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f mesons from a hadronic fireball
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Production off mesons is considered in the course of heavy-ion collisions at SPS energies. We investigate
the possible difference in momentum distributions off mesons measured via their leptonic (m1m2) and
hadronic (K1K2) decays. Rescattering of secondary kaons in the dense hadron gas together with the influence
of in-medium kaon potential can lead to a relative decrease of thef yield observed in the hadronic channel.
We analyze how the in-medium modifications of meson properties affect apparent, reconstructed momentum
distributions of f mesons. Quantitative results are presented for central Pb1Pb collisions at Ebeam

5158 GeV/nucleon.
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I. INTRODUCTION

The growing body of experimental information on fixe
target nucleus-nucleus collisions from AGS and CERN-S
accelerators provides a reliable basis for the systematic
vestigation of strongly interacting hadronic matter under
treme conditions. Particularly, production of particles co
taining strange quarks is expected to reflect the reac
dynamics at the early stage of collisions. In this contextf

mesons, particles consisting mainly ofss̄ pairs, are of a spe
cial interest. Since the interaction off mesons with non-
strange hadronic matter is suppressed according to
Okubo-Zweig-Iizuka~OZI! rule, f mesons are expected t
decouple easily from the hadronic fireball.

Several calculations have been done forf meson proper-
ties in dense hadronic environment~mainly at higher baryon
densities! @1–7#. It has been found that modifications of th
f width and mass are sensitive to the strangeness conte
the surrounding medium.

Recently, new experimental data from CERN-SPS onf
meson production in central Pb1Pb collisions at 158 GeV
nucleon beam energy became available. Advantage of
rich experimental program at CERN is that it allows to stu
the f production via differentf decay channels. Results o
the NA49 collaboration@8# are based on thef meson iden-
tification via its hadronic decayf→K1K2, while the NA50
collaboration has recently reported@9# about preliminary
analysis off mesons identified via the dileptonic deca
channelf→m1m2.

The purpose of this paper is to show that thef meson
production spectra reconstructed viaK1K2 and m1m2 de-
cay channels can be significantly different up to the leve
present experimental observations.

After introductory considerations in Sec. II, we derive
Sec. III expressions for momentum distributions off me-
sons detected viaKK and mm channels. We take into ac
count rescattering of decay kaons and in-medium modifi
tion of f meson properties discussed in Sec. IV. Numeri
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results are presented in Secs. V and VI and conclusions
drawn in Sec. VII.

II. f MESONS IN HADRON GAS

For our estimates of the observedf meson spectra we
assume a simple two-stage picture of central heavy-ion
lisions, which is close to those considered within casca
transport@10–14#, hydrodynamical@15–17#, and thermody-
namical approaches@18–21#. The initial stage of a collision
is characterized by a temperature close to the QCD ph
transitionT*Tc'170610 MeV. Then the system expand
up to the point when numbers of different kinds of particl
freeze in—a chemical freeze-out. Thermodynamical para
eters of this stage could be obtained by fitting the final to
hadron multiplicities. Typical temperature is found to b
Tchem;160610 MeV. During the second stage of the e
pansion, elastic scatterings change momentum distribut
of hadrons until they cease and distributions freeze in. T
freeze-out temperature can be extracted from a simultane
fit to the single-particlemT spectra of different particles
supplemented by the analysis of particle correlation data.
cording to Refs. @19–22# one has T5Ttherm;110
630 MeV.

In our considerations we assume that the fireball crea
in heavy-ion collisions consists mainly of pions, kaons, a
excited mesonic resonances in the central rapidity region

Mean free pathlf of f mesons in a hadron gas is es
mated in Ref.@4#. Comparison with mean free paths of pion
and kaons,lp,K , from Refs.@25,26# giveslp&lK,lf for
temperaturesTtherm,T,Tchem. Hence, one can expect tha
f mesons decouple from the pion-kaon subsystem at s
earlier stage between the chemical and thermal freeze-ou
this stage,f mesons stream freely out from the fireba
Pions and kaons, on the other hand, may still participate
mutual secondary interactions up to the stage of total ther
freeze-out. Therefore, if af meson decays inside a fireba
via hadronic channel we have to take into account a poss
©2001 The American Physical Society05-1
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interaction of its decay products with surrounding hadro
environment.

As a result of secondary interactions, the reconstruc
invariant mass of a given pair off daughter kaons falls ou
from the originalf meson peak into the region identified
a combinatorial background. Therefore, thef mesons decay
ing in medium can be partially unrecognized in experimen
analysis ofK1K2 pairs. Together with negligible final stat
interaction of secondary dimuons originating fromf
→m1m2 decays, this behavior results in the relative su
pression off meson yield observed via the hadronicKK
channel. Such a mechanism has been quantitatively stu
in Ref. @27# where suppression at the level 40–60 % has b
obtained from simulation using theRQMD code.

In this paper we discuss effects that may enhance
suppression of observedf mesons identified via kaon chan
nel. Possible increase of af meson width in medium will
enlarge the probability off decay inside a fireball, enhanc
ing thus consequences of the mechanism studied in Ref.@27#.
Alternatively, we consider a possibility that the kaon dec
channel of af meson becomes kinematically quenched
the medium. Additionally we argue that substantial relat
difference in properties ofK1 andK2 meson in the hadronic
environment caused by the isospin asymmetry and/or by
large baryonic admixture, would also prevent the reconstr
tion of f mesons decaying into kaon pairs inside the m
dium.

III. DISTRIBUTION OF f DECAY PRODUCTS

Let us denote the phase-space distribution off mesons in
the center-of-mass system of two colliding nuclei at free
out asf f(xW ,pW ). Then the primary momentum distribution o
f mesons is given by

h0~p!5E
S
d3smpm f f~xWf ,pW !, ~3.1!

where integration goes over the fireball volume within
freeze-out hypersurfaceS ~surface normal vectord3sm con-
tracted with af meson momentumpm) @23#. Here we as-
sume the case of a timelike freeze-out hypersurfa
d3smpm.0, which is relevant for applications given belo
~for discussions of alternative cases, see@24#!. In the absence
of any in-medium modifications of decay products and fi
state rescattering, the shape ofobservedmomentum distribu-
tions h0(p)Gmm

0 /G tot of muon pairs (m1m2)f and
h0(p)GKK

0 /G tot of kaon pairs (K1K2)f would be the same
HereG tot is thef meson total width andGKK , Gmm are thef
partial decay widths in kaon and muon decay channels.
cordingly, in the experimental analysis,f meson distribution
is reconstructed from momentum distribution of decay pr
ucts multiplied by the corresponding inverse branching ra

In this section we derive expressions for the apparent
mentum distributions off mesons reconstructed via kao
and dimuon decay channels taking into account poss
modifications of meson properties in medium and con
quences of kaon rescattering.
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Let us assume that thef meson suffered the last interac
tion at positionxWf inside the hadronic fireball. The probabi
ity that f meson lives for a timet is

Df~ t !5expF2E
0

t

G̃ tot* ~ t8!dt8G , ~3.2!

whereG̃ tot5G totmf /Ef is the total width of a moving meson
with energy Ef5(mf

2 1p2)1/2. The asterisk denotes in
medium values of the quantities.

After traveling for a given timet with velocity vW f

5pW /Ef , thef meson decays into two kaons at the positi
xW1vW ft with a probabilityGKK* (t)/G tot* (t). In-medium values
of widthsG* are determined by the current local temperatu
and density of the system. Daughter kaons fromf meson
decay have momenta6pKKnW K in the rest frame of thef
meson. The value ofpKK follows from the equationmf

5vK* (pKK)1v K̄
* (pKK), where vK* (p) and v K̄

* (p) are in-
medium spectra of kaons and antikaons. In the center
mass system~c.m.s.! of two colliding nuclei the kaon mo-
menta are equal to

pW K
65

pW f

2
6dpW ,

dpW 5pKK$nW K1nW f~gf21!~nW K•nW f!%, ~3.3!

wheregf5(12vf
2 )21/2. The unit vectornW K is uniformly dis-

tributed in thef rest frame, the direction ofnW f is determined
by thef meson momentumpW f in c.m.s.

For a successful identification off mesons in the invari-
ant mass spectrum of observedK1K2 pairs, it is essential
that momenta of daughter kaons do not change while leav
the hadronic fireball. Here we investigate two mechanis
that may change momenta of daughter kaons: rescatterin
surrounding hadronic environment and change of momen
due to in-mediumK meson potential.

The probability that the secondary kaon and antika
leave a fireball without rescattering is determined by th
mean free pathslK,K̄ , the time they need to reach the fireba
bordertK,K̄

6 , and their velocitiesvW K,K̄
6

5pW K
6/vK,K̄

* ~in c.m.s.!
as follows:

Pl~ t !5expF2vK
1E

t

tK
1

1t dt8

lK~ t8!
2v K̄

2E
t

t
K̄

2
1t dt8

l K̄~ t8!
G .

~3.4!

Thus, the probability to register af meson in the kaon chan
nel when it decays in medium can be expressed as

PI@12Pl~ t !#1PIIPl~ t !, ~3.5!

wherePI andPII are probabilities of identifying af meson
from rescattered,PI , and nonrescattered,PII , kaons.

Single rescattering of one of the kaons changes the
mentum of the kaon pair by the vectorDPW scat, with
uDPW scatu;pT being an average thermal momentum of pion
5-2
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Correspondingly the invariant mass changes byDM rescat
2

;pT
2 . At high temperatures (T;mp), the average therma

momentum of pions ispT;400 MeV and hence a singl
rescattering may shiftMK1K2 far from thef meson mass. In
this case we putPI50.

Neglecting in-medium effects, one takesPII51, assuming
that without a hard rescattering, all kaon pairs fromf decays
can be identified. However the modification of particle pro
erties can provide another mechanism preventingf identifi-
cation. In medium, kaons feel an effective mean-field pot
tial inducing a change of their spectra,vK,K̄

* (p)2AmK
2 1p2.

Leaving the fireball, kaons have to come back to th
vacuum mass shell. This changes the invariant mass and
mentum of the pair. Going out of medium, the kaon stays
the same energy level and its momentum outside the fire
becomes

qW a
65pW K

6Ava* ~pK
6 ,t !22mK

2 /pK
62 ~a5K,K̄ !,

where the kaon energyva* is evaluated at the moment off
decay. As a result, the momentum of the kaon pair is chan
by

DPW pot'DvK*
2pW K

1/pK
121Dv K̄

* 2
pW K

2/pK
22 ,

where we putDva*
2!pK

62 and Dva*
25va*

2(0)2mK
2 . The

invariant mass shift is then given byDMpot
2 5(DPW pot)

2.
In the nucleon-free, isospin symmetrical meson gas,

in-medium spectra of kaons and antikaons are identi
vK(p)5v K̄(p) and the invariant mass shift reduces to

DMpot
2 52

DvK*
2

2pK
12pK

22 F1

2
pf

4 12dp2pf
2 22~dppf!2G .

This expression can be interpolated between the limit ca
pf@pKK and pf!pKK as DMpot

2 '2DvK*
24pf

2 /(pf
2

16pKK
2 ). Therefore in the symmetrical case,DPW pot and

DMpot
2 vanish for smallpf . Moreover, in the isospin sym

metrical case kaons suffer only a small mass modificati
(&30 MeV for T;mp). Hence, the release of kaons from
small potential well formed inside a fireball does not affe
the momentum and invariant mass of a pair strongly eno
to prevent af meson reconstruction. For this case we ta
P II'1.

In the case of rather strong isospin asymmetry and/or
nificant baryonic admixture,K1 and K2 mesons can have
quite different spectra in medium@28#. This may lead to a
wide spread of the kaon pair invariant masses, making
reconstruction off mesons decaying inside the fireball im
possible (PII→0). Note that in this case, our results are
sensitive to the details of kaon propagation in medium. Th
depend only on the totalf meson width via the function
Df(t).

Finally, the probability that af meson created at positio
xf will be detected via the kaon channel is
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dtG̃KK* ~ t !Df~ t !Pl~ t !PII

5
G̃KK

0

G̃ tot
0

Df~tf!1E
0

tf
dtG̃KK* ~ t !Df~ t !Pl~ t !PII , ~3.6!

where tf is the time of flight of af meson through the
fireball, for t.tf we have Pl515PII and Df(t)
5Df(tf)exp@2Gtot(t2tf)#. Momentum distribution of the
kaon pairs fromf decays is then obtained by averaging e
pression~3.6! over all nW K directions in thef meson rest
frame, and integrating over the fireball volume with a p
maryf distribution—see Eq.~3.1!. Then, multiplying by the
inverse branching ratio we express ‘‘reconstructed’’f distri-
bution in the kaon channel as

hK~p!5K Df~tf!1
G̃ tot

0

G̃KK
0 E

0

tf
dtDf~ t !G̃KK* ~ t !Pl~ t !PIIL ,

Pl~ t !5E dVnW K

4p
Pl~ t !. ~3.7!

Here, the brackets denote integration,

^ . . . &5E
S
d3smpm f f~xWf ,pW !~ . . . !.

Note that according to this definitionh0(p)5^1&.
Consideration of the dimuon pair momentum distributi

is more straightforward. With a change of totalf width in
medium, the branching ratio of thef→mm decayGmm /G tot*
changes too. Therefore, the apparentf distribution recon-
structed in the muonic channel is

hm~p!5K Df~tf!1G̃ tot
0 E

0

tf
dtDf~ t !L . ~3.8!

Note that forG tot* 5G tot
0 we havehm[h0, for G tot* .G tot

0 we
havehm,h0, and if G tot* ,G tot

0 thenhm.h0.
In our numerical estimates we will consider the ratio

the reconstructedf meson distributions, Eqs.~3.7! and~3.8!,
which does not depend on the overall normalization,

R~p!5hK~p!/hm~p!. ~3.9!

For a direct comparison with experimental results onmT
distributions of identifiedf mesons, one has to integra
over the rapidity interval accessible to the experiments,
lizing p5AmT

2 cosh2y2mf
2. The dependence of the rati

~3.9! on mT reads

R~mT!5^hK~p!&y /^hm~p!&y . ~3.10!

We also define the ratio of the apparent and primaryf mo-
mentum distributions forK1K2 andm1m2 decay channels
as a function ofmT ,

RK,m~mT!5^hK,m~p!&y /^h0~p!&y .
5-3



on
n

-
in

le

in
el
ic

c

so

e

l

-
n

,
n-

,

t
d

ne-

s we

cay
-

d by

this

of
he

t
ost
la-

ons

he
ur
ous
ure

PETER FILIP AND EVGENI E. KOLOMEITSEV PHYSICAL REVIEW C64 054905
IV. F DECAYS IN MEDIUM

Main hadronic decay channels off meson aref→KK̄
and f→rp. Let us now consider the change of af decay
width in a hot meson gas due to the modification of ka
pion, andr-meson properties. In-medium properties of pio
can be effectively incorporated by a small mass shiftmp*
5mp1dmp with dmp!mp . Similar behavior is expected
for kaons.

The spectral function ofr meson in medium was exten
sively investigated in the context of dilepton production
heavy-ion collisions at SPS energies@29–32#. In baryonic
matter, coupling ofr mesons to resonance–nucleon-ho
modes@29#, together with the modification of pions@30#,
plays a dominant role. Ther meson becomes very broad
medium and its spectral density strength is driven effectiv
to lower energies, in analogy to the Brown-Rho scaling p
ture @31#. In purely mesonic systems ther mass is found to
be almost independent of the temperature due to the can
lation of p2p- and p2a1-loop contributions@32#. The r
width, on the other hand, is expected to increase in me
gas considerably, e.g., by 80 MeV atT5150 MeV and by
160 MeV atT5180 MeV @33#.

The partial width of thef→KK̄ decay in medium de-
pends on the kaon massmK* as

GKK* 5GKK
0 pc.m.

3 ~mf
2 ,mK* ,mK* !/pc.m.

3 ~mf
2 ,mK ,mK!,

~4.1!

wherepc.m.(s,m1 ,m2) is a kaon momentum in the rest fram
of f meson decay, obeying the equationAs5Am1

21pc.m.
2

1Am2
21pc.m.

2 . Assuming isospin symmetry we havemK

5(mK11mK0)/25495.6 MeV. Then vacuum width is equa
to GKK

0 5$GK1K21GK0K̄0%/251.84 MeV. Note that for
dmK.0 the in-medium widthGKK* decreases fast and van
ishes fordmK'14 MeV. The second hadronic decay cha
nel f→rp is effected by the decrease of ther meson mass
increase of ther meson width, and the Bose-Einstein e
hancement factor for pions. For thef meson at rest we write

Grp* 5Grp
0 krp~mr* ,Gr* ,T!/krp~mr

0 ,Gr
0,0!, ~4.2!

and

krp~mr ,G,T!5E
2mp

mf2mpdv

p
@~v2mf!22mp

2 #3/2

3
@11np~v!#vG/~2mf!

@v2Er~mr!#21v2G2/~4mf
2 !

,

~4.3!

wheremr* andGr* are in-mediumr meson mass and width
respectively. Vacuum values aremr

05770 MeV, Gr
0

5150 MeV, and Grp
0 50.75 MeV. We use the constan

width approximation for ther meson spectral density an
denote Er(mr)5(mf

2 1mr
22mp

2 )/2mf . The Bose-Einstein
distribution of pions with temperatureT is np(v). In the
zero-width limit we obviously have krp(G→0)
05490
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3 (mf

2 ,mr ,mp)@11np(mf2Er)#. Numerical evalua-
tion of Eq. ~4.3! leads to the approximated relation

Grp* 'Grp
0 S 120.91

dmr

100 MeV
10.25

dGr

100 MeV

10.07F T

100 MeV
21G D

valid for dmr5mr* 2mr&200 MeV, dGr5Gr* 2Gr
0

&200 MeV, and 100 Mev,T&200 MeV. The shift of a
pion mass produces a minor effect and it is, therefore,
glected here. Finally, the total width off is given byG tot*
52GKK* 1Grp* . Here and below we do not consider thef
meson mass shift, which is small and cancels as soon a
consider the ratio of the momentum spectra, cf. Eqs.~3.9!
and ~3.10!.

For completeness, we remark that the dilepton de
channelf→ l 1l 2 also suffers a modification in medium, be
cause the vector-meson–photon coupling is suppresse
meson fluctuations@34,35#. For thef-g coupling, the sup-
pression factor is determined only by kaon fluctuationsxfg

5(122^uKu2&T / f p
2 ). Here ^uKu2&T5*d3k exp@2vK(k)/T#

3@(2p)32vK(k)#21, vK(k)5AmK
2 1k2, and f p593 MeV is

the pion decay constant. Because of the large kaon mass
correction is negligibly small:̂uKu2&/ f p

2 ;1%.
Finally, we specify how the in-medium mass and width

kaons andr mesons relax to their vacuum values during t
fireball expansion. Assuming thatdmK,r anddGr are propor-
tional to the density of the system, we have

dmK,r~ t !5dmK,r
0

R0
3

R3~ t !
, dGr~ t !5dGr

0
R0

3

R3~ t !
,

wheredmK,r
0 anddGr

0 are input parameters.
Before finishing this section we would like to point ou

that the estimations made here are valid only for an alm
baryon-free fireball. In the presence of baryons the calcu
tion of f self-energy becomes more elaborate, cf. Ref.@7#.
However, in this case the spectra of kaons and antika
differ dramatically, inhibiting thereby thef reconstruction
even more. It corresponds to the casePII50 when the recon-
structedf distributions~3.7! and~3.8! are the functions of a
total width only. To simulate effectively the in-medium
modification ofG tot* , we will use Eq.~4.1! and vary the kaon
mass.

V. SPACE-TIME EVOLUTION OF THE FIREBALL

After the considerations above, let us now specify t
model of the fireball expansion, which we will use in o
numerical calculations. Assume a simple homogene
spherical fireball with the constant density and temperat
profiles. Thef meson momentum distribution

f f~xW ,pW !5expF2
Ef2pW •uW ~xW !

T0
A12u2~xW !

G ~5.1!
5-4
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f MESONS FROM A HADRONIC FIREBALL PHYSICAL REVIEW C 64 054905
is determined by the temperatureT0, flow velocity profile
uW (xW )5v fxW /R0, and radiusR0. Time of flight of af meson
and its daughter kaons through the medium contained in E
~3.4! and ~3.7! can be expressed astf5tR(vW f ,xWf) andtK

6

5tR1v f t
(vW K

6 ,xWf1vW ft), where tR(vW ,xW ) stands for a time,

during which a particle with velocityvW passes a distanc
from positionxW to the border of a sphere with the radiusR.
Since the fireball is expanding with radial velocityv f , this
time satisfies the equation (xW1vW t)25(R1v ft)2. This im-
plies

tR~vW ,xW !5@A~vW •xW2v fR!21~R22xW2!~vW 22v f
2!

2~vW •xW2v fR!#~vW 22v f
2!21. ~5.2!

Solution ~5.2! is valid for uxW u,R and uvW u.v f . In the case
uvW u,v f we putt5`.

During the expansionR(t)5R01v f t, the fireball density
drops asr(t)5r0R0

3/R3(t) and the temperature decreases
T(t)5T0R0 /R(t) as expected for the relativistic pion ga
cf. Ref. @36#. The kaon mean free path islK}1/r and there-
fore

lK~ t !5lK
0 R3~ t !/R0

3.

To incorporate the freeze-out effect we will assume that
soon asT(t)<Ttherm, kaons become free andlK→` as well
asPII→1. The freeze-out~FO! time is then given by

tFO5
R0

v f
S T0

Ttherm
21D . ~5.3!

ParametersR0, T0, v f , andlK
0 serve as input for numerica

evaluations below. The parameterTtherm is used for an effec-
tive parametrization of the freeze-out timetFO. It should not
be considered as a true freeze-out temperature, since ou
timation is based on the simplified hydrodynamical desc
tion of a fireball.

The model set up here is a rather crude approximat
However, the final results are found to be rather insensi
to the details of hydrodynamical evolution of a fireball, bei
determined mainly by the values ofG tot* R0 , G tot* tFO, andv f .
We shall vary the input parameters within a broad range
illustrate different possibilities.

VI. NUMERICAL ESTIMATES

In this section we perform numerical evaluation of o
expressions forf meson yields reconstructed viaK1K2 and
m1m2 channels in central Pb1Pb collisions at 158
GeV/nucleon SPS energy.

First we investigate to what extent the rescattering of s
ondary kaons, enhanced by the in-medium modification o
f meson width, can suppress the experimentally obser
yield of f mesons identified viaK1K2 channel.

We recall that results of Ref.@27# give a maximal suppres
sion factor of 40% for thef meson observation in the kao
decay channel.
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In our evaluation we use several combinations of inp
parameters. Freeze-out temperaturesT0 of f mesons distrib-
uted according to Eq.~5.1! vary betweenTchem and Ttherm:
~a! T05150 MeV, ~b! T05160 MeV, ~c! T05170 MeV.
Size of the fireballR0 at the stage of thef freeze-out has to
be comparable withf meson mean free pathlf at the given
temperature,R0'aRlf with aR;1. For the different tem-
perature parameters above we take, according to Ref.@4#;
lf

(a)513 fm, lf
(b)510 fm, andlf

(c)57 fm.
First we evaluate suppression factor~3.10! without any

modifications of particle properties in medium, i.e.,dmK
0

5dGr
050. In this case we haveRm(mT)[1 and R(mT)

5RK(mT). Flow velocities corresponding to selected tem
peraturesT0 are adjusted to reproduce the slope of thef
mesonmT distribution measured by the NA50 collaboratio
Teff5218 MeV; v f

(a)50.50, v f
(b)50.46, v f

(c)50.41. We take
aR51 and vary the mean free path of kaonslK within the
interval 0,lK

0 ,lK(T0), wherelK(T0) follows from esti-
mations of Ref.@25#: lK

(a)52 fm, lK
(b)51 fm, and lK

(c)

50.5 fm. We vary alsoTtherm between 100 MeV and 80
MeV in agreement with analysis@20#. This translates into the
interval of freeze-out time values 10 fm,tFO,20 fm. All
these variations produce the upper gray areas shown
Fig. 1.

For all three sets of parameters (T0 ,v f ,R0) we observe
that R(mT) does not fall below 0.8 significantly. This i
related to the large expansion velocity of the fireball. In th
case 0.2,G tot

0 tFO,0.4 andf mesons decay after the therm
freeze-out. To illustrate this effect we recalculate ra
R(mT) for the same three cases fixingv f50.1, which corre-
sponds toG tot

0 tFO;1. Results obtained (R;0.6) are shown
as lower gray areas in Fig. 1.

To reproduce results of RQMD calculations described

FIG. 1. Ratio~3.10! as a function ofmT calculated for three sets
of parameters (T0 ,v f ,R0) without inclusion of in-medium modifi-
cations of kaons andr mesons. The upper gray area corresponds
variations of kaon mean free pathslK and freeze-out temperatur
Tthermas described in the text. The lower gray areas are obtained
the same set of parameters but with the common expansion vel
v f50.1.
5-5
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Ref. @27# we take a somewhat larger size of a fireball w
aR51.5, freeze-out temperatureTtherm580 MeV, andlK

0

50.5 fm. This corresponds to the lowest limit allowed
the analysis@20#. The results are shown in Fig. 2 by sol
lines. The limiting scenario considered in@27#, when the
freeze-out volume is determined by the last kaon inter
tions, can be reproduced withTtherm540 MeV. This case is
shown by dashed lines in Fig. 2. We take solid lines in Fig
as a reference point for our further investigation of
medium effects.

First we consider modifications ofr meson properties. We
chooser mass shift to bedmr

052200 MeV for our three
parameter sets. Ther meson width depends on the tempe
ture. Relying on Ref.@33#, we takedGr

(a)580 MeV, dGr
(b)

5180 MeV, anddGr
(c)5200 MeV. Comparison with Fig. 2

~solid lines! shows a slight decrease of ratioR(mT), which
corresponds to a small increase of the totalf meson width
by 40% due tof→rp channel.

Figure 3 shows results obtained, taking into account
modification ofK meson properties in medium.

First we investigate the case whenf→KK̄ channel is
closed initially (dmK

0 515 MeV) and it opens only during
the fireball expansion. Results are shown in the left par
Fig. 3, where the upper plot is calculated forPII51 and the
lower one corresponds to a strong suppression of the k
channel in medium withPII50. Comparing ratiosR(mT) in
Fig. 2 and in Fig. 3 shown by a thick solid lineA calculated
for parameter seta, we observe that kinematical quenchin
of f→K1K2 channel by increasing kaon mass, decrea
ratio R(mT) very slightly for both values ofPII . This hap-
pens because thef meson width becomes very small in th
case and therefore the probability off meson decay inside
the expanding fireball and consequently also the probab
for rescattering of daughter kaons is small. Compare lineC,
calculated for parameter seta, with a corresponding line in
Fig. 2. LinesB in Fig. 3 ~left side! show thatRm becomes

FIG. 2. Ratio~3.10! calculated for curvesa–c with aR51.5,
lf513 fm, and lK

0 50.5 fm. Solid lines are calculated wit
Ttherm580 MeV and dash lines correspond toTtherm540 MeV. No
medium effects are included.
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larger than 1 for increasing kaon mass. Since increase ofRm
by 10–20 % does not change considerably the effectivemT
slope of^hm&y distribution, we do not need to readjust th
flow velocity parameter. This increase ofRm leads in the end
to a small decrease ofR.

Let us now consider the case when thef meson width
increases strongly in hadronic medium due to the increas
GKK* . We simulate this effect by the decrease of the ka
mass in medium, which can result, e.g., from rescattering
kaons on pions throughK* and heavier kaonic resonance
@37#. Here we restrict ourselves to a rather conservat
modification of kaon masses230 MeV,dmK

0 ,0, which
corresponds to thef width 4 MeV&G tot* &20 MeV. In this
caseRm,1 and at smallmT2mf region Rm can be sup-
pressed by up to 40–60 %. Thus, for a given freeze-out t
peratureT0 and total widthG tot* we readjust flow velocityv f

0

to reproduce the slope of themT distribution measured in the
dimuon channel by NA50@9#. For our three sets of param
eters (T0 ,R0) we obtain new flow velocities:~a! v f

050.38,
~b! v f

050.35, ~c! v f
050.28.

The right part of Fig. 3 shows our results obtained f
dmK

0 5230 MeV. The corresponding partial width isGKK*
'10 MeV and the total width isG tot* '21 MeV. This leads
to G tot* R0;G tot* tFO;2, which provides a strong suppressio
of RK as is shown for the parameter seta in Fig. 3 ~right side,
lines C). We findRK(mT→mf);0.2 for PII51 and;0.15
for PII50. However, since the ratioRm(mT) also shown in

FIG. 3. Thick lines~label A) show the ratioR(mT) calculated
for in-medium modification off meson properties. Results for dif
ferent parameters sets~a!–~c! are depicted by solid, dashed, an
dotted lines, respectively. The left plane corresponds to the c
when the kaon mass increases in medium,dmK

0 515 MeV, whereas
the right plane shows results for a decreasing kaon mass,dmK

0 5
230 MeV. Thin lines show suppression factors in the muonRm

~B! and kaonRK ~C! channels calculated for parameter seta. Upper
plots are calculated for the casePII51, lower plots correspond to
PII50. In all cases, modification ofr meson properties in medium
is taken into account.
5-6
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Fig. 3 ~linesB) is also suppressed, the resulting ratioR(mT)
remains on the level;0.3 for smallmT2mf , provided we
put PII50 and;0.5 for PII51. Taking even larger values o
the total decay width in the most preferable casea we obtain
R(mT→mf)'0.28 for G tot* 527 MeV, v f

050.35, and
R(mT→mf)'0.23 for G tot* 534 MeV, v f

050.32 ~both for
PII50).

It is instructive to investigate ratio~3.9! as a function of
the f momentum. Averaging over rapidity mixes momen
within a broad interval, e.g., formT50 momenta 100&p
&1000 MeV, which partially washes out the final suppre
sion effect. To illustrate this point we show ratioR(p) as a
function off momentum in Fig. 4. For increasing kaon ma
and correspondingly vanishingGKK we obtain a decrease o
R(p) at small momenta by 40–50 %~left plane!. This is
again a direct consequence of a rapid fireball expans
which brings GKK(t) in the integral ~3.7! quickly to its
vacuum value. In the extreme case, forp→0 andv f→0 we
get R(p,v f)→0. For decreasing kaon mass the reduction
even stronger;70%. Momentum dependence ofR at small
momentap&pf5mfv fgf is completely washed out by ra
pidity averaging.

In Fig. 5 we compare the original rapidity distribution o
f mesonsh0(y) with the distributions that can be recon
structed via kaonichm(y) and muonichK(y) decay chan-
nels. Calculations are done for the parameter seta with
dmK

0 5230 MeV, flow velocityv f
050.38, andPII50. Dis-

tributions are normalized to giveh0(y50)51. We observe
a considerable broadening of the rapidity distribution m
sured in the kaon channel.

VII. CONCLUSIONS

We have studied distributions off mesons in heavy-ion
collisions at SPS energies reconstructed via hadronicK1K2

and dileptonl 1l 2 decay channels. The analysis off meson
mean free path allows one to suppose thatf mesons de-
couple from the hadronic system at a somewhat earlier s
before the common breakup of the hadronic fireball. The
fore, kaon pairs originated from thef decays inside a firebal

FIG. 4. The ratio~3.9! as a function off meson momentum
Curve styles correspond to those in Fig. 3 with readjusted fl
velocities. CurvesA are calculated forPI51, whereas setsB are
calculated withPI50.
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can be rescattered or absorbed. Such kaon pairs will not
tribute to af meson reconstruction, whereas the lepto
probes can leave a fireball freely. We derive the express
~3.7! and~3.8! for the apparent momentum distribution off
mesons in kaonic and muonic channels, respectively.

Within a simple model of a spherically expanding fireba
we investigate the dependence of a relative suppression
tor of the hadronic channel with respect to the dileptonic o
on parameters of the system and on thef meson in-medium
properties. For a vacuumf meson width;4 MeV the
maximal suppression 0.6–0.8 is obtained for the fireball s
and expansion timeR0;tFO;20 fm. These values are in
agreement with results of RQMD simulations@27#. The cru-
cial parameter is the fast expansion of a fireball withv f
;0.4–0.5 corresponding to thef freeze-out temperature
rangeT0;150–170 MeV.

Width of hadronicf meson decay channels (f→KK̄ and
f→pr) can be modified in medium due to changes of t
meson properties. We have found that increase of thepr
channel width due to the broadening of ther meson and
decrease of ther meson mass leads alone to a tiny increa
of the suppression.

The other possibility is the kinematical quenching of t
kaon decay channel, which we simulate by simultaneous
crease ofK1 andK2 masses. Since total widthG tot* of thef
meson in medium becomes small~increase of thepr chan-
nel width is not strong enough! f mesons decay mainly out
side the fireball, where vacuum properties off mesons are
restored and rescattering of daughter kaons is negligible.
gether with relative amplification of the muon decay chan
by 20% the resulting suppression factor found for
quenched kaon decay channel was;0.5.

The increase of thef meson width in medium provides
on the other hand, a mechanism for strong suppres
(;0.15) of the kaonic detection channel due to the enhan
ment of thef decay probability inside a fireball, increasin

FIG. 5. Rapidity distributionŝ1&(y) ~full circles!, hm(y) ~open
circles!, and hK(y) ~open diamonds! calculated for the paramete
seta with dmK

0 5230 MeV, flow velocityv f
050.38, andPI50.
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thus the rescattering of daughter kaons. However, increas
thef total width reduces simultaneously the branching ra
of the f→m1m2 decay and suppresses the spectrum of
mesons reconstructed viam1m2 decay channel. Obtaine
suppression of the muonic decay channel at the le
;40–60 % requires a readjustment of the flow velocity to
compatible with the experimental slope of NA50. Adjust
flow velocity v f;0.3–0.4 for G tot* ;20 MeV and T0

;150–170 MeV~compare tov f;0.4–0.5 obtained for a
vacuumf width! gives final net relative suppression fact
of kaon channel to muon channel;0.3. This value is close
to experimental observations at CERN SPS@8,9#.

A strong increase of thef meson in-medium width can
take place if the kaon mass decreases in medium by 30 M
The mechanism for such kaon mass modification can
similar to that studied in Ref.@37#.
s,
-
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We have found that reconstructed rapidity distributions
f mesons become effectively wider, if in-medium propert
of mesons and rescattering of kaons are taken into acco

Finally we suppose that to improve the understanding
experimental results onf meson production in heavy-ion
collisions at CERN SPS@8,9#, further detailed investigations
taking into account in-medium effects within transport
hydrodynamical models are necessary.
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@19# B. Kämpfer, hep-ph/9612336; B. Ka¨mpfer et al., J. Phys. G
23, 2001~1997!.
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