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K°/K+ Ratio in Relativistic Heavy-Ion Collisions 
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Germany 

It is shown that ratio of production yields of K° and K+ mesons in collisions 
of isotopically asymmetric nuclei at incident energies ~ 1 GeV/nucleon is related 
directly enough to temperature of nuclear matter at the initial stage of the collision. 
Sensitivity of the K ° / K + ratio to the temperature variation is analyzed. Ambigui-
ties, associated with interpretation of this quantity as a probe of nuclear tempera-
ture, are discussed. It is argued that the K°/K+ ratio is a fairly model-independent 
quantity, provided channels with A isobars dominate the kaon production. 
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Studies of íf-meson production in relativistic heavy-ion collisions, which were started 
by works [1] experimentally and by those [2] theoretically, are actively conducted at 
present. This is associated with the fact that in heavy-ion collisions at incident energies 
~ 1 GeV/nucleon, strange particles are predominantly produced at earlier, hot and dense 
stage of the reaction and axe only slightly disturbed during subsequent expansion and 
decay of highly excited nuclear system originated in this collision. Therefore, strange 
particles, unlike nucléons and pions, provide us with information on the most interesting 
stage of heavy-ion collisions. 

In this paper, we would like to draw attention fco one more quantity, related to the 
strange-particle production, precisely to a ratio of production yelds of kaons with different 
projections of isospin ( K ° / K + ratio). The basic reason, why this quantity attracts inter-
est, is as follows. Heavy nuclei, that are collided to produce large blobs of highly excited 
nuclear matter, are asymmetric in the N/Z ratio. For instance, the ratio of the neutron 
number to the proton number in 197Au nucleus amounts to N/Z — 1.49. Therefore, yields 
of K° and K + mesons in collisions of such asymmetric nuclei should differ from each 
other. Dominantly, the K°/K+ ratio depends on the N/Z ratio in the colliding nuclei 
(note that K°/K+ = 1 alway holds for N/Z = 1). Additionally, the K°/I<+ ratio depends 
on the excitation energy (or temperature T in thermal equilibrium) of the nuclear matter. 
This dependence is such that K ° / K + — 1 at T —> oo, which arises from production of 
particle-antiparticle pairs occurring at high temperatures. This production is symmetric 
in charge and isospin. Therefore, the pair production partially reduces the asymmetry 
of the initial (cold) system and drives the system to an almost isotopically symmetric 
state in the limit of very high temperature (when the number of newly produced particles 
considerably exceeds that of initial ones). Thus, the deviation of the K°/K+ ratio from 
unity reflects the temperature of the hottest stage of the nuclear system, originated in 
the heavy-ion collision. This is the basic idea of the K°/K+-T&t'io utility, which, however, 
prove to be not free from ambiguities, when considered in detail. Therefore, the K°/K+ 

ratio should be used along with already conventional means, such as spectra of nucléons 
and pions and analysis of their collective flow. Note that all said above about the K°/K+ 

ratio also holds for the production ratio of pions 7r~/7r+, except for that the observed 
pions probe a rather late stage of the reaction and, hence, are not that interesting. 

At present, experimental studies of heavy-ion collisions at incident energies Eia¡, ~ 1 
GeV/nucleon are actively carried out on the SIS-accelerator facilities at the GSI (Darm-
stadt). In particular, the 47r-detector of the FOPI collaboration is able to detect K+, as 
well as K° and A [3]. The major part of the experiments carried out deals with Au + Au 
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collisions (at present, at the energy E¡af, = 1 GeV/nucleon). Therefore, in this paper we 
study in detail the sensitivity of the K ° / K + ratio to the temperature and some problems 
related to unambiguous interpretation of this ratio precisely for this reaction. The study 
is based on the relativistic mean-field hydrodynamic model developed in [4]. 

Within this model, strange-particle production is treated on the basis of the hadro-
chemical kinetics, occurring on the background of the 3-dimensional liydrodynamic evo-
lution of the system. It implies that the hydrodynamic evolution is calculated only for 
the subsystem of nonstrange particles (nucléons (N), A-isobars, and pions (TT)), which are 
assumed being in the local thermal and hadrochemical equilibrium. This is a reasonable 
approximation for the hydrodynamic evolution, since in the incident energy range under 
consideration, the number of produced strange particles is negligible as compared with 
that of nonstrange particles. In this energy range, cross sections of the strange-particle 
production are extremely small (they are near the threshold of strange-particle produc-
tion), and hence, strange particles are not able to be chemically equilibrated with the 
nonstrange subsystem during a restricted time of the reaction duration. Therefore, in [4] 
(following [5, 6, 7]) equations of the hadrochemical kinetics were used, which, however, 
did not distinguished isotopic states of strange particles. In this paper, we refine those 
hadrochemical equations in order to separately describe production of strange particles 
with different isospin projections. To this end, the production rate of kaons with isospin 
projection M ^ ( t u k = 1/2 for K+ and TTIK = —1/2 for K°) from an iufitesimal vol-
ume of the nuclear matter V, containing NB(rriB) baryons of the kind B with isospin tB 

and its projection tub and N„(m„) pions with isospin projection m„, is described by the 
expression 

X ) ( < 7 n + B - * K + Y ( s n B , m K , m „ , m B , m Y ) v 7 r B ) N 7 , ( m n ) N B { m B ) 

+ ]£ /C (<rBt+B2-4K+Ba+Y(si2,mK,rnl,m2,m3,mY)vi2)NBl(rnl)NBi(rn2) j , 
Bi ,Bi,Bs,Y ,tnj,raj,my J 

(1) 

where Y is a hyperon accompanying the kaon production, cr stands for kaon-production 
cross sections, which depend on isospin projections of hadrons participating in the reaction 
and on the ¿-invariant 

Sab = (Pa + Pi.)2 
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(here, pa and pb are 4-momenta of particles), and vab is the invariant relative velocity 

vab=[(papb)2-M2M2}1/2/(EaEb) 

(here, Ma, Mb and Ea, Eb are masses and energies of particles, respectively). Angular 
brackets (...) mean statistical averaging over particle distribution in the entrance channel. 
Expressions for the averaged quantities (CTa+UA'+A'"aii) are presented in [4, 5, 6). In 
formula (1), the first term describes kaon production in pion-pion collisions, the second 
term, in pion-baryon collisions, while the third term, in baryon-baryon collisions. 

Following references [2, 8], elementary baryon-baryon and pion-baryon reactions are 
assumed to be mediated by intermediate states with a certain isospin, and their cross 
sections are expressed as 

O"S1+B2->A'+Bs+K(S i2, t t i k , mi, m2 ,m3 , my) 

= [ |<<i mi | Í 3 m 3 l ( m i - m 3 ) ) | 2 X ; 4 5 f l W ^ ) 
L I,M 

1 2 
x | ( í 2 m 2 l ( m i - m 3 ) | / M ) | 2 (I M \ty my -mK) + (1 2) , (2) 

<7iT+B-tK+Y{SvB, rriK, m*, mg, my) 

=£ /) I(tB mBlm„\I M) I2 (I M \tY my \ mK) 
I,M ¿ 

(3) 

i.e. in terms of cross sections of the reaction partial channels OY(S, I) and isotopic Clebsh-
Gordan coefficients (íj mi í2 m 2 | I M). 

Production rates of hyperons of the kind Y with the isospin projection my can be 
written down in a similar way 

dNy(my) _ - ¡ ^ j ^ {<t*+b-+k+y ( s „ B , rn„, mB, mY)vnB)Nn(m„)NB(mB) 
a t V ^ B m„,mB,mK 

Bl ,B2 ,Bi ">1,ra s71K ' 

(4) 

Since the kaon production actually takes place near the threshold, we took into account 
only the lightest hyperons: A(1116), £+(1189), E°(1193), and S~(1197). The Randrup-
Ko (RK) parametrization [2,8] were used for cross sections 0ySß^(si2, I). Parametrizations 
of Gy B\snB, I) and ctw+„-+k+R were taken from [5, 9] and [6], respectively. The hydro-
dynamic calculation was performed for the soft equation of state (Soft-1, see [4]). This 

4 



calculation gave the following result 

K° /K+ = 1.20. (5) 

This value can be treated as a result of a numerical experiment. 
In order to interpret the above value and to study dependence of the K°/K+ ratio on 

the temperature and other factors, we calculated temperature dependence of the K°/K+ 

ratio for production from some volume of thermalized nuclear matter, having the same 
isotopic asymmetry as Au nuclei. In this simple case, the value of the K°/K+ ratio is 
determined by the ratio of kaon-production rates (1) 

Ko/K+ = dNK(~ 1/2) UNk{ 1/2) 
dt J dt 

For the sake of comparison, along with the RK parametrization we also used the Schürmann-
Zwermann (SZ) parametrization [10] for cross sections of reactions B\ + By —¥ K + Bz + 
Y. This parametrization more accurately describes these cross sections near the kaon-
production threshold, however, far from the threshold, it is less accurate than the RK 
parametrization. Results of this calculation are presented in Fig. 1 (solid curves) to-
gether with results for the ratio of production yields of A hyperons and K° mesons (A/K°, 
dashed curves). The latter quantity is also determined by the ratio of production rates 
(see (1) and (4)) 

A/Ko = (dNA(0) + dNs(0)\ / r f i M - 1 / 2 ) 
\ dt dt J J dt 

Formula (7) takes into account that to the time of detection all I! hyperons have decayed 
and, in particular, all S° have been transformed into A: S° A7(100%), while all the 
charged S have not made any contribution into the A yield: E + —> JOT0(52%), E+ 

mr+(48%) and S " nfl-(100%) [11]. 
Figure 1 shows that the value K0/K+ = 1.20 is reached at the temperature T ~ 102 

MeV. This value of the temperature well complies with the temperature of the hottest 
stage of the reaction as obtained from analysis of the hydrodynamic calculation. Thus, 
the K°/K+ ratio unambiguously indicate the temperature of the hottest stage of the 
reaction. Note that the accuracy 0.01 of the K 0 / ^ - r a t i o measurement is required in 
order to determine the temperature up to 5 MeV. However, this is a model-dependent 
result yet, which is essentially based on the hadron abundances in the nuclear medium 
determined by the hydrodynamic evolution. 

The first encouraging observation consists is that the K°/K+ ratios, calculated with 
RK and SZ parametrizations (see solid RK and SZ curves in Fig. 1), practically coincides 
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at T > 100 MeV. This occurs in spite of the fact that these differ parametrizations of 
cross sections result in essentially different total kaon yields [ 4 ] , a s different relative 
contribution of partial channels of kaon production (see Fig. 2 and [4]). The universal 
T-dependence of the K°/K+ ratio at T > 100 MeV results from the fact that in this tem-
perature range the K production channels N + A -> K + B + Y and A + A - » K + B + Y 
dominate both for RK and SZ parametrizations (see Fig. 2). Note that for the RK 
parametrization, these channels are dominant in the entire temperature range considered. 

Fig. 1. K°/K+ (solid curves) and A/K° (dashed curves) ratios as functions of tempera-
ture for RK and SZ parametrizations of cross sections of reactions B1 + B2 —> K + B3 + Y. 
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Fig. 2. Relative contributions made by channels of K+ production: N + N 
K + B + Y (N + N), N + A K + B + Y (N + D), A + A K + B + Y (D + D), 
N -f 7T —y K -f Y (N -f pi), and A + tt ->• K + Y (D + pi), as functions of temperature for 
RK (a) and SZ (b) parametrizations of cross sections of reactions B\ + B2 —> K + + Y. 
Contribution of7r + 7r—> K + K channel is not displayed because of its smallness. 

The universal T-dependence of the I<°/K+ ratio at T > 100 MeV indicates that it 
is model-independent to a great extent, i.e. this ratio is independent of specific hadron 
abundances (numbers of A isobars and it mesons) in the nuclear matter, provided the 
the K production is dominated by channels with A isobars. Certainly, the K°/K+ ratio 
depends on the isotopic content of A isobars and nucléons. However, the latter is basically 
determined by the initial isotopic asymmetry of colliding nuclei and excitation energy (or 
temperature) of the nuclear matter, i.e. by precisely those parameters that are of interest 
for us. Indeed, changes of relative contributions made by various channels, resulting from 
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application of different parametrizations of cross sections at unchanged hadron abun-
dances, can be interpreted as changes, arising from variation of hadron abundances in the 
nuclear matter at unchanged cross sections. The latter situation precisely corresponds to 
describing heavy-ion collisions within kinetic models, which do not assume hadrochemical 
equilibrium in the nonstrange subsystem. Calculations in both hydrodynamic [4] and 
various kinetic models [12, 13, 14] indicate that the kaon production is dominated by 
the processes iY + A - 4 K -f B + Y and A - f A K + B + Y in heavy-ion collisions 
at incident energies E¡ab ~ 1. This makes us quite confident that the universal model-
independent character of the T-dependence of the /v0//iT+ ratio takes place for a large 
number of models mentioned above. For kinetic models, terms of temperature are not 
quite relevant. In this case, the mean kinetic energy £ per particle is a relevant quantity. 
Making use of e and relations of relativistic thermodynamics [15], we can introduce the 
effective temperature Tej¡ 

where x¡ is the fraction of i particles in the system, M,- is the mass of the i particle, K„(z) is 
the modified Bessel function of the second kind, and summation runs over kinds of hadrons 
i. For these kinetic models, the T dependence of the K0/K+ ratio should be understood 
precisely in terms of this effective temperature. However, the above-mentioned models 
do not present all the variety of approaches to studying kaons in the nuclear medium— 
they do not consider modifications of kaons themselves in the medium [16, 17, 18]. The 
question, as to how strongly the K ° / K + ratio depends on kaon in-medium modifications, 
requires further studies. 

For comparison, A/K° ratios for two parametrizations of the B\ + B-¿ K + B^ -j-Y 
cross sections are also presented in Fig. 1. As seen, they essentially depend on these 
parametrizations and, hence, on the detailed hadronic content of the nuclear matter. 
This is caused by the fact that a part of hyperons (precisely, E + and associatively 
produced together with kaons, are unobservable, since they decay without strangeness 
conservation (see (7) and text following it). Therefore, within the hadrochemistry there 
is no natural (independent of the detailed hadronic content of the medium) limit, to 
which the A / K ° ratio would go at rising temperature. The absence of such a limit makes 
the A/K° ratio extremely sensitive to hadronic abundances. Thus, Fig. 1 demonstrates 
that interpretation of the A /K° ratio is a much more complicated task (than that of the 
K°/K+ ratio), since it essentially depends also on details of dynamical evolution of the 
system rather than only on the temperature. 
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In conclusion, in this paper we have considered the ratio of production yields of K° 
and K + mesons in Au 4- Au collisions at the incident energy E¡ab = 1 GeV/nucleon. The 
hadrochemical calculation within the hydrodynamic model has given the result K°/K+ = 
1.20. To study dependence of the K ° / K + ratio on the temperature and other factors, we 
have calculated the K0/K+ ratio of yields from some volume of the tliermalized nuclear 
matter. Various parametrizations of kaon-production cross sections have been used in 
this calculation. We assumed that the change in relative contributions made by different 
channels into the kaon production, which resulted from use of different parametrizations 
of cross sections, could be interpreted as a change, arising from variation of hadron abun-
dances in the nuclear matter at unchanged cross sections. This calculation has shown 
that the temperature dependence of the K°/K+ ratio at T > 100 MeV is fairly model-
independent in the actual situation, when kaons are predominantly produced in A-isobar-
induced processes, and that this quantity can be used to experimentally determine the 
temperature of the nuclear system at earlier stage of the lieavy-ion collision. In particu-
lar, the hydrodynamic value of the K°/K+ ratio obtained corresponds to T « 100 MeV, 
which complies with the temperature deduced from analysis of hydrodynamic evolution 
of colliding nuclei. As has been found, to determine this temperature with accuracy up 
to 5 MeV, the K ° / K + ratio should be measured with accuracy up to 0.01. 
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preciate the hospitality rendered to us at Gesellschaft für Schwerionenforschung, where a 
part of this work was done. This work has been supported in part by Russian Foundation 
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