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Abstract

We found that the experimental results on transverse mass spectrum of kaons produced in central Pb+Pb (Au+Au) collisions
show an anomalous dependence on the colliding energy. The inverse slope of the spectrum increases with the energy
(AGS) and high (RHIC) energy domains, whereas it remains constant in the intermediate (SPS) energy range. We a
this anomaly is probably caused by the modification of the equation of state in the transition region between confi
deconfined matter. This observation may be considered as a new signal, in addition to the previously reported anoma
pion and strangeness production, of the onset of deconfinement located in the low SPS energy domain.
 2003 Elsevier B.V. Open access under CC BY license.
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The statistical model of the early stage, SMES,
nucleus–nucleus (A + A) collisions suggests [1] tha
the onset of deconfinement phase transition at the e
stage of the collisions may be signaled by the ano
alous energy dependence of several hadronic obs
ables. In particular, following earlier suggestions [
the behavior of strangeness and pion yields in
transition region was studied in detail. Recent m
surements [3,4] of pion and kaon production in ce
tral Pb+ Pb collisions at CERN SPS indeed indica
that the transient state of deconfined matter is
ated in these collisions for energies larger than ab
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30 A GeV. The present data show a maximum of
strangeness to pion ratio at this energy. An exact p
tion and the detailed structure of this maximum will
clarified by the expected soon new results on Pb+ Pb
collisions at 20A GeV.

In the present Letter we discuss another w
known observable, which may be sensitive to the
set of deconfinement, the transverse momentum,pT ,
spectra of produced hadrons. It was suggested by
Hove [5] more than 20 years ago to identify the d
confinement phase transition in high energy proto
antiproton interactions with an anomalous behav
(a plateau-like structure) of the average transverse
mentum as a function of hadron multiplicity. Let u
briefly recall the Van Hove’s arguments. According
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the general concepts of the hydrodynamical appro
the hadron multiplicity reflects the entropy, where
the transverse hadron activity reflects the combi
effects of temperature and collective transverse
pansion. The entropy is assumed to be created a
early stage of the collision and is approximately co
stant during the hydrodynamic expansion. The mu
plicity is proportional to the entropy,S = s · V , where
s is the entropy density andV is the effective volume
occupied by particles. During the hydrodynamic e
pansion,s decreases andV increases withs · V be-
ing approximately constant. The large multiplicity
high energies means a large entropy density at the
ginning of the expansion (and consequently a lar
volume at the end). The large value ofs at the early
stage of the collisions means normally high tempe
tureT0 at this stage. This, in turn, leads to an incre
of transverse hadron activity, a flattening of the tra
verse momentum spectrum. Therefore, with increas
collision energy1 one expects to observe an increa
of both the hadron multiplicity and average transve
momentum per hadron. However, a presence of
deconfinement phase transition would change this
relation. In the phase transition region the initial e
tropy density (and hence the final hadron multipl
ity) increases with collision energy, but temperat
T0 = TC and pressurep0 = pC remain constant. Th
equation of state presented in a formp(ε)/ε versus
ε shows a minimum (the ‘softest point’ [6,7]) at th
boundary of the (generalized [7]) mixed phase and th
QGP. Consequently the shape of thepT spectrum is
approximately independent of the multiplicity or col
sion energy. The transverse expansion effect may e
decrease when crossing the transition region [5]. T
one expects an anomaly in the energy dependenc
transverse hadron activity: the average transverse
mentum increases with collision energy when the e
stage matter is either in pure confined or in pure dec
fined phases, and it remains approximately cons
when the matter is in the mixed phase.

A simplified picture withT = TC = const inside
the mixed phase is changed if the created e

1 In the original Van Hove suggestion the correlation between
erage transverse momentum and hadron multiplicity were discu
for proton–antiproton collisions at fixed energy. Today we have
advantage to useA + A collisions at different energies.
f

stage matter has a nonzero baryonic density. It
however demonstrated [8] that the main qualitat
features (T ∼= const,p ∼= const, and a minimum of th
function p(ε)/ε vs ε) are present also in this cas
In the SMES model [1], which correctly predicte
energy dependence of pion and strangeness yi
the modification of the equation of state due
deconfinement phase transition is located betwee
and about 200A GeV. Thus the anomaly in energ
dependence of transverse hadron activity may
expected in this energy range. Do we see this anom
in the experimental data?

The experimental data on transverse mass (mT =√
m2 + p2

T , where m is a particle mass) spect
are usually parameterized by a simple exponen
dependence:

(1)
dN

mT dmT

= C exp

(
−mT

T ∗

)
,

whereC is the normalization constant, and the inve
slope parameterT ∗ is sensitive to both the therm
and collective motion in the transverse direction.
small pT the T ∗ parameter can be expressed with
the hydrodynamical approach as

(2)T ∗ = Tf + 1

2
mv̄2

T ,

whereTf is the kinetic freeze-out temperature andv̄T

is the mean transverse flow velocity. In the parame
ization (1) the shape of themT spectrum is fully deter
mined by a single parameter, the inverse slopeT ∗. In
particular, the average transverse mass,〈mT 〉, can be
expressed as

(3)〈mT 〉 = T ∗ + m + (T ∗)2

m + T ∗ .

The energy dependence of the inverse slope p
meter fitted to theK+ and K− spectra for centra
Pb+Pb (Au+Au) collisions is shown in Figs. 1 and 2
The results obtained at AGS [9], SPS [3,4] and RH
[10] energies are compiled. The striking features of
data can be summarized andinterpreted as following.

• The T ∗ parameter increases strongly with co
sion energy up to the point at the lowe
(30 A GeV) SPS energy. This is an energy
gion where the creation of confined matter at
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Fig. 1. The energy dependence (s1/2 is c.m. energy per nu
cleon–nucleon pair) of the inverse slope parameterT ∗ for K+
mesons produced at midrapidity in central Pb+ Pb (Au+ Au) col-
lisions at AGS [9] (triangles), SPS [3,4] (squares) and RHIC [
(circles) energies.

Fig. 2. The energy dependence (s1/2 is c.m. energy per nu
cleon–nucleon pair) of the inverse slope parameterT ∗ for K−
mesons produced at midrapidity in central Pb+ Pb (Au+ Au) col-
lisions at AGS [9] (triangles), SPS [3,4] (squares) and RHIC [
(circles) energies.

early stage of the collisions is expected. Incre
ing collision energy leads to an increase of
early stage temperature and pressure. This re
in larger final values of bothTf andv̄T in Eq. (2).
Consequently the transverse activity of produc
hadrons, measured by the inverse slope param
increases with increasing energy.

• The T ∗ parameter is approximately independe
of the collision energy in the SPS energy ran
30–158A GeV. In this energy region the trans
tion between confined and deconfined matte
,

expected to be located. The resulting modificat
of the equation of state “suppresses” an incre
of bothTf andv̄T , and this leads to the observ
plateau structure in the energy dependence of
T ∗ parameter.

• At RHIC (the c.m. energies per nucleon–nucle
pair

√
s = 130 GeV and 200 GeV) theT ∗ is

significantly larger than at SPS energies. In
RHIC energy domain the equation of state at
early stage becomes again stiff, the early st
temperature and pressure increase with collis
energy. This results in increase of the transve
flow v̄T and, consequently, in increase ofT ∗ (2)
between SPS and RHIC energies.

The anomalous energy dependence of themT

spectra is a characteristic feature of the kaon d
Why is it the case? How do themT spectra of othe
hadrons look like? The answer is rather surprisi
among measured hadron species the kaons are the
and unique particles for observing in their transve
momentum spectra the effect of the modification
equation of state due to the onset of deconfinem
The arguments are as following.

• A simple one parameter exponential fit (1) is qu
accurate up tomT − m ∼= 1 GeV forK+ andK−
mesons inA + A collisions at all energies. Thi
means that the energy dependence of the ave
transverse mass〈mT 〉 (3) and average transver
momentum〈pT 〉 for kaons is qualitatively the
same as that for the parameterT ∗. This simplifies
analysis of the experimental data.

• The shape of kaonsmT spectra is only weakly af
fected by the hadron rescattering and resona
decays during the post-hydrodynamic hadron c
cade [11,12].

• The high quality data onmT spectra ofK+
and K− mesons in central Pb+ Pb (Au+ Au)
collisions are available in the full range of releva
energies.

In contrast to kaonsmT spectra, a simple expo
nential fit (1) does not work accurately in a widepT -
region for other hadrons:T ∗

low-pT
> T ∗

high-pT
for ‘light’

pions, andT ∗
low-pT

< T ∗
high-pT

for protons, lambda
and other ‘heavy’ hadrons (for the SPS and RH
energies see discussion of hydrodynamic result
Ref. [13] and the data in Ref. [14]). This means th
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the average transverse masses,〈mT 〉, and their energy
dependence are not connected to the behavior o
slope parameters in a simple way (3): one should s
arately consider bothT ∗

low-pT
andT ∗

high-pT
for each of

hadron species.
The “hydro QGP+ hadron cascade” approac

Refs. [11,12] predicts a strong modification of themT

spectra of protons and lambdas during the hadron
cade stage inA + A collisions at both the SPS an
RHIC. As the hadron gas expands, the pions ex
∆ andΣ∗ resonances and transfer a fraction of th
transverse energy to the nucleon and hyperon sec
Therefore, the hadron rescattering and resonance
cays lead to an essential increase (about 40% [12
the inverse slope parametersT ∗ for (anti)nucleons and
(anti)lambdas at the expense of the pion transverse
ergy (also see discussion in Ref. [15]). These chan
of the slopesT ∗ are not directly related to the equ
tion of state of the matter at the early stage. It is rat
difficult to separate these hadron cascade effects
in any case, this separation will be strongly model
pendent.

The transverse activity ofΩ hyperons andφ

mesons should, as in the case of kaons, be sens
to the matter equation of state at the early st
of the collisions. These particles seem to decou
just after the hydrodynamic expansion stops, t
do not participate in the hadron cascade stage [
13,15]. Unfortunately, the spectra ofΩ hyperons
are measured only at top SPS and RHIC ener
[16]. More data exist forφ meson production [17]
However, the large uncertainties in the experime
results do not allow for precise enough study of ene
dependence.

In conclusion, we observe the anomalous ene
dependence of transverse mass spectra ofK+ and
K− mesons produced in central Pb+ Pb (Au+ Au)
collisions. The inverse slope of themT spectrum
increases with the energy in the AGS and RHIC ene
domains, whereas it is constant in the intermed
SPS energy range. We argue that this anomal
caused by the modification of the equation of state
the transition region between confined and deconfi
matter. This observation may be considered a
new signal, in addition to the previously report
anomalies in energy dependence of the pion
strangeness production, of the onset of deconfinem
located in the low SPS energy domain.
.
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