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THERMAL HADRON PRODUCTION IN CENTRAL4.2A GeV/
 C+C AND C+Ta COLLISIONSLj. Simi¢, I. Menda² and M. Korni
erInstitute of Physi
s, P.O. Box 68, 11080 Belgrade, Yugoslavia(Re
eived Mar
h 10, 2000)The transverse mass and rapidity spe
tra of parti
ipant protons andnegative pions in 
entral C+C and C+Ta 
ollisions at 4.2A GeV/
, havebeen interpreted, in the full phase spa
e, on the basis of thermal modelwith assumption that several �reballs in relative motion are formed, andthat ea
h �reball represents a mixture of ideal relativisti
 gases of protons,pions and � resonan
es in thermal equilibrium. For adequate des
riptionof the parti
le spe
tra, the stopping and symmetry/asymmetry of the 
ol-liding system require three �reballs (two fragmentation and one 
entral) inthe 
ase of C+C and two �reballs (fragmentation and 
entral) in the 
ase ofC+Ta. By using the 
lassi
al regime, we �nd that regardless of the 
ollidingsystem, the freeze-out temperature of the fragmentation (
entral) �reballsis in the range 65�75 MeV (170�180 MeV), while the average relative ve-lo
ity of the fragmentation �reball(s), with respe
t to the 
entral one, is(0.55�0.60)
. Also, we �nd that (20�30)% of protons and (50�60)% of neg-ative pions originate from � resonan
e de
ays.PACS numbers: 25.75.�q, 25.75.Dw, 24.10.Pa1. Introdu
tionRelativisti
 nu
leus�nu
leus 
ollisions are a valuable tool to investigatehot and dense nu
lear matter in the laboratory. Emerging protons, pionsand other parti
les are, in prin
iple, expe
ted to 
ontain information onthe 
onditions at freeze-out giving in turn information on the degree ofequilibration. To a 
ertain extent, a model that assumes thermal (and also
hemi
al) equilibrium 
an explain transverse mass and rapidity spe
tra, andalso the various parti
le yield ratios [1�6℄. Here, the transverse mass andrapidity spe
tra of parti
ipant protons and negative pions, from the 10 %most 
entral C+C and C+Ta 
ollisions at 4.2A GeV/
, are interpreted in thefull phase spa
e within the thermal model with the assumption that several�reballs in relative motion are formed.(1839)



1840 Lj. Simi¢, I. Menda², M. Korni
erPossible existen
e of several �reballs is generally indi
ated by the shapeof the proton rapidity distributions in both symmetri
, C+C, and asymmet-ri
, C+Ta, 
ollisions. It is found that these rapidity distributions are best�tted with the sum of several Gaussians, their number depending on thestopping power and the symmetry/asymmetry of the 
ollision system [7℄.The use of several Gaussians re�e
ts strong deviations from the predi
tionsof the single-�reball model. The simplest 
on
eivable explanation of su
hexperimental results appears to be the presen
e of several �reballs in relativemotion. This last, in fa
t, emulates the longitudinal �ow with added �exi-bility that the temperature is not ne
essarily the same in di�erent �reballs.One additionally assumes that ea
h �reball represents a mixture of ideal rel-ativisti
 gases of protons, pions, and � resonan
es, in thermal equilibriumand all sharing the same �reball volume.The physi
al pi
ture that we envisage in this approa
h, takes into a
-
ount mainly the parti
ipant protons (nu
leons). The spe
tators, whi
h didnot 
ollide with other nu
leons at all, su�er only a small energy and momen-tum transfer and therefore are of little interest. In the 
ase of symmetri

ollisions (su
h as C+C) there will be, for a given impa
t parameter, an over-lap between the target and the proje
tile. After 
ollision, the overlappingregions fuse together and partially 
ome to rest in the 
enter-of-mass frame.The halted region subsequently forms the 
entral �reball. The two brokeno� parts 
ontinue in their paths after 
ollision with redu
ed momentum andwith a smaller amount of initial 
ollision energy. These eventually 
reate thetwo fragmentation �reballs. In 
entral 
ollisions of an asymmetri
 system(su
h as C+Ta), the smaller proje
tile nu
leus penetrates right trough thetarget, forming in the pro
ess the early stage of the 
entral �reball. Thetarget and/or proje
tile parti
ipant nu
leons left behind lead subsequentlyto the only one, slower, fragmentation �reball. Thus one expe
ts, for anasymmetri
 system and 
entral 
ollisions, only two �reballs.In the 
ase of 
entral C+Ta and C+C 
ollisions at 4.2A GeV/
, we�nd that within su
h few-�reball model, and using additionally the 
lassi
alregime, one is able to obtain good overall agreement between the modeland experimental data simultaneously for protons and negative pions byadjusting four independent �tting parameters. These parameters are thefreeze-out temperatures, T1 and T2, and the average �reball rapidities, y1and y2. 2. Spe
tra from a stationary thermal sour
esTransverse mass, mT, and rapidity, y, spe
tra of parti
les radiated bystationary thermal sour
e � �reball with temperature T are des
ribed inthe 
lassi
al regime with equations
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 : : : 1841dN thmTdmT = 2gCmT(2�)2 K1�mTT � � F th(g; C;mT; T ) ; (1)and dN thdy = gCT 3(2�)2 �m2T 2 + 2mT 
osh y + 2
osh2 y� exp��mT 
osh y�� Gth(g; C;m; T; y) ; (2)where g is the degenera
y fa
tor for the parti
le spe
ies, C = V e�=T , V isthe �reball volume at freeze-out, and � is the 
hemi
al potential. The totalnumber of parti
les, N , of given spe
ies present in the �reball, and the totalenergy E, of all parti
les of given spe
ies, in the �reball rest frame are:N th = gCTm22�2 K2�mT � � CN(g; T;m) ; (3)Eth = gCT 2m22�2 hmT K3�mT ��K2�mT �i � CE(g; T;m) ; (4)where Ki(x) with i=1, 2 and 3 denote the modi�ed Bessel fun
tions. TheEqs. (1)�(4) are basi
 for the thermal model, and determine kinemati
al
hara
teristi
s of hadrons at the freeze-out point, whether they are stable(on the strong intera
tion s
ale) or ex
ited resonan
es. However, beforerea
hing dete
tor the resonan
es de
ay 
ompletely into lower mass hadrons.The kinemati
al 
hara
teristi
s of these de
ay produ
ts are di�erent fromkinemati
al 
hara
teristi
s of thermal parti
les. This posed the problemto 
al
ulate from a given resonan
e distributions (Eqs. (1), (2)), the dis-tributions, dNde
=dm2T i, dNde
=dyi of parti
ular de
ay parti
le. A generaltreatment of this problem for two- and three-body de
ay was presented in [8℄.Here we give only the �nal equations for transverse mass and rapidity dis-tributions, in the �reball rest frame, for the parti
le originating from thetwo-body de
aydNde
mTdmT = bgRCRmR4�3p� ~y(+)RZ~y(�)R d~yR 1qm2T 
osh2 ~yR � p2R� m(+)TRZm(�)TR dmTR m2TRK1�mTRT �q(m(+)TR �mTR)(mTR �m(�)TR )� bF de
(gR; CR;mR;mT; T ) ; (5)
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erdNde
dy = bgRCRmR8�3p� 1Zm mTdmT ~y(+)RZ~y(�)R 
osh(yR)dyRqm2T 
osh2(y � yR)� p2T� m(+)TRZm(�)TR dmTRm2TRq(m(+)TR �mTR)(mTR �m(�)TR )e�mTRT 
osh(yR)� bGde
(gR; CR;mR; y; T ) : (6)In Eqs. (5) and (6), the quantitiesy(�)R = y � ln[(qE�2 + p2T + p�)=mT℄ ;andm(�)TR = mRhE�mT 
osh(y � yR)� pTqE�2 + p2T �m2T 
osh2(y � yR)im2T 
osh2(y � yR)� p2T ;are the limits of the kinemati
ally allowed rapidity and mT ranges for theresonan
e, p� and E� are the momentum and the energy of the parti
lein the resonan
e rest frame, and ~y(�)R = yR � y (hen
eforth the subs
riptor supers
ript R refers to variables related to the resonan
e). The numberof parti
les from resonan
e de
ay is Nde
 = bNR, where NR is the totalnumber of produ
ed resonan
es at temperature T given by Eq. (3), and bis the bran
hing ratio of the 
onsidered de
ay, multiplied with the Clebs
h�Gordan 
oe�
ient. The total average energy of parti
les from resonan
ede
ays, Ede
, in the �reball rest frame is Ede
 = bERE�=mR, where ER isthe total average energy of resonan
es given by Eq. (4). For simpli
ity weomit the summation in Eqs. (5) and (6), and also in the expressions for Nde
and Ede
, over all resonan
e states 
ontributing to multipli
ity of 
onsideredparti
le spe
ies. Throughout this paper, we 
onsider the simplest 
ase whenonly one kind of resonan
es is produ
ed. Finally, the resulting transversemass and rapidity distributions are obtained by adding Eqs. (1) and (5),and Eqs. (2) and (6), respe
tively. The total number of parti
les of givenspe
ies, N = N th + Nde
, and total energy of parti
les in the �reball restframe, E = Eth +Ede
 are determined similarly.
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 : : : 1843In the 
ase of several �reballs (say three, for de�nitiveness), their re
ti-linear motion, viewed from a given (�laboratory�) frame, is spe
i�ed by therapidity parameters yi, with i = 1; 2 and 3. These rapidities are relatedto the 
orresponding �reball speeds �i in the lab frame via yi = tanh�1 �i.In ea
h �reball one treats di�erent parti
le spe
ies, protons, negative pions,and �'s, as a mixture of ideal relativisti
 gases sharing the same volume.Under the assumption of thermal equilibrium, (in ea
h �reball but not be-tween them) the resulting transverse mass and rapidity distributions for agiven parti
le spe
ies are (
f. Eqs. (1) and (5))dNmTdmT = 3Xi=1hF th(g; Ci;mT; Ti) + bF de
(gR; CRi ;mT; Ti)i ; (7)and analogously (
f. Eqs. (2) and (6))dNdy = 3Xi=1hGth(g; Ci;m; Ti; y � yi) + bGde
(gR; CRi ;mR; Ti; y � yi)i: (8)The quantities su
h as degenera
y fa
tor, mass and 
hemi
al potential arespe
i�
 to ea
h parti
le spe
ies, while it is assumed that the volumes Vi andtemperatures Ti of the �reballs are 
ommon to all parti
le spe
ies. Thesequantities, if not Lorentz invariant, are all measured with respe
t to therest frame of the 
orresponding �reball. Average total number of parti
lesof given spe
ies in all three �reballs is invariant quantity and is given by(
f. Eq. (3)) N tot = 3Xi=1hCiN(g; Ti;m) + bCRi N(gR; Ti;mR)i: (9)The 
orresponding total energy in the lab frame is (
f. Eq. (4))Etotlab = 3Xi=1 
i"CiE(g; Ti;m) + bCRi E(gR; Ti;mR) E�mR#; (10)where 
i � (1 � �2i )�1=2. For a symmetri
 
ollision system (su
h as C+C),the kinemati
 symmetry requires equality of the relative speeds of the twofragmentation �reballs (with respe
t to the 
entral �reball). Sin
e rapiditiesadd under 
ollinear boosts, one �nds y3 = 2y2 � y1. Also by symmetryT1 = T3, �1 = �3, V1 = V3 so that C1 = C3 and CR1 = CR3 . In 
entral
ollisions of an asymmetri
 system (su
h as C+Ta), one expe
ts only two�reballs [7℄ and in Eqs. (7)�(10) one simply drops the 
ontribution from
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erthe third �reball. Therefore, for both symmetri
 and asymmetri
 
ollisionsystems the unknown parameters are: the average �reball rapidities y1 andy2, the freeze-out temperatures T1 and T2, and the positive 
onstants C1(CR1 ), and C2 (CR2 ).In order to redu
e the number of free parameters we start with a simplehadro
hemi
al 
omposition of the �reball by assuming that among the res-onan
e states only the �(1232) is ex
ited. This is a rough approximation,but good enough for estimating the in�uen
e of resonan
es on the tempera-tures, and on mT and y distributions in the few-�reball model. Sin
e thereis one 
hemi
al potential for ea
h 
onservation law, and sin
e the baryonnumber 
onservation implies baryon 
hemi
al potential, we further assumeequality of 
hemi
al potentials of protons and � resonan
es, �p=��. Thisalso implies that Cp = C� and in that 
ase y1, y2, T1 and T2 is a mini-mal set of independent �tting parameters in the model, for both C+C andC+Ta 
ollisions. The positive 
onstants for protons (Cp1 , Cp2 ) and negativepions (C��1 , C��2 ) are not independent sin
e equations (9) and (10) for theirtotal multipli
ity and energy form a system of four linear equations. For agiven y1, y2, T1 and T2, the solution determines uniquely all normalization
onstants.Finally, the transverse mass and rapidity distributions, Eqs. (7) and (8),are written down for ea
h parti
le spe
ies. These distributions all depend onthe same four �tting parameters, y1, y2, T1 and T2, sin
e the latter are (byassumption) the �reball attributes and are not spe
i�
 to the parti
le spe
ies.By minimising the 
orresponding overall �2, we �nd the values of the four�tting parameters whi
h lead to the best agreement between all, model andexperimental, transverse mass and rapidity distributions, simultaneously forall parti
le spe
ies. 3. Results and dis
ussionIn this paper we interpret the transverse mass and rapidity spe
tra of par-ti
ipant protons and negative pions in 4.2A GeV/
 
entral C+C and C+Ta
ollisions. The two data sets, 
onsisting of 7327 C+C, and 1989 C+Ta in-elasti
 events, are obtained with the 2-m propane bubble 
hamber exposedat the JINR Dubna syn
hrophasotron. The events with the largest multi-pli
ity of se
ondary parti
les 
orresponding to � 10% 
ross se
tion 
ut, are
lassi�ed as 
entral. The 
hamber allows measurement of multipli
ity andmomenta of negative pions and protons. All re
orded negative parti
les, ex-
ept the identi�ed ele
trons, are taken to be �� mesons. The 
ontaminationby unidenti�ed fast ele
trons and negative strange parti
les is estimated to5% and 1% of the pion multipli
ity respe
tively. All positive parti
les withmomenta less than 0.5 GeV/
 are 
lassi�ed either as protons or �+ mesons
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ording to their ionisation density and rang. Positive parti
les above 0.5GeV/
 are taken to be protons, and subsequently the admixture of �+ ofabout 18% (7%) in C+C (C+Ta), due to this, is subtra
ted statisti
allyusing the �+ and �� momentum distributions. From the resulting num-ber of protons, the proje
tile spe
tator protons (with momenta > 3 GeV/
and emission angle � < 40) and target spe
tator protons (with momenta< 0:3 GeV/
) are further subtra
ted. The resulting number of parti
ipantprotons still 
ontains some 4% (16%) of deuterons (with momenta > 0:48GeV/
) whi
h are subtra
ted statisti
ally. The admixture of tritons, withmomenta > 0:65 GeV/
 is not 
onsidered. Further details 
on
erning themeasurement, identi�
ation and 
orre
tions due to parti
le loss, are givenin [7, 9, 10℄.The results of the three-�reball (one 
entral and two fragmentation) 
al-
ulation for C+C 
entral 
ollisions are shown by the solid lines in Fig. 1.Similarly, the results of the two-�reball model 
al
ulation for C+Ta 
entral
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ollisions are shown in Fig. 2. The best-�t parameters are obtained fromsimultaneous �t to all four, transverse mass and rapidity, spe
tra of bothprotons and negative pions by minimizing the overall �2. and with the helpof the experimentally determined N tot and Etotlab given in the Table I.TABLE ITotal multipli
ity and energy of parti
ipant protons and negative pions in 
entralC+C and C+Ta 
ollisions. C + C C + Tap �� p ��N tot 8:26� 0:06 2:73� 0:06 24:2� 0:3 7:3� 0:2Etotlab (GeV) 17:6� 0:2 1:68� 0:04 31:7� 0:3 2:83� 0:09
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 : : : 1847The best-�t parameters, with their un
ertainties at 90 % 
on�den
e lim-its, and the 
orresponding 
onstants, whi
h provide the 
orre
t normaliza-tion of the model spe
tra are given in Table II. The normalization 
onstantsare extremely sensitive to small 
hanges in the values of the 
orresponding�tting parameters so that Ci quoted in Table II represent only the order ofmagnitude estimates. The values of the �reball rapidities, given in Table II,imply the average relative velo
ity � = �0:60, for C+C, and � = 0:55,for C+Ta, of fragmentation �reball(s) with respe
t to the 
entral one. The
ontributions of the �reballs to the resulting transverse mass and rapidityspe
tra are also shown in Figs. 1 and 2 by the dashed lines. A

ording tothe �t, in the 
ase of C+C (C+Ta) 
ollisions, the 
entral �reball provides� 50% (� 35%) of the total number of protons and � 60% (� 45%) of thetotal number of �� mesons, while fragmentation �reballs provide the rest.The dotted lines in Figs. 1 and 2 represent the rapidity and transverse massspe
tra of protons and negative pions, originating from � resonan
e de
ays,in ea
h of the �reballs. The 
ontributions of the protons and pions from �resonan
e de
ays to their total multipli
ity in ea
h of the �reballs are givenin Table III. These yields are 
al
ulated under the assumption of isosym-metry of the system and are determined with the help of the normalization
onstants and de
ay probabilities b�!p=1/2, b�!��=1/3. The asymmetrybetween neutrons and protons in C+Ta 
ollisions 
auses unequal produ
tionof di�erent isospin � states, but does not 
hange essentially the values of the�tting parameters. It a�e
ts only yields of parti
les from � de
ays in a waythat they be
ome 
loser to the values obtained for C+C 
ollisions. From theTABLE IITemperatures T , �reball rapidities y, all at 90 % 
on�den
e level, and normaliza-tion 
onstants obtained from simultaneous �t of proton and negative pion trans-verse mass and rapidity spe
tra in 
entral C+C and C+Ta 
ollisions. For C+C
ollisions the kinemati
al symmetry requires equality of temperatures and normal-ization 
onstants for the fragmentation �reballs, while y3 = 2y2� y1 = 1:77� 0:05.C + C C + TaFragmentation Central Fragmentation CentralT (MeV) 73 � 7 176 � 10 64 � 5 179� 13y (lab) 0:37 � 0:03 1:07 � 0:01 0:23 � 0:02 0:84 � 0:04Cp (fm3) 2: � 106 2:� 102 1: � 108 5: � 102C�� (fm3) 1: � 102 6: 2: � 103 4:�2/NDF 2:4 3:9
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er TABLE IIIRelative multipli
ity of parti
les from resonan
e de
ays in ea
h of the �reballs, andsummed over all �reballs. Fragmentation Central Summed over all�reball �reball �reballsC+C p 0.09 0.51 0.28�� 0.28 0.77 0.58C+Ta p 0.06 0.53 0.23�� 0.15 0.91 0.49values quoted in Table III we see that parti
les from � de
ays 
ontributemostly to the 
entral �reball. The 
ontributions of protons and pions from� de
ays to the total multipli
ity, summed over all �reballs, are also givenin Table III. Cal
ulations show that in C+C (C+Ta) 
ollisions 28% (23%)of protons and 58% (49%) of negative pions originate from � resonan
e de-
ays. Next we examine the in�uen
e of � resonan
e de
ays on the hadroni
spe
tra within one �reball, and also within several �reballs. The spe
tra ofparti
les from � de
ays, and spe
tra of dire
tly emitted thermal parti
les,with the relative normalization 
orresponding to the 
entral �reball in C+C
ollisions (see Table III) are plotted in Fig. 3.For 
omparison, the resulting spe
tra normalized to unity, are shownadditionally. For both thermal parti
les and parti
les from � de
ays, therapidity distributions are Gaussians of similar width, and this explains thesmall in�uen
e of the resonan
e de
ays on the shape of resulting rapiditydistributions in the single �reball. Also, the mT distributions of thermalprotons and protons from � de
ays have similar slopes. This is be
ause theproton is the massive daughter in the � de
ay modes, with the mass 
loseto its parent, and its momentum is strongly 
orrelated with the momen-tum of its parent. Hen
e, the � resonan
e produ
tion does not a�e
t theshape of the �nal proton mT spe
tra. Contrary to the protons, the slopeof the mT distribution of pions from � de
ays is steeper than the slope ofthe mT distribution of dire
t thermal pions. The kinemati
s of � de
ayfo
uses �� mesons at low pT, leading to the two-
omponent stru
ture in theresulting mT distribution from the single �reball. Summed over all �reballs,the transverse mass and rapidity distributions of parti
les from resonan
ede
ays and dire
t thermal parti
les are plotted in Figs. 4 and 5. In the ra-pidity spa
e, the protons originating from � de
ay are dominant in 
entralrapidity region, while dire
t thermal protons are dominant in fragmentationregion(s). As in the 
ase of single �reball, the in�uen
e of � resonan
es on
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ollisions.the early stages of the �reballs separate before the thermal equilibrium hasbeen established, and that subsequently at least partial thermal equilibriumis attained, on the short time s
ales available, separately in ea
h �reball.The agreement between the model and data is good, despite the fa
t thatin the �nite �reball volume and during its short lifetime, the thermal equi-librium 
an only be approximately a
hieved. Also, the 
al
ulations withinthermal few-�reball model suggest that resonan
e de
ays are ne
essary in-gredient for any thermal model. Numerous thermal analyses [1, 2, 4, 5℄ ofhadron produ
tion in heavy ion 
ollisions, in
lude 
ontributions of all reso-nan
es with masses up to about 2 GeV. In this analysis among the resonan
estates we assume only the �(1232) whi
h dominate at this energy. Sin
e thein
lusion of the �(1232) entails only a small 
hange of the �t parameters(
ompared to the values obtained in the 
ase of the stable hadroni
 gas),and provides at the same time a better des
ription of all hadroni
 spe
tra,we 
an expe
t that the in
lusion of the other resonan
e states would notsigni�
antly 
hange the obtained results.
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mT - mπ [GeV]Fig. 5. The same as Fig. 4, but for 
entral C+Ta 
ollisionsThe 
omplete analysis of this data in terms of a realisti
 model wouldrequire to take into a

ount the radial transversal �ow. However, the in-trodu
tion of this �ow into the few �reball 
al
ulation would not lead to aunique 
ombinations of the �tting parameters sin
e the �t of the pT spe
traonly, within the thermal blast model [11℄, reveals that there are di�erent
ombinations of the temperature and radial �ow velo
ity leading to a goodagreement with the measured p and �� spe
tra in 
entral C+C and C+Ta
ollisions. The �reball temperatures obtained in our approa
h are their up-per bounds, sin
e the introdu
tion of the radial �ow ne
essarily redu
es thetemperatures, as 
ompared to a stati
 thermal s
enario.In summary, we have used a simple thermal few-�reball model that in-
ludes resonan
e de
ays in order to interpret the transverse mass and ra-pidity distributions of parti
ipant protons and negative pions in the 10 %most 
entral C+C and C+Ta 
ollisions at 4.2A GeV/
. The model is es-sentially based on two assumptions. First is the presen
e of several �reballs(two in the 
ase of C+Ta, and three in the 
ase of C+C) in relative mo-tion. Se
ond is that ea
h �reball represents a mixture of ideal relativisti
gases of protons, pions, and � resonan
es in the 
lassi
al regime, in thermalequilibrium and sharing the same volume. We �nd that this is the minimal
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erset of assumptions needed to des
ribe well the basi
 features of the experi-mental transverse mass and rapidity spe
tra for protons and negative pions,for both symmetri
 and asymmetri
 
olliding systems. We estimate thatfor protons and negative pions, regardless of the 
olliding system the freeze-out temperature of the fragmentation �reball(s) is in the range 65�75 MeV,and that the freeze-out temperature of the 
entral �reball is in the range170�180 MeV. The average relative velo
ity of the fragmentation �reball(s),with respe
t to the 
entral one, is (0.55�0.60)
. A

ording to this thermalmodel, (20�30)% of protons and (50�60)% of negative pions originate from� de
ays. The resonan
es are ne
essary ingredient of thermal model thatprovides a good des
ription of all hadroni
 spe
tra. The satisfa
tory agree-ment between the model and the somewhat limited experimental data doesnot support 
on
lusively that the thermal equilibrium is a
hieved in ea
h�reball separately, with di�erent freeze-out temperatures, sin
e there existsa possibility that the �reballs partially overlap in the momentum and in the
on�guration spa
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