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Indication of a coexisting phase of quarks and hadrons in nucleus-nucleus collisions
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The variation of average transverse mass of identified hadrons with charge multiplicity has been studied for
AGS, SPS, and RHIC energies. The observation of a plateau in the average transverse mass for multiplicities
corresponding to SPS energies is attributed to the formation of a coexistence phase of quark gluon plasma and
hadrons. A subsequent rise for RHIC energies may indicate a deconfined phase in the initial state. Several
possibilities which can affect the average transverse mass are discussed. Constraints on the initial temperature
and thermalization time have been put from the various experimental data available at SPS energies.
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Results based on QC{@uantum chromodynamigsenor- In this paper, the variation dfmy) with dN¢,/dY is ex-
malization group approach predict that strongly interactingamined for AGS, SPS, and RHIC energies spanniadrom
systems at high temperatures and/or densities are composgal GeV to 200\ GeV. We then carry out explicit theoretical
of weakly interacting quarks and gluonid,2] due to  calculations to understand the observed behavior in terms of
asymptotic freedom and the Debye screening of colokhe properties of the matter produced in the initial stages.
charge. Nucleus-nucleu#&\{A) collisions at very high ener- In Fig. 1, the variation ofmy) with charge multiplicity is

gies may create situations conducive for the formation of YHepicted for pions, kaons, and protons at AGS, SPS, and
thermodynamic state where the properties of the system ar ’ ' ! ’

. IRHIC energies around midrapidity. The data shown here cor-
governed by quarks and gluonic degrees of freedom. Such a4 16 central events for different colliding systems, par-
state is called quark gluon plasi@GP. QCD lattice gauge .. o X

" ticle types(produced, and center of mass energisge Table
theory suggests that the critical temperatligefor such a 1). The experimental data on transverse mass spectra can be
transition is~170 MeV[3]. This has led to intense theoret- P P

ical and experimental activities in this field of reseafgh ~ Parametrized as
Experimental detection of the QGP A& A collisions is a
nontrivial task because of the small space-time volume of the dN my
system. Among many signals of the QGP formatibh one m.dm, ~Cexg - Tor)’
of the earliest is based on the relation of the thermodynami- €
cal variables, temperature, and entropy to the average trans-
verse momentum and multiplicity, respectively. This waswhere the inverse slope parametes; is the effective tem-
originally proposed by Van Hove in the context of proton- perature(effective because it includes the contribution from
proton collisiong6]. It was argued that a plateau in the trans-both the thermal and collective motion in the transverse di-
verse momentum beyond a certain value of multiplicity will rection). The variation ofT o¢; with /s for kaons has recently
indicate the onset of the formation of mixed phase of QGP
and hadrons; analogous to the plateau observed in the varia-

@

tion of temperature with entropy in a first-order phase AGS __SPS RHIC
transition scenario. One hence looks for the variation of 05r ion i t I
average transverse momentypy) or transverse massnr) 0.4k P . i i ? t
(my= \/pT2+m2, m being the rest mass of the particleith

respect to the total number of particles produced per unit 0.3 ‘
rapidity (dN/dY) in A-A collisions at high energies. An in- < 09F i
crease in energy density should increasg) till it reaches a 8 osl kaon i i !
critical density for phase transition to occur, where it should ~ it g

then show a plateau due to formation of mixed phase. Fur- g 07r gii

ther increase of energy density should again incréage of v

produced particles. 1.4-

Several attempts have been made so far to look for such proton 3 :
signals. While the data from cosmic ray experimdfsare 13- Py s :
inconclusive, the data fromA-A collisions in the laboratory 1.2t }iii
for fixed center of mass energiegq) with different centrali- 11 | | |
ties (impact parametey48—10] have so far not shown this 200 400 600 800
kind of behavior. This implies that a mere change in the dN/dY

centrality of the collisions does not change the energy den-

sity of the system formed after the collisions required to FIG. 1. Variation of(m;) with produced charged particles per
create any change of phase. So it is imperative to study thenit rapidity at midrapidity for central collisions corresponding to
variation of(my) with dN,/dY for a broad range of beam different s spanning from from AGS to RHIC. The error bars
energies for fixed centrality. reflect both the systematic and statistical errors in obtaifigg.
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TABLE |. The details of the experimental data used in the

analysis along with the references. 0.5

Centrality 0.4
Js (GeV) Type (%) my-m Ref.
2.3(Au+Au) 7t K* 5 0.1-1.0, 0.05-0.7 [12] .
2.3 (Au+Au) D 5 0.0-1.0 [13] 3 08
3.0(Au+Au) =K* 5 0.1-1.0, 0.05-0.7 [12] e
3.0 (Au+Au) p 5 0.0-1.0 [13] v 0.7
3.6 (Au+Au) 7" K* 5 0.1-0.9, 0.05-0.7 [12] 5
3.6 (Au+Au) P 5 0.0-1.0 [13] 0.6
4.1 (Au+Au) 7 K* 5 0.1-1.0, 0.05-0.7 [12] 13
4.1 (Au+Au) P 5 0.0-1.0 [13] 12
4.7 (Au+Au) 7" K= 5 0.1-0.8, 0.05-0.7 [12] '
4.86(Au+Au) m* K* 10 0.1-1.5, 0.05-0.8 [14] 11
4.86 (Au+Au) p 7 0.05-1.0 [14] 1 ‘ : ‘ : ‘ :
8.76(Pb+PH w ,K* 7.2 0.2-0.7,0.05-0.9 [15] 0 05 115 2 25 3
8.76(Pb+PH  p 7.2 0.0-1.0 [15] & (GeVv/im’)
12.3(Pb+Ph 7 ,K* 7.2 0.2-0.7, 0.05-0.9 [15] o o _
12.3(Pb+Pb) p 79 0.0-1.0 [15] FIG. 2. V_arlatl_on_of(mT> with |n|t_|al energ_y densﬂye_i for a
TIEbR w5 02:07.005-09 15 207 et ne s tasont seramiashed ot
17.3(Pb+Pb) P 5 0.0-1.0 [15] '
17.3(Pb+Ph K~ 10 0.1-1.2,0.05-1.0 [16] (d) How does(my) of produced particles vary witk's in
17.3(Pb+Pb 7 ,K* 3.7 0.28-1.2, 0.05-0.84[17] a standard event generator based on the principle that
130 (Au+Au) 7+ ,K* 5 0.1-1.0,0.1-1.2 [18] nucleus-nucleus collision is a superposition of nucleon-
130 (Au+Au) 5 0.05-2.0 [18] nucleon collisions?
130 (Au+Au) = K= 5,6 0.02-0.6, 0.05-1.2[9,10] The answers to the above questions are as follows.
200 (Au+Au) 7+, K* 10 0.28-1.4, 0.1-1.2 [19] (a) To understand the variation @fnr) with dN¢,/dY for

a system undergoing &+1)-dimensional expansion, we
solve the hydrodynamical equations for various initial energy
been shown in Ref11]. The average transverse mass of thedensitiese; [21]. The initial radial velocity is taken as zero.
particles obtained from Ed1) is The momentum distribution of particles originating from a
system undergoing transverse expang@t with boost in-
(Tes)? variance along the longitudinal directid22] contains the
(mr)=Terr+m+ m 2 effect of thermal motion as well as transverse flow. Hence it
is imperative to examine how the value of the inverse slope

From the results shown in Fig. 1, one observes an increasw average transverse mass is affected by transverse motion.
in {my) with dN.,,/dy for AGS energies followed by a pla- To achieve this we proceed as follows. We evaluatenthe
teau for charge multiplicities corresponding to SPS energiespectra for various hadrons at the freeze-out point as a func-
for all the particle types, pions, kaons, and protons. This mayion of ¢; for two different kinds of space-time evolution
hint at the possible coexistence of the quark and hadroscenarios.
phases. For charge multiplicities corresponding to RHIC en- First, we consider a hadronic gas at various values; of
ergies,(my) shows an increasing trend indicating the possi-from ~0.05—-4 GeV/fmi without introducing a QCD phase
bility of a pure QGP formation. transition. For all these initial energy densities, the

It is essential now to investigate whether the above ex{3+ 1)-dimensional hydrodynamic equations are solved to
perimental variation ofmy) can arise from various physical obtain the freeze-out surface at a temperature of 120 MeV.
effects other than due to QGP formation. We will address thisThis is used as an input to evaluate the transverse mass spec-
issue by trying to answer the following questions: tra of hadrons. The hadronic equation of stéEOS [23]

(a) How does(3+1)-dimensional hydrodynamical evolu- contains hadronic degrees of freedom up to strange sector
tion of the system, with and without QCD phase transition,[24]. From them; spectra of hadrongpions, kaons, and
formed in heavy ion collisions affe¢my) at freeze-out? protons corresponding to eact), we evaluaté my). This is

(b) Does the analysis of experimental data on hadronsplotted in Fig. 2(dashed ling
photons, and dileptons indicates similar values of the initial In the second scenario, we introduce the Q@&mposed
temperatureT;)? How does the value df, compare withT,  of up, down, strange quarks, and glupasan energy density
predicted by lattice QCD3]? aboveeg~1.7 GeV/fn? corresponding to critical tempera-

(c) How does(my) get affected by the gain in transverse ture T,=170 MeV which converts to the hadronic phase at
momentum by hadrons through their successive collisionan energy densitye,~0.56 GeV/fn? at the same tempera-
(Cronin effect[20]) with the particles in the system? ture. The effective degeneragy; at T, for the hadronic
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phase is~16 obtained from the study of hadronic EOS evolution,T,, satisfies the conditiom;>T,,>Tg. All these
in Ref. [23]. So in this scenario we have a mixed phaseindicate that a valu&; =170 MeV may have been realized at
within the energy range 0.56¢ (GeV/fm®)<1.7. Fore>1.7  SPS energies.

GeV/fm?, a QGP bag model EOS has been used. The varia- The total multiplicity of hadrons is related to the initial
tion of my as a function ofe; for this scenario is shown in temperaturel; and thermalization time; as

Fig. 2 (solid ling). It is clear that(m;) varies at a much

slower rate for the second scenario. Although a complete N

plateau structure is not observed, it can be argued that the —— ~4—Qes; TR TS 7,/3.6, (6)
formation of a mixed phase slows down the rate of increase dy 90

of (my) with multiplicity. In fact, the slope of the curve in

the case of pions for the first scenario is larger t_han theyhereR is the radius of the colliding nuclei argk;; is the
second by a factor of 2.5 a{=1 GeV/fr. (my) for pions  effective statistical degeneracy. Takind\/dY~700 corre-
is about 400 MeV for values oé; corresponding to mixed gponding to the highest SPS energies and usingBgwe
phase, which is similar to those obtained experimentally. get7<1.2 fm/c ~1/Aqcp, WhereA gep is the QCD scale
(b) The lower bound off; realized at SPS energies can be parameter.
obtained from the measuredy) provided we can estimate () Recently, there have been some attempts to explain the
the effects of the flow. The inverse slope of time spectra  transverse mass spectra of produced particles without intro-
contains the effect of flow and can be parametrizef®a8$  gycing a transverse expansion. The hadrons gain transverse
momentum through successive collisions with the particles
[y in the system. This can be treated as a random walk of the
Terr=T 1—(v,)’ 3) hadrong29] in the medium. Then; spectra of pions at SPS
energies can be reproduced by this model, but it fails to
where(v,) is the average velocity ari=T is the “true”  reproduce the slope of kaon and proton distribution at the
freeze-out temperature. We start by noting ma¢) is actu- ~ Same colliding energies. S
ally the average energ§E) of the particle at zero rapidity ~ (d) As a last consideration, we investigate hémr) of
(E=m; coshy) and in a thermal system the average energyProduced particles vary withis of A-A systems in a stan-
is proportional to temperature. Therefore, for a system whictlard event generator based on the principle thatAh&

has zero transverse velocity but nonzero longitudinal veloccollision is a superposition of nucleon-nucleon collisions.
ity, one must have This is done by using the event generator HIJINBB] which

contains the effect of minijets. The results of this calculation
(mr)i>(my)s (4)  do not show the variation gfmy) with \/s as has been ob-
served experimentally.
because of the loss of thermal energy due to work done in_ N summary, a detailed analysis of the experimental data
longitudinal expansion. Here the subsciiif) refers to ini- ~ Of the transverse mass spectra of identified hadrons, at AGS,
tial (freeze-ouk state. Assumingmy)¢ = (Mr)exp (i.€., all SPS, and RHIC energies, shows a characteristic behavior of

the hadrons are emitted from the freeze-out sujfacel us- (mq) as a function of multiplicity similar to that proposed by

ing Egs.(2) and(4), we get Van Hove. The plateau imr) corresponding to the multi-
plicity at SPS energies may hint at the formation of a mixed
Ti> (Mr)expl2. (5) phase of QGP and hadrons in the initial stages. The average

temperature obtained from the analysis of photons and dilep-
tons lends support to this. We have shown by solving the

A value of(v,) ~0.4 reproduces the slope of the; distri- . . .
bution of pions at SPS energies reasonably well. For thigydrodynamlcal equations that the presence of a mixed

N S phase really slows down the growth afny) with dN/dY
Value_0f<if_|2 v:/reTg/etTFJr leowl\gi;/ l{;or\r; qu.t(S), Lnd'f;tmg substantially. In the present work, all the hadronic degrees of
(mr)=m+Te+Te/(m+Te) ev. shou “e freedom up to mass 2.5 GeV have been included in the EOS;
noted here that the effects of the transverse flow are “su 4 fewer hadronic degrees of freedom will slow down this
t;af;gdl;lg\ljt from (mr) now. Using Eq.(5) we obtainTi  oroth even more. Since a lower bound of the initial tem-

: . . perature is obtained here, the formation of QGP at a higher
Photons and dileptons emitted from the strongly 'nteraCt’[emperature cannot be ruled out. However, even if QGP

ing matter constitute one of the most efficient probes to meazaqe s created at SPS, its space-time volume could be too
sure the initial temperature of the syst¢8]. It was shown g5 1o affect the dynamics of the system and hence our
earlier[26] that direct photongmeasured by WA98 collabo- conclusions. The upward trend in the slopgk.) at RHIC

ration [27]) having transverse momentum in the range lg.ogies is indicative of a deconfined phase in the initial
<pr(GeV)<2.5 are expected to originate from a thermal g,

source. The inverse slope of this spectra-875 MeV. For

(v,)~0.4, we obtain an average temperaturg,, The authors are thankful to Bikash Sinha for fruitful dis-
~178 MeV by using Eq(3). A similar value ofT,, is ob-  cussions. One of uéB.M.) is grateful to the Board of Re-
tained from thepy distribution ofe*e™ [28]. Since photons search on Nuclear Science and Department of Atomic En-
and dileptons are emitted from all the stages of space-timergy, Government of India for financial support.
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