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Strange particle production from a hadron gas in the chiral mean field formalism
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A mean-field equation of state for a hot and dense hadron gas developed earlier, which incorporates ex-
cluded volume repulsive interaction between a pair of baryons and the Kaplan-Nelson chiral Lagrangian term
for kaon-baryon interactions is used to study the production of strange particle ratio& &.g.}, K~ /7,
andK*/K~. We find that the strange particle production is considerably enhanced due to the medium modi-
fication of their masses in the hadron gas and, therefore, it gives a hint for a partial restoration of chiral
symmetry in a dense and hot medium.
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[. INTRODUCTION are believed to arise due to the exchange of éhecalar
meson and the repulsive interactions are generated through
Quantum chromodynamid®QCD) predicts a phase tran- the exchange of am vector meson. However, the Walecka
sition at large temperature and/or density from the normamean-field model fails in describing the interactions present
color-confined phase of hadron g&dG) to a deconfined in the hadronic gas existing in the early Universe where the
quark gluon plasmé&QGP phasd 1,2]. NA5O experiments at nucleons and antinucleons are present in almost equal but
CERN have recently claimed the detection of a QGP formalarge number and the net baryon density is close to zero.
tion [3]. However, it is believed that the conclusive evidenceThis demonstrates that a major shortcoming of the Walecka
for such a phase transition will be revealed at the experimodel is in not properly handling the repulsive force existing
ments to be carried out shortly on the RHIC machine at thévetween finite size baryons at high density. In order to sur-
Brookhaven National Laboratofy]. The diagnostic studies mount this difficulty, Anchishkin and Suhonen extend&d]
of a QGP are the most difficult part of the phase transition. Ithe mean-field model by considering an extra potential en-
is essential to correctly determine the properties of the hoergy term, which exclusively takes care of the hard-core re-
and dense hadronic matter in order to devise some uniqyaulsion in the form of the excluded volume effect and thus
signals for a QGP formation in the relativistic heavy-ion col- this term depends on the density as well as on the tempera-
lisions [1]. Therefore, the search for a realistic and properture. Thus they obtained a thermodynamically consistent
equation of statdEOS for the hot and dense hadron gas model for a HG consisting of nucleons-antinucleons and
carries an unusual significance. The behavior of the EOS ations. We extended the modEgl1l] for a multicomponent
high energy density depends strongly on which hadrons arkadron gas and obtained a realistic EOS by including all the
actually included in the model and on how these patrticles arparticles upto a mass of 1200 MeV in the hadron gas spec-
assumed to interact with each other. However, until the adtrum. We have further included the chiral kaon-baryon inter-
vent of relativistic heavy-ion collisions, we did not have any action term as given by Kaplan and Nelson and a single time
experimental data to directly test the predictions of such amlerivative interaction arising from the vector current cou-
EOS, although these kinds of situations existed either in theling in order to study the effect of kaon condensation in the
early universe or in the core of neutron stars or in both of theaultrarelativistic heavy-ion collisiongl2,13. The purpose of
above. the present paper is to use the new EOS involving the mean-
The description of hadronic interactions is almost impos-ield formalism with excluded volume and the chiral terms to
sible in the QCD field theory due to our limited understand-find out the ratios of strange particles in order to facilitate its
ing of its nonperturbative feature. Therefore, we resort to aises in the diagnostic studies of QGP formation.
phenomenological description of such interactions. One im- In high energy nuclear collisions, two beams of several
portant aspect of the hadronic interactions at high densities isucleons collide. The quarks and gluons are confined in the
a short-range repulsive force existing between a pair of baryeolliding nucleons. After the primary collisions, we expect
ons. Two types of approaches, that address this question emultiple rescatterings and, therefore, entropy rapidly in-
ist in the literature. One is based on purely geometric hardereases and the system quickly achieves thermal equilibrium.
core volume of each baryon and is macroscopic in natureDeconfining transition means that the confinement does not
Assigning a hard-core size to baryons will result in a short-survive during thermalization. The presence of a QGP in the
range repulsion. This is known as excluded-volume approacfireball thus creates a bigger difference than when we have
[5—7]. The other is based on the mean-field approach formuhadrons in the system only. Chiral symmetry restoring phase
lated in the language of the thermodynamics of extendedransition means quarks in the QGP become almost massless
objects and hence the interactions among hadrons are effegr have the current-quark masses. The resulting hadrons dur-
tively realized microscopically in terms of the mean fieldsing hadronization will consequently have reduced masses in
[8,9] of various hadrons present in the HG. In this approactthe dense and hot HG also due (oartia) restoration of
attractive interactions in a charge symmetric nuclear mattechiral symmetry. Such medium modifications of kaon and
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hyperon masses in a hot and dense medium have been a topic

of current interest because these are useful inputs for the n=> (nj+n;), ()
study of kaon condensation in a neutron star. Since the pio- )
neering work of Kaplan and Nelson on the possibility of the PB=(1/2)miw§, ®)

kaon condensation in nuclear matf&#], a large amount of
theoretical effort has been devoted to the study of kaon prop-

SN . . 1
erties in dense matter. The approaches include chiral pertur- E— - Nir & n 7
bation theory[15], the Nambu-Jona-Lasino modék], and @0 mi[ngN ot GoaaNea+ GoxxMezl, "
the SU3) Walecka-type mean-field modé¢lL7], etc. Re- .
cently we have also undertaken such studies in the frame- n -=n-—n-*=df d°k [f—f] )
work of a model which combines the mean-field approach BT TR (23t i

with the excluded-volume correctidi1,12. We have wit-

nessed a drastic reduction in the masses of the strange par-

ticles in such a model. In this paper, we attempt to calculate ”B:2 Ngj(aj,T). ©)
the ratios e.g.K"/7*, K7 /7~, andK*/K~ etc., from this

type of EOS for the hadron gas. This study will be of im- The degeneracy factors are givendhg=4, d, =2, anddy
mense help in understanding the strangeness enhancement=a6. We have used the following $B) relations between
a signal for a QGP and/or a chiral symmetry restoring phaséhe coupling constantsg,yy=(2/3)d,nn @nd  g,vy
transition. =(2/3)g,nn- We further usg10]

L. EOS FOR HG g2/ ME=374.84GeV?, g2, /m>=283.59GeV?2.

The model has been described in our earlier paperfurthermore, we getlg; in terms of the time component of
[11,12. The expression for the total pressure of the HG is the vector fieldw as

/ E d d3k k2 f f UBj(nB):gwjjwo- (10)
P=1/32 d, b4 Pur(n T
i Jf (2”)3(Mf‘2+k2)1’2[ i+ i1+ Pyaw(n, T)

The chemical potential of baryons is modified due to the
w-meson interaction:

ui=pj—Ug;j. (13)

whered; is the degeneracy factor for théh species of had- On the contrary, the attractive interaction of baryons with the
rons. In our calculation we consider the multicomponento scalar field modifies their masses as

hadron gas consisting of mesoms= 7, K, K*, 7, p, o, 7,

¢, and baryong=N, A, X, and antibaryon$. We empha- !
size_ that.the calcplation becomes very involved for manysimilarly the corresponding pressure is

particles included in the HG spectrum. Therefore, the contri-

butions of other higher mass particles are not incorporated in P,(o)=—(1/2) mig{ (13
our model. We further denofd 1]

+ PB<nB>+P(,<o)+§ Pm(T), (1)

where

fj(j_)= exp

o=<1/m§>; Uoij (N + M) (14)
(MF 2+ k)24 Uygu(n, T) £ Ugj(ng) + 1 -t
T : and
2 B d3k M B
Noi) =9 | 23 (Mrz+k2)1/2fj(J)'

X

(15
Here the uppetlower) sign refers to baryong(antibaryons
i), respectively. The expressions for Van der Waals' hard

core repulsion terms afd 1,17 In order to make our calculation complete for the kaon-

baryon interactions, we further add two more scalar and vec-

Voh tor interaction terms as follows:
PVdW(n,T):nTl_Von, 3 s
Ls=—NBBKK, (16)
Von fk
Uygw(nT) =T ————TIn(1—Vgn) (4)
Vawa T 1—Von ' g
Ly=—By,BKIK. 17)
with 8fi
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The first gives the scalar attractive interaction term as giver ©-807
by Kaplan and Nelson who showed that the baryons act o 3
kaons as an effective scalar field because of the explici ]
breaking of chiral symmetry S@)gxX SU(3), . The second ]
term gives the repulsive vector interactions between the ka  *°3
ons in the nuclear matter, while it is attractive for antikaonsg ]
due toG parity. In the abovd, is the kaon decay constant % ]
and we take f,=93MeV and kN sigma term 3, 2 .40
=350MeV. The termCg obviously reduces the kaon mass « 3
as follows: ]
112 3
M; “My| 1- i/lKNfPs) ' (18) 0420—2
K'K 3
wherepg is the total scalar density of the baryons, i.e., sum ]
of n,; andn,;. Similarly the presence ofs and £,, modi- o‘ooeo""""la'o'"'””1'36"'”"1'255“”"'1'46”"'"1'&6”””'1'5'0
fies the kaonantikaon effective energy at zero momentum ‘ Temperature (Mev)
as
FIG. 1. Variations of the ratiok /7~ andK*/#" with respect
E;(E) =M%+ (3/8fﬁ)nB (19 to temperaturd are shown by curves A and B, respectivelyAA)
showsK ~/#~ at ug=500(200) MeV and BB’) shows the curves
and the number density for kaofentikaon$ is given as for K¥/7=* at ug=500(200) MeV, respectively.
_ d’k 1 ture T. This demonstrates the relative importance of the chi-
Nk (k)= 9K (2m)° 3 ' ral termsLg and £, for kaons and antikaons. We find that
(Mg2+ kz)miwnsiﬁw the £, term is more effective for largewg and smaller tem-
ex K -1 peraturegi.e., T<160 MeV) and essentially creates a differ-
T ence between a kaon and an antikaon.
(20 In Fig. 3, we have shown our results for the number den-

&_ities of nucleons, pions, kaons,and A particles, and their
antiparticles, respectively, gtg=500MeV. We find that
N,3,A number densities are much smaller in magnitude in
Nga+Nes+ (Nk— N+ n:;—n*g)=0. (21) comparison to those dfl, 3, and A, respectively, even at
very largeT (T=160MeV). We are optimistic that these
We can solve these coupled set of equations to calculate thelues of the number densities will find their uses in the QGP
number densities &K K. A, A.S.S., etc. diagnostic studies in connection with heavy-ion collisions.
In Fig. 4, we have demonstrated the variation of strange

Furthermore, we impose another constraint equation regar
ing the strangeness neutrality in the nuclear matter:

Ill. RESULTS AND DISCUSSIONS
4.0

In Fig. 1, we have shown the variations of the ratios
K*/#" andK /7~ with respect to temperatuieat various
baryon chemical potentialgg. At ug=500MeV, we find
that the difference between the ratifs /7" and K /7~ 3.0
increases a$ increases. However, at smalleg, the differ-
ence becomes much smaller. The difference should vanish
us— 0. Another important point we find is that the ratio
K*/m"=0.8 at T=160MeV and ug=500MeV. This
shows that the kaon mass is considerably reduced and it re

x
+ 2.0
X

taa v v ta by vy by v e byt

B
sults in an enhanced production of tkemeson. Thus the /_\A
strangeness enhancement occurs due to the medium modi: —_—
cation of theK meson properties and, therefore, a very large
K*/x" ratio at largeT andug demonstrates at least a partial
restoration of the chiral symmetry in the hot and dense me-
dium. 0.0 T A T T T
60 80 100 120 140 160 180

In Fig. 2, we have shown the variation of the rafio /K ~
with temperaturel at differentug. As expected, we get a
value for the ratio nearly equal to one for smaller values of FIG. 2. variations of the& /K~ ratio with respect to tempera-
mp (e.9., up=<300Me\). However, for largefug (€.9.,ug  tureT. Curves A, B, and C correspond g, equal to 300, 460, and
<600 MeV), we find that the ratio decreases with tempera-600 MeV, respectively.

Temperature (MeV)
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FIG. 4. Variations of the strangeness chemical poteptjalith
0.00150 respect to the baryon chemical potentigd . Curves A, B, C, D,
and E correspond to the value of temperature equal to 100, 120,
140, 160, and 180 MeV.
0.00100+
kaon massell8—-20. However, the density and the tempera-
000050+ S ture dependences of the masses are parametrized in the
% above model$18]. Here we perform an explicit calculation
and hence our results deserve more attention. Relativistic
0.00000 T T T 1 . _ . .
80 100 120 140 160 transport models predict a constagt /K~ ratio when in-
Temperature (MeV) medium mass modification of thK mesons is neglected

[21]. These calculations further reveal that the falloffkof

FIG. 3. Abundances of baryons and mesons with respect to tenspectra is steeper than ti€" spectra possibly due to the

peratureT. The curves correspond to the valuewaf=500 MeV. decrease oK~ effective mass in the nuclear mediJ@2].
Therefore, we emphasize that the properties of strange me-

chemical potentiaj, with respect to baryon chemical po- sons in a hadronic medium at finite temperature and/or den-
tential ug at different temperatured. This relationship  sjty are essential for constructing a realistic EOS for under-
arises because we put the condition of vanishing totaktanding nuclear matter.
strangeness as given by H@1) for the nuclear matter. We  Recently Schaffner-Bielich and collaborat§28,24] have
find that for largerT (T=180 MeV), we almost get a linear explored the properties of strange hadrons in the dense and
relationship betweem, and ug. For a strangeness neutral hot nuclear medium within a coupled channel calculation.
QGP, we get strange quark chemical potentig0, which  They have found tha ™~ experiences an attractive potential
corresponds to a relatio, = ug/3. It is unique straight line  in the medium but the potential changes sign at a sufficiently
relation for a HG resulting from the hadronization of a QGP.|arge temperature. This does not fully support our findings in
However, in Fig. 4, the slope of the straight liieor T this paper and hence needs further confirmation. Even if the
=180MeV) is =1/8. This is because the strangeness is disK ~ feels a much shallower attractive potential rather than a
tributed among mesons and baryons of much differentepulsive one in heavy-ion collisions, we will not get an
masses in a HG at a largeand/or ug . enhanced production &~ due to a reduction in its mass. In

In conclusion, the strangeness enhancement has alwaggder to obtain a maximal in-medium effect for the , they
been regarded as a signal for a QGP formation. It is particuf24] have used an optical potential which scales with density
larly considered a signal for a chiral symmetry restoration. Inand they have further included the in-medium cross section.
this paper, we have attempted to show this by using an EOEffects from a finite relative momentum and finite tempera-
for the dense and hot HG where chiral attraction and repulture are ignored in the calculation. One finds that the produc-
sion terms have been explicitly included besides the extion rate ofK ~ is still not very sensitive to in-medium effects
cluded volume repulsion as well @ » exchange interac- because the in-medium results do not differ from the free
tion terms in the mean-field formalism. We find that the case. However, the combined maximum effect of a deeply
ratios K™/7r" and K™/« grow to a very large value at attractive potential of th& ~ and the enhanced cross sec-
larger temperature and chemical potential. In the past, somgons results in a significant deviation of the"/K ™~ ratio
calculations appear in the literature where it was argued thgtom the one of the free case. A recent statistical model
the average cross section for the processes—KK in- calculation[25] based on the canonical ensemble formalism
creases with temperature or density due to the reduction aflso finds that no in-medium effect is required to get the
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K*/K™ ratio in agreement with the experimental data. Ingf A andp, respectively, and this is demonstrated by our
comparison, our results demonstrate little change in theesults in Fig. 3. Thus our analysis lends further support to a
K*/K™ ratio when we have a very dense medi(ire., ug ~ QGP formation as indicated by the experimental data of the
=600 Mg\/). _ _ . _unusually large value foA/p in the recent experimer].

One important question which remains unanswered is Recently many calculations have appeared which explain
whether or not the strangeness enhancements presentedtfie data of heavy-ion collisions in the HG picture alone.
this paper signal a QGP formation. We have considered aRiowever, it is surprising to see that the same data are ex-
EOS for a HG and not a plasma of quarks and gluons. So thglained by the models, which employ completely different
results obtained here indicate a HG scenario present in gpictures. For example, thermal HG models using the con-
extremely hot and dense situation. Here the masses of theepts of local thermal and chemical equilibrium are able to
hadrons have changed due to a partial restoration of chirakproduce the data with the help of a set of the thermody-
symmetry. The Alternating Gradient SynchrotrdAGS)  namical parameters and ug of the fireball[26—2§. Simi-
value ofK*/7r*=0.2 is compatible with a HG picture pre- larly expanding the thermal fireball, the multicomponent
sented here aT=100MeV andug=500MeV. However, firestreaks and hadronic transport or the cascade type of the
the value ofK"/#" remains almost unaltered when we seemodels have also been used to explain the data[@#33.
the data of the Pb-Pb experiments at CERN SPS that have such types of situations, more detailed analysis of the
become available. In comparison, a much higher value oéxperimental data is needed in order to differentiate between
K*/#* at around 0.8 is possible in our model @ the models. A thermal HG picture employing the idea of the
=160MeV andug=500MeV. This fact reveals that our medium modification of the properties of hadrons yields a
thermal HG picture yields a larger enhancement factor fomore suitable EOS for the description of a hot and dense
strange particles than what we observe in the present expettG. But such a picture contributes a larger enhancement
ment. Therefore, the experimental data may point to a scefactor for strange particles than is observed in heavy-ion col-
nario in which a deconfined QGP is formed but the hadronidisions at very largdl/ . In such a case, we conclude that a
zation does not yield a chemically equilibrated HG gas. Thigdeconfined QGP picture, in which chemical equilibrium is
conclusion is further supported by the fact that our modehot achieved after hadronization, appears more sui{@dle
fails to account for the anomalously large value reported foffor the description of the features of the experimental data

A/p=3-5 at AGS[2]. All models fail to describe such a for strange particles in the Pb-Pb collisions.

large value forA/p. It was believed that different medium
modifications to the masses of nonstrange and strange bary-
ons can explain such a large ratio. However, we do not get N.P. is grateful to the University Grant Commission, New
such largely different medium modifications for the massedelhi for financial assistance.
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