and
∗
pL, p⊥ are the longitudinal and transverse momenta of

pion in the pA center-of-mass system, respectively;
∗
pmax

is the maximum value of
∗
p allowed by the kinematics. The

quantity sA is defined above by eq. (55). The π0 spectrum
also needed for our calculations can be approximately ex-
pressed via the π± spectra as

Eπ0

dσ(exp)pA→π0X(p0)

dpπ0
=

1
2

[
Eπ+

dσ(exp)pA→π+X(p0)

dpπ+
+Eπ−

dσ(exp)pA→π−X(p0)

dpπ−

]
. (59)

In our method the Lorentz invariant inclusive cross-
section for K− production in πN-collisions (46) has been
described by the three-body phase space calculations nor-
malized to the respective “in-medium” total cross-section
σπN→NKK−(

√
s1,

√
s∗1,th). According to [77], one has

E′
K−
dσπN→NKK−(

√
s1,p′

K−)
dp′

K−
=

π

4
σπN→NKK−

(√
s1,

√
s∗1,th

)
I3

(
s1,m∗

K+ ,m∗
K− ,m∗

N

) λ
(
sKN,m

∗2
K+ ,m∗2

N

)
sKN

, (60)

sKN=s1+m∗2
K− − 2(Eπ+E′

t

)
E′
K−+2(pπ+p′

t)p
′
K− (61)

and √
s∗1,th =

√
s1,th + U0

N + U0
K+ + U0

K− , (62)

where √
s1,th = mN + 2mK is the vacuum threshold en-

ergy and the quantities I3, λ are defined by the (27), (29),
respectively. Like above, we assume that the “in-medium”
cross-section σπN→NKK−(

√
s1,

√
s∗1,th) is equivalent to the

vacuum cross-section σπN→NKK−(
√
s1,

√
s1,th) in which

the free threshold √
s1,th is replaced by the effective

threshold
√
s∗1,th as given by eq. (62). For the free total

cross-section σπN→NKK−(
√
s1,

√
s1,th) we have used the

following parametrization suggested in [77]:

σπN→NKK−(
√
s1,

√
s1,th) =

A[(
√
s1 −√

s1,th)/GeV]i

B +
[(√

s1 −√
s1,th

)
/GeV

]j
, (63)

where the constants A, B, i and j are given in table 1.
For obtaining the total cross-sections of π0p →

pK+K−, π0n → nK+K− and π0n → pK0K− reactions
where data are not available we have employed the isospin
considerations. They have shown that there exist the fol-
lowing relations5 among the σ′

πN→NKK−s:

2σπ−p→nK+K− + σπ−n→nK0K− + σπ−p→pK0K− =

2
[
2σπ0p→pK+K− + σπ0n→pK0K−

]
, (64)

σπ0p→pK+K− = σπ0n→nK+K− (65)

and

σπ0n→pK0K− ≈ σπ−p→nK+K− . (66)

Using (64)–(66), one gets

σπ0p→pK+K− = σπ0n→nK+K− =

1
4
(
σπ−n→nK0K− + σπ−p→pK0K−

)
. (67)

Within the representation (60), the inclusive invari-
ant differential cross-sections E′

K−dσπp→K−X/dp′
K− and

5 It should be noted that these relations are in line with
those among the σ′

πN→NKK−s derived in [78] employing the
K∗-resonance exchange model.
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Table 1. Parameters in the approximation of the partial cross-sections for the production of K−-mesons in πN-collisions

Reaction A (mb) B i j

π+ + n → p + K+ +K− 0.1757 0.4938 1 2

π− + p → n + K+ +K− 0.1800 0.0549 2 3

π− + p → p + K0 +K− 0.0576 0.0549 2 3

π− + n → n + K0 +K− 0.0647 0.2910 1 2

E′
K−dσπn→K−X/dp′

K− for antikaon production in πp- and
πn-interactions appearing in eq. (51) can be written in the
following forms:

E′
K−
dσπ+p→K−X(

√
s1,p′

K−)
dp′

K−
= 0,

E′
K−
dσπ+n→K−X(

√
s1,p′

K−)
dp′

K−
=

E′
K−
dσπ+n→pK+K−(

√
s1,p′

K−)
dp′

K−
; (68)

E′
K−
dσπ0p→K−X(

√
s1,p′

K−)
dp′

K−
=

E′
K−
dσπ0p→pK+K−(

√
s1,p′

K−)
dp′

K−
,

E′
K−
dσπ0n→K−X(

√
s1,p′

K−)
dp′

K−
=

E′
K−
dσπ0n→nK+K−(

√
s1,p′

K−)
dp′

K−

+E′
K−
dσπ0n→pK0K−(

√
s1,p′

K−)
dp′

K−
; (69)

E′
K−
dσπ−p→K−X(

√
s1,p′

K−)
dp′

K−
=

E′
K−
dσπ−p→nK+K−(

√
s1,p′

K−)
dp′

K−

+E′
K−
dσπ−p→pK0K−(

√
s1,p′

K−)
dp′

K−
,

E′
K−
dσπ−n→K−X(

√
s1,p′

K−)
dp′

K−
=

E′
K−
dσπ−n→nK0K−(

√
s1,p′

K−)
dp′

K−
. (70)

Let us now simplify expression (47) describing the in-
variant differential cross-section for K− production in pA-
collisions via the two-step process. Considering that the
main contribution to the cross-section for antikaon pro-
duction at forward laboratory angles comes from fast pi-
ons moving in the beam direction and that the πN total
cross-section σtotπN in the energy region of interest is approx-
imately constant with a magnitude of 〈σtotπN〉 ≈ 35mb [52],

we can recast this expression into the form

EK−
dσ(sec)pA→K−X(p0)

dpK−
=

IV
[
A, σinpN(p0), 〈σtotπN〉, σtotK−N(pK−), 00, 00

]
I ′V

[
A, σinpN(p0), 〈σtotπN〉, 00

]
×

∑
π=π+,π0,π−

∫
4π

dΩπ

∫ plim
π (ϑπ)

pabs
π

p2π dpπ

dσ(prim)
pA→πX(p0)
dpπ

×
∫∫

P (p′
t,E

′)dp′
t dE

′

×
[
E′
K−
dσπN→K−X(

√
s1,p′

K−)
dp′

K−

]
, (71)

where according to (52)

s1 =
(
Eπ + E′

t

)2 − (
pπΩ0 + p′

t

)2
. (72)

For a nucleus of radius R = 1.3 · A1/3 fm and with a uni-
form nucleon density, the expressions for IV [A, σinpN(p0),
〈σtotπN〉, σtotK−N(pK−), 00, 00] and I ′V [A, σ

in
pN(p0), 〈σtotπN〉, 00]

are reduced to the following simple forms:

IV
[
A, σinpN(p0), 〈σtotπN〉, σtotK−N(pK−), 0◦, 0◦

]
=

9A2

2πR2(a2 − a3)
[
I(a1, a3)− I(a1, a2)

]
, (73)

I(a1, a) =
1

(a1 − a)

×
{
1
a2

[
1−(1 + a)e−a

]− 1
a21

[
1−(1+a1)e−a1

]}
; (74)

I ′V
[
A, σinpN(p0), 〈σtotπN〉, 00

]
=

3A
(a3 − a2)a22

×
{
1− (1 + a2)e−a2 −

(
a2
a3

)2[
1− (1 + a3)e−a3

]}
,(75)

where a1 = 3µ(pK−)/2πR2, a2 = 3µ(p0)/2πR2 and a3 =
3A〈σtotπN〉/2πR2. In the case of a1 = a2 relevant for the
kinematical conditions of the experiment [60] (see, (41))
the quantity I(a1, a2), entering into eq. (73), can be put
in view of eq. (74) in a simpler form

I(a1, a2 = a1)=I(a1)=
2
a31

[
1−

(
1+a1+

a21
2

)
e−a1

]
. (76)
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Fig. 2. Lorentz invariant cross-sections for the production
of K−-mesons with momentum of 1.28GeV/c at a lab an-
gle of 10.5 ◦ in p + 9Be reactions as functions of the lab-
oratory kinetic energy ε0 of the proton. The experimen-
tal data (full squares) are from the experiment [60]. The
curves are our calculation with the density-dependent poten-
tials. The dashed lines with one, two, three dots; the solid
and short-dashed lines are calculations for primary produc-
tion process (1) with the total nucleon spectral function at
V0 = 40MeV, UN(ρN) = 0, UK+(ρN) = 0, UK−(ρN) = 0;
V0 = 40MeV, UN(ρN) = −34(ρN/ρ0)MeV, UK+(ρN) =
22(ρN/ρ0)MeV, UK−(ρN) = −126(ρN/ρ0)MeV; V0 = 40 MeV,
UN(ρN) = −34(ρN/ρ0)MeV, UK+(ρN) = 0, UK−(ρN) = 0;
V0 = 40MeV, UN(ρN) = −34(ρN/ρ0)MeV, UK+(ρN) = 0,
UK−(ρN) = −126(ρN/ρ0)MeV and V0 = 40 MeV, UN(ρN) =
−50(ρN/ρ0)MeV, UK+(ρN) = 0, UK−(ρN) = 0, respectively.
The long-dashed line denotes the same as the dashed line with
two dots, but it is supposed in addition that the total nucleon
spectral function is replaced by its correlated part. The arrow
indicates the threshold for the reaction pN → NNKK− occur-
ing on a free nucleon at the kinematics under consideration.

Finally, it is interesting to note that in the case of a1 =
a2 = a3, which is realistic enough as well, the expres-
sion (73) can be reduced to a substantially more simple
form, viz.:

IV
[
A, σinpN(p0), 〈σtotπN〉, σtotK−N(pK−), 0◦, 0◦

]
=

9A2

4πa1R2

[
3I(a1)− e−a1

]
, (77)

where the quantity I(a1) is defined above by eq. (76).
Now, let us discuss the results of our calculations for

antikaon production in pBe- and pCu-interactions in the
framework of model outlined above.

3 Results and discussion

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

Figure 2 shows a comparison of the calculated invari-
ant cross-section by (36), (41)–(44) for the production of
K−-mesons with momentum of 1.28GeV/c at a laboratory
angle of 10.5 ◦ from primary pN→ NNKK− channel with
the data from the experiment [60] for p + 9Be→ K− +X
reaction at the various bombarding energies. One can see
that

1) our model for primary antikaon production process,
based on nucleon spectral function, fails completely
(especially at “low” beam energies, dash-dotted line)
to reproduce the experimental data at subthreshold
beam energies (at energies ≤ 2.99GeV for the kine-
matical conditions of the experiment [60]) without al-
lowance for the influence of the corresponding nuclear
mean-field potentials on the one-step production pro-
cess (1);

2) a simultaneous inclusion of potentials for final nucle-
ons, kaon and antikaon (dashed line with two dots)
leads 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 reasonably good de-
scription 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 attractive outgoing nu-
cleon effective potential (dashed line with three dots),
which indicates that the simultaneous application of
kaon 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 and 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 “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
attractive antikaon (4), (5) and nucleon (8), (9) ef-
fective potentials (solid line in fig. 2) reproduce quite
well the experimental data in the energy region6 ε0 ≥
2.4GeV, but nevertheless underestimate the data at
lower bombarding energies as in the cases considered
above with the different scenarios for the in-medium

6 This counts in favour of the scenario that for positive
charged kaons apparently not any medium modifications are
needed to reproduce the data in this energy region.
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masses of hadrons produced in the primary produc-
tion process (1)7;

6) an application of the effective nucleon poten-
tial (8), (10) alone (short-dashed line) leads to a result
which gives also a rather good description of the exper-
imental data except for the three lowest data points,
what means, taking into account the above mentioned,
that the determination 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
mechanism is entirely governed by the correlated part
of the nucleon spectral function only in the far sub-
threshold energy region (at bombarding energies of
ε0 ≤ 2.4GeV), which intimates that internal nu-
cleon momenta greater than the Fermi momentum are
needed for K− production in direct process (1) at given
kinematics and at these beam energies8.

The results presented in fig. 2 indicate, as was also
noted above, that the one-step production process (1)
misses the experimental data in the energy region far be-
low the free threshold (at beam energies ε0 ≤ 2.4GeV)
even when the influence of the nuclear density-dependent
mean-field potentials (4)–(6), (8)–(10) has been included.
But the K− creation due to first chance pN-collisions (1)
in this energy region occurs, as is evident from the forego-
ing, when the incident protons collide with the short-range
two-nucleon (or multinucleon) correlations inside the tar-
get nucleus, and this means that the local baryon density
around the spatial creation points of hadrons in these col-
lisions can be high [54]. Therefore, the antikaon produc-
tion in the far subthreshold energy region should be eval-
uated more likely for the density-independent potentials
with depths (5) and (9) taken at normal nuclear density
ρ0 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 (45), (46) reaction channels as
well as the same experimental data as those presented in
fig. 2 are shown in fig. 3. It is seen that

1) our calculations for the one-step reaction channel (1)
with the set of parameters V0 = 40MeV, U0

N =
0, U0

K+ = 22MeV, U0
K− = −126MeV (dot-dashed

line) substantially underpredict the data in the en-
ergy region far below the threshold, whereas the ad-
ditional inclusion of the nucleon effective potential
U0
N = −34MeV (dashed line with two dots) leads to

7 It should be pointed out that the use in the calculation the
K− optical potential (6), extracted from the kaonic atom data,
instead of potential (4), (5) leads to an increase of the “low”
energy (ε0 ≤ 2.5GeV) and “high” energy (ε0 > 2.5GeV) parts
of the antikaon excitation function only by about 15% and 5%,
respectively.

8 Calculations show that the minimal internal nucleon mo-
menta needed for K− production in primary process (1) at
incident energies of 2.25, 2.30, 2.35 and 2.40GeV correspond-
ing to the four lowest data points in fig. 2, respectively, are
424, 374, 331 and 291MeV/c.

Fig. 3. Lorentz invariant cross-sections for the production of
K−-mesons with momentum of 1.28GeV/c at a lab angle of
10.5 ◦ in p + 9Be reactions as functions of the laboratory en-
ergy of the proton. The experimental data (full squares) are
from the experiment [60]. The curves are our calculation with
the density-independent potentials. The dashed lines with one,
two, three dots and the thin solid line are calculations for
primary production process (1) with the total nucleon spec-
tral function at V0 = 40MeV, U0

N = 0, U0
K+ = 22MeV,

U0
K− = −126MeV; V0 = 40MeV, U0

N = −34MeV, U0
K+ =

22MeV, U0
K− = −126MeV; V0 = 40MeV, U0

N = −34MeV,
U0

K+ = 0, U0
K− = 0 and V0 = 40MeV, U0

N = −34MeV,
U0

K+ = 0, U0
K− = −126MeV, respectively. The dotted, long-

dashed and thick solid lines are calculations by (71)–(76) for
the secondary production process (46) at U0

N = 0, U0
K+ = 0,

U0
K− = 0; U0

N = −34MeV, U0
K+ = 22MeV, U0

K− = −126MeV
and U0

N = −34MeV, U0
K+ = 0, U0

K− = −126MeV, re-
spectively. The arrow indicates the threshold for the reaction
pN → NNKK− occuring on a free nucleon at the kinematics
under consideration.

a quite good description of the data in this energy
region, and this means that the K− yield is almost to-
tally determined by the nucleon mean-field potential
(compare as well dashed lines with two and three dots
in fig. 3);

2) the scenario when only attractive antikaon density-
independent potential with depth U0

K− = −126MeV
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), which 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 secondary reaction channel (46) with includ-
ing the influence of the different in-medium scenarios



532 The European Physical Journal A

Fig. 4. Lorentz invariant cross-sections for the production of
K−-mesons with momentum of 1.28GeV/c at a lab angle of
10.5◦ in p + 63Cu reactions as functions of the laboratory en-
ergy of the proton. The experimental data (full triangles) are
from the experiment [60]. The curves are our calculation with
the density-dependent potentials. The notation of the curves
is identical to that in fig 2. The arrow indicates the threshold
for the reaction pN → NNKK− occuring on a free nucleon at
the kinematics under consideration.

on it underestimate9 essentially the data and calcu-
lated cross-sections from primary process (1) (dashed
lines with two and three dots, solid line), which implies
the dominance of the one-step K− production mech-
anism for the considered antikaon production at all
beam energies of interest.

Let us consider now the subthreshold K− production
from p + 63Cu reactions within the above model.

Figure 4 presents measured and calculated by (36),
(41)–(43) invariant cross-sections for the production of
K−-mesons with momentum of 1.28GeV/c at the labora-
tory angle of 10.5◦ from primary pN → NNKK− channel
in p63Cu-reactions at different bombarding energies. It is
clearly seen that

1) only a simultaneous inclusion attractive an-
tikaon (4), (5) and nucleon (8), (9) effective potentials
(solid line in fig. 4) or an application of the nucleon
potential (8), (10) alone (short-dashed line) allows us
to describe rather well the experimental data except
for the two lowest data points, what is consistent with
our previous findings of fig. 2;

2) employing only the attractive outgoing nucleon poten-
tial (8), (9) leads to an enhancement of the K− yield

9 Thus, for example, the two-step (thick solid line) to one-
step (thin solid line) K− production cross-section ratio is about
1/5 at “low” kinetic energies (ε0 ≈ 2.2–2.3GeV) and about
1/20 at “high” beam energies (ε0 ≈ 2.7–2.9GeV).

by about a factors of 2.5 and 1.5, respectively, at 2.5
and 2.9GeV beam energies, whereas the additional in-
clusion of the K− potential (4), (5) alone results in
enlargement of the antikaon yield yet by a factors of
about 1.5 and 1.1 at these energies, which indicates
that the effect of the nucleon mean-field is of impor-
tance in explaining the experimental data on “hard”
antikaon production at considered incident energies
and the influence of the K− optical potential alone is
insufficient to describe the data under consideration;

3) a simultaneous application of kaon and antikaon po-
tentials unaffects practically the K− yield (compare
dashed lines with two and three dots) as in the dis-
cussed above case of the K− production on 9Be target
nucleus;

4) the main contribution to the K− production in the
far subthreshold energy region (at beam energies ε0 ≤
2.4GeV) comes from the use in our calculations with
the density-dependent mean-field potentials only of
the correlated part of the nucleon spectral function
(long-dashed line), which means in line with the con-
clusion drawn above from the analysis of the K− data
from p9Be-interactions that the antikaon production in
this energy region should be evaluated for the density-
independent potentials rather than for the density-
dependent fields.

The results of such calculations performed for the one-
step (1) and two-step (45), (46) reaction channels as well
as the same experimental data as those presented in fig. 4
are given in fig. 5. It is nicely seen that

1) our calculations for the one-step reaction channel (1)
with the set of parameters V0 = 40MeV, U0

N = 0,
U0
K+ = 22MeV, U0

K− = −126MeV (dot-dashed line)
miss essentially the data in the energy region ε0 ≤
2.6GeV, whereas the additional inclusion of the nu-
cleon effective potential U0

N = −34MeV (dashed line
with two dots) leads to a fairly good description of the
data at 2.5 and 2.6GeV incident energies as well as
to a much better description of the two lowest data
points compared both to the previous one and to that
obtained with adopting the corresponding density-
dependent potentials (cf. fig. 4);

2) the scenario when only attractive nucleon and antikaon
density-independent potentials with depths U0

N =
−34MeV and U0

K− = −126MeV are used (solid line)
allows us to reproduce quite well these data points, and
this counts also in favour of the conclusion deduced
above that for positive charged kaons apparently no
any medium modifications are needed to explain the
data under consideration;

3) an application of only antikaon density-independent
potential with depth U0

K− = −126MeV alone does not
allow us to describe the data at energies far below the
free K− production threshold (compare solid line and
dashed line with three dots) and the K− yield is mainly
determined by the nucleon mean-field potential, and
this is in line with our findings of figs. 2–4;

4) the two-step to one-step antikaon creation cross-
section ratio calculated with allowance for the influ-
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Fig. 5. Lorentz invariant cross-sections for the production of
K−-mesons with momentum of 1.28GeV/c at a lab angle of
10.5 ◦ in p + 63Cu reactions as functions of the laboratory en-
ergy of the proton. The experimental data (full triangles) are
from the experiment [60]. The curves are our calculation with
the density-independent potentials. The notation of the curves
is identical to that in fig. 3. The arrow indicates the threshold
for the reaction pN → NNKK− occuring on a free nucleon at
the kinematics under consideration.

ence of the same nuclear mean fields on hadrons pro-
duced in secondary (46) and primary (1) reaction chan-
nels (thick and thin solid lines, long-dashed line and
dashed line with two dots in fig. 5) is about 1/3 and
1/10, respectively, at “low” and “high” bombarding
energies, which indicates that, as in the case of 9Be
target nucleus considered above (see, fig. 3), the one-
step K− production mechanism also dominates in the
subthreshold “hard” antikaon production in p63Cu-
collisions [60].

It should be emphasized that the latter is in line with
the findings inferred in [53] relatively to the role played by
the direct K+ production mechanism in the subthreshold
kaon creation in p9Be-interactions in the same kinematical
conditions [54,55,58] as those used in the experiment [60].
Therefore, the reaction p + A → K− + X in the sub-
threshold regime and for “hard” kinematics along with
the p+A→ K++X one may be recommended for exper-
imental study of the high-momentum components within
target nucleus.

Taking into account what considered above, one may
conclude that the determination of the K− potential in nu-
clear matter from the measurements of the primary-proton
energy dependence of the double differential cross-sections
for production of “hard” antikaons on light and medium

target nuclei in the subthreshold energy regime appears to
be difficult. On the other hand, the recent studies [23,58]
of the subthreshold and near threshold K− production in
pA-reactions, carried out within a coupled transport ap-
proach [23] and a simple folding model [58] based on the
internal nucleon momentum distribution, indicate that the
K− potential has a strong effect on the K− yields at low
antikaon momenta. Therefore, it is interesting to explore
the sensitivity of the “soft” (low momentum) K− produc-
tion in pA-interactions at subthreshold incident energies
to the medium effects considered by us in the framework
of the approach outlined above.

Figure 6 shows invariant cross-sections calculated
by (36)–(40) for the production of K−-mesons with mo-
mentum of 0.4GeV/c at a laboratory angle of 10.5 ◦
from primary pN → NNKK− reaction channel in p9Be-
collisions at different beam energies. The nucleon, kaon
and antikaon effective potentials in the calculations were
assumed to be density-independent. The elementary cross-
sections σtotK−p and σ

tot
K−n at pK− = 0.4GeV/c, needed for

our calculations, were borrowed from [20,61]. It can be
seen that, contrary to the case of the “hard” antikaon
production discussed above, the K− potential has a dra-
matic effect on the antikaon excitation function at all
subthreshold energies (compare solid line and dashed line
with three dots in fig. 6), which is approximately the same
as that from nucleon effective potential (compare dashed
line with three dots and dashed line) in the energy region
1.6GeV ≤ ε0 ≤ 2.0GeV and even greater than the latter
at ε0 > 2.0GeV. While the kaon potential has a minor
effect on the K− yield at incident energies ε0 > 2.0GeV
(compare solid line and dashed line with two dots), at
lower beam energies it reduces the K− production cross-
section by a factor of about 2–2.5. As a result, the sensitiv-
ity to kaon and antikaon potentials (compare dot-dashed
and dashed lines) is greater than that to nucleon mean
field at kinetic energies > 2GeV, whereas at lower bom-
barding energies the effect of nucleon potential is domi-
nant. It is apparent that at least the former case opens
an opportunity to determine the K− potential in nuclear
matter experimentally.

Finally, fig. 7 presents double differential cross-sections
calculated by (36)–(40) for the production of K−-mesons
from primary pN→ NNKK− channel at a laboratory an-
gle of 10 ◦ in the interaction of protons with energy of
2.3GeV with 12C nuclei. As in the calculations of fig. 6,
the nucleon, kaon and antikaon effective potentials were
assumed to be density-independent. The nucleon spectral
function for 12C target nucleus was taken from [52]. We
have employed also in our calculations of the K− produc-
tion cross-sections on 12C nuclei the value of 0.358 fm−2

for the parameter b entering into the density distribu-
tion (34). It is clearly seen that the low-momentum part
(plab ≤ 0.4GeV/c) of the K− spectrum is almost com-
pletely determined by the antikaon potential, whereas the
nucleon and kaon optical potentials play here a minor role.
Its high-momentum part (plab ≥ 0.8GeV/c) is almost en-
tirely governed by the nucleon effective potential, which
is consistent with our previous findings of figs. 2–5.
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Fig. 6. Lorentz invariant cross-sections for the production of
K−-mesons with momentum of 0.4GeV/c at a lab angle of
10.5 ◦ in p + 9Be reactions as functions of the laboratory en-
ergy of the proton. The dashed line is calculation for primary
production process (1) with the total nucleon spectral func-
tion at V0 = 40MeV, U0

N = 0, U0
K+ = 0, U0

K− = 0. The rest of
notation is identical to that in fig. 3.

Thus, our results demonstrate that the measurements
of the differential cross-sections for subthreshold “soft”
K− production on different target nuclei will allow to shed
light on the antikaon potential in nuclear medium. Such
measurements might be conducted at, for example, the
accelerator COSY using proton beam in the COSY-ANKE
detector system.

4 Summary

In this study we have presented the analysis of the first
experimental data [60] on subthreshold K− production on
Be and Cu target nuclei by protons. The measured yields
of K−-mesons with momentum of 1.28GeV/c at a lab an-
gle of 10.5 ◦ from p + 9Be and p + 63Cu reactions in the
subthreshold energy range were compared with the re-
sults of calculations 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 momen-
tum and removal energy distribution, novel elementary
cross-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 “hard” antikaon production, whereas the K+ and
K− optical potentials play a minor role and the scenario

Fig. 7. Double differential cross-sections for the production
of K−-mesons at a lab angle of 10 ◦ in the interaction of pro-
tons of energy 2.3GeV with 12C nuclei as functions of antikaon
momentum. The dashed, dot-dashed, dot-dot-dashed and solid
lines are calculations for primary production process (1) with
the total nucleon spectral function at V0 = 40MeV, U0

N = 0,
U0

K+ = 0, U0
K− = 0; V0 = 40MeV, U0

N = 0, U0
K+ = 22MeV,

U0
K− = −126MeV; V0 = 40MeV, U0

N = −34MeV, U0
K+ =

22MeV, U0
K− = −126MeV and V0 = 40MeV, U0

N = −34MeV,
U0

K+ = 0, U0
K− = −126MeV, respectively.

with zeroth K+ potential is favourable. It was also found
that the pion-nucleon production channel does not dom-
inate in the subthreshold “hard” antikaon production in
p9Be- and p63Cu-collisions under consideration and the
main contributions to the antikaon yields here come from
the direct K− production mechanism, and this offers the
possibility to investigate the high-momentum tail of the
internal nucleon momentum distribution also via the an-
tikaon production on light and medium target nuclei at
subthreshold beam energies.

The sensitivity of the subthreshold “soft” antikaon
production in p9Be-, p12C-reactions to nucleon, kaon and
antikaon effective potentials has been explored. It was
demonstrated that, contrary to the case of “hard” an-
tikaon production, the K− potential has a very strong
effect on the K− yield at subthreshold energies, which is
greater than that from nucleon effective potential. This
gives an opportunity to determine the antikaon potential
experimentally. Therefore, the measurements of the differ-
ential cross-sections (spectra and excitation functions) for
K− production on different target nuclei at low antikaon
momenta are extremely needed nowadays to achieve a bet-
ter understanding of the K− properties in nuclear medium
as well as to get a deeper insight into the relative weight of
the primary and secondary reaction channels in subthresh-
old antikaon production and the role played by nucleon-
nucleon correlations in this phenomenon.



E.Ya. Paryev: Antikaon production and medium effects in proton-nucleus reactions 535

The author is very grateful to Yu.T. Kiselev and V.A.
Sheinkman for their information on experimental results from
the ITEP synchrotron on subthreshold antikaon production in
proton-nucleus collisions as well as for many valuable and in-
spiring discussions during the course of this work.

References

1. W. Cassing, E.L. Bratkovskaya, Phys. Rep. 308, 65 (1999).
2. D.B. Kaplan, A.E. Nelson, Phys. Lett. B 175, 57 (1986).
3. G.E. Brown, C.H. Lee, M. Rho, V. Thorsson, Nucl. Phys.

A 567, 937 (1994).
4. C.H. Lee, G.E. Brown, D.P. Min, M. Rho, Nucl. Phys. A

585, 401 (1995).
5. G.E. Brown, M. Rho, Phys. Rep. 269, 333 (1996); C.H.

Lee, Phys. Rep. 275, 255 (1996).
6. G. Mao, P. Papazoglou, S. Hofmann, S. Schramm, H.
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