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We show that a hadron gas model with continuous particle emission instead of freeze-out may solve
some of the problems (high values of the freeze-out density and specific net charge) that one encounters
in the latter case when studying strange particle ratios such as those from the experiment WA85. This
underlines the necessity to understand better particle emission in hydrodynamics to be able to analyze
data. It also reopens the possibility of a quark-hadron transition occurring with phase equilibrium
instead of explosively. [S0031-9007(97)05187-9]

PACS numbers: 25.75.—q, 12.38.Mh, 24.10.Nz, 24.10.Pa

An enhancement of strangeness production in relativisk?'s [J. Eschkeet al., Heavy lon Phys4, 105 (1996)] for
tic nuclear collisions (compared to, e.g., proton-protonNA36 are quite below that of NA35; NA44 midrapidity
collisions at the same energy) is a possible signature [1data forK* agree with that of NA35.
of the much sought-after quark-gluon plasma. It is there- Second, to reproduce strange particle ratios, it turns out
fore particularly interesting that current data at AGS (Al-that the strange quark potentjal must be small and the
ternating Gradient Synchroton) and SPS (Super Protostrangeness saturation factgy of order 1 (this quantity,
Synchrotron) energies do show an increase in strangenesfth value usually between 0 and 1, measures how far
production (see, e.g., [2]). At SPS energies, this increaskom chemical equilibrium the strange particles are, 1
seems to imply that something new is happening: In micorresponds to full chemical equilibrium of the strange
croscopical models, one has to postulate some previousparticles). Both facts are expected in a quark-gluon plasma
unseen reaction mechanism (color rope formation in théadronizing suddenly, not normally in a hadronic fireball
RQMD code [3], multiquark clusters in theenus code [4],  [13,14].
etc.) while hydrodynamical models have their own prob- Third, using the values at freeze-out of the temperature,
lems (be it those with a rapidly hadronizing plasma [5] orbaryonic potential, and saturation factor extracted to
those with an equilibrated hadronic phase, preceded or no¢produce WAS85S strange particle ratios, one can predict
by a plasma phase). In this paper, we examine the shorthe value of another quantity, the specific net charge
comings of the latter class of hydrodynamical models andratio of the net charge multiplicity to the total charge
suggest that they might be due to a too rough descriptiomultiplicity). This quantity has been measured not by
of particle emission. (The main problem for the formerWA85, but in experimental conditions similar to that of
class of hydrodynamical models is the difficulty to yield WA85 by EMUO5 [15]. It turns out that the predicted
enough entropy after hadronization.) value is too high (while it might be smaller if a quark-

To be more precise, let us assume that a hadronigluon plasma fireball had been formed) [5,16].
fireball (region filled with a hadron gas, or HG, in local In what follows, we study how problems 1 and 3 are
thermal and chemical equilibrium) is formed in heavy ionrelated to the mechanism for particle emission normally
collisions at SPS energies and that particles are emittedsed, freeze-out, and suggest that the use of continuous
from it at freeze-out (i.e., when they stop interacting dueemission instead of freeze-out might shed some light on
to matter dilution). One then runs into (at least) threethese questions. (We also rediscuss problem 2.) This
kinds of problems when discussing strange particle ratiosunderlines the necessity to understand better particle

First, the temperatureT{ ,,; ~ 200 MeV) and bary- emission in hydrodynamics and reopens perspectives (see
onic potential fupr. oue ~ few 100 MeV) needed at  conclusion) for scenarios of the quark-hadron transition.
freeze-out[6—10] to reproduce strangeness data of the Fluid behavior and particle spectra-First let us see
WAS85 [11] and NA35 [12] experiments actually corre- in more detail what the two particle emission mechanisms
spond tohigh particle densities: This is inconsistent with just mentioned are. In the usual freeze-out scenario,
the very notion of freeze-out(While WA85 and NA35 hadrons are kept in thermal equilibrium until some
data for strange particle ratios are comparable and leadecoupling criterion has become satisfied (then they free-
to high T’s and u,’s, NA36 data are different and lead stream toward the detectors). For example, in the papers
to lower T’s [Phys. Lett. B327, 433 (1994)] for similar mentioned above where experimental strange particle
targets but a somewhat different kinematic window.ratios are reproduced, the freeze-out criterion is that a
However, the rapidity distribution forA’s [E.G. Judd certain temperature and baryonic potential have been
et al., Nucl. Phys.A590, 291c (1995)] as well ad’s and reached. The formula for the emitted particle spectra
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used normally is the Cooper-Frye formula [17]. Inis similar to that of a massless pion gas [18,19] but is
the particular case of a gas expanding longitudinallynumerically more involved.
only in a boost invariant way, freezing out at some An important result [18,19] for the following is that
fixed temperature and chemical potential, the Cooper-Fryfor heavy particles, the spectrum (2) is dominated by the
formula reads initial conditions, precisely a formula similar to (1) with

dN gR? — nt freeze-out quantities replaced by initial conditions could
dyp.dpL = g Tfow/L 2 ()" expnpr out/Tr.on)  pe used as an approximation (particularly at high);

n=1 . . " .
for light particles the whole fluid history matters. To

X Ki(nm [ Ts. our) - understand this fact, one can consider Eq. (2) and com-
(The plus sign corresponds to bosons, and minus tpare particles emitted af (7, p) = 200 and 100 MeV.
fermions.) It depends only on the conditions at freezefor particles with mass of 1 GeV, the exponential term
out: Tt oue @Nd pr our = Mot owB + pst. ouS, With B gives a thermal suppression above 100 between these two
and S the baryon number and strangeness of the hadrogmperatures. The multiplicative factors in front of the
species considered, andsy. out(&sf. out> Tr. out) ObtaiNed  exponential are in principle larger at the lower tempera-
by imposing strangeness neutrality. So the experimentalire but do not compensate for such a big decrease. This
spectra of particles teach us in that case only what thgs why heavy particles are abundantly emitted at high
conditions were at freeze-out. temperatures. On the other side for pions, the thermal

In the continuous emission scenario developed insuppression is only a factor of 2. This is why light
[18,19], the basic idea is the following: Because of theparticles are emitted significantly in a larger interval of
finite dimensions and lifetime of the fluid, a particle attemperatures.
space-time poink has some chanc® to have already  Note that since heavy particle and high particle
made its last collision. In that case, it will fly freely spectra are sensitive mostly to the initial values 7of
towards the detector, carrying with it memory of what thegnd wp, the exact fluid expansion does not matter very
conditions were in the fluid at. Therefore the spectrum much for them; in particular, the assumption of boost
of emitted particles contains an integral over all spacénvariance should play no part in the forthcoming analysis
and time, counting particles where they last interactedof strange highp , particle ratios. (Note also that the data
In other words, the experimental spectra will give usconsidered below are in a small rapidity window, near
in principle information about the whole fluid history, midrapidty. Were it not for this fact, boost invariance
not just the freeze-out conditions. For the case of &hould not be assumed, because the rapidity distributions

fluid expanding longitudinally only in a boost invariant do not have this symmetry.) It would be, however,
way with continuous particle emission, the formula thatinteresting to include continuous emission in, e.g., a

parallels (1) is hydrodynamical code, to obtain the fluid evolution and
aNn_ = 2g ddbd study pion data and low, data.
dypidp,  (2m)? Jp=os ¢ dn Particle ratios—Once the spectra have been obtained,

m, coshnrepdp + pi CoShprrdr they can be integrated to get particle numbers, taking into
, account eventual experimental cutoffs and correcting for
exfl(m, coshn — w)/T] = 1 resonance decays. Since we had to specify the initial
(2)  conditions to solve the conservation equations and use
whererr(p, ¢, m;v.) [pr(r, b, m;v )] is the time [ra-  this solution as input into (2), the particle numbers depend
dius] where the probability to escape without collisionon Ty, u,o. In contrast, for the freeze-out case, particle
P = 0.5 is reached. P is given by a Glauber formula, numbers depend on the conditions at freeze-But,,,
exd— [ oven(r’)d7'], and depends in particular on lo- and iyt out-
cation and direction of motion. We are using both (1) We look for regions in thdy, u,o space which permit
and (2) in the following. Clearly, in (2), various and one to reproduce the latest WA85 experimental data on
= upB + wsS appear [againus(u,, T) is obtained strange baryons [11] fd.3 <y <28 andl1.0 < p, <
from strangeness neutrality], reflecting the whole fluid his-3.0 GeV: A/A = 0.20 = 0.0, 5~ /E~ = 0.41 *+ 0.05,
tory, not justTy. oo aNd wpt. ou- and 27 /A = 0.09 = 0.01 (E-/A =0.20 = 0.03 fol-

So to predict particle spectra, in the case of continuoutows). In fact, there is no set of initial conditions which
emission, we need to know the fluid history. To getpermits one to reproduce all the above ratios. A similar
it, we fix some initial conditionsT(rg,p) = Tp and  situation occurs with freeze-out, as noted in [20].
my (70, p) = mpo and solve the equations of conservation In the comparison of our model with WA85 data we
of momentum energy and baryon number for a mixture ohave assumed, however, complete chemical equilibrium
free and interacting particles, using the equation of statéor strangeness production. As already mentioned in the
of a resonance gas (including the 207 known lowest masatroduction, this is not expected for a HG. In order
particles) and imposing strangeness neutrality. As a resulb account for incomplete strangeness equilibration, we
we getT(7, p), up(7, p) and we can use these as input inintroduce the additional strangeness saturation parameter
the formula for the particle spectra (2). The procedurey, by making the substitution expsS) — !5l exp(ussS)
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in the (Boltzmann) distribution functions [21]. In our The aim of Fig. 1(a) is to allow an easy comparison
case,a priori, v, depends on the space-time location with freeze-out results such as [20]; however, it is not
however, since as already mentioned, the initial conditionphysically complete: so far we have neglected hadronic
dominate in the shape and normalization of the spectra ofolume corrections. For freeze-out, this correction can-

heavy particles (particularly at high ), we take cels between numerator and denominator in baryon ra-
tios so it can be ignored [10] but for continuous emission,
dN S| dNeq . . . . .
— ~ ! (70) Do do (3) since we are considering the whole fluid history to get par-
dyp.rdp. ypLapL ticle numbers (and then their ratio), it must be included.

with dNeq/dyp  dp, given by (2). In Fig. 1(a), we see There are various ways to do this (e.g., [10,22—24]). Us-
that for y,(79) = 0.58, there exists an overlap region ing the more consistent method of [25,26], we get the
in the Ty, upo plane where all the above ratios areoverlap region shown in Fig. 1(b), which is shifted to-
reproduced. For the freeze-out case, a similar situatiowards smallerl’s and u;’s but not very different from
occurs as noted in [20], namely, there exists an overlaghat of Fig. 1(a). Given that simulations of QCD on a
region fory; = 0.7. lattice indicate a quark-hadron transition for temperatures

In the freeze-out case, the values of the parameters iaround 200 MeV, it seems more reasonable to consider
the overlap region correspond to high particle densitiesinitial conditions Ty, ~ 190 MeV and w,o ~ 180 MeV,
and so it is hard to understand how particles have.e., the bottom part of the overlap region. Tpreciselo-
ceased to interact: this is the problem 1 mentioned in theation of the overlap region (and exact valueygf is sen-
introduction. In the continuous emission caBgand w sitive to changes in the equation of state—as we have just
in the overlap region lead to high initial densities, but thisseen—as well as in the cross section or cutBff= 0.5
is, of course, quite reasonable since these are values whanEq. (2). Therefore, problem 1 (whether the overlap re-
the HG started its hydrodynamical expansion. gion is physically reasonable) is taken care of.

To be complete, we also examined the more re-

S om [ cent ratios _obtained by WA85 [27] (at midrapid-
o 2@ 7s=0.58 ity): O /Qp =23y = 0.57 = 041, (O~ + Q)/
96 032 g Y (E™ + E )m.=23Gev = 1.7 209, K%/A, >10Gev =
= 03[ 1.43 £0.10, K%/A, ~10Gev = 6.45 = 0.61, and
028 |- K" /K, ~09Gev = 1.67 = 0.15. We looked for a region
026 [ in the Ty, u,o plane whereQ)~/Q,, =23 gev iS repro-
024 [ duced: Because of the large experimental error bars, this
0.22 E does not bring new restrictions to Fig. 1(b). We also cal-
02 > culated ourvalue fofQQ~ + Q7)/(E™ + E7)w, =23 Gev
“E in the overlapping region and found0.7, in marginal
018 - agreement with the above experimental values. The
016 | three ratios involving kaons depend on more than just
01 015 02 025 03 035 04 045 initial conditions (kaons are intermediate in mass be-
Lgo(GeV) tween pions and lambdas, so part of the fluid thermal
history must be reflected in their spectra), in particular
vs(x) ~ vs(79) ~ cst may not be a good approximation,
o 025 ¢ and we are still working on this. The above experimental
> E (b) ) S :
© o2 | /A ratios concern SwW coII|S|ons,'data with SS are not so
G o2 F ys=0.49 = extensive yet but not very different [28] so a similar
- 0z Y overlapping region can be found.
01 5 The apparent temperature extracted from the experi-
“F mentalp, spectra forA, A, E~, andE~ is ~230 MeV
02 - [11]. Given that we extracted from ratios of these par-
019 . "\,‘;/A ticles, temperatured, = 190 MeV, we conclude that
018 heavy particles exhibit little transverse flow, which is
017 b FZ/A compatible with the fact that they are emitted early during
g the hydrodynamical expansion.
0.16 - : , ‘g
E e Specific net charge-We now turn to
0.15
01 015 02 025 03 035 04 D, = (N* =N)/(N" + N) (4)

uBO(GeV) using the continuous emission scenario. As mentioned
FIG. 1. Overlap region in thé-j,o plane for WA8S data in the introduction, for HG models with freeze-out the

with (ove) = 1 fm? (a) without (b) with hadronic volume Predicted D, is too high, when using values of the
corrections. freeze-out parameters that fit strangeness data, e.g.,
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Tt out ~ 200 MeV, wp our ~ 200 MeV, and y; ~ 0.7.  of particle emission in hydrodynamics, [18,19] being a
For continuous emission, due to thermal suppressiorfirst step in that direction. We remind the reader that the
particlesheavier than the piomre approximately emitted idea that particles are emitted continuously and not on
at Ty ~ 200 MeV, wupo ~ 200 MeV, and vy, ~ 049 a sharp freeze-out surface is supported by microscopical
[Fig. 1(b)], soD, so far is similar to that of freeze-out. simulations at AGS energies [32] and SPS energies [33].
However, there is an additional source of particles that The authors wish to thank U. Ornik for providing
enters the denominator of (4), namely pions are emitted edome of the computer programs to start working on this
T, and then on(since they are not thermally suppressed).problem. This work was partially supported by FAPESP
So we expect to get a lower value By, in the continuous  (Proc. No. 95/4635-0), CNPq (Proc. No. 300054/92-0),
emission case than in the freeze-out case. (We recall thand CAPES.

pions are the dominant contribution M* + N~.) This Note added—After completing this paper, we learned
would go into the direction of solving problem 3; it is still that G.D. Yen, M.l. Gorenstein, W. Greiner and S.N.
under investigation. Yang suggested [34] another solution to problems 1 and

Conclusion—Our present description is simplified. 3 above, in terms of the excluded volume approach of
For example, we do not include the transverse expansiof25], for the preliminary Au+ Au (AGS) and Pb+ Pb
of the fluid, use similar interaction cross sections for(SPS) data.
all types of particles, etc. In addition, we need to look
systematically at strangeness data from other collabora- y .
tions as well as other types of data such as Bose—Einsteir{l] Tl'gg(é():h’ B. Miller, and J. Rafelski, Phys. Repi2, 167
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However, what we really need to get Fig. 1(b), is that[13] J. Letessier, A. Tounsi, and J. Rafelski, Phys. LetR%,
E /A =y2E /yaAAeq. andE~/A = y2E/¥aAjeq 417 (1992).

with y=/ya = 0.49. We expect indeed that multistrange [14] J. Sollfranket al., Z. Phys. C61, 659 (1994).

E~ and E~ are more far off chemical equilibrium than [15] Y. Takahashiet al. (to be published), quoted in [5] and
singlestrange\ and A so thatyz/yx < 1. The result [16].

vs = 0.49 arisesif one makes theadditional hypothe- [16] J. Letessieet al., Phys. Rev. Lett70, 3530 (1993).

sis that quarks are independent degrees of freedorfi?] F- Cooperand G. Frye, Phys. Rev.1D, 186 (1974).
inside the hadrons so that one has factorizations of the8l F. Grassi, Y. Hama, and T. Kodama, Phys. LetB%5 9

1995).
type yaexplun/T) = s €xp2(uy/T) explu/T), and ( .

19] F. Grassi, Y. Hama, and T. Kodama, Z. Phys7& 153
y= expluz/T) = y? expluy/T) exp2us/T). Therefore [19] (1996). y
problem 2 may not be so serious. [20] K. Redlichet al., Nucl. Phys.A566, 391c (1994).

The fact that we may cure some of the problems of thg»1] 5. Rafelski, Phys. Lett. 262 333 (1991).
HG scenario does not mean that no quark-gluon plasmg2] J. Cleymanst al., Z. Phys. C33, 151 (1986).
has been created before the HG, in fact it may open neye3] J. Cleymanst al., Phys. Lett. B242, 111 (1990).
possibilities for scenarios of the quark-hadron transitiori24] J. Cleymanst al., Z. Phys. C55, 317 (1992).
(e.g., an equilibrated quark-gluon plasma evolving into ari25] D.H. Rischkeet al., Z. Phys. C51, 485 (1991).
equilibrated HG with continuous emission); in particular,[26] J. Cleymanst al., Phys. Scr48, 277 (1993).
it may not be necessary to assume an explosive transitidd?] S- Abatziset al., Phys. Lett. B316 615 (1993);347, 158
[5] or a deflagration-detonation scenario [29—31]. (1995);376 251 (1996);355 401 (1995).

But our main conclusion is that the emission mechanism2o] S- Abatziset al., Phys. Lett. B354, 178 (1995).

. . . 29] N. Bili¢ et al., Phys. Lett. B311, 266 (1993).

may modify profoundly our interpretation of data. (For ] N. Bili¢ et al..Z. Phys. C63, 525 (1994).
examplg, does the slope in transverse mass spectrum t ] T. Csorg’ and L.P. Csernai, Phys. Lett. B33 494
something about freeze-out or initial conditions?) In turn (1994).
this modifies our discussion of what potential problems32] L.Vv. Bravinhaet al., Phys. Lett. B354, 196 (1995) .
(such as 1 and 3) are emerging. Therefore we believe it iB3] H. Sorge, Phys. Lett. B73 16 (1996).
necessary to devote more work to get a realistic descriptiofs4] G.D. Yenet al., Phys. Rev. (56, 2210 (1997).

1173



