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PHYSICAL REVIEW C, VOLUME 62, 064904

Strangeness production fromsN collisions in nuclear matter

K. Tsushima, A. Sibirtsev? and A. W. Thomas
Special Research Center for the Subatomic Structure of Matter and Department of Physics and Mathematical Physics,
University of Adelaide, SA 5005, Australia
2Institut fir Theoretische Physik, Universtt&iessen, D-35392 Giessen, Germany
(Received 6 April 2000; published 10 November 2p00

Kaon production in pion-nucleon collisions in nuclear matter is studied in the resonance model. To evaluate
the in-medium modification of the reaction amplitude as a function of the baryonic density we introduce
relativistic, mean-field potentials for the initial, final, and intermediate mesonic and baryonic states. These
vector and scalar potentials were calculated using the quark-meson coupling model. The in-medium kaon
production cross sections in pion-nucleon interactions for reaction channeld waitid > hyperons in the final
state were calculated at the baryonic densities appropriate to relativistic heavy ion collisions. Contrary to
earlier work which has not allowed for the change of the cross section in-medium, we find that the data for
kaon production are consistent with a repulsi¢e-nucleus potential.

PACS numbgs): 24.10.Jv, 25.46-h, 25.60.Dz, 25.70.Ef

[. INTRODUCTION the baryon density is discussed in Sec. IV. The cross sections
of kaon production inr+N collisions in vacuum and in
The properties of kaons in nuclear matter have recentiywuclear matter at different densities are then evaluated and
attracted enormous interest because of their capacity to sighown in Sec. V for ther ™ +p— A +K? reaction and in
nal chiral symmetry restoration or give information on the Sec. VI for them+N—2 +K reactions. The impact of our
possibility of kaon condensation in neutron sfdrs4]. Stud-  results on heavy ion collisions is discussed in Sec. VII. Fi-
ies with a variety of modelg5—8] indicate that the antikaon nally, the summary and conclusions are given in Sec. VIII.
potential is attractive while the kaons feel a repulsive poten-
tial in nuclear matter. The results from kaonic ator@slq],
as well as an analysisl1-15 of the K™ production from
heavy ion collisiond16—20, are in reasonable agreement
with the former expectation for antikaons. However, the In the present study, we use the quark-meson coupling
analysis of available data do™ production from heavy ion (QMC) model[23], which has been successfully applied not
collisions at SIS energigd8—21] contradicts the predictions only to the problems of conventional nuclear phy$@4,25
that the kaon potential is repulsive. The comparison betweebut also to the studies of meson and hyperon properties in a
the heavy ion calculations and the df1-15,21,22indi-  nuclear mediuni7,26—33. A detailed description of the La-
cates that the&K "-meson spectra are best described by negrangian density and the mean-field equations are given in
glecting any in-medium modification of the kaon properties.Refs.[7,24—28,31 The Dirac equations for the quarks and
Furthermore, the introduction of even a weakly repulsivegntiquarks in the hadron bagsiu,u,d or d, hereaftey,
K*-nucleus potential results in a substantial underestimate Heglecting the Coulomb force, are given by
the experimental data on kaon production.
Since in heavy ion collisions at SIS energiéé6—2Q the ) ()
K" -mesons are predominantly produced by secondary pions, 1 !
2 ( W(X)) =0, @

IIl. MEAN-FIELD POTENTIALS FOR MESONS
AND BARYONS

we investigate the kaon production reactions+N—Y |y-&x—(mq—vﬂ)+y° Vot ng)
+K (Y=A,3 hyperong, in nuclear matter. To be specific, ) _
we combine earlier studies of kaon production in free space
with a very successful, relativistic mean-field description of [ 1
nuclear system&QMC). All parameters are fixed by earlier iy dy—(Mmg—VHF yO(Vﬂ,— EVE)
studies and the effects of the medium on the reaction cross * :
sections are calculated for the first time. The result is impres-
sive in that the medium effects explain the nuclear produc- [iy-dy—mg]is(x) [Or g(x)]=0. 3
tion data, without any adjustment of the parameters deter-

mined elsewhereincluding the standard repulsive kaon- rne mean.field potentials for a bag in nuclear matter are

nucleus interaction. : .
: . . defined byw3=g%, V9=g%w, andv?=g%b, with g, g9,
Our paper is organized as follows. In Sec. Il we introduce q Wa=050 @ 9o L . 95 9o
andg, the corresponding quark-meson coupling constants.

the vector and scalar potentials for mesons and baryons in- . . .
P Y The normalized, static solution for the ground state quarks

volved in the calculations of the+N—Y+ K amplitudes. ; : .
We explain in Sec. Ill the resonance model which is used " antiquarks in the hadroh, may be written a$7,26-2§

calculate the cross sections; N—Y+K. The strangeness R
production threshold in nuclear matter and its dependence on (X)) =Nse  VRn (%), 4

1/ ¥a(x)
viax) | =0 2
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wheref labels the quark flavors, and; and ;(x) are the N
normalization factor and corresponding spin and spatial part \%_)/
of the wave function. The bag radius in mediuRf, , which 5
generally depends on the hadron species to which the quarks >
and antiquarks belong, will be determined through the stabil- —20}
ity condition for the(in-mediunm mass of the meson against
the variation of the bag radiusg,24-27,3] [see also Eq.
(9)]. The eigenenergieg;, in Eq. (4) in units of 1R} , are
given by

A—hyperon

—40}

(Eu) =Q*+R*(VQ+1\/Q) (5) nucleon
e qg—"'h o 9 Yp|
u -60
(q)zmﬂ*(\/q_; q) © R e
€d, g " Co2°r) e/ Po
€= €=, 7) FIG. 1. Total potentiall,,,; for nucleon andA hyperon shown

as a function of the baryon densiby in units of the nuclear matter
. ; ; — -3
where Qé _ /_2—Xq+ (Rﬁ ms)zy with mac — mq—ggo and Qs saturation densitypy=0.15 fm °.

= \xZ+ (Rimy)% The bag eigenfrequencies, andxs, are quarks in theK™ (by a factor of 1.4) in order to repro-
determined by the usual, linear boundary condifi2d.25.  quce the empirically extractedk*-nucleus interaction
Note that the lowest eigenenergy for the Dirac equatior[6_8’36,31 which is slightly repulsive if one wants to be
(Hamiltoniar) for the quark, which is positive, can be re- ¢onsistent with theK *N scattering length, and the corre-

garded as the analog of a constituent quark mass. sponding value gbg=0.16 fm 3 is estimated to be about 20
The hadron masses in symmetric nuclear matter relevaney [37]. Thus we will use the stronger vector potential,
for the present study are calculated by 1.42V9, for the K™ meson in this study. Calculated mean-

field potential felt byK* meson, using 1.24/2,, is shown in

_ * _
:(nq+nq)Qq+(ns+nQQS Zh+fWR;3B’ (8)  Fig. 2. Through Eqgs(1)—(9) and usual QMC formalism

mh

R} 3 [7,24-28,3] we self-consistently calculate effective masses
m; and mean-field potential¥ , , in symmetric nuclear
amy 0 g  matter. The scalary?) and vector U") potentials felt by
IR | 7R*_ ' ©) the hadrond in nuclear matter are given by
h=FRh
. Ul=Ug=m}-m,, 10
In Eq. (8), nq (ng) andng (ng) are the lowest mode light s— s T (10
quark(antiquark and strangéantistranggquark numbers in U= (n—naVa—1.va (VI 1.2V9  for K+
the hadrorh, respectively, and the, parametrize the sum of v=(Ng= MgV, =13V, (V= LAV, )'(11)

the center-of-mass and gluon fluctuation effects, and are as-
sumed to be independent of density. The parameters are d
termined in free space to reproduce their physical masses.
In this study we chose the values,=5 MeV and mg
=250 MeV for the current quark masses, d@g=0.8 fm

.. In Eq.(11), | 5 is the third component of isospin projection
of the hadrorh and thep meson mean-field potentiadg is
zero in symmetric nuclear matter. Then, within the approxi-
mation that the mean-field potentials are independent of mo-

for the bag radius of the nucleon in free space. Other inpultﬂ#eiltu\/ngt_m:‘gur-rpomentl{m of th?. hadron is mod|f|.ed by
parameters and some of the quantities calculated are given R — (VP"+m; “+ U, ,p), which modifies not only the kine-

Refs.[24—28. We stress that while the model has a numbermatical factors such as the flux and the phase space, but also
of parameters, only three of them?, g% , andgd, are ad- modifies the reaction amplitudes. Obviously, the reaction
3 oY ! p’

justed to fit nuclear data—namely the saturation energy anEﬂresholds are modified in nuclear matter and now depend on

: - baryon density.

density of symmetric nuclear matter and the bulk symmetr)} el
energy. None of the results for nuclear properties depend Flggre 1 shows the totalUo) nupleon andA-hyperon .
strongly on the choice of the other parameters—for examplet,)c’ten'.“""IS atzero mome_nta as fun_ct|on of the baryon density,
the relatively weak dependence of the final results for the" unltsf of the saturat|I(|)nh density of nuclear matiey
properties of finite nuclei, on the chosen values of the current 0-12 fm . Let us recall that at momentup=0,
qguark mass and bag radius, is shown explicitly in Refs. -

. Uioi=Us+U,, (12
[24,25. Exactly the same coupling constangs,, g%, and
g?, are used for the light quarks in the mesons and hyperonand the total potential for th® hyperon is almost equal to
as in the nucleon. However, in studies of the kaon systenthat for theA hyperon.
we found that it was phenomenologically necessary to in- Figure 1 indicates that both nucleon and hyperon poten-
crease the strength of the vector coupling to the nonstranggals approach minima around normal nuclear matter density,
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FIG. 2. Total potential,; for K* andK* (892)" mesons plot- FIG. 3. K and A production processes

ted as a function of the baryon densjty in units of saturation
density,po=0.15 fm 2 of the nuclear matter.

1
M(1720)~ OMY =<MY;(1720 = Mn(1720)~ 3 omy, (19
which reflects the fact that aroung, the energy density of
nuclear matter is minimized. Figure 2 shows the density de- 1
pendence of the totaK and K*—me§on pote.ntials at zero Ma (1920~ 5m§<mz(m@< Ma (1920~ §5m§11 (16)
momenta. The total kaon potential is repulsive as explained
before, and depends substantially on the baryon density. The

K*-meson total potential is attractive at baryon densities be-

low =2.7p,. . .
Po These in-medium resonance masses may be expected to

Now, we will discuss the in-medium modification of the modify the resonance propagators in the reaction amplitudes
resonance masses. At present it seems that there is no reji- propag P '

able estimate for the in-medium modification of masses foc[.gl i\t/liljd w\;\tgogumrr;%(i(ranxatéz ?hnek?rivrvnlgiiﬁn::;ifarc;hﬁicli?;s
the higher mass baryon resonances. In view of its numerou Y, PP

successful applications elsewhere, we base our estimate pearing in the prqpagator by the free space ones. 'From
the QMC mode[34,35. gs. (13)—(17) we will show results for the cross section

We assume that the light quarks in the baryon resonanc%alcmated using the lower limit for the resonance masses.
are responsible for the mass maodification in nuclear medium, owevlgr,.tv:c/e thr?ve also performed the czlculaft]on Léslﬂgtthe
as in the QMC mod€I34,35. However, there is a possibility uppelr imitfor the resr?nance masses, and confirmed that our
that the excited state light quarks may couple differently fo-Onclusion remains the same.
the scalaro field from those in the ground states, although
we expect the difference is small. Thus we estimate the range IIl. RESONANCE MODEL
for the in-medium baryon resonance masses by the following /e explain in this section the resonance mof#0—
two extreme cases, i.€i) all light quarks including those in 43,45-47, which could describe the energy dependence of
the excited states play the same role for the mass modificgge total cross sectionssN— Y K, quite well, and has been
tion as those in the ground statés) only the ground state |,gaq widely in kaon production simulation codg2—
Iight quarks play the roIe._These two cases are expecteq t£>4122,3774$ We extend the model by including medium
give the maximum and minimum limits for the mass modi- s ification of the hadron properties, not only in the kine-
fications of the baryon resonances. Specifically, the range fQf,5tic factors such as the flux and the phase space, but also in
the effective masses of the baryon resonance in medium i$,s reaction amplitudes.
given (see, e.g., Ref.38] for the quark model basis of the \ye consider kaon and hyperon production processes in
baryon resonancgs 7N collisions shown in Figs. 3 and 4. Because different
intermediate states and final states contribute to e
5 —AK and wN— 2K reactions, the in-medium modification
Miy(1650)~ smy<my, (1650 =MN(1650)~ §5mﬁ . (13 of the reaction amplitudes is also expected to be different, as
will indeed be shown later.
In Table | we summarize the data for the resonances
which are included in the model.
The effective Lagrangian densities used for evaluating the
processes shown in Figs. 3 and 4 are

with smy=my—my . (17

1
My(1710)~ OMY<MY(1710= Mn(1710)~ 3 omy, (14

064904-3
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j (1710) j (1720) j (1920)

a C

b)) K

K*(892)
3(17)

N T
(d)

FIG. 4. K and2 production processes.

Lon=—19naNys7N- T, (18

L (650~ — ann(aes0f N(1650 7N - 7+ N7N(1650 - 7],

(19
LNN1710~= ~ 197N N(1710{N( 1710 y57N- 7
+Nys7N(1710 - 7], (20
LwNN(l?ZO)_gWL(NZO)[NM 1720 7N- 9y P
+N7N#(1720 - d,, 7], (21)

PHYSICAL REVIEW C62 064904

O 7NA(1920) —

L NA(1920= [A*(1920IN- d, e

+NZTA#(1920 - 9, 7], (22)

Lk AN(1650)= — gKAN(lGSO{N( 1650 AK + KAN(1650],

(23
L An(1710~ — igKAN(l?lO{N( 1710 ysAK
+KAysN(1710], (24)
OKAN(1720
ACKAN(1720)——()[N'“(1720A07 K
+(d,K)AN#(1720], (25)
Licsn(1710~= ~ ingN(1710)[W(1710 Y57 3K
+K3 - 7y5N(1710]7, (26)
£K2N(1720)_9K2N—(1720)[NM(17207 58 K
+(3,K)3 - TN#(1720], 27)
OksA(1920
ﬁKzA(lgzo)——()[A“(192()I Sa,K
+ (a,ﬁ)_f- 7TA#(1920], (28)
Li* (892K == 19k * (892)K77[E;K;(892) )
—("K)7K% (892 d]+H.c, (29

TABLE I. Resonances included in the model. Confidence levels of the resonanchi$1&6%0)****,

N(1710***,

N(1720****, and A(1920*** [44]. Note that theA(1920) resonance is treated as an

effective resonance which effectively represents the contributions of six resona(d€€0), A(1905),
A(1910),A(1920), A(1930), andA (1940). See Refd40,42 for this effective treatment of tha(1920).

Resonance Width Channel Branching ratio Used
N(1650) () 150 N 0.60 — 0.80 0.700
(MeV) AK 0.03 - 0.11 0.070
N(1710)3 ) 100 N7 0.10 - 0.20 0.150
(MeV) AK 0.05 - 0.25 0.150
SK 0.02 - 0.10 0.060
N(1720)E ™) 150 N 0.10 - 0.20 0.150
(MeV) AK 0.03 - 0.10 0.065
3K 0.02 — 0.05 0.035
A(1920)é+) 200 N 0.05 - 0.20 0.125
(MeV) 3K 0.01 — 0.03 0.020
K*(892)(1) 50 K ~ 1.00 1.00
(MeV)

064904-4
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L (892)AN= —QK*(sgz)AN[NWAKZ(892)+H-C-], @0
30

Lix (892)sN= — Gk (892)2N[N')"u;' 5K2(892) +H.c].

(31
In the above, the operatoZsand K are defined by
- 1 3 -

= - - *
IMM_I=21’0<1|2M|2M)eI ’ (32)

- 3 3 -
Kum= > [1=M'|=M|ef, (33

I=F10\ 2 2

with M, u, andM’ being the third components of the isospin

projections, andr the Pauli matricesN,N(1710) N(1720),

andA(1920) stand for the fields of the nucleon and thgcor—
respo_nding baryon resonances. They are expiessedl by

=(En), similarl_y for the chIeon resonances, al(11920)
=[A(1920)" ",A(1920)",A(1920f,A(1920) ] in isospin

PHYSICAL REVIEW C 62 064904

TABLE II. Values for coupling constants, cutoffg, and 8 pa-
rameters used in the present study. For details about the coupling
constants relevant foA(1920), g,na(1920) @Nd ks a(1e20), S€E
Refs.[40,42.

Vertex g%l Cutoff A (MeV)

7NN 14.4 1050
wNN(1650) 1.1x107! 800
wNN(1710) 2.0x10°! 800
wNN(1720) 4.1%10°8 800
wNA(1920) 1.1% 10! 500
KAN(1650) 5.1 1072 800
KAN(1710) 3.78 800
KAN(1720) 3.1x10? 800
K3N(1710) 4.66 800
K2 N(1720) 2.9%10°! 800
K2 A(1920) 3.0 10! 500
K* (892)AN 1.62<1072 1200
K*(892)SN 1.62<1072 1200
K* (892)K 7 5.48x 1072 C=2721fm

B=8.88<10 3 fm?

space. The physical representations of the kaon field are,

KT=(K",K% andK= (K~ ,K°), respectively, and similarly
for the K* (892), where the superscriptmeans the transpo-

sition operation. They are defined as annihilatingeating

the physical particléantiparticle states. For the propagators

iSg(p) of the spin 1/2 andG#*(p) of the spin 3/2 reso-
nances we use

. . y-ptm
ISF(p):I—pz—mz-i—ime“”’ (34)

—P“(p)

iG*"(p)=i p2—m2-+imr i’

(39
with

1
P#"(p)=—(y-p+m)| g~"— 57“7”

1 2
J— AV _ A’AtY — — nMnRY
am Y P YR o pEp 1 (36)

wherem andTI"™!" stand for the mass and full decay width of

the corresponding resonances. For the form facts) (q
is the momentum of mesony or K), appearing in the
meson-baryortbaryon resonangevertices, we use

- A?
F(Q):(m>. (37)

For the K* (892)K-7 vertex we adopt the form factor of

Ref. [39]:

|

1. .
exp(—Bz(pK—pﬁ)

1. .
5 (Pc=Px)

Fix (892)K7r<

|

In the calculation, the form factors of EqR7) and(38)
are multiplied by the corresponding coupling constants.

The parameters of the model, namely the form factors in
the interaction vertices and the coupling constants, were
fixed by available experimental data on the different N
—Y+K reaction channels. Furthermore, the same param-
eters which were determined by ther N— Y + K reactions
were used in the calculations of strangeness production in
baryon-baryon collisions, and they also reproduced the avail-
able data reasonably wdlt5—47. In Table Il we list all
values for the coupling constants, cutofs,and 8 param-
eters relevant for the present study.

Since the strength of thd K and XK coupling to the
various baryonic resonances are differésge Table)l, the
dynamics ofA and2 production are also different. This can
be understood as follows.

The amplitude of the resonance propagator in the reaction
amplitude,7N— Y K, becomes maximal when the invariant
collision energy crosses the mass of the resonance. Further-
more, the cross sectioo(7mN—YK) is proportional to

(gy)?** near thresholdwith | andqy=|qy| the orbital an-
gular momentum and momentum of thi& pair in the center

of mass system In seeking to understand the difference in
the behavior ofr(7N— AK) ando(7N—2K) it is impor-
tant to note that the former receives a large contribution from
the swave N(1650) (with [=0), while the latter is domi-
nated byp-wave resonancegvith [=1). The subtle inter-

1. .
(38)

064904-5
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play between the change in momentum dependence associ- <
ated with threshold variations and the change in resonance 3
amplitudes associated with varying resonance masses is re- =~
sponsible for the different behavior af(wN— AK) and wz 178) K*s
wn
o(mN—2K).
The total free mass of thEK system,ms+my, is very 170

close to the mass of th®,,(1710) resonance, i.eM Py

—my —myg=27 MeV, which dictates its substantial role in
> hyperon productiorf47]. The situation is different for 1.65¢
the AK system, since the nearest baryonic resonance is K*A
$11(1650) andMs —m,—mg=41 MeV. Furthermore, be-

causeS;4(1650) andP4(1710) have different couplings to
the final statesAK (relative s wave and %K (relative p
wave), respectively, the change in the verticBg(1650)A K 156 b L
and P4;(1710>K due to the momentum modified in me- 08/

dium are also different. Furthermore, when threshold

changes as the baryon desnsity varies, the change in the FIG. 5. The threshold energysy, for K* A andK*3 produc-
strength of the contributions from tHg;(1650) to thewN tion given by their total in-medium energy at zero momentum, as a
— AK reaction and that of th®35(1920) to thewN— 3K function of the baryon densitgg in units of saturation density of
reaction should be different as a function of baryonic dennuclear matterp,=0.15 fm 3. The solid lines indicate our results,
sity. Thus, combining these effects for theN— AK and while the dashed lines show the threshold in free space.

7N— 2K reactions, we can see that the energy dependence .
of the cross sections in a nuclear medium can be significant/§inding energy of normal nuclear matter in the QMC model.
modified. urthermore, the maximum of the downward shift of the

+N—Y-+K™" reaction threshold amounts to roughly 30
MeV. We also found that at baryon densitigs>0.2 fm 3
the strangeness production threshold 7N collisions is
higher than the free space case.

The dispersion relation in nuclear matter relating the total
energyE and the momenturp of the particle is written as v, THE #+N—A +K REACTION IN NUCLEAR MATTER

E=Vp*+(m+Uy%+U,, (39 Now we apply the resonance model to calculate the in-
medium amplitudes. We keep the coupling constant as well

wherem is the bare mass arld,, U, denote the scalar and as the form factors at the values found in free space. While
vector parts of the potential in nuclear matter. The thresholdhis assumption certainly cannot be completely correct in
Jsi, for the reactionm+N—Y+K™ is given as the sum of nuclear matter, there are no presently established ways to
the total energies of the findl™ meson andY hyperon, improve this part of our calculation. In principle, since we

IV. THE w+N—Y+K* REACTION THRESHOLD IN
NUCLEAR MATTER

taking their momenta to be zero and hence started from the reaction amplitude itself, it is possible to
include in-medium modifications of the coupling constants
Vsth=m+m"+UK+uf+uk+u?, (40)  as well as the form factors when reliable calculations of the

changes of these quantities in nuclear matter become avail-

where now the upper indices denote kaons and hyperonable. In the following calculations we include the vector and
The solid lines in Fig. 5 show th&*A andK™X reaction  scalar potentials for the interactiiitial) nucleons and fi-
thresholds/s,, as a function of the baryon density. Obvi- nal kaons and hyperons, as well as for the intermediate bary-
ously, in free space the scalar and vector potential vanish anghic resonances arii* meson.
the reaction threshold equals to the sum of the bare masses of Figure 6 shows our results for the differential cross sec-
the produced particles, which is shown by the dashed lines ition for the reactionm™ + p— A +K° at the invariant colli-
Fig. 5 for theK" A andK*2 final states. sion energy/s=1683 MeV. It is calculated both in free

It is important, that while the&K "-meson energy at zero space(the solid ling and in nuclear matter, at baryon density
momentum increases with the baryon densgége Fig. 2, pe=po (the dashed lineand pg=2p, (the dotted ling For
because of the negativd and X potentials the reaction comparison, we also show in Fig. 6 the experimental data
threshold in nuclear matter ag<<1.4p is shifted below that collected in free spadg!9,50. The important finding is that
in free space. not only the absolute magnitude, but also the shépe de-

The maximal downward shift of the reaction threshold inpendence on the c@ of the 7~ + p— A + KO differential
nuclear matter occurs at baryon densities aropgret 0.6p. cross section, depends on the baryon density.
This value is the result of competition between the simple, One of the simplest ways to construct the in-medium re-
linear dependence on density of the vector potentials and thection cross section is to take into account only the in-
more complicated, nonlinear behavior of the scalar potenmedium modification of the flux and phase space factors
tials. (A similar competition leads to the saturation of the while leaving amplitude in matter the same as that in free

064904-6
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FIG. 6. Themr +p— A +K? differential cross section at invari- s'? (GeV)

ant collision energy/s=1683 MeV as a function of the cosine of

the kaon emission angle in the center-of-mass system. The experi- FIG. 8. Energy dependence of the total cross sectioni-p
mental data are from Refi49] (the squaresand from Ref[50] (the ~ —A+ K°, as a function of the invariant collision energ calcu-
circles. The lines show our calculations in free spéselid) and in  lated for different baryon densities. The data in free space are taken

nuclear matter at baryon densi%: Po (dasheaj and PB:2P0 from Ref. [52] The lines indicate our results for free Spdselid)
(dotted, with po=0.15 fni 3. and for nuclear matter at baryon densjty=p, (dashedl and pg
=2p, (dotted. (Only the solid curve should be compared directly

space, without including medium effel&1]. To shed more With the data.

light on the problem of how the reaction amplitude itself is <0 orqs5 section is shown in Fig. 8, as a function of the
modified In nuclea_r matter, we show in '_:'g' 7 the d'rgens'on'lnvariant collision energy@. The experimental data in free
less reaction amplitudes squared for the+p—A+K"re-  ghace are taken from Ref52]. The calculations for free
action, calculated at/s=1.7 GeV and 1.9 GeV, in free gpace are in reasonable agreement with the data, as shown by
space(the solid lines, pg=po (the dashed lingsand pg  the solid line. The dashed line in Fig. 8 shows the results
=2p, (the dotted lines Our calculation clearly indicates qptained for nuclear matter ag= po, while the dotted line

that them™ + p— A + K° reaction amplitude in nuclear mat- is the calculation apg=2p,.

ter differs substantially from that in free space at these ener- Clearly the totalm™ +p— A +K° reaction cross section
gies, and that the amplitudes depend on the baryon densityepends substantially on the baryon density. Furthermore, as

Finally, the energy dependence of the total +p—A  gjready discussed in Sec. IlI, the reaction threshold at baryon
density pg=pg is shifted downward as compared to that in
free space, while gbg=2py it is shifted upwards.

Obviously, heavy ion collisions probe a range of baryon
densities frompg=0 up to several times normal nuclear
matter densityp,. The calculation of the time and spatial
dependence of the baryon density distribution is a vital as-
s'2=1.7 GeV pect of dynamical heavy ion simulations. However, a first

L estimate of the density averaged total + p— A +K° cross
section can be gained from Fig. 8. Of course, the data is only
available in free space and should only be directly compared
with the solid curve. Nevertheless, it is suggestive for the
10 NG e problem of in-medium production to note that a crude aver-
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IMP

[ T Hp > A+K®

"""""" s age of the in-medium cross sections over the range®
<2po would be quite close to the free space cross section at

b s'=1.9 GeVv energies around the free space threshold. This seems to pro-
0 s T T T T s vide a reasonable explanation of why the heavy ion calcula-
cosd tions including[15,21,23 the =+ p— A + K cross section in

) ) S ) free space, that is without a repulsive kaon potential, can
_FIG. 7. Thegd|men§|onles)5|nvar|ant amplitude squa+red for the reproduce the datfl6—20. More quantitative calculation
7 +p—A+K"reaction, as a function of cds(the K™-meson 54 giscussion of this effect will be given in Sec. VI.
emission angle in the center-of-mass systeaalculated for the

invariant collision energies/§: 1.7 GeV (uppeD and 1.9 GeV VI. THE #+N—Y+K REACTION IN NUCLEAR MATTER
(lower). The lines show the result for free spagmlid) and for
nuclear matter at baryon densipg=p, (dashed and pg=2p, The 7+ N—X +K reaction involves different dynamics

(dotted. in comparison with ther+p— A +K reaction, because the
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FIG. 9. Energy dependence of the total cross SeCtiﬂhﬂ‘p FIG. 10. Energy dependence of the total cross secton p
—>E++K+, as a function of the invariant collision energ@ cal- *,204_ KO, as a function of the invariant collision enerq@ cal-

culated for different baryon densities. The data in free space argy|ated for different baryon densities. The data in free space are
taken from Ref[52]. The lines indicate our calculations for free taken from Ref[52]. The lines indicate our calculations for free
space (solid) and for nuclear matter at baryon densigg=po  space(solid) and for nuclear matter at baryon density=pq
(dashed and pg=2p, (dotted. (dashedl and pg=2p, (dotted.

reaction involves the different intermediate baryonic resoWith those in free space, at energies above near the in-
nances. For instance, although thé(1650) resonance Medium reaction thresholds.

couples toAN channel, it does not couple to theN state.

Moreover, theA(1920) resonance couples XN channel, VII. IMPACT ON HEAVY ION STUDIES

but does not couple to theN channel in our model. Forthis ¢ s expected that in relativistic heavy ion collisions at
reason, the dependence on the baryon density of the reactiejjg energies nuclear matter can be compressed up to bary-
in nuclear matter+N— X +K, is quite different from that  5nic densities of ordepg=3p, [21]. The baryon densitpg

of the m+ N—A +K. available in heavy ion collisions evolves with the interaction

In Fig. 9 we show the energy dependence of the totatime t and is given by the dynamics of the heavy ion colli-
cross sectionr "+ p—3*+K™, as a function of the invari-
ant collision energy/s. The experimental data in free space
are taken from Ref.52]. The free space data are well repro-
duced by the calculations in free space, as shown in Fig. 9 by
the solid line. The dashed line indicates the results obtained
for nuclear matter at baryon denspy= po, while the dotted
line shows the result gig=2p,.

Again, as already discussed in Sec. lll, the density depen-
dence of the hadron masses and the vector potentials leads to o _
a shift of the reaction thresholds in nuclear matter. Because b o,
of the density dependence of the-hyperon potential, the L
threshold at normal nuclear matter densityg€ pg) is I B Y S NG R
shifted downwards compared with that in free spacepgt 5
=2p, the 2K reaction threshold is shifted upwards relative
to the threshold in free space. Moreover, the magnitude of
the 7" +p—2"+K™" cross section depends much more R N R
strongly on the density than the™ + p— A + K° reaction. 8 '8 2 22 12 24

Figures 10 and 11 show the energy dependence of the s/? (GeV)
total cross sections for the™ +p—3°+K® and 7~ +p FIG. 11. Energy dependence of the total cross sectiont p
—3 " +K" reactions, respectively. The data in free space_s-1k*, as a function of the invariant collision energl cal-

[52] are well reproduced with the calculations in free spacecylated for different baryon densities. The data in free space are
which are indicated by the solid lines. The cross sectiongaken from Ref[52]. The lines indicate our calculations for free
calculated for the nuclear matter, except for +p—3° space(solid and for nuclear matter at baryon densitg=p,

+ K% at pg=2p,, are substantially enhanced in comparison(dashedi and pg=2p, (dotted.

np—>I K

g (mb)
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o SAK free space kaon productipn Cross sectiop migh.t quite reason-
ably reproduce the experimental data, will be discussed more
quantitatively below.

As a matter of fact, the total cross section averaged over
the time dependent density profile, shown by the dashed line
in Fig. 12, should additionally be averaged over the invariant
collision energy distribution available in heavy ion reactions.
The number of meson-baryon collisiohg, g for the central
Au+Au collisions at 2 GeV is given in Ref.[54] as a
function of the invariant collision energys. It can be pa-
rametrized forys>1 GeV as

AN _ exp([\/g—\/s—o]z)
° [AVS? )

where the normalization factdly,=6x10* GeV !, while
Jso=1 GeV andA \/s=0.63 GeV. Note that at SIS energies
FIG. 12. Energy dependence of the total cross sectiontp ~ Nms IS almost entirely given by the pion-nucleon interac-
—A+K?, as a function of the invariant collision energfg. The  tions, and heavy meson and baryon collisions contribute only
data in free space are taken from R&2]. The solid line indicates  t0 the high energy tail of the distribution in E¢#2)—uwith
our calculation for free space. The dashed line shows the crosguite small densitie§54]. Finally, if we also average the
section calculated by averaging over the density function profilecalculated, in-medium, total cross section fer +p—A
[53] given by the time evolution obtained for AtAu collisions at  +K°, shown by the dashed line in Fig. 12, over the available
2A GeV[see Eq(41)]. energy distribution given in Eq42), we obtain an average
total kaon production cross section @)= 65 ub for cen-
sion. Moreover, the density is large in the very center of theral Au+Au collisions at 2 GeV. This result is indeed com-
collision. In the following estimates we investigate the den-patible with the calculations using the free space total cross
sity dependence of the production cross section for centraection of ther™ +p— A +K° reaction, which provide an
central heavy ion collisions. However, it should be remem-average total kaon production cross section(Kj=71 ub
bered that at the edges, where most particles are expectedftsr central AurAu collisions at 2 GeV. Note that the in-
be located, the density dependence of the strangeness piglusion of even a slight modification of th&" mass because
duction mechanism is not strong compared to that of thef the nuclear mediuntwithout the corresponding changes
central zone of the collision. introduced hergleads to a substantial reduction of the inclu-
To calculate theK "-meson production cross section av- sjve K+ spectraby as much as a factor of 2 oy, ompared
eraged over the available density distribution we adopt theo that calculated using the free space properties for the rel-
density profile function obtained by dynamical simulationsevant hadron§14].
[53] for Au+Au collisions at 2 GeV and at impact param- e stress that at SIS energies reaction channels with a
eterb=0. This can be parametrized as hyperon in the final state play a minor role, because of the
upper limit of the energy available in the collisions. As was
illustrated by Fig. 5, the downwardly shifted+N—2 +K
' (41) reaction threshold at small densities is still quite high com-
pared to that for the reaction with the hyperon in the final
state.

o (mb)

(42)

I 1 — T
s'? (GeV)

[t—t]?
At?

PB(t):PmaxeX%

where the parameterspna—=3pg, t=13 fm, and At
=6.7 fm, were fitted to the heavy ion calculatioris].
The total cross section for the™ + p— A +K° reaction
integrated over the time rangei=<23 fm and weighted by We have calculated the in-medium modification of kaon
the time dependent density profile given in Edl), is  production in pion-nucleon collisions in nuclear matter using
shown by the dashed line in Fig. 12. The limits of the the resonance model developed in R¢-43. To evalu-
integration were taken from the simulations of the+4u  ate the in-mediuniK-meson production for the reaction chan-
collision time evolution in Ref[53]. The circles and solid nels with A and> hyperons in the final, states, the density
line in Fig. 12 show the experimental data in free sg&®  dependent potentials for the initial, final and intermediate

VIIl. SUMMARY

and the calculations in free space, resp_ectively. mesons and baryongesonanceswere introduced to the
One can see that the total cross section averaged over tiigsonance model amplitudes. The vector and scalar poten-
collision time (time dependent density profiléor the 7~ tials were calculated within the quark-meson coupling model

+p—A+KO reaction is quite close to the result given in [7,23,26-3% The m+N—A+K and 7+ N—2+K cross
free space integrated up to at energies above the productigiections were calculated for different baryon densities of the
threshold, up ta/s=1.7 GeV. That the results shown in Fig. nuclear matter. We found that not only are the initial flux and
12 actually explain why the heavy ion calculations with thethe final phase space of the reactions modified in baryonic
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matter, but the reaction amplitudes themselves are also modieavy ion collisions at SIS energi¢$8—21 for the K*
fied. spectra can be reasonably described when one neglects any
It was shown, that the totalr+N—A+K and w+N in-medium modification of the kaon and hadronic proper-
— 3 +K cross sections depend substantially on the baryonities—i.e., adopting thé& *-meson production cross section
density. Furthermore, the reaction thresholds and the absgiven in free space.
lute magnitudes as well as the dependence of the production In conclusion, our present study shows that if one ac-
cross section on the invariant collision energy all vary  counts for the in-medium modification of the production am-
strongly with the density of the nuclear matter. plitude (i.e., the in-medium properties of th€" meson and
To evaluate the impact of our microscopic calculations orhadron$ correctly, it is possible to understad” produc-
the heavy ion results, we averaged the kaon production crog®n data in heavy ion collisions at SIS energies, even if the
section over the baryon density profile, which depends on th&™ meson feels the theoretically expected, repulsive mean-
evolution time of the heavy ion collision. Furthermore, in field potential. The apparent failure to explain tké pro-
order to compare with the experimental data more quantitaduction data if one includes the purely kinematic effects of
tively, we calculated the effective total kaon production crosghe in-medium modification of th&™ meson and hadrons
section by averaging over the invariant collision energy dis-appears to be a consequence of the omission of these effects
tributions available in heavy ion reactions. We found that aton the reaction amplitudes.
low collision energies, the density or time averaged
K+-meson_production_total cross section, calculated using ACKNOWLEDGMENTS
the in-medium properties for th&™ meson, hyperons and
relevant hadrons, is very close to that calculated using the A.S. would like to acknowledge the warm hospitality at
total cross section given in free space. the CSSM during his visit. This work was supported by the
Thus our results provide an explanation of why the analy-Australian Research Council and the Forschungszentrum
ses[13,15,21,22 of available data oK™ production from  Juich.
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