
5 Detailed study of the e�
ien
y in simulation
5.1 Introdu
tionThe raw yield extra
ted from data have to be 
orre
ted for the e�
ien
y of the experimen-tal setup. The best situation is when the e�e
t of the dete
tor on the observed signal 
anbe 
al
ulated analyti
ally, but the 
urrent heavy ion experiments are too 
ompli
ated foranalyti
al treatment. The 
orre
tion fa
tors due to e�
ien
y was studied using detailedMonte-Carlo simulation of the CERES setup.The total e�
ien
y was fa
torized into three parts: a

eptan
e, tra
king e�
ien
y andpeak extra
tion e�
ien
y. The idea behind was to separate a

eptan
e, whi
h is weaklydependent on the details of the Monte-Carlo and determined by the geometri
al shape ofthe dete
tor from the parts that depend on the details of the simulation pro
edure.A

eptan
e for a single tra
k is de�ned as a fra
tion of tra
ks, whi
h momentum is ina �du
ial volume of the polar angle and transverse momentum. For pairs from K0S thea

eptan
e means a fra
tion of the primary K0S parti
les, whi
h both de
ay produ
ts fallinto the single tra
k a

eptan
e and have 
ertain orientation with respe
t to the primarytra
k.Tra
king e�
ien
y is de�ned as a fra
tion of re
onstru
ted tra
ks (pairs) out of those thatfall into the a

eptan
e. The e�
ien
y is not independent on the a

eptan
e assumed,due to lower tra
king e�
ien
y at the borders of dete
tor. More generous de�nition ofthe a

eptan
e will lead to lower e�
ien
y and a stri
t de�nition of the a

eptan
e tohigher e�
ien
y. The produ
t of a

eptan
e and e�
ien
y will be 
alled overall e�
ien
y.A
tually, the overall e�
ien
y has a dire
t interpretation, and the a

eptan
e and thee�
ien
y are useful terms to separate sour
es of the lost tra
ks.After a pair is re
onstru
ted, de
ision have to be made whether the pair 
omes fromthe real primary tra
k or from the 
ombinatorial ba
kground. This de
ision is based onthe invariant mass of the pair. The peak extra
tion e�
ien
y fa
torize with the overalle�
ien
y and four methods of peak extra
tion will be dis
ussed and their e�
ien
iespresented. 67



5.2 Simulation 
hainThe Monte-Carlo framework for CERES experiment is 
omposed of four 
ooperating pro-grams. Two of these programs are spe
i�
 for the analysis performed and two are universalsimulation tools used by the CERES 
ollaboration. The input and the output of the pro-grams is standardized and they are used 
onse
utively.The �rst program, analysis spe
i�
, is used to generate primary tra
ks. These tra
ks arethen propagated by the standard, GEANT [42℄ based program, and RAWMC digits areits output. The digits are pro
essed by CERES analyzer whi
h produ
es spa
e pointsout of digits and performs tra
king. Finally the re
onstru
ted tra
ks are pro
essed by V 0analysis program to evaluate the e�
ien
y of the K0S re
onstru
tion.The notion MC, was used in the previous 
hapter for the Multipli
ity Counter. In this
hapter is stands for Monte-Carlo and exa
tly for the tandem of GEANT with the CERESsetup and Monte-Carlo analyzer. This two programs are standard tools used by theCERES 
ollaboration and they were not modi�ed in this work.The details of the simulation 
hain pro
edure is the following:1. The primary K0S tra
ks, following the Boltzmann distribution with T = 210 MeVand y 2 (1:85; 2:45) are generated. Sin
e the resulting e�
ien
ies are (weakly)dependent on the parameters of the distribution thus the temperature for the MChave to be iteratively adjusted. The generation is done in a Root ma
ro and dataare stored in text �les, ea
h 
ontaining 10 000 events with one K0S . Additionally, forte
hni
al reasons two muons are generated with every event.2. Every event is pro
essed by the GEANT with CERES setup. TheK0S are propagatedand de
ayed by the GEANT. If none of the de
ay produ
ts of theK0S hits the dete
torthe original parti
le is not present in the MC output. This feature was introdu
edto suppress gammas from bremsstrahlung whi
h did not produ
e any hit. Storingall gammas and ele
trons from showers will blow-up output �les. For the analysisof weakly de
aying parti
les one would prefer to keep these primaries. The obsta
lewas work around inje
ting two muons and using the input text �les for the �nalanalysis.3. Data are analyzed with Monte-Carlo analyzer whi
h is in prin
iple the same programas used for the re
onstru
tion of real events (step2). The analyzer 
an be used in twoways: as a 
lean MC or an overlay MC. In the 
lean MC only the hits 
reated by thesimulation are present. In the overlay MC the signal � hits from tra
ks resulting from68



a de
aying K0S are overlay with the raw-data events. The advantage of the 
lean MCis that it reprodu
es gross properties of the dete
tor and requires less 
omputing timeand disk spa
e. The overlay MC is more 
orre
t in parti
ularly when deteriorationdue to additional hits is important: studying the number of hits per tra
k or theinvariant mass resolution. For tra
ks falling in the middle of the dete
tor there is nodi�eren
e in the re
onstru
tion e�
ien
y between 
lean and overlay MC. Moving tolow polar angles, the o

upan
y in
reases and the e�
ien
y falls in the overlay MC,but this feature is not represented in the 
lean MC. Similarly for large polar angles,the deterioration of performan
e is not reprodu
ed in the 
lean MC. Data presentedin the following se
tions were obtained with the overlay MC.4. Re
onstru
ted hits and tra
ks are asso
iated with the simulated ones. The digitsin the RAWMC format 
ontain information, from whi
h tra
k they originate. Thisinformation is propagated further during the pro
essing and for the re
onstru
ted hitis 
an be said from whi
h tra
k it originate. If the re
onstru
ted tra
k is 
omposedout of hits belonging to a given GEANT tra
k, the tra
ks are asso
iated. Tra
kasso
iation algorithm have two parameters. The �rst is the maximum distan
ebetween simulated and re
onstru
ted hit, measured in standard deviations of theexpe
ted resolution at this point. This parameter is usually set to 5. The se
ondparameter is the purity: the fra
tion of the hits in the tra
k that originate from thisgiven simulated tra
k, this parameter is usually set to 60%.5. After the analyzer, the data are in the format 
orresponding to the step2 output.Then the main part of the analysis takes pla
e � the re
onstru
tion of the se
ondariesand evaluation of the e�
ien
y. This program will be des
ribed in great detail inthe next se
tion.5.3 Analysis pro
edure5.3.1 Phase-spa
e segmentationThe transverse momentum � rapidity spa
e of the primary K0S is segmented into a numberof bins. Five equally sized bins in the rapidity spa
e ea
h 0:15 units wide are 
reated,spanning the range 1:85� 2:60, the bins are numbered from (1) to (5). The three 
entralbins (2)�(4) spanning 2:00� 2:45 have full a

eptan
e in the transverse momentum. Theside bins have only some small fra
tion of the transverse momentum in the a

eptan
e.The transverse momentum is divided into 9 bins spanning area pT < 1:6 MeV/
. The�rst 6 bins have width equal 100 MeV/
, next two bins have width equal 200 MeV/
 and69



�nally the last bins are 300 MeV/
 wide. The size of the bins is in
reased to 
ompensatefor the diminishing signal.5.3.2 Analysis 
hainThe most important part of the simulation pro
edure is the analysis of the MC outputby the V0 analyzer. In this program data are pro
essed in steps, after every step theproperties of the primary K0S are histogramed. Ea
h step redu
es the number of K0S leftfor the further analysis. The steps are the following:1. The distribution of the transverse momentum and rapidity of the primary K0S isre
onstru
ted using data in the text �les.2. Output of the MC is read. The existen
e of K0S in MC data is 
he
ked, its (pT ; y) isused for further analysis.3. Number of de
ay produ
ts of the K0S is 
ounted. The fra
tion with 2 pions shall beequal to the bran
hing ratio. Additional 
ompli
ation is the fa
t that the number ofde
ay produ
ts is 
orrelated with the probability neither of them will hit the a
tivevolume.4. The polar angle of the MC tra
k is 
he
ked. Three values of the lower 
ut werestudied � > 0:12; 0:13; 0:14 rad and the upper 
ut is � < 0:26 rad. Sin
e the parti
le
an s
atter at the path between target and entran
e of the TPC the a
tual 
ut isextended by 5 mrad in both dire
tions. This extend will be trimmed by a 
ut onthe a
tual polar angle of the re
onstru
ted tra
k in step 8. The overall a

eptan
efor the three s
enarios will be 
ompared further.5. The orientation of the de
ay is 
he
ked using Armenteros�Podolanski spa
e. TheArmenteros 
ut is set to � 2 (�0:5; 0:5) ^ qT 2 (0:08; 0:5) and is applied on the �and qT using MC tra
k parameters. The de�nition of the Armenteros variables �and qT are presented in Eqs. 4.23�4.24.6. The existen
e of the TPC segments asso
iated with both MC tra
ks is 
he
ked. Atthis point the re�tting pro
edure is applied. In the step2 format, used by MC, thelo
al angles are not stored and to obtain them the Fitter program is used. Thisprogram uses the same 
lass for re�tting as used during step3
 produ
tion. There�tting pro
edure ensures real data and MC data are equally pro
essed.7. The single tra
k 
uts are applied, following that in data:70



� polar angle of the tra
k, a

ording to the 
ut performed in the step 4.� number of �tted hits, dependent on the polar angle:Nhits � N0 � 2 (0:12; 0:22)Nhits � N0 � (#� 0:22) � 150 � 2 (0:22; 0:28) (5.1)with N0 set to 10, 12 and 14. The results presented are performed for N0 = 10.Other values will be used to estimate the systemati
al error.� transverse momentum pT > 100 MeV/
 and pT > 150 MeV/
, the value pre-sented here are for pT > 100 MeV/
.8. The pair 
uts are applied:� Armenteros 
ut � the same as in step 5 but performed using the variables fromthe re
onstru
ted TPC tra
ks.� opening angle 
ut  2 (0:1; 0:45) rad.9. The transverse momentum and rapidity is re
al
ulated using data from the re
on-stru
ted TPC tra
ks. This step does not redu
e the number of events but s
atterthem between bins.10. The invariant mass is 
al
ulated using two momentum measurements: 
ombinedmomentum and three-parameter �t.The steps from 1 to 5 de�ne the a

eptan
e. These steps shall be weakly dependent on the
orre
tness of the MC. The steps 6�9 de�ne e�
ien
y and are dependent on the detailsof the MC program. The steps 9 and 10 will be used to evaluate the e�
ien
y of thepeak extra
tion. The �nal numbers and e�e
t of ea
h step on the number of K0S will bedis
ussed in detail in the following subse
tions.5.4 Results5.4.1 Single tra
k e�
ien
yThe e�
ien
y as a fun
tion of the azimuthal angle is shown on the �rst panel of Fig. 5.1.The e�
ien
y is 
omposed out of a �at part, at the level of 70 � 80% with a 
hamberstru
ture visible. Additionally there are two holes: one deep at � ' �3 rad and se
ond,less pronoun
ed at � ' �0:5 rad.The tra
king e�
ien
y as a fun
tion of the polar angle is shown on the 
onse
utive panels.The upper right panel shows the whole range while the following panels zoom on the71
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Figure 5.1: Single tra
k e�
ien
y in a fun
tion of the polar and azimuthal angle. Lefttop: e�
ien
y as a fun
tion of azimuthal angle with 
hamber stru
ture visible.Right top: e�
ien
y as a fun
tion of polar angle. Bottom: e�
ien
y as afun
tion of the polar angle zoomed on the borders of the a

eptan
e.
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Figure 5.2: Single tra
k e�
ien
y. Left top: e�
ien
y as a fun
tion of total momentum.Right top: e�
ien
y as a fun
tion of the longitudinal momentum. Bottom: ef-�
ien
y as a fun
tion of transverse momentum for two de�nition of the �du
ialvolume: � > 0:12 rad. (left) and � > 0:13 rad. (right)
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Figure 5.3: K0S e�
ien
y in rapidity bins as a fun
tion of the polar angle 
ut. Rapiditybins are shown by symbols: (1) � 
ir
les, (2) � squares, (3) � pointing uptriangles, (4) � pointing down triangles, (5) � 
hevrons. Left panel: e�
ien
yas a fun
tion of the 
ut. Right panel: e�
ien
y divided by the referen
ee�
ien
y with � > 0:14 rad.edges: � 2 (0:12; 0:16) rad and � 2 (0:24; 0:28) rad. The e�
ien
y rises slowly starting at� ' 0:12 rad and saturates at � ' 0:14 rad at the level of 80%. In this area the tra
kshave a full length in the TPC. The e�
ien
y start falling for � > 0:25 rad and no tra
ksare re
onstru
ted when � > 0:28 rad.The e�
ien
y as a fun
tion of the total and parallel momentum is shown in the upperrow in Fig. 5.2. The se
ond row shows the e�
ien
y as a fun
tion of the transversemomentum for the two 
uts on the polar angle � > 0:12 rad (left) and � > 0:13 rad(right). The e�
ien
y is very low at pT ' 100 MeV/
 and grows qui
kly at pT ' 150MeV/
 and �nally slowly saturates. The stri
ter the 
ut on the a

eptan
e, the higher thee�
ien
y and faster the saturation.5.4.2 Optimization of the polar angle 
utThe pair e�
ien
y is strongly dependent on the 
ut on the polar angle. With the Monte-Carlo framework dis
ussed here it is possible to optimize the 
ut on the polar angle for agiven rapidity range. The maximum theta 
ut was set to � < 0:26 rad, at the single tra
ke�
ien
y at the level of 60%. The optimization is performed for the minimum � 
ut.The overall pair e�
ien
y as a fun
tion of the minimum theta 
ut is presented in Fig.5.3. The rapidity bins are shown as di�erent symbols, des
ribed in the �gure 
aption.Releasing the 
ut will in
rease the signal in bins (3) � (5).To better estimate then gain the results for � = 0:12 rad and � = 0:13 rad where dividedby the referen
e value obtained for the 
ut � = 0:14 rad. The results are displayed in the74



right panel in Fig. 5.3.The low rapidity bins (1) and (2) are not in�uen
ed, and the higher the rapidity the higherthe gain when releasing the 
ut. For the uppermost bin the di�eren
e is by a fa
tor of2:6. The in
rease in the e�
ien
y is most pronoun
ed 
hanging 
ut from � = 0:14 rad to� = 0:13 rad. Changing the 
ut from � = 0:13 rad to � = 0:12 rad does not in
rease thee�
ien
y substantially but in this area the pre
ise understanding of the tra
king e�
ien
ybe
omes 
ru
ial. In parti
ular the momentum resolution for the tra
ks without a hit inthe �rst and the last a
tive plane is not fully understood.From the Monte-Carlo studies one 
an 
on
lude, the optimum 
ut giving high e�
ien
yand independen
e on the details of the simulation is for � = 0:13 rad. The higher 
ut� = 0:14 rad 
an be used for the evaluation of the systemati
al error. In real data it isvisible, with the 
ut � = 0:13 rad the bin (5) 
an provide a partial spe
trum, but with the
ut � = 0:14 rad only three bins (2) � (4) 
an provide a signal. Thus the 
ut of � = 0:13rad. was sele
ted and the results will be dis
ussed is detail only for the polar angle 
ut� 2 (0:13; 0:26) rad.5.4.3 A

eptan
e and e�
ien
y in rapidity binsThe a

eptan
e for ea
h rapidity bin is presented in the �rst panel in Fig. 5.4. Thea

eptan
e ex
eeds 16% for the tree 
entral bins and falls below 7% for side bins.The e�
ien
y follows similar pattern, and is the highest for the 
entral bins at the levelof 60 � 70% and falls below 50% for side bins. The reason for the lower e�
ien
y in theside bins are the fall of the single tra
k e�
ien
y at the border of the polar a

eptan
e.The overall e�
ien
y is shown in the next panel. The highest e�
ien
y, for the (3)bin ex
eeds 12%. The overall e�
ien
y is low, but it is dominated by the geometri
ala

eptan
e.The expe
ted relative strength of the signal is shown on the next panel. Higher yield 
loserto midrapidity partially 
ompensate for the low a

eptan
e for the bin (5). The �rst binis unfavored by the a

eptan
e, the e�
ien
y and the low yield and thus pra
ti
ally nosignal is present in this bin. The sizable signal 
an be expe
ted in the tree 
entral binsand the weak signal in the (5) bin.The number of events surviving every 
ut is shown in Fig. 5.5. The �rst panel shows thenumber of events after a given 
ut is applied, and the se
ond panel shown fra
tion of theevents reje
ted by a given 
ut. The Fig 5.6 shows the same for bins (2)�(5). 75
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Figure 5.5: Impa
t of di�erent 
uts. Left panel: a number of events after a given 
ut, rightpanel: fra
tion of events reje
ted by a given 
ut.
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Figure 5.6: Impa
t of di�erent 
uts for bins (2)�(4). Left panel: a number of events aftera given 
ut, right panel: fra
tion of event reje
ted by a given 
ut.The most important 
uts is the polar angle and Armenteros 
ut, reje
ting respe
tively70% and 35% of the K0S . The two 
uts involving the details of the TPC simulation arereje
ting around 17% ea
h.5.4.4 A

eptan
e and e�
ien
y in transverse momentum binsThe overall signal in ea
h (pT ; y) bin after full re
onstru
tion 
hain is shown in the �rstpanel in Fig. 5.7. The 
olors represents di�erent rapidity bins: bla
k for bin (1), red forbin (2), green for bin (3) and blue for bin (4). The highest signal is in the �rst bin ofwidth 200 MeV/
. Due to adjusted bin width the signal is almost 
onstant over a widerange of the transverse momentum spe
trum.The e�
ien
ies after di�erent steps are displayed on the 
onse
utive panels. The e�
ien
ydue to de
ay topology, shown in the �rst panel in Fig. 5.7 is at the level of 80% � 90%77
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Figure 5.7: Details of the a

eptan
e and e�
ien
y. In 
onse
utive panels: total signalexpe
ted in every bin, e�
ien
y of de
ay topology, a

eptan
e due to polarangle 
ut, a

eptan
e due to Armenteros 
ut, e�
ien
y due to tra
k re
on-stru
tion and due to resolution of the mass. Rapidity bins depi
ted in 
olors:(2) � bla
k, (3) � red, (4) � green, (5) � blue.
78



and is in
reasing with the transverse momentum. The higher the transverse momentum,the lower the opening angle and thus the lower probability, neither of the tra
ks will hita
tive volume of the TPC, taking into a

ount, all generated K0S in the dis
ussed rapidityrange are heading toward the TPC.The a

eptan
e of the �du
ial volume is shown on the next panel. The a

eptan
e in
reasewith the transverse momentum for bins (3) � (5) and stays relatively �at for the bin (2).At transverse momentum of pT ' 200 MeV/
 there is a non-monotoni
 behavior of thea

eptan
e, this is due to 
hange of the a

epted topology from ba
k-to-ba
k with largeopening angle to the topology with the two tra
ks heading in the same part of the dete
tor.The a

eptan
e is strongly 
onne
ted with the de
ay orientation, whi
h 
an be seen onthe next panel displaying e�
ien
y of the Armenteros 
ut. If a de
ay would be orientedrandomly in � with respe
t to the dire
tion of the K0S the e�
ien
y would be around60%. For low transverse momenta, only these K0S are a

epted whi
h de
ay parallel tothe dire
tion of K0S , de
ay produ
ts open wide and hit opposite sides of the TPC. Dueto this topology the Armenteros 
ut does not remove any K0S . With in
reasing transversemomentum this topology is less pronoun
ed and when pT > 500MeV/
 the Armenteros 
utreje
ts around 60% of the pairs � for these parti
les the de
ay topology in � is not 
orrelatedwith the a

eptan
e. The area of steep variation of the e�
ien
y of the Armenteros 
ut isthe same as non-monotoni
 area in the a

eptan
e dis
ussed in the previous paragraph.The tra
king e�
ien
y is presented in the next panel. The e�
ien
y is relatively 
onstantand is at the level 60%� 70%. The pair 
uts, in parti
ular opening angle 
ut are in
ludedinto tra
king e�
ien
y whi
h is visible as lose of e�
ien
y of high momentum kaons. Thestrong opening angle 
ut of  > 0:1 rad kills the high transverse momentum spe
trum inrapidity bins (4) and (5). This strong 
ut is not justi�ed by MC but by the shape of theinvariant mass in data. The high momentum spe
trum were sa
ri�
ed to obtain a reliableyield of the kaons. The option of momentum dependent opening angle 
ut was studied indata and the results will be used for the estimation of the systemati
 error.In the MC studies the (pT ; y) bin of the K0S was taken form the Monte-Carlo, in realitythe (pT ; y) bin is taken from the TPC tra
ks momenta. The re
onstru
ted tra
ks andthus also the momentum of the pair have a �nite resolution. Due to this fa
t some of theprimary tra
ks are histogramed into a wrong bin. When the spe
trum is falling rapidly, asit does at high momentum, the resolution e�e
t smears the signal into higher momentumand an arti�
ial in
rease in the slope parameter is observed. The 
orre
tion fa
tor due tothis e�e
t is shown on the next panel. The 
orre
tion is small, well below 5% and sometrend with the mass is visible.The overall e�
ien
y is shown on the Fig. 5.8. For the �rst bin, the e�
ien
y drops with79
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Figure 5.8: Overall e�
ien
y and the 
orre
tion fa
tor, 
olors as in Fig 5.7.the in
reasing transverse momentum, for the highest bin it in
reases and for the middlebin it have a U-shape with minimum at 500 MeV/
. The inverse of the e�
ien
y � the
orre
tion fa
tor is display on the next panel. It ranges form 7 up to 25, the �attest is themiddle bin.5.5 Peak extra
tion e�
ien
yThe re
onstru
ted invariant mass is histogramed for every (pT ; y) bin. The transversemomentum and rapidity is taken using information from the TPC tra
ks, as in the realdata. The results for both possibilities of 
hoosing the momentum: 
ombined momentumand three-parameter �t will be presented.The distribution of the invariant mass using p
omb for three rapidity bins are shown inFigs. 5.9�5.11. 
onse
utive panels presents 
onse
utive transverse momentum bins. Thewidth of the bin of the spe
tra is 5 MeV/
2 as used in data.Ea
h invariant mass spe
trum was �t with a Gaussian and the parameters of the �ts areshown in Fig. 5.12. The left 
olumn shows the results for the s
enario using 
ombinedmomentum and the right 
olumn using three-parameter �t momentum. For most of thepoints, for both s
enarios, the mean value is o� the PDG value of m = 497:6 MeV by1 MeV. The resolution behaves di�erently for the two s
enarios. When 
ombined momen-tum is used, the best resolution is a
hieved for the low transverse momentum at the level of� = 10 MeV/
2 and in
reases steeply with the transverse momentum up to � = 30MeV/
2for high pT tra
ks. When p
or3 is used, the resolution for low transverse momentum K0Sis 20% worse, but the resolution deteriorates slowly with the in
reasing transverse mo-mentum rea
hing resolution � = 20 MeV/
2 for the highest transverse momenta.80
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Figure 5.9: Invariant mass spe
tra for rapidity bin y 2 (2�2:15). Conse
utive panels showtransverse momentum bins.
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Figure 5.10: Invariant mass spe
tra for rapidity bin y 2 (2:15� 2:30). Conse
utive panelsshow transverse momentum bins.
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Figure 5.11: Invariant mass spe
tra for rapidity bin y 2 (2:30� 2:45). Conse
utive panelsshow transverse momentum bins.
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Figure 5.12: Parameters of the Gaussian �t to invariant mass spe
tra. Top: re
onstru
tedmass using 
ombined momentum (left) and p
or3 (right). Bottom: peakresolution using 
ombined momentum (left) and p
or3 (right)
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The peaks does not follow the Gaussian shape. For the low momentum, with narrow peaksthe tails on the left side develop. For the high momentum peaks the sizable tails on thehigh invariant mass are present. The reasons for the tails are manifold:� multiple s
attering for low momentum tra
ks� usage of p
omb for late de
ays, pronoun
ed mostly for high �
 K0SFor the middle momentum tra
ks the shape is not 
ompletely Gaussian, but the di�eren
esare less pronoun
ed and the non-Gaussian part is 
on
entrated in the peak.Two methods are used to extra
t the peak. The �rst method is to �t a Gaussian and usethe area under the 
urve as a yield. In this 
ase the peak extra
tion e�
ien
y will bethe ratio of the area under the 
urve and the total number of entries. If the peak will beGaussian the e�
ien
y would be � = 100%. The se
ond method 
onsist on 
ounting thenumber of entries in a given area, for example �2� around the 
enter, the width takenfrom the �t. In this 
ase the e�
ien
y is the number of 
ounted entries divided by thetotal number of entries. If the peak would be fully Gaussian the se
ond method shall havethe e�
ien
y of � = 95%.The peak extra
tion e�
ien
y is shown in Fig. 5.13. The upper row for the �rst method,lower for the se
ond. The left 
olumn for the 
ombined momentum and the right for p
or3.When the �t is used, for most of the points the e�
ien
y is at the level of 92 � 94%. Atthe edges, for high transverse momenta, it behaves di�erently for both s
enarios: in 
aseof p
omb it drops to 80% and stays relatively 
onstant when p
or3 is used. When simple
ounting is employed, the e�
ien
y is a

identally similar to the 
ase of �tting and isbelow the value of � = 95%.The four methods 
an be used for the data analysis and the di�eren
es between resultswill give and insight into systemati
 errors. The numbers presented depend on details ofthe simulation and to justify their use the resolutions obtained with data have to followthe resolutions obtained with the simulation.For the �nal analysis of data the tree parameter �t will be used and not 
ombined momen-tum. This de
ision is based on two results from the Monte-Carlo. The �rst is better peakresolution of the tree-parameter �t at high momentum and the se
ond is a �at 
orre
tiondue to peak extra
tion e�
ien
y.
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Figure 5.13: Peak extra
tion e�
ien
y for two methods and two types of momentum. Top:integral of the Gaussian �t for 
ombined momentum (left) and p
or3 (right).Bottom: 
ounting the entries using 
ombined momentum (left) and p
or3(right)
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6 Final data analysis and results
After data pro
essing, the invariant mass spe
tra were obtained. A few more steps have tobe performed to obtain the �nal results. The �rst step is the extra
tion of the peak fromthe invariant mass spe
trum, with the help of the ba
kground estimated with mixed events.Here it is important to note that with the signal-to-ba
kground as small as in this 
asenot only the shape but also the normalization are 
ru
ial. The raw yields extra
ted fromthe spe
tra will be then 
ombined with the re
onstru
tion e�
ien
y to obtain transversemomentum spe
tra and �nally, after integration, the rapidity spe
trum.The assessment of the quality of data and the estimation of the systemati
 errors are ne
-essary steps before 
omparing data to other measurements and to theoreti
al predi
tions.6.1 Peak extra
tion pro
edureThe invariant mass spe
tra of same and mixed events were analyzed to extra
t the peak.Sin
e the signal of the K0S is very weak 
ompared to the 
ombinatorial ba
kground thekey issue in the peak extra
tion is a pre
ise normalization of the mixed events. As anadditional 
hallenge is se
uring the stability of the pro
edure to obtain a handle on thesystemati
 error introdu
ed during peak extra
tion.The pro
edure has a number of steps and starts with s
aling mixed events to mat
h thenumber of entries in same events. The s
aling fa
tor has two parts, the �rst due to mixingwith eg. 4 events and the se
ond due to di�erent number of pairs when events withdi�erent multipli
ity are mixed. The se
ond 
omponent varies from bin to bin and issmall, at the level of 10�4.After s
aling, the signal spe
tra are 
reated by subtra
ting mixed events from same events.Sin
e the mixed events are not exa
tly reprodu
ing the 
ombinatorial ba
kground a setof 50 signal spe
tra is 
reated by s
aling the mixed events spe
tra by an additional smallfa
tor ":G"(m) = S(m)� (1 + ")M(m) (6.1)87



where G"(m) is the signal spe
trum, S(m) is same events spe
trum and M(m) is normal-ized spe
trum of mixed events. The small fa
tor " is 
hanging from �103 to +0:6 � 103.It is worth noting that the mixed events spe
trum is multiplied by a number, not by afun
tion. Multiplying mixed events by a fun
tion, for example a se
ond-order polynomial,
an simplify the pro
edure. On the other hand it would introdu
e an additional level ofarbitrariness into data analysis.Every signal spe
trum G"(m) is analyzed by �tting a formula representing a Gaussiansitting on a slope:f(m) = A+B �m+ C � 1�p2� exp (m�m0)22�2 ! (6.2)where m is the invariant mass and the �t parameters: A, B, C, m0 and � representrespe
tively: A � the o�set of the ba
kground, B � the slope of the ba
kground, C � theintegral under the Gaussian, m0 � the re
onstru
ted mass of the K0S and � is the width ofthe Gaussian peak. The range of �tting is 
hosen arbitrarily to be 0:37 < m < 0:8 GeV.The variation of the upper limit does not in�uen
e the �t stability, while the variation ofthe lower limit has an impa
t on the results obtained at the level of 3% of the extra
tedyield.The spe
trum with the best �t is sele
ted. The sele
tion is based on the smallest valueof the redu
ed �2 of the �t. Other methods were also tried, based on the smallest valueof �t parameter B, the slope. The se
ond method gives essentially the same results. Forthe 
ontrol over the systemati
 error the method 
an introdu
e, the parameters of the �t� integral under the Gaussian and the width of the Gaussian � are histogramed for everyspe
tra �t with redu
ed �2=NDF < 2.The best spe
trum is analyzed further. The fun
tion g(m) = A + B � m is subtra
tedfrom it and the number of entries in the histogram in the range m 2 (m0 � 2�;m0 + 2�)is 
ounted. The range was sele
ted arbitrarily, but this range 
ontains most of the signaland the �u
tuations of the ba
kground are not very strong. This estimation of the signalhas to be 
orre
ted for the range used. Theoreti
ally, the number has to be s
aled by1=erf(2) = 1=0:95. Due to the experimental e�e
ts, eg. multiple s
attering, the peak isnot fully Gaussian in parti
ular at the tails. Thus the 
orre
tion fa
tor is estimated usingfull Monte-Carlo simulation. The 
orre
tion fa
tor for tails is presented in Fig. 5.13.After this pro
edure there are three estimates of the raw yield: integral under the best�t, 
ounted entries after subtra
ting the slope and integral from a set of good �ts. Thestatisti
al error of the third estimation is the standard deviation of the obtained values.88



The statisti
al error of the yield is 
al
ulated using total number of entries in the givenrange of the histogram. Stri
tly speaking the error � equals:� = q�(S) + �(B) (6.3)where the �(S) is the statisti
al error of the signal and ba
kground and �(B) is theerror of the ba
kground. In this 
ase the �u
tuations of the signal are negligible and theba
kground has to be 
ounted twi
e (in same and in mixed events) thus the statisti
alerror is:� = p2 � "Z M+aM�a dmS(m)#1=2 (6.4)where the integration is performed in some arbitrary range. The range is usually 
hosento span 4 units of standard deviation � the same range as used to estimate the yield by
ounting the entries. The estimated error s
ales like � pa, thus 
hanges of range will notgive mu
h di�eren
e in the estimation of the error.Another possibility to estimate the error is to take the value from the �tting program.This value shall 
ontain some information on non-Gaussian shape of the signal, but inpra
ti
e both values of error agree.After extra
ting the peak for every bin in (pT ; y) in a given rapidity range the samepro
edure 
an be applied to the total signal in the rapidity bin � to assess the stability ofthe pro
edure.6.2 Results � transverse momentum spe
trum6.2.1 The raw signalIn the 
hapter dis
ussing Monte-Carlo simulations the rapidity spa
e was divided into 5bins starting from y = 1:85. Sin
e no signal was observed in the �rst bin, in this 
hapterthe rapidity bins, numbered from (1) to (4) 
over the range y 2 (2:0 � 2:45). The binshave the width of 0:15, the same as in Monte-Carlo simulations.The signal with the best �t for every rapidity bin is shown in Fig. 6.1. The number ofentries and its error is shown on the pi
ture. The signal looks properly extra
ted. Thepro
edure in fa
t was not expe
ted to work properly on the data from the whole rapiditybin. The �t expe
ts a Gaussian, and this assumption is true when analyzing a parti
ulartransverse momentum � rapidity bin. When analyzing the whole rapidity bin, the signalis a set of many Gaussians with di�erent widths. 89
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ted from the best spe
trum, the bla
k points shows the mean value fromthe normalization s
an.The signal spe
tra for every (pT ; y) bin using best �t and 
ounting method are 
olle
tedin Appendix A.6.2.2 The raw yieldThe raw yield for every transverse momentum bin is shown in Fig. 6.2. The red pointsshow the signal from the best �t while the bla
k points shows the mean value from thenormalization s
an.Note that the raw yield is not 
orre
ted for the a

eptan
e or the width of the transversemomentum bin. The signal is relatively 
onstant due to in
reasing bin size with transversemomentum. The highest signal is usually in the bin 0:6 � 0:8 GeV/
 � the �rst bin withthe width 0:2 of GeV/
.Both estimations of the yield agree very well. The dis
repan
ies are well below statisti
alerror. The statisti
al errors of the red points represent the real �u
tuation of the signal.The error of the bla
k points represents the stability with respe
t to the variation of the91



ba
kground normalization and the spe
tra thus obtained are not statisti
ally independent,so the bla
k errors are often smaller than the red errors. This fa
t also means that thesystemati
 error introdu
ed by the normalization of the ba
kground is below statisti
alerrors.The total signal and its error is also displayed and both numbers 
an be dire
tly 
omparedwith the numbers from Fig. 6.1. The 
omparison between the raw signal taken from wholerapidity bins and the sum of signals taken from every (pT ; y) bin is shown in Fig. 6.3.The left panel shows the raw yield in rapidity bins using two methods. Bla
k points showthe yield extra
ted from the total rapidity bin and the red points show the yield extra
tedbin by bin.The points are analyzed statisti
ally and the redu
ed variable is 
reated:�Y =  (YT � YB)2�2T + �2B !1=2 (6.5)where YT is the yield extra
ted from the whole rapidity range and the YB is the yieldextra
ted bin-by-bin, and their errors are �T and �B respe
tively. The variable 
reatedshould follow Gaussian distribution if the data are statisti
ally independent. The resultsof the statisti
al analysis are shown in the right panel of Fig. 6.3. The data are fully 
om-patible and the residuals are below the values expe
ted from the statisti
al distributions.While looking 
arefully at the raw yields from di�erent method, one 
an observe that thebla
k points are systemati
ally lower than the red points. This suggest that extra
ting theyield from the whole bin leads to a lose of yield. The lost yield is smaller than statisti
alerror and 
an be explained by the fa
t that the signal in not Gaussian in this 
ase.6.2.3 Fit parametersThe goal of this analysis is the re
onstru
tion of the number of kaons. The other parame-ters of the �t: re
onstru
ted mass and the width of the Gaussian are important to assessthe data quality.The parameters of the �t � re
onstru
ted mass and the width of the Gaussian � are shownin Fig. 6.4. The �t parameters from data are depi
ted in bla
k and overlaid with theMonte-Carlo values, depi
ted in blue. The straight blue line shows the PDG value of K0Smass equal m = 497 MeV/
2.The re
onstru
ted mass is systemati
ally lower than the value expe
ted from the Monte-Carlo studies. The systemati
 shift is 
omparable with the statisti
al error of the re
on-stru
tion and smaller than bin-size of the invariant mass spe
trum equal to 5 MeV/
2.92
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Figure 6.3: Cross
he
k of the raw yield extra
tion for all rapidity bins. Left panel: bla
k �total signal in a rapidity bin, red � sum of signal in (pT ; y) bins. Right panel:di�eren
e between two methods normalized to statisti
al �u
tuations.The re
onstru
ted resolution agrees very well with values expe
ted from Monte-Carlostudies. The peak widths from data �u
tuate around Monte-Carlo values at the levelof statisti
al error. Some tenden
y to higher widths 
an be observed, but they are notstatisti
ally signi�
ant. This agreement justi�es both using the peak extra
tion algorithmdes
ribed and the validity of the Monte-Carlo program.Experimentation with the normalization fa
tor shows that overestimating the ba
kgroundlead to a narrower peak and underestimation of the ba
kground to a broader peak.6.2.4 Transverse momentum spe
traThe �rst physi
s result are the transverse momentum spe
tra shown in the left 
olumn ofFig. 6.5.The transverse momentum spe
tra dN2=(dpT dy) were obtained by 
orre
ting the rawyields by the e�
ien
ies 
al
ulated using Monte-Carlo studies and des
ribed in Chapter5. The spe
tra were �t by the Boltzmann distribution; the details of the �tting pro
edurewill be des
ribed below. The values displayed in the panels are:1. rapidity range2. the yield dN=dy obtained by summation of the measured signal, the errors of indi-vidual points added in squares.3. the yield dN=dy obtained from the �t, the error is the statisti
al error of the �t.4. the temperature T with the statisti
al error. 93
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Figure 6.4: Fit parameters: re
onstru
ted mass and the mass resolution for four rapiditybins. Data are drawn as bla
k points and Monte-Carlo as blue.94
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Figure 6.5: Transverse momentum and transverse mass spe
trum for four rapidity bins.95



6.2.4.1 Transverse momentum �t representationThe transverse momentum spe
trum was �t with the Boltzmann fun
tion. The 
ommonlyused formd2Ndy dpT = ApT exp0��qm2 + p2TT 1A (6.6)with two parameters of the �t: s
ale A and temperature T is not the best 
hoi
e to �tdata. In this representation the total yield � integral of the fun
tion � depends on bothparameters of the �t and thus the error of the yield is 
orrelated with the error of the s
aleand temperature. A di�erent representation of the fun
tion 
an be found with two un-
orrelated parameters: total yield and temperature. This 
an be a
hieved by substitutingparameter A by two parts: the total yield N and the temperature dependent normalizationfa
tor 1=C(T ). The normalization fa
tor 1=C(T ) 
an be found by integration:C(T ) = Z pmaxT0 pT exp(�mT =T )dpT (6.7)The integration yields the formula:d2Ndy dpT = N � pT exp(�mT =T )�T (m0 + T ) exp(�m0=T )� T (mMAXT + T ) exp(�mMAXT =T )� (6.8)where both parameters of interest: N � the total yield � and T � the temperature � aredire
t parameters of the �t. This form has an arbitrary number mMAXT , but when thisnumber runs to in�nity the fa
tor:limmMAXT !inf T (mMAXT + T ) exp(�mMAXT =T )! 0 (6.9)runs to 0, and this part 
an be negle
ted. This results in the equation:d2Ndy dpT = N � pT exp(�mT =T )T (m0 + T ) exp(�m0=T ) : (6.10)whi
h was a
tually used for �tting.96



6.2.4.2 Dis
ussion on the shape of the spe
trumThe data points in Fig. 6.5 follow the �t very well. In parti
ular for the bin (2) the pointsare aligned on the �t line. For side bins there are deviations whi
h are 
onne
ted withthe rapid 
hanges of the de
ay topologies: from ba
k-to-ba
k to the topology with twotra
ks at the same side. The 
hange of the topology means that at least one tra
k is atthe border of the geometri
al a

eptan
e of the dete
tor. The deviations are 
omparableto the statisti
al �u
tuations.The values of the �2=NDF are at the level of �2=NDF � 3, higher than expe
ted forthe statisti
al distributions. The relatively large values of �2=NDF 
an be explained byone of two points with underestimated error. The stru
ture of the relation between datapoints and the �t will be studied further.The important aspe
t of the transverse momentum spe
trum is the fa
t that the totalyield in the rapidity range 
an be 
al
ulated by two methods: from the �t and by di-re
tly 
ounting the points. The se
ond method is free from the un
ertainties due to theextrapolation.Sin
e two methods use the same points the results of both estimations agree below thestatisti
al error.6.2.5 The transverse mass spe
traThe transverse mass spe
tra are shown in the left 
olumn of Fig. 6.5. The points arere
al
ulated from the transverse momentum and drawn in the logarithmi
 s
ale. Bothspe
tra � transverse momentum and transverse mass � are mathemati
ally equivalent.However di�erent properties of the spe
tra are visible when displaying both quantities.On the plot with transverse momentum spe
tra, the points with the highest yield aremost visible, and the points with low yield, at high transverse momentum are pra
ti
allyinvisible. On the other hand, in the plot of the transverse mass spe
tra the alignment ofthe points, the temperature, is the most visible. Both methods of presentation provide
omplementary insight into the quality of the data. The presented transverse mass is �twith the exponent1mT d2NdmT dy = A � exp��mTT � (6.11)with two �t parameters: s
ale A and the temperature T . The temperature obtained isshown in the panel. The transverse mass spe
tra and its �ts are not used for furtheranalysis, they are used to 
he
k the quality of the data. 97
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Figure 6.6: Summary: the yield dN=dy obtained from the �t and by integration of thepoints. Temperature in the rapidity bins.6.3 Rapidity spe
trumThe parameters of transverse mass spe
tra 
an be analyzed further. The measured tem-peratures in the rapidity bins are displayed it the bottom panel of Fig. 6.6. The pre
isiona
hieved is at the level of 5 MeV, whi
h 
orresponds to around 3%. The �rst three pointslie on a �at line at T = 220 MeV only the last point does not follow the systemati
s.The value measured for the last point has to be treated with 
aution be
ause of a largestatisti
al error due to the severely limited a

eptan
e.The yields are shown in the upper row of Fig. 6.6. The left panel shows the yields obtainedfrom the �t while the right panel shows the integration of individual points. Due to thea

eptan
e, the summation is limited to the �rst three bins in the rapidity. The pointsare re�e
ted at midrapidity and the re�e
ted points are displayed as open symbols. Bothyields were �t by a Gaussian and the parameters of the �t are displayed on the panels. The
enter of the Gaussian is set to midrapidity equal to y0 = 2:973. Fitting a two�parameterfun
tion to three or four points is problemati
, be
ause the �2=NDF distribution with thenumber of degrees of freedom below 3 does not peak at �2=NDF ' 1, but is broad [43℄.98



However, the two �ts give similar result. The width � = 1:31� 0:20 and the extrapolatedyield at midrapidity dN=dyjy=0 = 21:2� 0:9.6.4 Data qualityThe statisti
al error of the measurement is at the level of 5%. An analysis of the qualityof data has to be performed in order to establish systemati
 error. The quality of datawas 
he
ked in two di�erent ways. In the �rst method, the �tting pro
edure was analyzedin detail, by �tting a part of the spe
trum and by the study of the relative errors withrespe
t to the �t. This method gives an insight into the stru
ture of the data and itsrelation to the �t.The se
ond method is based on the 
oherent variation of the 
uts in data and simulation.Two data sets will be presented: one with di�erent opening angle 
uts and the se
ondwith di�erent 
uts on the minimum transverse momentum of the tra
ks. Additional datasets were obtained and analyzed, but the results will not be detailed here.Additional 
he
ks were performed, for example dividing the data into two subsets withdi�erent orientation of de
ay (positive tra
k forward or ba
kward). This method gives aninsight into the peak extra
tion pro
edure. Both data samples have the same signal butthe ba
kground is di�erent due to proton 
ontamination (see Fig. 4.23). The details ofthis analysis will not be presented here only the �nal results will be quoted.6.4.1 Stability of the Boltzmann �tThe stability of the Boltzmann �t to the transverse momentum spe
trum was 
he
kedby �tting a subset of data. Five 
onse
utive points are �t by Boltzmann fun
tion, thestarting point ranging from (0) to (6). The graphs with the �t parameters, the yield andthe temperature, as a fun
tion of the starting point of the �t are shown in Fig. 6.7. Sin
ethe �ts share data points they are not statisti
ally independent, however the �t startingat (5) do not share points with the �rst �t, starting at (0), thus the two are independentmeasurements of the yield and the temperature.The Boltzmann �t has a �xed value at pT = 0 and the rise at pT ' 0 is dominated bythe phase-spa
e fa
tor not by the temperature. This feature makes the �t starting athigh transverse momentum stable but the �t starting at pT = 0 is not sensitive to thetemperature. This is visible in the �rst points of the temperature s
an.The data shows high quality and the variation of the re
onstru
ted parameters are atthe level of the statisti
al errors. The rapidity bin (3) and (4) are not very stable for99
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Figure 6.7: Stability of the Boltzmann �t. Left 
olumn: re
onstru
ted yield as a fun
tionof the starting bin. Right 
olumn: re
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ted temperature. The rows arefor rapidity bins. See text for details of �tting pro
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Figure 6.8: Residuals of data points with respe
t to the �t for four rapidity bins. See text.the re
onstru
tion of the temperature, but the yield is stable. The bin (2) whi
h has the
leanest a

eptan
e o�ers the best quality in terms of the �t stability test.6.4.2 Alignment of the points on the �tThe alignment of the points on the �t was studied by plotting the variable:Æ(pT ) = Nmeas(pT )�Nfit(pT )Nfit(pT ) (6.12)where Nmeas(pT ) is the measured point at a given transverse momentum and the Nfit(pT )is the �t value for this momentum. In short Æ(pT ) shows the di�eren
e between data and�t normalized to the �t value.The results obtained are shown in Fig. 6.8. When only statisti
al errors are present 68%of the points shall 
ross the line Æ(pT ) = 0 with their error bars. In the plots shown, nostru
ture develops, suggesting that the data follow random distribution. The only visible
orrelation is that the �rst point tends to be underestimated by Æ(pT ) ' 20%. This 
an be
orrelated with the fa
t that the resolution of the peaks for these points is narrower than101
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Figure 6.9: Results with di�erent mixing strategy and 
uts on the opening angle. Left:rapidity spe
trum, green line: the referen
e data, red line: �t with 
onstrainedwidth, blue line: two-parameter �t. Right: re
onstru
ted temperature in ra-pidity binsexpe
ted. This 
orrelation is visible when analyzing a set of spe
tra, for a single spe
trumthis 
an be explained by the statisti
al �u
tuations.6.4.3 Results using di�erent 
utsThe best method for the analysis of the systemati
al error is to pro
ess data and Monte-Carlo simulations with a di�erent set of 
uts. The di�eren
e in the �nal results are thenused as the estimation of the systemati
 error. The 
uts in the main analysis are 
hosento obtain the best signal, so a small deterioration of the quality of data is also expe
ted.In addition to the referen
e data set presented before two additional data sets will bepresented. The �rst set has the opening angle 
ut 
hanged. In the standard analysisthe opening angle 
ut was 
hosen to be  > 0:1 rad. This 
ut removes the small range
orrelation and provides a good shape of the invariant mass spe
trum. The drawba
k ofthis 
ut is the fa
t that it removes a substantial part of the high transverse momentumkaons. The variable opening angle 
ut was applied. The 
ut was adjusted to the expe
tedopening of the de
ay produ
t for every momentum of the kaons obtained in the simulations.This data set produ
ed a longer spe
trum but the low transverse momentum part isdistorted. The spe
trum with the highest penalty due to the opening angle 
ut of  > 0:1rad is the last spe
trum, with the new data set this spe
trum will gain an additional 2points.The results of this data set are shown in Fig. 6.9. This set has a di�erent spe
trum in thetemperature spa
e. The spe
trum in the rapidity bin (2) has temperature of T = 235� 7MeV and the last spe
trum, whi
h gain most on the 
ut, has a temperature T = 212� 10102
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Figure 6.10: Results obtained with the transverse momentum 
ut of pT > 0:15 GeV/
.Left: rapidity spe
trum, green line: the referen
e data, red line: �t with
onstrained width, blue line: two-parameter �t. Right: re
onstru
ted tem-perature in rapidity binsMeV and is now inside the systemati
s established by the other points. From this diagrama 
on
lusion 
an be drawn with regard to the systemati
 error of the temperature, whi
his at the level of ÆT = 10 MeV.The yield obtained in this data set has a di�erent shape than that seen in the referen
edata. The data set was �t twi
e with two Gaussians: the �rst with two parameters (theyield at midrapidity and the width) and the se
ond with one parameter, the yield and thewidth is �xed to the value obtained in the referen
e data set. The di�eren
e between theyield at midrapidity in this data set and the referen
e set is ÆY ' 1.The se
ond data set was obtained by 
hanging of the lower 
ut on the transverse momen-tum of the tra
ks from pT > 100 MeV/
 to pT > 150 MeV/
. However, his 
ut redu
edsigni�
antly the signal in the low transverse momentum part, with the topology of twopions going ba
k�to�ba
k.The results of this data set are shown in Fig. 6.10. In the 
ase of this data set the shapeof the yield in the rapidity spa
e is the same as for the referen
e set � thus the �t withtwo and one parameters give essentially the same value at midrapidity.The maximum temperature di�eren
e to the referen
e implementation is ÆT ' 10 MeV.6.5 Systemati
 error and the �nal resultFrom the 
he
ks reported above the systemati
 error of temperature 
an be set to ÆT =10 MeV. This value is greater than the statisti
al error of the individual points. 103
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Figure 6.11: Final result. Closed point: measured values with statisti
al errors, openpoints: re�e
tion at midrapidity, statisti
al error of the �t is marked by ablue box and the systemati
 error by red lines.The systemati
 error of the yield is estimated to be 5%, for all points. This error isexpe
ted to move all points 
oherently (not point by point). Additional 
he
ks done bydividing the data into subsets yielded the result for the systemati
 error due to peakextra
tion pro
edure to be 3%.Taking the 
onservative approa
h namely that, the two errors are independent and addlinearly gives a total error of 8%. In absolute numbers the total error of the yield atmidrapidity is ÆY = 1:7.The �nal result of this analysis is shown in Fig. 6.11, as presented at the Strange QuarkMatter 
onferen
e in the talk about the CERES results [44℄.
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7 Dis
ussionThe data presented in the previous 
hapter 
an be 
ompared with other experiments attop SPS energy and with theoreti
al predi
tions. Three measurements 
an be used for the
omparison. The �rst is the K0S yield reported by the NA57 experiment [23, 45, 46℄, these
ond is the mean value of the 
harged kaons published by NA49 [48℄ and the last is thepreliminary data on K0S from NA49 [47℄.The results of other experiments were obtained with di�erent initial 
onditions: they arePb on Pb 
ollisions with 5% 
entrality for 
harged kaons from NA49 and neutral kaonsfrom NA57 and 10% 
entrality for K0S from NA49. Before the qualitative 
omparison 
anbe made the data have to be s
aled to CERES 
onditions. Results will be s
aled to thesame number of parti
ipants using the Glauber model.From a theoreti
al point of view, it is di�
ult interpret of the yield of the neutral kaonsin isolation. Instead, the yield will be 
ompared to the global �t of the thermal model totop SPS data.7.1 ResultsBefore 
omparing the obtained results to other experiments, they will be repeated. Thetransverse momentum spe
tra for four rapidity bins are shown in Fig. 7.1. The fullspe
trum was obtained in the range of 2 < y < 2:45 and a partial spe
trum in the range2:45 < y < 2:6. The spe
trum was re
onstru
ted up to a transverse momentum of pT < 1:6GeV/
.The rapidity spe
trum and the temperature as a fun
tion of the rapidity are shown inFig. 7.2. The rapidity spe
trum follows a Gaussian shape 
entered at midrapidity. Thestatisti
al pre
ision of the extrapolation to midrapidity is at the level of 4% and thesystemati
 error is 8%.The temperature was obtained independently for ea
h spe
trum. For the full spe
tra inthe �rst three bins, the re
onstru
ted temperature is T = 220� 4 MeV and de
reases forthe short spe
trum. The systemati
 error of the temperature is estimated to be ÆT = 10MeV. 105
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Figure 7.1: Transverse momentum spe
tra for four rapidity bins.
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onstru
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7.2 The Glauber modelThe experimental data show that the parti
le multipli
ities s
ale with the number ofnu
leons parti
ipating in the rea
tion. The geometri
al pi
ture allowing the 
al
ulation ofthe number of parti
ipants and the number of binary 
ollisions in heavy ion rea
tions wasdeveloped by Glauber and also Bialas [50℄. The presentation of the method 
an be foundin Ref. [51℄.Within the model it is possible to 
al
ulate the number of binary 
ollisions and the numberof parti
ipants as a fun
tion of an impa
t parameter b for given nu
lei of target and pro-je
tile. The values are obtained by numeri
ally sampling the transverse plane to 
al
ulatethe number of nu
leons in the target nT and in the proje
tile nP in a given transverseplane 
ell. The number of binary 
ollisions is:nNN = �NN � nPnT ; (7.1)where �NN = 30 mb is the 
ross se
tion of inelasti
 nu
leon�nu
leon 
ollision. If at leastone binary 
ollision was re
orded for a given nu
leon it is 
ounted as a parti
ipant. Thepro
edure was implemented in the program [52℄ used for the 
al
ulations presented here.In the previous paragraph it was assumed that the bulk properties depend on the numberof parti
ipants. This statement 
an be veri�ed with the CERES data. The multipli
itydensity of 
harged parti
les at midrapidity measured by CERES is shown on the leftpanel of Fig. 7.3. The multipli
ity density at midrapidity dN
h=dyjy=0 was measured inthe 
entrality 
lasses of 5% of the geometri
al 
ross se
tion �G. The measurement wasperformed in the Monte-Carlo independent way, using the sili
on tra
ker. Details of thepro
edure are presented in Ref. [53℄.The mean values of the number of parti
ipants were 
al
ulated for the 
entrality 
lassesusing the program in Ref. [52℄. The multipli
ity density divided by the number of parti
-ipants is shown in the right panel of Fig. 7.3 together with a linear �t. The data pointsare 
ompatible with the linear dependen
e and the mean multipli
ity is:dN
hdy jy=0 = (1:189 � 0:005) �Npart:Using this value, the mean multipli
ity density for the analyzed data sample of 0�7% �Gis: dN
h=dy = 337 � 1:189 = 400: 107
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Figure 7.3: Multipli
ity density of 
harged parti
les dN
h=dy in 
entrality 
lasses (leftpanel), multipli
ity density per parti
ipant (right).system 
entrality number of parti
ipants s
aling fa
torPbAu 7% 337:4PbPb 5% 357:2 1:059PbPb 10% 326:6 0:967Table 7.1: Parameters of the 
ollisions obtained from the Glauber modelThis plot also shows that the number of the parti
les produ
ed s
ales with the number ofparti
ipants over a wide range of 
entralities.The number of parti
ipants was 
al
ulated for the 
entrality used in this work as well asfor 5% and 10% 
entrality of PbPb 
ollisions. The 
al
ulation was performed using theprogram [52℄ and the results obtained are presented in Table 7.1.Another possibility of s
aling 
onsist of dividing observed yields by the total multipli
ity atmidrapidity measured by the individual experiments. From Fig. 7.3 and arguments in theprevious paragraphs, one 
an 
on
lude that the number of parti
ipants and multipli
itys
aling are equivalent. However, the two methods have di�erent systemati
s.The a
tual measurement of the 
entrality is not �5% most 
entral� but 5% of highestmultipli
ity, and depending on the 
alorimeter this 
an lead to some di�eren
es in thea
tual impa
t parameter range studied. This bias 
an
els when dividing a given observableby the multipli
ity, but not ne
essarily when s
aling by the number of parti
ipants.On the other hand, the multipli
ity of 
harged parti
les is not a well de�ned quantity.In parti
ular the impa
t of the weak de
ays 
an be treated di�erently in di�erent exper-iments. All three experiments o�er 
on
eptually di�erent methods for the multipli
itymeasurement. For 
omparison of di�erent experimental results both methods of s
alingswill be used and the di�eren
e in the multipli
ity measurement methods will be dis
ussed.108
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Figure 7.4: Comparison of CERES results with NA57. The former results are depi
tedwith red 
losed points and re�e
ted at midrapidity (open points) and �t witha Gaussian (blue line). NA57 results are depi
ted with gray points and �t awith gray line. For 
larity no re�e
tion at midrapidity is shown. Data fromNA57 are from Ref. [23℄, s
aled to CERES 
entrality.7.3 Comparison to other measurements7.3.1 NA57 � neutral kaonsThe rapidity spe
trum of the neutral kaon yield was presented for a set of 
entralities inRef. [23℄. Also the spe
tra of other strange parti
les (�, �, � and 
) were shown. Hereonly the most 
entral bin with 5% of the �G will be quoted. The result of the 
omparisonis presented in Fig. 7.4.The interpretation of the plot is manifold. The two �ts are in disagreement. The yieldsat midrapidity di�er by about 30% and the widths by a fa
tor of 2. The surprising fa
tis that the two lines 
ross in the pla
e where both measurements have a large a

eptan
e.The data have to be 
onsidered at on a point by point basis.In the region where both experiments have large a

eptan
e a remarkable agreement isvisible, well below the statisti
al �u
tuations. When 
omparing NA57 data points with aCERES �t, four out of six points are 
ompatible within statisti
al errors and two pointsat midrapidity are outside by about 2 standard deviations. One 
ould assume that the 2points deviate from the CERES �t be
ause of the statisti
al �u
tuations. This 
on
lusionis not 
on�rmed by the measurements at other 
entralities. For all 5 measurements, shownin Fig. 7.5, the two points 
losest to midrapidity are signi�
antly above the other points.109
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Figure 7.5: Results from NA57. Left panel: a

eptan
e for K0S . Right panel: yield of K0Sfor 5 
entrality 
lasses, note 
onsistent width of all spe
tra. All plots from Ref.[23℄ .It is also interesting to note that the two points at midrapidity have a limited a

eptan
ein the transverse momentum as shown in the left panel of Fig. 7.5.The data points measured by CERES 
an not be re
on
iled with the �t obtained by theNA57 
ollaboration. Two points are in
ompatible with the 
urve by more than 5 standarddeviations. One of the points is the one with the 
leanest a

eptan
e.Another interesting feature of the 
omparison is the fa
t that the statisti
al pre
ision ofthe measurement performed in this work is better than that of NA57 � an experimentdesigned and optimized for the dete
tion of weakly de
aying strange parti
les. This fa
t
an be explained by the di�eren
e in the a

eptan
e. The CERES a

eptan
e starts frompT = 0 GeV/
, while NA57 a

eptan
e starts at pT ' 0:6 GeV/
, thus the yield is a
tuallynot measured but extrapolated. For extrapolation a 
ommon temperature estimation isused, whi
h 
an also explain why data �u
tuate less than the statisti
al error indi
ates.The transverse momentum spe
trum of the neutral kaon measured by the NA57 experi-ment was published in Ref. [45℄. The temperatures measured by both experiments are ingood agreement. The value reported by NA57 is:T = 234 � 9stat � 24syst MeV (7.2)The value obtained in this work:T = 220 � 3stat � 10syst MeV (7.3)is 
ompatible within statisti
al errors.The 
omparison of the K0S=N
h ratio gives additional information. For data reported herethe value is:K0S=N
h = (21:4 � 1:1)=400 = (5:35 � 0:27)% (7.4)110
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Figure 7.6: Comparison of CERES results with the mean value of the 
harged kaons fromNA49 and preliminary results on neutral koans. The CERES points are de-pi
ted in red, with the red �t. The NA49 
harged kaons are shown as bla
kpoints (note two points at midrapidity) and neutral kaons as blue triangles.The total multipli
ity measured by NA57 was published in Ref. [46℄. In the measurementno parti
le identi�
ation was used and also tra
ks were not re
onstru
ted. The value isthe 
orrelation of the number of the hits in the teles
ope with the multipli
ity obtainedusing Monte-Carlo studies. The reported result is the density in the pseudo-rapidity atthe maximum of dN=d�. This value is 
lose but not equal to the maximum of dN=dy.The NA57 result for 5% 
entrality is N
h = 478 � 10stat. The ratio of neutral kaons atmidrapidity to the total multipli
ity is:K0S=N
h = (30:3 � 2:2)=478 = (6:33 � 0:46)% (7.5)The di�eren
e between the ratios reported by both experiments is at the level of 20%.One has to stress that the dis
repan
y in not in the absolute normalization but in theshape of the spe
trum.Summarizing: agreement was found with data points measured by NA57 in the area oflong transverse momentum a

eptan
e. It is unlikely that the shape as proposed by NA57
an be re
on
iled with the pre
ision data presented in this work. 111



7.3.2 NA49The NA49 data on 
harged kaons were published in Ref. [48℄. Charged kaons are identi�edusing the spe
i�
 energy loss dE=dX in the TPC. The statisti
al error of the measurementis at the level of 2%, the systemati
 error for positive and negative parti
les is estimatedto be 5%. In the 
ase of a dE=dX measurement the statisti
s is not a limitation, thereal issue is the proper des
ription of the tails and is re�e
ted in the systemati
 error. Atmidrapidity an additional point was presented with the parti
le type separation using theTime Of Flight (TOF) dete
tor.The 0:5 � (K+ +K�) values were s
aled to 7% 
entrality and overlaid with the CERESresults. The 
omparison is shown in Fig. 7.6. The data from CERES and NA49 agreewell. The shape of both spe
tra is the same, with the normalization di�ering by around5%, at the level of the statisti
al errors. The two midrapidity points from NA49 agreebetter with the �t from CERES than with the �t from NA49.The di�eren
e observed, at the level of 5%, 
an have di�erent sour
es. It 
an be due tothe systemati
 error or impre
ision in the 
entrality measurement s
aling. This error ishowever at the level of the statisti
al one and below the systemati
 error quoted by bothexperiments, thus the full 
ompatibility 
an be 
laimed.As an additional 
he
k, the 
omparison of the ratio of neutral kaons to multipli
ity 
anbe made. The value from CERES is:K0S=N
h = (21:4 � 1:1)=400 = (5:35 � 0:27)% (7.6)The NA49 value of the total multipli
ity was 
onstru
ted in [49℄ from the yields of pions,kaons and protons. The ratio is:K0S=N
h = (23:2 � 0:5)=430 = (5:39 � 0:12)% (7.7)The ratios are in perfe
t agreement, at a level below 1% of the yield, below statisti
alerrors. One has to remember the multipli
ity in CERES was measured independently ofthis measurement. This not the 
ase for NA49. The multipli
ity is the sum of primarypions, kaons and protons thus the numerator and denominator in the ratio are 
orrelated.The preliminary data on K0S produ
tion were obtained for 10% 
entrality. The interest-ing feature of this measurement is a wide a

eptan
e in the rapidity around midrapidityallowing 
omparison of re�e
ted points. The data points after s
aling are shown in Fig.7.6 as blue triangles.112



The data points and the re�e
tions are 
ompatible within the statisti
al limit. In therapidity range 
ommonly measured the CERES data are 
ompatible with one point of theNA49 data, but not with the re�e
ted point. The large rapidity points are 
ompatiblewith the extrapolation of the �t, but the midrapidity points are not.The shape of the �t to the rapidity spe
trum is similar, with the same width but thedis
repan
y is visible in the details and the absolute normalization. No 
on
lusion 
an bedrawn, due to the la
k of the systemati
 errors in the NA49 measurement.7.3.3 Con
lusionThe results obtained with this analysis are 
ompatible with the mean of 
harged kaonsobtained by the NA49 experiment at the level of statisti
al error of 5%. Partial agreementwith results from NA57 is observed.7.4 Comparison to the thermal modelWith the neutral kaons alone one 
an not re
onstru
t the temperature and the baryo
hem-i
al potential of the 
hemi
al freeze-out. One 
an extra
t the parameters of the �reballusing other results from 
entral 
ollisions at top SPS energy. The �t to all published ratiosis shown in Fig. 7.7.The global �t gives the temperature of T = 160 MeV and baryo
hemi
al potential of�B = 240 MeV. For the volume of 350 parti
ipants the predi
ted number of K0S in oneunit of rapidity at midrapidity is N = 24:8 [54℄.The predi
tion has to be s
aled using the number of parti
ipants s
aling by a fa
tor of� = 338=350 = 0:965, thus the predi
tion of the thermal model for AuPb 
ollisions with
entrality of 7% is N = 23:91.The value obtained in this work after integration of the �t is N = 20:6� 0:9stat � 1:6syst.The value is extrapolation dominated, sin
e in the range of one unit around midrapiditythere are no measured points. The thermal model gives yield greater by 16%.The best method to 
ompare the data and the model would be a statisti
al analysis.This 
an not easily be performed here, be
ause the measurement has both statisti
al andsystemati
 errors. Two options will be dis
ussed. The �rst option is to add statisti
al andsystemati
 errors quadrati
ally and treat the result as statisti
al, then the error is:�1 = 9%: (7.8)1The error of the model predi
tion, due to �tting experimental data and s
aling to CERES trigger is notevaluated. The error 
an be expe
ted to be lower than the experimental error. 113
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Figure 7.8: The full rapidity spe
trum. The 
losed symbols represent measured and opensymbols re�e
ted points. The Gaussian �t is extended to range (-1, 7) and twolines show rapidity of the target and of the beam.Using this estimation of the error the di�eren
e between the data and the predi
tion ofthe thermal model is 1:8�. Statisti
ally around 5% of measurements will give resultsdi�erent by more than 1:8�, whi
h means a 
ompatibility of data and the model withinthe statisti
s.The se
ond option is based on the assumption that all the values inside the systemati
error are equally probable and outside this range the statisti
al error, following Gaussiandistribution, is used. In this approa
h the di�eren
e is (16%� 8%)=4% = 2�.Two important aspe
ts have to be taken into a

ount. The �rst is the fa
t that the thermalmodel was �t to all available data, whi
h also 
ontain the results from NA57, whi
h arein
ompatible with the results presented here. Thus a small 
orrelation to previouslydis
ussed values has to be taken into a

ount. The se
ond 
ompli
ation is the fa
t thatthe data at hand are an extrapolation to midrapiditySummarizing, the results obtained are in agreement with the thermal model of hadrongas. The models with the strangeness suppressed by around 10� 20% with respe
t to thethermal model of hadron gas will also be supported by data. 115
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Figure 7.9: Energy density as a fun
tion of temperature 
al
ulated with latti
e QCD. Plotfrom Ref. [56, 58℄.7.5 Longitudinal and transverse dynami
s7.5.1 Longitudinal dynami
sThe natural s
ale of the re
onstru
ted rapidity width is the di�eren
e between midrapid-ity and beam rapidity, �y = 2:913. The full Gaussian shape of the spe
trum is shown inFig. 7.8. The a

eptan
e of the measurement is too small for a quantitative interpreta-tion. The extrapolation away from midrapidity is in line with the 
on
ept of the limitingfragmentation observed by the PHOBOS 
ollaboration [55℄.7.5.2 Transverse dynami
sThe re
onstru
ted transverse momentum spe
trum of K0S 
an be des
ribed by the Boltz-mann fun
tion with a temperature of T = 220 � 3stat � 10syst MeV.The shape of the temperature versus entropy (multipli
ity) was proposed as a signature ofde
on�nement by L. Van Hove in 1982 [57℄. In the original argument it was 
laimed thatthe apparent temperature, the inverse slope parameter of the spe
trum, is a 
ombinationof two e�e
ts: temperature and radial expansion. Close to 
riti
al temperature the energyin the system rises without a 
hange in temperature and also pressure stays 
onstant.This 
an be illustrated with the LQCD results shown in Fig. 7.9. When the energyin
reases from zero, �rst the temperature rises qui
kly due to low �=T 4 = 0:5, then the116
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Figure 7.10: Temperature of kaons. Positive kaons: green, negative kaons: blue, thisanalysis: red. The error bars represent statisti
al and systemati
 errors addedlinearly.in
rease in temperature stops at 
riti
al temperature T
 due to the steep rise of the energydensity with the temperature. For higher energies the temperature grows slowly withenergy. The 
al
ulation shows that the system 
reated at SPS has a temperature equal tothe 
riti
al temperature and the RHIC energies give higher temperatures.The systemati
s of kaon temperature, whi
h is a 
onvolution of the a
tual temperatureand the 
olle
tive expansion, is shown in Fig. 7.10. The error bars represent statisti
aland systemati
 errors added linearly. The point obtained in this work, is in the agreementwith the overall systemati
s.The data shows an in
rease in the number of degrees of freedom at SPS energies. The
urrent data set 
an not dis
riminate between a smooth fun
tion and a mixed phases
enario. The RHIC results at energy ps = 60 AGeV with pre
ision better than ÆT = 10MeV would provide dis
riminating power between the two s
enarios.
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8 Re
onstru
tion of neutral strange baryons
The aim of this thesis was the pre
ision measurement of the neutral strange mesons � K0S .With the programs and the pro
edures developed for this purpose the re
onstru
tion of thestrange baryon � and anti-baryon � is possible. The full pro
edure of the re
onstru
tionwill not be des
ribed; only the results and important di�eren
es of this analysis to the K0Sanalysis are presented.8.1 Hyperons in heavy ion 
ollisionsThe � have de
ay pattern similar to that of K0S :�! p�� (8.1)with the bran
hing ratio r = (63:9� 0:5)%. In 
ase of �, unlike the 
ase of K0S , the de
ayis not symmetri
 and the proton 
arries most of the momentum. This asymmetry is visiblein the Armenteros plot of the de
ay topology shown in Fig. 4.23.In 
ase of K0S the pions were not only symmetri
 but also have the same momentumdistribution as the primary pions, thus the de
ay topology was determined by the dete
tor.This is not the 
ase for � parti
le. The momentum released during the de
ay is low,q = 101 MeV/
, and thus also the opening angle is low. Due to low opening angle, one
an not expe
t the ba
k-to-ba
k de
ay topology will fall into the a

eptan
e, thus thea

eptan
e will not start at pT = 0 MeV/
 and obtaining the yield of the neutral strangebaryon will need extrapolation of the transverse momentum spe
trum.� is feed-down by �0 parti
le and multi-strange parti
les. The �0 de
ays ele
tromagneti-
ally �0 ! �
 with bran
hing ratio r = 100%. This de
ay is very di�
ult to resolve andthus the � 
ontent in the thermal model 
ontains feed-down from �0.The multi-strange baryons � de
ay weakly into � and the pion:�0 ! ��0 (8.2)119



�� ! ��� (8.3)with the bran
hing ratio greater than r > 99%. Other de
ay 
hannels also lead to �.The relative abundan
e of �� parti
les is ��=� = 0:1 a

ording to the results from NA57[23℄. For the ios-symmetry reasons the same number of �0 shall be present. Additional
orre
tion, suppressed by the other of magnitude is the 
ontribution from triple strangebaryon 
�. The 
� de
ays:
� ! �K� (8.4)with the bran
hing ratio of r = (67:8 � 0:7)%. Other de
ay 
hannels in
lude � thus atthe end every 
 parti
le produ
es one �.The data presented here will not be 
orre
ted for feed-down from multi-strange baryons.The important question is if the e�
ien
y for the re
onstru
tion of late �s is the same asfor prompt ones and if the spe
trum of the �s from de
ays is the same as the spe
trum ofthe prompt �s.The lifetime of multi-strange baryons is smaller than that of � and the � 
arries mostof the momentum of the original parti
le. These two fa
ts suggest, the re
onstru
tione�
ien
y of prompt and late �s is the same. If both 
onditions are ful�lled the numbershave to be 
orre
ted down by around 20% � 25%. If the re
onstru
tion e�
ien
y or thespe
trum are di�erent, even be a small amount, the results 
an be signi�
antly in�uen
eddue to large extrapolation of the spe
trum to low transverse momentum.8.2 Data analysis and re
onstru
tion s
enario8.2.1 A

eptan
e and Phase�spa
e segmentationThe a

eptan
e after phase�spa
e segmentation is shown in Fig. 8.1. The upper panelshows the signal in a given bin and the bottom shows the a

eptan
e. The measurementis possible in the rapidity range 1:8 < y < 2:6 whi
h was segmented into 4 bins 
overing0:2 units ea
h. The rapidity bins will be numbered from (1) to (4).The a

eptan
e for the � starts at transverse momentum pT > 0:5 GeV/
. This fa
tmeans, a small fra
tion of the 
ross-se
tion will be a
tually measured and obtaining totalnumber of � will need extrapolation. As dis
ussed in the introdu
tion, this is due to theabsen
e of the ba
k-to-ba
k topology. The shape of the a

eptan
e is aligned along thepolar angle of the � and thus has a banana shape in the rapidity � transverse momentum120
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Figure 8.1: A

eptan
e for �. Upper panel: expe
ted signal after a

eptan
e 
uts, lowerpanel: a

eptan
e in transverse momentum � rapidity bins. 121
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Figure 8.2: � re
onstru
tion. Left: Armenteros plot, right: invariant mass spe
trum,shaded region shows the position of the � peak.spa
e. The last rapidity bin has transverse momentum 
ut of pT > 1 GeV/
 thus it
an be used to 
ontrol the systemati
s but the extrapolation to obtain the multipli
itymeasurement will be problemati
.A

eptan
e e�
ien
y is relatively �at, at the level of � ' 40% and falls to lower values atthe borders.8.2.2 Pair 
uts and 
ontaminationWhen a positive pion originating from a neutral kaon is misidenti�ed for a proton, a pair
an look like a �. This is illustrated on the Armenteros plot, in the region where the linesof neutral kaon and � 
ross.The 
ontamination 
an be removed in many di�erent ways. One of the methods is the 
utin the Armenteros spa
e. This method worked very well to 
lean K0S from �; however,in the opposite 
ase, the 
ut shapes the invariant mass spe
trum in a drasti
 way asillustrated in Fig. 8.2. The rapid fall of the spe
trum, beyond the � mass is due to theArmenteros 
ut. The shape of the spe
trum at the border of the � signal brings manyproblems with the normalization of the mixed events.The 
hara
teristi
s of pions from K0S is the same as from the bulk, and the opening angledistribution is shaped by the a

eptan
e. This is not the 
ase with �. The transversemomentum of the pion is low and also the opening angle is below  < 0:2 rad. Thesewere used to remove neutral mesons and do not destroy the shape of the invariant massspe
trum.122
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Figure 8.3: Proton�pion invariant mass spe
trum. Left panel: the spe
trum, same eventsin bla
k and mixed events in red. Right: ratio of the same events to mixedevents, suppressed for unity. The spe
tra where normalized above the � mass.8.2.3 Invariant mass spe
trumThe invariant mass spe
trum is shown in Fig. 8.3. The spe
trum was shaped using theArmenteros 
ut so the � peak is lo
ated at the top of the distribution at a smooth plateau.The ratio of same-to-mixed events is shown in the right panel in Fig. 8.3. The mixed eventswere normalized to same events above the � mass and the normalization works well alsoin the range below the � mass.The signal of � parti
les was obtained by subtra
ting normalized mixed events from sameevents. The resulting spe
trum is shown in Fig. 8.4. The spe
trum was �t with aGaussian. The �t has three parameters: the yield, the mass and the mass resolution. There
onstru
ted mass is: � = 1115:77 � 0:06 MeV/
2 in the agreement with the PDG valueof � = 1115:683 � 0:006 MeV/
2 [14℄. The di�eren
e of 0:09 MeV/
2 is 
ompatible withthe statisti
al error. The spe
trum is not fully des
ribed by the Gaussian shape due tothe di�erent mass resolution of �s with di�erent momentum. The peak is an overlay ofmany Gaussians with di�erent widths.8.3 Results in rapidity � transverse momentum bins8.3.1 Normalization of the mixed eventsInitially the number of pairs in same and mixed events is the same, due to the sele
tion ofthe events for mixing. After applying pair 
uts, in parti
ular the Armenteros 
ut, this isno longer the 
ase. The true � always pass the Armenteros 
ut, while the 
ombinatorialpair have some probability to pass it. 123
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There are two extreme possibilities in the normalization of the mixed events. In the �rst,no normalization is applied and the se
ond is to normalize to the number of entries insame and mixed events. The se
ond method does not work properly, be
ause the ratioof the number of entries in the � peak to the total number of entries is at the level of10�3. The di�eren
e in the extra
ted � peak with two extreme normalizations amountsto around 5% and is greater than the statisti
al error of the yield.The a
tually applied pro
edure normalizes the mixed events to the ba
kground entries insame events. The pro
edure works on the bin-by-bins basis and is the following. First thesignal is 
reated without any arbitrary normalization of mixed events and the � signal isextra
ted. Then mixed events are normalized to the number of pairs in same events minusnumber of entries in the � peak. The number of entries in the � peak depends on thenormalization so the pro
edure is repeated iteratively for 10 times.8.3.2 Fit parameters and the raw yieldThe signal was divided into transverse momentum � rapidity bins and after the normal-ization was �t with a Gaussian. No o�set or residual ba
kground were present in the �t.The extra
ted parameters are shown on the 
onse
utive panels. The extra
ted raw yieldsare shown on the left 
olumn in Fig. 8.5 for four rapidity bins and the right 
olumn showsthe statisti
al signi�
an
e of the signal. The signal is strong, the maximum signi�
an
e isaround 20� 30 in the bulk and de
reases slowly toward high momentum.The re
onstru
ted mass and the mass resolution on the bin-by-bin basis are shown in Fig.8.6 The left 
olumn shows the di�eren
e between the re
onstru
ted mass and the PDGvalue. Ex
ept the (3) rapidity bin where the high momentum � have higher re
onstru
tedmass, the mass does not diverge more than allowed by the statisti
al �u
tuations. Themass resolution is shown in the right 
olumn in Fig. 8.6. The trend of the resolution inMonte-Carlo and in data is the same and the two lines agree well. The resolution obtainedin data tends to be worse up to 10%.8.3.3 Corre
ted transverse momentum spe
trumThe raw yields presented in Fig. 8.5 where 
orre
ted for the a

eptan
e and e�
ien
y andare shown in Fig. 8.7. The left 
olumn shows the transverse momentum spe
trum in linears
ale while the right 
olumn in the logarithmi
 s
ale. The data points are a

ompaniedby a set of lines. The bla
k lines show the 
orre
tion fa
tors. The four 
orre
tion fa
torshave all di�erent systemati
s. For low rapidity bins the 
orre
tion fa
tor in
reases withtransverse momentum, for high rapidity bin it de
reases and for 
entral bins it is �at. The125
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Figure 8.5: Extra
ted yield. Left 
olumn: raw yield, right 
olumn: statisti
al signi�
an
eof the peak. Rows are for four rapidity bins.126
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onstru
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olumn: re
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Figure 8.7: Corre
ted spe
tra in linear (left) and logarithmi
 s
ale (right). The Boltz-mann �t with two parameters is depi
ted in blue and the �t with the 
ommontemperature in magenta. The bla
k like shows total 
orre
tion fa
tor. Fitparameters are displayed on the panels.128
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Figure 8.8: Transverse mass spe
tra for four rapidity bins.red line shows the three-parameter �t by Eq. 6.6 while the blue line shows the same �tperformed with the 
ommon temperature of 260 MeV.The panels 
ontain the following informations:� rapidity range� parameters of the �t: dN=dy, temperature and �2=NDF� parameters of the �t with 
ommon temperature: dN=dy and �2=NDFThe data follows the �t line, whi
h is also visible in the �2=NDF value displayed on theplot. For all 
ases the �2 value is 
omparable with the number of degrees of freedom. Theresulting temperatures are 
onsistent with the 
ommon temperature ex
ept for the bin (2)where the re
onstru
ted temperature is lower by 10 MeV. 129



8.3.4 Transverse mass spe
trumThe transverse mass spe
trum, re
al
ulated form the transverse momentum spe
trum isshown in Fig. 8.8. It is important to note, the spe
trum in bin (2) with the tempera-ture lower than the others is the longest spe
trum spanning transverse mass range of 1:8GeV/
2.8.3.5 Test of the transverse momentum spe
trumThe stability of the �t was tested by �tting a subset of the spe
trum. This pro
edure isthe same as for K0S and the results are displayed in Fig. 8.9. The left 
olumn shows there
onstru
ted yield and the right the re
onstru
ted temperature.For most of the spe
tra the �ts are stable. The results obtained in bin (3) are di�
ultfor the interpretation, taking into a

ount that the points are 
orrelated. Consideringun
orrelated points: the �rst, 5th and 10th, the shape 
an be attributed to the statisti
al�u
tuations.From the plots presented above the 
on
lusion 
an be drawn the transverse mass of �follows the exponential distribution in the region m�m� = 0:3 � 2 GeV/
2.8.3.6 Rapidity spe
trumThe rapidity spe
trum is presented in the left panel in Fig. 8.10. The spe
trum was�t with a straight line and the result of the �t is displayed in the �gure. The rapiditydependen
e of temperature is shown in the right panel if Fig. 8.10. The spe
trum was �twith a straight line and gave the result T = 254 � 2 MeV.8.4 Comparison to other experimentsThe data 
an be 
ompared to results from NA49 and NA57. The yield reported by NA57[23℄ in the 
entral events, without feed-down 
orre
tion is:dNdy = 18:5� 1:1stat � 1:8syst (8.5)and the temperature [45℄:T = 305 � 15stat � 30syst MeV (8.6)130
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Figure 8.9: Analysis of the transverse momentum spe
trum by �tting subsets of data. Seetext. 131
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Figure 8.11: Comparison of the � spe
trum to NA57, the NA57 �t is presented as a bla
kline. Left: linear s
ale, right: logarithmi
 s
ale.Both values of the multipli
ity density are similar, but this has to be treated as a

identalsin
e the temperatures di�er by �T = 50 MeV. In a 
ase of the spe
trum with a largeextrapolation the yield and the slope are strongly 
orrelated. The transverse momentumspe
tra have to be dire
tly 
ompared.Comparison between two spe
trum is presented in Fig. 8.11 where disagreement at thelevel of 30% is visible. The NA57 have lower yield in the range below pT = 1:5 GeV/
then the two yields agree and the NA57 yield is greater at higher transverse momentum.The di�eren
e at low transverse momentum 
an be 
onne
ted with the steeply 
hanging
orre
tion fa
tor of this analysis. In short, a disagreement between the two results wasfound and the sour
e is probably in the data reported here, most probably in the impa
tof the feed�down 
orre
tion on the spe
tral shape.132
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Figure 8.12: Comparison of the � spe
trum to NA49, the NA49 is presented as a bla
kline. Left: linear s
ale, right: logarithmi
 s
ale.The NA49 experiment reported the results in Ref. [59℄. The obtained yield 
orre
ted forfeed�down 
ontributions isdNdy = 11� 1stat � 1:3syst (8.7)and the temperature is:T = 290 � 19stat MeV. (8.8)The transverse momentum spe
trum does not fully follow exponential line, the low trans-verse momentum points are above the �t. The 
omparison is shown in Fig. 8.12 wheredi�eren
e between the two experiments is visible in the low transverse momentum rangeand partial agreement at high pT .Summarizing, the data disagree with other experiments at the level 
omparable to generaldisagreement between SPS experiments. The two experiments: NA49 and NA57 disagreesubstantially on the absolute yield but the shape of the spe
trum re�e
ted in the tem-perature is similar. This is not the 
ase for this measurement with the re
onstru
tedtemperature lower than reported by other experiments.Before any 
on
lusion 
an be drawn data presented here have to be upgraded with thesimulation of the impa
t of the multi-strange baryons on the spe
trum. With the resultsat hand the SPS � puzzle 
an not be resolved.8.5 Anti-baryon to baryon ratioSin
e the re
onstru
tion e�
ien
y of the � and � is the same the anti-baryon to baryonratio 
an be made on the raw signal. The invariant mass spe
trum of the p�+ pairs is133
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Figure 8.13: Anti-proton � pion invariant mass spe
trum. Left: the spe
trum form same(red) and mixed pairs (bla
k). Right: the ratio of same to mixed events afternormalization.
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Figure 8.14: � peak �t with a Gaussian.
134



shown in Fig. 8.13 and the � peak, after subtra
tion of the 
ombinatorial ba
kgroundis shown in Fig. 8.14. The signal-to-ba
kground ratio is at the level of 10�3 and thesigni�
an
e of the peak is at the level of 15, thus the overall statisti
al pre
isions is low.The raw signal of � and � in four rapidity bins in the range 1:8 < y < 2:6 is shown inFig. 8.15. The signal for � was obtained for all bins and for � for the �rst three bins.The last bin 
ontains pra
ti
ally no signal.The �=� rapidity spe
trum was �t with a Gaussian and the result is presented in Fig.8.16. The points are well aligned on the �t and the extrapolated ratio at midrapidity is:�� jy=0 = 0:125 � 0:014 (8.9)the width is � = 1:0 � 0:2. The data were 
ompared in Fig. 8.17 to data points fromNA49 and the �t from NA57, the �t 
overs the a

eptan
e of NA57.Relatively good agreement between all three experiments is visible. The data from NA49have higher ratio but the width of the spe
trum is the same as for data reported here.The NA57 have the same value but the width reported by the 
ollaboration is fa
tor 2smaller than the data obtained here. In terms of the a

eptan
e the two measurementsare 
omplementary and the smooth transition from CERES to NA57 is visible.8.6 Interpretation and OutlookThe data presented here are not fully elaborated in terms of impa
t of de
ays of the multi-strange hyperons. Additional simulations are needed to 
lear the impa
t of the feed-downon the spe
trum and total yield. With optimization of the kinemati
 
uts one 
an expe
tto de
rease the lower border of the a

eptan
e by �pT � 100 MeV/
 this will give better
onstrain on the shape of the transverse momentum spe
trum. With data at hand theSPS � question 
an not be answered in a reliable manner.The anti-baryon to baryon ratio gives similar results by all experiments. The data pre-sented here are 
loser to NA49 in terms of the width of the distribution and 
loser toNA57 in terms of absolute value.
135
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Figure 8.15: Raw signal of � (left) and � (right) in 4 rapidity bins.136
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9 Summary and outlookIn the �rst 
hapter the question was asked whether the systemati
s of the strange parti
leprodu
tion follows a smooth lines as predi
ted by the thermal model or whether a sharpstru
ture develops. The subsequent pre
ision measurement of the K0S presented in thiswork is one of the measurements to 
orroborate on the issue.The whole argument about the sharp stru
tures in the strangeness produ
tion was basedon data 
olle
ted by the NA49 experiment. The results were later 
hallenged by the yieldsobtained by the NA57 
ollaboration.The results presented in this work are in the agreement with data of NA49 and also thesour
e of disagreement with NA57 was pointed out. With data at hand the interpretationof K0S not following the thermal model of hadron gas is not statisti
ally signi�
ant. Alsoin the analysis of the temperature of the neutral kaons no strong statement 
an be made.The situation would be 
lari�ed with the measurement at energy ps = 60 AGeV.The neutral baryons did not rea
h the pre
ision needed for the de�nitive 
omparison.More e�ort on the data analysis is needed for the solution of the dis
repan
ies present inSPS data.Summarizing, the main progress of this work is the pre
ision measurement of the neutralkaon and the 
lari�
ation of the experimental status. This measurement is an importantstep in the ambitious plan of building a database of strangeness produ
tion. The futureproje
t that will shed more light on the subje
t is the K+� re
onstru
tion. This work inprogress in the CERES 
ollaboration will give the spe
trum and the pre
ision ratio ofthe K+=K�. This ratio with 
ooperation of the measurement provided here 
an 
larifythe 
harged kaon produ
tion. Additional results 
an be obtained by repro
essing and theanalysis of the short runs at beam momentum of 40 GeV/
 and 80 GeV/
 per nu
leonwith programs dis
ussed in this thesis.The new data on the energy region dis
ussed will 
ome from the energy s
an of the RHIC
ollider and in the future, high statisti
s will be 
olle
ted with new FAIR proje
t 
urrentlyunder development. At the same time new opportunities will appear at the new LHC
ollider with the ALICE experiment under 
onstru
tion. In the new energy regime thestrongly intera
ting matter will be studied with hadro
hemistry and penetrating probes.139
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Appendix A: Raw signal of K0S
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