RAPID COMMUNICATIONS

¢, Q, and p production from deconfined matter in relativistic heavy ion collisions

PHYSICAL REVIEW C, VOLUME 61, 03190&)

Peer Csizmadihand Peer Levait?
IRMKI Research Institute for Particle and Nuclear Physics, P.O.B. 49, Budapest, 1525, Hungary
2Physics Department, Columbia University, 538 West 120th Street, New York, New York, 10027
(Received 1 October 1999; published 1 February 2000

We investigate the production of thg meson and th€) baryon which interact relatively weakly with hot
hadronic matter, their spectra thus reflecting the early stage of the heavy ion collisions. Our analysis shows that
the hadronization temperaturg,,y, and the transverse flow,?, of the initial deconfined phase are strongly
correlated:Thad+a~(v$)2:0.25 GeV, wherea=0.37 GeV in the Pk Pb collision at 158 GeV/c. When
choosing appropriate initial values df,,q and v$ from the temperature regioifi,,;—=175+15 MeV, the
measuredp meson spectra was reproduced surprisingly well by the MICOR model. We have found weak
influence of final state hadronic interactions on the transverse hadron spettya at,>0.3 GeV.

PACS numbgs): 12.38.Mh, 13.87.Fh, 24.85p, 25.75.Dw

Recent analysis by the NA50 Collaboratigh] on ¢ and  MICOR model and the detailed investigation of all particle
pl/w meson transverse momentum spectra in-Pb colli-  spectra will be published elsewhdrEs)].
sion at the CERN Super Proton Synchrot(@&@P3, yielded One description of the deconfined phase consists of mas-
remarkably small values for the inverse slopes of these pasive quarks, antiquarks, and gluons in the temperature region
ticles, namelyTegX(¢) =222=6 MeV and Tg(p/w)=219  1<T/T <3 [16]. In the MICOR model, which is based on
+5 MeV. Furthermore, analysis by the WA97 Collaborationthis description, the massive gluofwhose number is sup-
[2] reveals a slightly larger value for the inverse slope of thepressed relative to the quarks and antiquatiacome re-
0O +0° particle spectraT&P(Q) =238+17 MeV. sponsible for an attractive effective potential between the
colorful quarks and antiquarks and this effective strong in-

These inverse slopes do not fit the suggested straight lin X : fo e i
of Tefr,i=Tfo+mi(VT>2 [3,4], which may indicate a mutual teraction drives the hadronization via the coalescence of

. . e = uarks. The obtained quark-antiquark plasma is assumed to
hadronEtransverse flow and which holds for, K=, p, .p, ge a fully thermalized gtate, and (i]n the Eadronization stage it
¢, A, A, andd data of NA44[4] and NA49[5-7] with 5 characterized by a hadronization temperaliyg, a trans-
freeze-out temperatur@;, =175 MeV and average trans- yerse flowv? and a Bjorken-scaled longitudinal flow. In
verse flow(vy)=0.35%. On the other hand, the measured gyjte of the thermal initial conditions, the coalescence of the
slopes of théZ~ andE* did not follow this linear depen- massive quarks and antiquarks produces a hadron resonance
dence on hadron masses [2]. This phenomena was ex- gas which is out of equilibrium. Furthermore, the decays of
plained by the early freeze-out of tH8 and theQ) in an  the resonances do not lead to equilibrium. While the final
analysis based on the RQMD modd], where final state state hadronic spectra can be fitted by inverse slopes familiar
interactions were considered to reproduce the measured hafilem equilibrium descriptions, this does not mean that we
ronic transverse slopes. Since the interaction ofghreeson  obtain equilibrated hadronic final states.

with nonstrange baryon-rich matter is also sm&l], the During hadronization mesonlike objects are formed in one
measured value ofi( 4) from NA50 agrees with this pic- step via quark-antiquark coalescence. Baryonlike objects are
ture. formed in two steps: the formation of diquarks from quarks

However, accepting that the momentum spectra ofghe &r€ followed by the coalescence of diquarks and quarks into
' baryons. The presence of strongly correlated hadronlike ob-

and() reflect the early stage of the heavy ion collisions, we, . . b .
can ask if this earlyystagge could haveybeen a deconfine&ﬁ)Cts in the deconfined phase is supported by lattice-QCD

matter, or simply resonance matter as indicated by RQMdeSUItS[l?]' We use the name “prehadron” for such a cor-
8] relator. The values of prehadron masseg,e,, are not

. . . . . sharply determined. In the static case one may determine the
In this paper we investigate the direct production of the Py ! ' y I

) . spectral function of the correlator, extracting some “mass”
Q, ¢, andp from thermalized massive quark matter. We use P g

X _ and “width.” However, in our case the two-body coales-
the Microscopical COalescence RehadronizaithiCOR)  cance process dynamically creates an off-shell prehadron
model[10,11, which is the successor of the ALCAR2,13  ith . cross sectionsee Ref[12] for the coalescence
and the Transchemistry mod¢ls4]. The ALCOR and Tran-  rgss section
schemistry models were constructed to determine the total \we assume that during the hadronization period these
number of hadrons produced from quark matter. Thecolor-neutral prehadrons can escape the deconfined state
MICOR model is able to determine the full momentum spec-without disintegration and they will become the species of
tra of final state hadrons. For the investigation of the producthe produced excited hadronic gas. Large constituent quark
tion of ¢ and() we use a part of the full MICOR model; this masses imply a further assumption that the production of the
part will be summarized here. A full scale description of theexcitedJ=1 vector mesonsg,K*,¢) and J=3/2 baryons
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(A, 2*, BE*, Q) are favored during the hadronization. The R .

J=0 pseudoscalar mesor{pions and kaonscannot be |[---]:f d*pl[...], (6)
formed by quark coalescence, but appear together with the
J=1/2 baryons as products of the decay of the heavier ex- _ d3q
cited hadrons. The expected minor difference between the Il - . -]=J dvidv, X fz - Il
prehadron masses and the excited hadron masses will be cor- ™="h sgr¥==x1 7 a°=(my+my/2)-s/4d

rected in a last step: when the prehadron escapes from the m2—m?2 E
;jegtonfined region, it becomes on shell by conserving its ve- X E E, 5( pg— 12 2) 6(5_ |q°|)[ N
ocity.

In general, the coalescence-type hadron productign, 7
+0,—h, can be described by a relativistic rate equation o
based on the densiti¢48]: Using the parametrization

A p*=(ms chy,ps cose,ptsing,my shy), (8)
&M(nhuﬁ): Z <0'q1q2V12>nq1nq2' (1) ] ) ] N
1,92 after some tedious algebfd5] we obtain a simplified ex-

pression for the phase space integral and we can derive the

Here ng, and ng, are the local quark densities;, is the differential form of the averaging in Eq3):

prehadron densityy# is the four-velocity of the mattex;;,
is the relative velocity of the two quarkeglqz is the quark d{{(ovip)) Tp[flfzavlﬂ

coalescence cross section, a(mr@lqzv@ is the momentum d*p 1[f4f,]
space average of their product:

(€)

Equation(9) leads to the momentum dependent rate equa-

3 3 h tions for the produced prehadrons and diquarks.
) f d°p1d°pafafaog g, V1o In Eq. (9) the prehadron is created off shel=p?
(04,0,Y12)= : (2 =mZ,. When the prehadron leaves the deconfined region, it
J d3p,d3p,f,f, assumes an on-shell resonance by emitting or absorbing en-

ergy. For simplicity, we assume that its velocity distribution
For the invariant quark distributions;(p; ,x;), thermalized rémains unchanged _durlng this process. One can parametrize
Jittner functions are used. However, in general, other mothe transverse velocity as
mentum distributions could also be used. We neglect the
melting of the prehadrons back into the deconfined phase.

This equation assumes the escape of color-neutral prehad- N . . _— . i
rons from the deconfined phase. wherem;= {/p-+s. With this parametrization the differen

In the MICOR model we determine the momentum spec—tIal momenta element is

tra of the produced prehadrons generalizing a momentum

vr=pr/mr=thy, (10)

1
dependent version of the rate equation found in @g. We d*p= ES dschu dchu dy de, (11
introduce an extended averaging on the 7, hadronization
hypersurface: and thus the four-velocity distribution is
1[f1fo0v15]
(ovid)=—7T7""", ) i =fds SM. (12
I[f1f2] chudchudy de d*p

where If we substitute cp=ms/m, into Eq. (12) and convert

the velocity distribution into a four-momentum distribution,
ir.. .]:f dV,d3p,dV,d3p,[ . .. ] (4)  We obtain the on-shell momentum distribution for hadrons
with massmy, and transverse mass;= \/pT2+ mhz:

2

=4 II dvid*p,®(E)E,s(p2—md)[ ... 5 a1 d(oviy)
iljl id*pi®(Ej)E;o(p;y —mi)[ ] 5) dededeD_ mﬁf dSST' (13)

is the 12-dimensional phase space integration operator. Asrhis formula gives the momentum distribution of the prima-
suming two-particle coalescence, the momentum of the outily produced excited hadrons. From the expression in Eq.
going particle is the sum of the incoming momenga:p; (13 one can determine in one step the transverse momentum
+p2. Since we are interested in the momentum spectra ofjope of thes and in two steps th€) (included the forma-

the outgoing particle, it is more useful to represkm Eq.  tion of anss diquark. These results can be compared di-
(5) as an integral of the relative four-momentugs=(p;  rectly with the experimental data. For the description of all
—p,)/2 and the outgoing four-momentumwith s= p?: final state hadrons we would need to follow the time evolu-
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FIG. 1. They? fit of the calculatedr .« slopes for thep meson my—m, (MeV)
and the() baryon. The area inside the solid contour line indicates
x?°<3.67. The solid dark line shows the mhad+a-(v$)2:0.25 FIG. 2. The transverse momentum spectra ofg¢h@eson mea-
GeV, wherea=0.37 GeV. In the bottom figure we show our fit, sured by the NA49 Collaboration in RtPb collision at 158 GeV
displaying the values of ¥#<3 on a Lego plot. (full square$, the dashed line indicates the effective slopg

=295+ 15 MeV [5]. The dotted line indicates the measured slope
tion of the multicomponent hadronization and the decay oPf the NAS0O Collaboratiori1] in the transverse momentum region
excited hadrons. This is beyond the scope of this paper ar@5<mr—m,<2.2. The solid curve with fluctuations is the
those calculations will be published in a forthcoming paperMICOR result.

[15]. - " o
The deconfined matter is characterized by the hadronizaerse flowv9), for an initial condition for the hadronization.
tion temperatureT .4, and an initial transverse flow;?. In the bottom part of Fig. 1 we show the details of our fit,

We consider a large enough longitudinal extension for thedisplaying the values of <3 on a Lego plot. Here an
deconfined mattery,=*2.2, wherez, is the space-time ‘“‘excellent” agreement can be seen between the result of the
rapidity. This parameter will not influence the transverse moMICOR model and the experimental data in the regiggq
mentum spectra at=0. The constituent quark masses are=175*15 MeV andv}=0.46+0.05.
chosen to beng=300 MeV andms=450 MeV. To avoid later confusion between the theoretical result of
We vary the hadronization temperature in the regionthis paper and the experimental data of the NA%D and
Thad=130-260 MeV and the initial transverse flow?=0  NA49 Collaborationg5,6], Fig. 2 displays our recent infor-
—0.7. The obtained transverse spectra for ¢ghand the() mation on the transverse mom.entum spectra of/thmeson.
are fitted in the measured transverse momentum region 06 the MICOR model, according to Eq14) we useTy,q
<my—my<2.2 GeV forg and 0.3 my—m<1.5GeV for = 175 MeV andv$=0.46 to calculate the theoretical trans-
Q, following the procedures of the NA50 and WA97 Col- verse momentum spectra of tilemeson.
laborations, respectively. We compare the theoretical slopes The full squares show the NA49 data as reconstructed
to the experimental data. Figure 1 displays the valueg®of from Ref.[5]. The dashed line indicates thgl;=295+ 15
obtained from the measured and the calculated slopes of tHdeV slope with the parametrization
¢ and the() spectra. The area inside the solid contour line
indicatesy?< 3.67. dN/mpdmyecexp( — my /T (15
One can see a very strong correlation between the had-
ronization temperature and the initial transverse flow, whichin the momentum region 0.62m;—m,<1.5 GeV.

can be characterized by the expression The dotted line indicates the results of the NA50 Collabo-
ration[1], namely theTg(¢) =222+6 MeV slope with the
Thaata-(v)2=0.25 GeV, (14 parametrization
where a=0.37 GeV. This correlation is indicated by the dN/mydmy=C-mq- Ky(my/Teg) (16)

solid dark line in Fig. 1. Considering only thg¢<3.67 val-
ues, a large temperature region is allowed, namBly; in the momentum region 05my—m,<2.2 GeV. Applying
=160-230 MeV (paired with the appropriate initial trans- the expansion of the Bessel function in Efj6) one obtains
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FIG. 3. The “Data/Theory” values for recalculatddg({2) and FIG. 4. Experimental results on the effective hadronic slopes of

Ter(P) as a function of hadronization temperatdigy with trans-  the transverse momentum spectfiag) in the Pb+Pb collision at
verse flow? satisfying Eq.(14). We display the same ratio for the 158A GeV energy from the WA9T2] (inverted triangles NA50

p particle calculated in the MICOR modébottom part. The ver-  [1] (dot9 and NA44 Collaboration$4] (triangles. The results of
tical dotted line indicate3,,,— 175 MeV. WA97 and NA50 were fitted originally by Eq17) and we fit the
NA44 data onm=, K=, p*, andp~ [21] in the same way in the
momentum regiorm;—m;>0.3 GeV. Open squares indicate the
theoretical results from the MICOR model on tpe ¢, and Q
particles.

dN/mrdm=C-m¥2exp( —mr/Te), (17)

whereC=C- \Tem/2. In the above momentum region the
difference between the parametrizations in Eidp) and Eq.

(17) is negligible. Thus the results of NA50 can be compare
directly to the results of WA972], who used the parametri-

é?rtilzoz;ig; I(E)gél?()l%n the following we will use the param- the p/ w particle is formed in one step from the coalescence
q:.c0- of a quark and an antiquark. The theoretical value of this

Figure 2 shows that the slopes of the NA49 Collaborationslo e parameter was fit in the measured transverse momen-
are valid for the transverse momentum regiop—m,<1 pe P

GeV and the slope of the NA50 Collaboration is valid for tum region 1.5:mr<3.2 and compared to the experimental

exp, _ .
my—m,>0.3 GeV. The MICOR result was chosen to agreevalue Teif (p)=219=5 MeV. The bottom part of Fig. 3

with the NA50 measurement, and it agrees with the experiS"OWS that the pairs G andvy parameters which satisfy
mental results of the NA49 Collaboration in the regiog ~ Ed- (14) by reproducing the slope ap and(}, also repro-
—m,>0.3 GeV. In parallel, Fig. 2 demonstrates that theduc_e the measured slope @f This occurs especially in the
coalescence process creates a nonthermal momentum disf§910N Thag=175+15 MeV.

bution, and the obtained momentum distribution for e This result is very surprising. We could expect that the
can mimic a thermalized final state in large momentum reWeakly interactingé and (1 will conserve their transverse
gion. (The fluctuations on the MICOR results are coming™Momentum distribution from the initial hot phaggccording
from the applied Monte-Carlo evaluation of the phase-spack® our assumption this is a strongly coupled deconfined
integral) Figure 2 shows that the MICOR model fails to Phase. But thep particle is very strongly coupled to nucle-
reproduce the NA49 data in the momentum regiop-m,, ons and pions[19], thus final state interactions should
<0.3 GeV, which requires further improvements at smalimodify their spectra with an extra transverse boost. It was
pr. However this disagreement will not influence our analy-nardly expected that the meson could conserve any of its
sis and discussion at largpr . early transverse momentum distribution.

We apply the obtained correlation between the hadroniza- With this surprising result, we collect the available data
tion temperature and early transverse flow from @d) and ~ ©On theTe; extracted by the parametrization of E#7), simi-
recalculate the slopes of the transverse momentum specti@ly t©0 p, ¢, and(2. We show these experimental data in
for Q and ¢. Figure 3 shows our results, displaying the Fig. 4. The data ok2, A, A, E~, E*, andQ can be found
“Data/Theory” ratios for the differenT o values(including  in Ref.[2]. The data orp and ¢ are from Ref[1]. For 7™,

the experimental error baras a function of hadronization

0;emperature,Th(.,ld. This figure confirms the validity of the
unction used in Eq(14).

We also calculate thp/w spectra. In the MICOR model
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7, K*, K7, p*, andp~ we considered the NA44 data ©n the production of thep meson and thé€) baryon, using

[20,21] and using Eq(17) fit these data in the momentum the MICOR mode_l. We have found a strong correlation be-
region m;—m,>0.3 GeV. We obtainedTe®(x*)=150 tween the hadronization temperature and the transverse flow
. . o

MeV, ToR(r)=145 MeV, TEK")=225 MeV, of the early deconfined state, where #eand () were cre-

expy 1 — expy -+ exp ated from quark-antiquark plasma. We have found Mag
Teif (K7)=216 MeV, T (p ") =234 MeV, Te(p ) =223 —175+15 MeV andvi=0.46+0.05 is favored by the data.

MeV. These data followed the tendency that the value of thg, this temperature region the MICOR model also repro-
Terr decreases with 25-30 MeV when using ELj7) as op-  duced the measurgd w slope. This result indicates that final
posed to Eq(15), see, e.g., Ref2]. _ state interactions modify very weakly the transverse momen-
~ Figure 4 helps to estimate the efficiency of the final statqum spectra of the/@ meson in the transverse momentum
interactions in the transverse momentum regiop—m region 1.5xm;< 3.2 GeV. In the largem; region the final
>0.3 GeV. It reveals that the separation of fhe, p—, A, state interactions may not modify the transverse slopes cre-
A, =, and=" from the weakly interactings and Q) is ated in an early state. Further calculatiof5] are in

I ; _progress to investigate if all hadronic spectra can be repro-
much smaller than indicated |n+Re[sﬁ,_71. 'Even more, ac duced by the MICOR model assuming the formation of mas-
cording to our fit, the slope gb™ andp™ is very close to

i J sive quark-antiquark plasma and its hadronization through-
that of the wegkly mterac'tmg? meson. Thus the slope ofthe 5yt quark coalescence.
p meson and its restoration in the MICOR model is not sur-
prising anymore. Figure 4 indicates that in the transverse We thank T.S. BirpM. Gyulassy, B. Miler, N. Xu, and
momentum regiorm;—m;>0.3 GeV the hadronic spectra J. Zimanyi for stimulating discussions. We thank N. Xu for
may not suffer large modifications because of secondary colmaking available the published NA44 data. One of the au-
lisions. Pions could be exempt, since their separation fronthors (P.L.) is especially grateful to S. Vance for his com-
the other particles may indicate extra-long hadronic evoluments and his careful reading of the manuscript. This work
tion, or their appearance from resonance decays. These reras supported by OTKA Grant Nos. T019689 and T025579,
sults demand further investigation into the properties of thehe U.S.-Hungarian Joint Fund No. 652, and partly by the
hadronic spectra ah;—m;<0.3 GeV. U.S. DOE Research Grant under Contract No. De-FG-02-

In this paper, we analyzed the recent experimental result83ER-40764.

[1] N. Willis et al, NA50 Collaboration, Nucl. Phys. Ato be
published.

Trento, 1999, edited by D. Blaschk®&orld Scientific, Sin-
gapore, 1999

[2] R. Lietavaet al, WA97 Collaboration, J. Phys. @5, 181
(1999.

[3] T. Csago and B. Lastad, Phys. Rev. G4, 1390(1996.

[4] I.G. Bearderet al, NA44 Collaboration, Phys. Rev. Left8,
2080(1997.

[5] F. Pihlhofer et al, NA49 Collaboration, Nucl. PhysA638,
431c(1998.

[6] G. Rolandet al, NA49 Collaboration, Nucl. PhysA638, 91c
(1998.

[7] F. Gableret al, NA 49 Collaboration, J. Phys. @5, 199
(1999.

[8] H. van Hecke, H. Sorge, and N. Xu, Phys. Rev. L&t.5764
(1998.

[9] C.M. Ko, P. Levai, and X.J. Qiu, Phys. Rev. @5, 1400
(1992; W.S. Chung and C.M. Ko, Nucl. Phy#$641, 357
(1998; F. Klingl, T. Waas, and W. Weise, Phys. Lett.481,
254 (1998.

[10] P. Csizmadia, P. hwai, S.E. Vance, T.S. BitoM. Gyulassy,
and J. Zimayi, J. Phys. G25, 321(1999.

[11] P. Csizmadia and P."lkai, in Proceedings of the International

Workshop on “Understanding Deconfinement in QCIECT

[12] T.S. Birg, P. Levai, and J. Zimayi, Phys. Lett. B347, 6
(1995; J. Zimanyi, T.S. Birg T. Csago, and P. Leai, Heavy
lon Phys.4, 15(1996.

[13] J. Zimayi, T.S. Birg and P. Leai, J. Phys. G23, 1941
(1997; T.S. Birg P. Levai, and J. Zimayi, ibid. 25, 321
(1999.

[14] T.S. Biro, P. Levai, and J. Zimayi, Phys. Rev. (59, 1574
(1999.

[15] P. Csizmadia and P. \ai, in preparation.

[16] A. Peshier, B. Kempfer, O.P. Pavlenko, and G. Soff, Phys.
Rev. D54, 2399(1996; P. Levai and U. Heinz, Phys. Rev. C
57, 1879(1998.

[17] K.D. Born et al,, Phys. Rev. Lett67, 302(1991).

[18] I. Montvay and J. Zimayi, Nucl. Phys.A316, 490(1979.

[19] M. Asakawa, C.M. Ko, P. [eai, and X.J. Qiu, Phys. Rev. C
46, 1159(1992; G. Chanfray and P. Schuckyid. 57, 1522
(1998; R. Rapp and C. Galebid. 60, 024903(1999.

[20] A. Sakaguchiet al., NA44 Collaboration, Nucl. PhysA638,
103c(1998.

[21] The data of Refl4] can be found at the following URL: http://
www-rnc.lbl.gov/ nxu/mydatabase.html

031903-5



