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Abstract 
The production of K +  or q mesons in proton-nucleus reactions is analysed 
with respect to primary nucleon-nucleon (NN + N h K +  or NNq) and sec- 
ondary pion-nucleon (nN + K+A or qN) production channels on the basis 
of a phase-space model employing Hartree-Fock groundstate momentum 
distributions and free on-shell production processes. The phasespace 
model adopted here compares well for meson production with more 
involved simulations based on VUU transport equations. Whereas for K +  
production in proton-nucleus reactions the secondary channel clearly 
dominates at subthreshold energies, q mesons arise from primary and sec- 
ondary processes with roughly the same order of magnitude. Detailed 
VUU calculations show that the relative weight of the various channels for 
nucleus-nucleus reactions is quite different as compared to the proton- 
nucleus case since A-resonance excitation and inelastic A-nucleon colli- 
sions are much more frequent. 

1. Introduction 

The production of heavy mesons at bombarding energies far 
below the free nucleon-nucleon threshold is of specific inter- 
est [l-51 as one hopes to learn either about cooperative 
nuclear phenomena or about high momentum components 
of the nuclear many-body wavefunction. While a lot of 
models have been proposed for K+ production in proton- 
nucleus and nucleus-nucleus collisions [5-121, only few 
efforts have been invested for ?-production [lo, 131 where 
first experiments have recently been performed [ 14). 

In this contribution we use a folding model for primary 
and secondary production processes based on Hartree- 
Fock initial groundstate momentum distributions [ 15, 161. 
We briefly recapitulate the phase-space model in Section 2 
and present results for z+, q and K +  mesons for p + "C 
reactions up to 1.5 GeV. In Section 3 we compare the results 
of the folding model with those from semiclassical VUU 
simulations that are applied to K +  and meson production 
in nucleus-nucleus collisions, too. A comparison with the 
first data from SIS shows that the observed meson yields 
can well be understood within the picture of incoherent 
hadron-hadron production channels. 

2. Primary and secondary reaction channels 

We briefly recall the assumptions of the folding model 
which is described in more detail in [l5, 161. The underlying 
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picture is sketched in Fig. 1 for a p + 208Pb collision at 
finite impact parameter b :  A proton impinging on a nucleus 
at a bombarding energy Tab > 400MeV is decelerated by 
the optical potential in the interior of the nucleus by about 
U,,, x 40MeV due to the momentum dependence of the 
effective in-medium nucleon-nucleon force [ 17, 181 before 
colliding with another nucleon. The first collision then 
happens at an average distance 1, FZ (oNNp0)-' FZ 1.5fm 
from the "nuclear surface". Apart from elastic scattering the 
proton may produce a heavy meson x with momentum k, in 
the first collision. The Lorentz-invariant differential cross 
section to produce a meson in a proton-nucleon @N) colli- 
sion is then given by 

{Exd 3 ox NN /d 3 kxlpr im.  = j d 3 ~ p l ~ x d 3 ~ : ( ~ ~ / d 3 ~ x ~ ~ ~ )  (1) 

where the Pauli-blocking factor for the final nucleon states 
has been neglected since kinematically the nucleons end up 
in an unoccupied regime in momentum space. In eq. (1) p(p) 
stands for the target momentum distribution (normalized to 
1) whereas the primed indices denote meson momenta in the 
individual nucleon-nucleon c m s  frame which have to be 
Lorentz-transformed to the detection frame, respectively. 
The quantity ,h is the invariant energy of the individual 
NN system. 

The ansatz (1) physically implies that for primary pro- 
duction channels only the nuclear momentum distribution 
p(p) is of relevance and thus involves an off-shell assump- 
tion with respect to stationary single-particle states. These 
off-shell phenomena have been investigated in detail in [19] 
for nucleus-nucleus collisions. There it was found that the 
quasiclassical energy-monentum relation holds already at 
quite low bombarding energy. This assumption, however, 
has not been proven so far for p + A reactions and remains 
a basic conjecture of the present approach. 

The elementary differential cross section d3a:(&)/d 3 k ,  in 
eq. (1) is parameterized as a function of the maximum 

Fig. 1. Illustration of a p + 208Pb collision at impact parameter b for 
primary and secondary production of a K'A pair 
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where k,, is given by 

k iax  = [s - (2m + m,J2][s - (2m - m,,)']/(4s) for q's 

k i a X  = [s - (m + m,, + mK)'] 

x [s - (m + m,, - mK>']/(4s) for K +  (3) 
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As indicated by the calculations in Ref. [20] we use opn,, x 
3opp,. In general one should note that the elementary cross 
sections opNx($) are not known properly especially close to 
threshold which introduces a quite sizeable uncertainty in 
the following calculations. The expressions for the differen- 
tial pion cross sections ox($) are taken from an experimen- 
tal data analysis of Ver West and Arndt [21]. 

Apart from the elementary differential cross section 
d30yd3k the quantity (1) is determined by the momentum 
distribution p(p) describing the available momentum com- 
ponents in a nucleus. We evaluate p(p) in the mean-field 
limit, i.e. Hartree-Fock, thus neglecting the extreme 
momentum components due to residual two-body corre- 
lations. 

Since the differential pion spectra as resulting from eq. (1) 
are presented in detail in [l5], we only show that the first 
collision approach for pion production works rather well in 
the energy regime of interest. In this respect the differential 
cross section (11, multiplied by the number of first-chance 
collisions N , ( A )  as evaluated within the Glauber approx- 
imation (NI x 7.3 for " C ) ,  is shown for z f  production in 
Fig. 2 (upper dashed line) in comparison with the experi- 
mental data for p + "C + z' + X from [22-251 (full dots). 
The description of the data is quite accurate. We note that 
n+ reabsorption has not been taken into account which is 
expected to be a minor effect for a light target such as "C. 

The results for q and K' production by first-chance pN 
collisions for p + "C are shown in Fig. 2 (middle and lower 
dashed lines, respectively) as a function of the proton labor- 
atory energy Tab. Here, the first collision approximation 
clearly misses the experimental data for K +  production by 
Koptev et al. [12] by at least an order of magnitude and 
indicates that higher order processes [26-281 or even cluster 
production [29] may play an important role. 

In order to evaluate the K + production by the secondary 
processes nN -+ K'A (cf. Fig. 1) we fold the primary pion 
distribution 

f x ( k  n) = { ox(kx)/d k} prim ./apN (5) 

with d3aJd3kx from eq. (1) again with the nucleon momen- 
tum distribution p(p) and the invariant production cross 

meson production for p+I2C 

$1 , I , ,I 
10" 

0.5 1.0 1.5 

Tlab (GeV) 
Fig. 2. Comparison of the calculated x" cross section (upper dashed line) 
as a function of the bombarding energy for p + '*C with the experimental 
data from [22-251 (full dots). Also shown are the results for K +  production 
from pN (lower dashed line) and xN processes (lower solid line) in compari- 
son to the data of Koptev et al. [12] (open triangles). The results for inclu- 
sive q cross sections from pN and nN reactions are shown by the middle 
dashed and solid line, respectively, without accounting for q reabsorption 

section, i.e. 

{E, d a d d 3  k) sec. 

= [jd3p d3kx(El d30xN-+AK(P, kx)/d3k)p(P)fx(kx) (6) 

where 1 denotes the summation over the intermediate pion 

channels allowed by charge conservation. In case of Kf  
production this includes the channels n'n + K + A  and 
zop + K'A. For q mesons we only have to substitute the 
index K by q in eq. (6) and to consider the channels 
z f n  + qp, nop -+ qp, non -+ qn and n-p + qn. The (isospin 
averaged) differential cross section for secondary q pro- 
duction is approximated by o ~ ~ ~ , , ~  x 1/2c~~-~+,,,, whereas 
the latter is parameterized by 

x 

on-p-+,,n(&) x 13.07 GeV-0.5288(& - &o)o.s288 Cmbl 

(74  
for Go = 1.486 e ,,h -= 1.589 06 GeV, 

for 4 2 1.58906GeV which represents a fit to the well 
known experimental data for n-p + qn [30] up to ,,h = 
4GeV. In case of K +  production the respective cross section 
is parameterized by [7] 

(8a) 9.89GeV-'(& - &) [mb] 

for ,,ho = m,, + mK+ < ,.h < 1.7GeV and 

(8b) x 0.09GeV/(& - 1.6GeV) [mb] 

for $ 2 1.7GeV. The differential cross sections, further- 
more, are assumed to be isotropic in the nN center-of-mass 
system and completely determined by energy and momen- 
tum conservation. 
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In order to calculate the production cross sections for 
p + A reactions we adopt the Glauber model which implies 
to multiply the folded cross sections (1) by the number of 
pN collisions. We recall that the number of first-chance 
nucleon-nucleon collisions N,(A)  in this approximation 
gives N , ( A )  x AO.'*' for A > 15 which is expected to hold 
with roughly 20% accuracy at the bombarding energy of 
interest. Furthermore, the number of events leading to 
meson production in secondary processes is approximated 
by N,(A)C(A), where the factor C(A)  accounts for the prob- 
ability that a pion (produced in the first collision via the 
formation and decay of a A resonance) rescatters in the 
finite volume of the target. We assume the pion creation 
point for fixed impact parameter b to be displaced from the 
nucler surface by (gpNpo)-l. Since the most energetic pions 
(that might produce an or K +  meson in a nN collision) 
approximately move in beam direction, too, they propagate 
additionally by (on, po)- before a secondary collision takes 
place (cf. Fig. 1). This limits the impact parameter to 
b2 < R2 - 12/4, where A is given by 

I = ( o p N  po} - + ( g , N  P O } -  x 3.5 fm (9) 

when inserting experimental values for the cross sections opN 
and grN at the energies of interest (po x 0.16fm-3). Integra- 
tion over b and normalization then yields the probability 
~ 1 5 1  

C(A) = (R2 - A2/4)/R2, (10) 

where R z l.2A'I3 [fm] is the radius of the target with mass 
number A.  

The resulting cross sections for q and K +  production in 
p + I2C reactions are shown in Fig. 2 by the solid lines. We 
find that the K f  data from Koptev et al. [12] are well 
reproduced when accounting for the secondary reaction 
channels. For q's the primary and secondary reaction chan- 
nels are approximately of the same order of magnitude. 
Please note that ?-reabsorption is not taken into account in 
the global overview in Fig. 2. For further details on q reab- 
sorption we refer the reader to Ref. [16]. 

p + A a t  990 MeV 
100 1 1 )  I 

A 

C 
0 
v) 
5 
0 
U 

.- 
d 

10 100 
mass number A 

Fig. 3. The number of first-chance nucleon-nucleon collisions N , ( A )  as a 
function of the target mass number A (dashed line). The solid line denotes 
the effective number of secondary processes according to eq. (10). The tri- 
angles represent the experimental data [12] at 990MeV each divided by 
9.1 nb 
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The conjecture that at energies below lGeV the kaons 
are primarily produced by the nN channels is supported by 
the mass dependence at T a b  = 990MeV, which is shown in 
Fig. 3 by the triangles where we have divided the experi- 
mental data [12] by D = 9.1 nb which is the calculated K +  
cross section per pion-nucleon collision at this energy. The 
first-chance collision number N , ( A )  (dashed line) sincerely 
misses the A-dependence for low masses whereas the 
number of secondary collision events N 2 ( A )  x N,(A)C(A) 
(solid line) quite nicely reproduces the experimental trend. 

3. Comparison to VUU simulations 

The simplicity of the folding model (Section 2) allows for a 
rather fast evaluation of differential meson cross sections in 
p + A reactions and thus provides a more global view on 
systematics with respect to mass A and projectile energy T a b  

provided that it is also supported by more microscopic cal- 
culations, e.g. of the VUU type [5, 311. Since a detailed 
description of particle production in the framework of trans- 
port approaches has been given in a recent review [5] we do 
not present any further equations and discussion of numeri- 
cal implementations. The only quantities of interest are the 
parameterization of the elementary process pN NAK', 
nN -+ AK', which we take to be the same for the compari- 
son, and the initial condition for the target momentum dis- 
tribution pvuu(p) in the VUU simulation. As described in 
[5] the distribution pvuu(p) - that is adopted in the initial- 
ization - is very close to Hartree-Fock results for momenta 
p < pF (Fermi momentum), however, lacks high momentum 
components p > pF in line with the semiclassical approx- 
imations performed in the derivation of the transport 
theory. We thus expect differences to appear especially for 
low bombarding energies. 

3.1. Proton-nucleus collisions 
Since at very low subthreshold energies the cross sections of 
the relevant elementary processes are very small, we propa- 
gate N s  and A's but treat pions perturbatively, i.e. a pion is 
produced in given nucleon-nucleon collision with a differen- 
tial probability according to the Ver West and Arndt pre- 
scription [21] in the same way as in the folding model 
(Section 2). The only difference thus is a discrete (space-time 
localized) description of NN collisions in the VUU 
approach. The second step reactions nN -+ AKf are treated 
by folding the individual pion probability f,(k,) from each 
individual NN collision i over all discrete nucleon momenta 
k, in a volume of 33 fm3 around the creation point ri of the 
pion. The volume of 33fm3 corresponds to a sphere of 
radius 2 fm which reflects the pions average mean-free-path 
In = (onN p o ) -  x 2 fm. We, furthermore, have neglected the 
fact that the pion is produced by the decay of a baryonic 
resonance which propagates in the nuclear medium by 
about 0.5-1 fm and accidentally might decay outside the 
nucleus in case of very light nuclei. For the purposes of the 
present investigation we only note that the final K +  cross 
section from nN reactions changes by at most 20% when 
changing the radius parameter by a factor of 2 for A 3 12. 
The numerical results for p + "C [32] as shown in Fig. 4 in 
comparison to the data of Koptev et al. [12] and demon- 
strate the dominance of the nN channels for K f  production 
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Fig. 4. Results of VUU calculations for K+ production in p + '*C reac- 
tions for primary (dashed line) and secondary channels (solid line) in com- 
parison to the data [12] 

in the same way as the folding model. Note that due to the 
lack of higher momentum components there are no kaons 
from the primary channel below 1 GeV. This restriction, 
however, does not seriously change the result for the sec- 
ondary channel since here the Fermi motion is exploited 
twice. 

3.2. K + Production in nucleus-nucleus collisions 
Since the VUU approach has been especially developed for 
heavy-ion reactions at  intermediate and high bombarding 
energy [S, 311, we can use the same approach for A + A 
collisions and study the contribution of the various channels 
as a function of bombarding energy. The numerical results 
for 40Ca + 40Ca from 0.6 to 1.6GeV/u are shown in Fig. 5 
where the dashed line reflects the K +  yield from nN reac- 

loo 
lo' I 

tions which is small at all bombarding energies compared to 
the baryon-baryon production channels (solid line) [33, 341. 
As will be discussed below, the dominant production chan- 
nels are those involving an intermediate resonance 
[A(1232)]. Thus there are no simple extrapolations from K +  
cross sections in p + A reactions to nucleus-nucleus colli- 
sions. 

As suggested by Aichelin and KO some years ago [l l] ,  
K +  cross sections might be used to determine the compress- 
ibility of nuclear matter. We investigate the latter problem 
within a fully covariant transport approach (RBUU) - that 
properly accounts for momentum-dependent forces [35] - 
by adopting the Lorentz invariant differential cross section 
in the parametrization by Zwermann [9] for the channels 
BB --t K'AB or +K+ZB.  For the detailed evaluation of the 
differential K +  spectra we refer the reader to the paper by 
Lang et al. [36] and only present the final results. 

In Fig. 6 we show the inclusive differential K +  and single 
proton spectra at Olab = 41" for Au + Au and Ne + Ne at 
1 GeV/u employing the parametersets NLl  (solid lines), 
NL2 (dashed lines) and NL3 (dotted lines). The par- 
ametersets NL1 and NL2 exhibit the same strength of the 
momentum dependent forces (i.e. m*/m = 0.83) but differ in 
the compressibility ( K  = 380MeV for NL1; K = 210MeV 
for NL2) while NL3 leads to the same compressibility as 
NL1 but differs in the effective mass (m*/m = 0.7 at po) and 
thus leads to stronger Lorentz forces. Whereas for the light 
system Ne + Ne essentially no dependence on the compress- 
ibility K is found we observe a factor of about 3 for 
Au + Au when comparing the results for the "stiff' EOS 
(NLI; solid line) with those of the "soft" EOS (NL2; dashed 
line). 

Since experimentally the ratio of K +  mesons to single 
protons can be determined more easily in the spectrometer, 

inclusive spectrum 
E, = lGeV/u, $, = 41' 

L J 
3 
Q: 

d 

P 
U 

/- 
/ 

/ 
1' - NN -> NAK' 

10-51, , I , , , I , I , I , 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 
E/A [GeVI 

Fig. 5. Calculated Kf cross section for 40Ca + 40Ca as a function of bom- 
barding energy for baryon (solid line) and pion (dashed line) induced pro- 
duction channels 

$ lo-' 1 K'+X 

1 o-8 
0 500 1000 

P [MeV1 
Fig. 6. Differential K* and single proton spectra for Au + Au and 
Ne + Ne at 1 GeV/u for the parametersets NL1 (solid lines), NL2 (dashed 
lines) and NL3 (dotted lines) (see text) 
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Fig. 7. Ratio of the total K+ to single proton yield as a function of the 
impact parameter b for 0 = 41". Solid line: NL1; dashed line: NL2; dotted 
line: NL3. The data point is taken from Ref. [37] 

N + A + K+ + X (Fig. 8) where the elementary , cross 
section is barely known. In this respect one has to look pref- 
erentially at K +  ratios from light and heavy systems since 
then ambiguities in the elementary cross section cancel out 
to a large extent [36]. 

3.3. q Meson production in nucleus-nucleus collisions 
Whereas Kf  mesons couple only weakly to the baryonic 
environment and thus their production can be treated per- 
turbatively, this does no longer hold for q mesons due to 
their strong final interactions. In order to keep track of the 
various interaction channels we have developed a transport 
approach where nucleons and nucleon resonances [A( 1232), 
N(1440), N(1535)] are propagated explicitly with their 
isospin degrees of freedom as well as pions and q's [38, 391. 
Here the nucleon resonances move within the same time- 
dependent mean field as the nucleons whereas pions and q's 
are treated as free particles. Pion production is assumed to 
be entirely due to the formation and decay of the resonances 
with experimental branching ratios while q production pro- 
ceeds through the excitation of an N(1535) resonance which 
decays by roughly 50% to the N + q channel. The individ- 
ual formation cross sections are adopted from [Zl] or [16], 
respectively, whereas time reversed channels are evaluated 
by detailed balance [39]. 

Within this nonperturbative approach we find - as 
expected - that above threshold (> 1.256 GeV) most q's are 
produced in nucleon-nucleon (N + N) collisions. This is 
shown in Fig. which displays the various production than- 
riels for primordial q,s as a function of bombarding energy 
for central collisions of 40ca + 4 0 ~ ~ .  However, below 
threshold nucleon-resonance (N + R) production channels 

we show in Fig. 7 the respective ratio as a function of the 
impact parameter b for the three parametersets in compari- 
son to the experimental ratio of 3.8 x loT4 from Ahner et 
al. [37] for central collisions of Au + Au. This comparison 
clearly favors the "soft" EOS described by the parameterset 
NL2. However, one has to keep in mind that most of the 
K +  at this energy are produced by the 

Ne+Ne at 1 GeV/u/ b=O 

0 5 10 15 

Nl+N2 

Au+Au at 1 GeV/u/ b=O 
I I I 

i 

0 5 10 15 

Nl+NZ 
Fig. 8. Baryonic decomposition of the collisions producing a K +  for 
Ne + Ne and Au + Au at 1 GeV/u and b = 0. Open histograms: nucleon- 
nucleon collisions ( x 10); hatched histogram: nucleon-A channel; filled 
histogram: A-A channel 
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become important, too. It is worth noting that the n + N 
channel supersedes the N + R processes above about 1 GeV 
but is less important below. The large enhancement of 
N + R channels in nucleus-nucleus collisions as compared 
to p + A reactions is due to the fact that q meson pro- 
duction in A + A reactions takes place at rather high den- 
sities (2-3p,) [38] such that on average the A resonance 
rescatters with the nucleon instead of decaying to 71 + N as 
in case of p + A reactions. 

0.1 
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3 c 
€ 

F 
0.01 

1 sources 

- 
a 

I , I , I I I I I  

0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Eb/A [GeVI 
Fig. 9. Hadronic decomposition of the q meson production channels for 
40Ca + 40Ca collisions as a function of the bombarding energy per nucleon 
from Ref. [39]. The experimental data point at 1 GeV/u is taken from [40] 



Meson Production in Proton-Nucleus and Nucleus-Nucleus Collisions 199 

A detailed analysis of the q rescattering and reabsorption 
processes, furthermore, indicates that the asymptotically 
observed q’s no longer carry essential information from the 
high density phase of the reaction since their last interaction 
vertex takes place at rather low density [38]. When compar- 
ing our calculations - scaled in Fig. 9 to the asymptotic 
number of q’s emerging from the simulation - to the experi- 
mental data point from Metag et al. [40], we find no serious 
discrepancy which implies that the dominant reaction chan- 
nels are met in our transport approach. 

4. Summary 

In this contribution we have presented calculations for K+ 
and q production in pnucleus reactions based on on-shell 
scattering processes and uncorrelated Hartree-Fock 
momentum distributions. This approach quite accurately 
reproduces pion as well as K+ yields in proton induced 
reactions and compares well with VUU calculations for 
these reactions. Whereas in case of production primary 
and secondary channels are roughly of the same order of 
magnitude, the production of K +  mesons is found to be 
dominated by the secondary channel nN + K’A up to 
1.5GeV. The latter result is essentially due to the fact that 
via secondary reactions one can exploit the internal Fermi 
motion twice and thus shift the production threshold sub- 
stantially to lower energies. Furthermore, the cross section 
o,N+AK+ is large compared to o ~ ~ - ~ A K +  above threshold. 

The secondary reaction mechanism is furthermore sup- 
ported by the experimental mass dependence of the K C  
inclusive cross sections. This becomes striking especially for 
light targets such as ’Be or ”C. On the other hand, one 
cannot simply extrapolate Kf  cross sections from p + A 
reactions to nucleus-nucleus collisions since the reaction 
channels are quite different. Detailed VUU calculations L 

even show that in lowest order the pion induced production 
channels for K f  mesons in A + A collisions can be 
neglected. 

We have also discussed that the subthreshold production 
of K +  mesons in Au + Au collisions yields information on 
the compressibility of cold nuclear matter since their yield 
and spectra increase by up to a factor of 3 when decreasing 
the compressibility from K = 380 MeV to K = 210 MeV. 
However, due to unknown production cross sections espe- 
cially for the dominant channel N + A + K f  + X the abso- 
lute spectra are rather uncertain and one has to examine 
production ratios for light and heavy systems to determine 
the compressibility K in an approximately model- 
independent way. 

The production of q’s in nucleus-nucleus collisions was 
calculated nonperturbatively via the formation and decay of 
the N(1535) resonance including q rescattering and reab- 
sorption. Though the existing experimental data point from 
Metag E401 is met quite well, it is too early to draw any 
final conclusions on q dynamics at high nuclear densities 
since the various final state interactions strongly distort the 
information from the high density phase. 
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