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1 MotivationThe Λ(1405) is a JP=1/2− resonan
e, with a mass of 1406.5 MeV/c2 and a width of 50MeV/c2. It was �rst observed by the ALSTON 61B experiment in a K−p → Σπππ rea
tion[46℄. Indeed the stru
ture of this resonan
e, lying about 30 MeV below the K̄N threshold 
annot be des
ribed by 
hiral perturbation models. First studies on K̄N s
attering and rea
tionamplitudes were 
arried out by Daliz [13℄. This analysis of the s
attering data [15℄ is relevantfor the Λ(1405), sin
e the resonan
e emerges from the intera
tion of the K̄N and Σπ systems.The Λ(1405) 
an be observed dire
tly only in the Σπ de
ay 
hannel, in whi
h it was re
on-stru
ted already with su�
ient statisti
, to allow a �rst analysis of the spe
tral shape in π−+p and K−+p rea
tions [42℄ [20℄. Fig. 1.1 shows the data published in [20℄ displayed togetherwith results of 
al
ulations from di�erent theoreti
al models. One 
an see, that the qualityof the spe
trum leaves room for diverse interpretations. Due to the la
k of high statisti
 andquality experimental data, the theoreti
al e�orts in this se
tor have stayed at the same stagetill the end of the 90s.

Figure 1.1: Λ(1405) shape in Σπ, 
al
ulated in 
hiral models, and 
ompared to the data in .With the advent of γ indu
ed rea
tions [5℄ further theoreti
al e�orts have been 
arried out,to des
ribing the Λ(1405) stru
ture as dynami
ally generated for the K̄N intera
tion withthe Σπ 
hannel. These theoreti
al des
riptions were done in the framework of the unitary1



CHAPTER 1. MOTIVATIONextension of a 
hiral perturbation theory [34℄ [33℄. In this predi
tion the existen
e of twopoles, whi
h 
ombine to the Λ(1405) was expli
itly put forward.Further 
al
ulation using a 
hiral 
oupled 
hannel theory [29℄, studied the Λ(1405) produ
-tion in γ indu
ed rea
tions and predi
ted di�erent line shapes, depending on its de
ay 
hannel
(Σπ)0. Unfortunately, the quality of the γ indu
ed data is not su�
ient to draw any quanti-tative 
on
lusion.A novel interest in studying the Λ(1405) resonan
e was outed in 
onne
tion with the pre-di
tion of deeply bound kaoni
 state starting from 2002 [44℄. Indeed, assuming that the K−p pole is dominant in the formation of the Λ(1405), the produ
tion of a bound state, like
ppK−, 
ould pro
eed through the Λ(1405) doorway. This phenomenologi
al approa
h [45℄was 
riti
ized by further works on this subje
t [24℄, whi
h 
ombine 
hiral dynami
s and aunitarity 
oupled 
hannel theory, �nding two poles, rather than one for the Λ(1405). Thistheory aims the des
ription of a �nal Σπ spe
trum, measured in K− indu
ed rea
tions, wherethe 
ontribution of the two poles sum up to the total line shape.Other 
al
ulations [30℄,[23℄ predi
t that the 
ontribution of the two poles of the total Λ(1405)line shape depends on the rea
tion me
hanism. In this parti
ular 
ase, one expe
ts a di�eren
ein the �nal Σπ line shape between K−p and π−p rea
tions. Fig. 1.2 shows the experimentalspe
tra from the two rea
tions together with the results from the available 
al
ulations.

Figure 1.2: Two experimental shapes of Λ(1405) resonan
e 
ompared to the 
al
ulated poles.This study motivates further experiments with K− and π− beams, to enhan
e the availablestatisti
s, see se
tion 6.3. Further information about the Λ(1405) 
an be extra
ted, 
ombiningthe old s
attering data [25℄,[16℄,[22℄ with more re
ent �ndings about kaoni
 atoms [11℄. Indeed,measuring the energy shift and the width modi�
ation of the X-ray spe
trum emitted by theseatoms, one 
an extra
t the K−p s
attering length parameter aK−p a

ording to the Deser-Trueman formular in eq. 1.1 [14℄.2



CHAPTER 1. MOTIVATION
∆E − i

2
Γ = 2α3µ2

caK−p (1.1)With ∆E the measured energy shift, Γ the width modi�
ation, α the �ne-stru
ture 
onstant,
aK−p the K−p s
attering length and µc, a parameter whi
h denotes the redu
ed mass of the
K−p system.The obtained aK−p 
an be used as an input to theory. Though, it was shown in [10℄, that the-oreti
al 
al
ulations based on 
hiral SU(3) e�e
tive theory 
an not reprodu
e simultaneouslythe kaoni
 atom and the s
attering data. Fig 1.3 shows this �nding, displaying the s
atteringdata together with the theoreti
al 
al
ulations in
luding (ex
luding) the 
onstraint on aK−pdelivered by DEAR. One 
an see, that the net e�e
t is a position shift of the maximum of theimaginary K−p potential, that in�uen
es the Λ(1405) stru
ture.

Figure 1.3: Cal
ulated 
ross se
tions for K−+p → Σπ multiplied by 4 qK−p
cm

√
s and 
ontinued belowthe K̄N threshold (verti
al line), for three 
hiral 
oupled-
hannel �ts to the K̄N low-energy data. The�t shown by the solid (dashed) lines ex
ludes (in
ludes) the DEAR value for aK−p.Re
ently, new data re
onstru
tion the Λ(1405) line shape have been made available. TheANKE 
ollaboration [47℄ measured Λ(1405) → Σ0π0 in a p+p at 2.83 GeV rea
tion. Themeasured line shape was found in agreement with previous data and has been 
ompared totheory 
al
ulations [35℄. The statisti
s were however too poor to improve the database.More re
ently data has been analysed, regarding stopped K− in 4He, measured by the KLOE
ollaboration [43℄. The expe
ted statisti
 should improve the available data in K−p intera
-tions so far.Additionally the CLAS 
ollaboration [32℄ (γ + p) has lately shown results from the analysisof the Λ(1405) in the three Σπ de
ay 
hannels separately and di�eren
es in the line shapeswere observed. Quantitative statements are expe
ted soon. The analysis of the Λ(1405) withthe HADES spe
trometer is a �rst ben
hmark test for a possible ppK−analysis. This is im-portant as the HADES spe
trometer has never been used for su
h an analysis. The HADESspe
trometer is originally designed to re
onstru
t rare de
ays of light ve
tor mesons and theirin medium modi�
ations [28℄[38℄. Moreover we plan, in 
ontrast to the ANKE 
ollaboration,to re
onstru
t the Λ(1405) in the three Σπ de
ay 
hannels for a detailed 
omparison of theextra
ted line shapes. 3



2 Experimental setup2.1 The HADES Spe
trometerThe High-A

eptan
e Di-Ele
tron Spe
trometer (HADES) is an apparatus operative in theframework of the physi
s program at the heavy-ion syn
hrotron SIS at the GSI Helmholtzzen-trum für S
hwerionenfors
hung in Darmstadt, Germany, (see �g. 2.1,2.2).

Figure 2.1: Expanded view of the HADES spe
trometer downstream the beam dire
tion.HADES is a dilepton spe
trometer 
hara
terized by a 85% azimuthal 
overage and a 15◦ -85◦ interval in polar angle. Its main 
omponents are a super
ondu
ting magnet, Mini drift
hambers (MDC), Time-of-�ight Dete
tors (TOF, TOFINO) and a Ring Imaging CerenkovDete
tor (RICH). It was designed to study rare de
ays of light ve
tor mesons and their inmedium modi�
ations [28℄. This should yield information about the quark-gluon 
ondensatein hot dense matter, and the partial restoration of 
hiral symmetry breaking. Re
ently it wasshown, that it is also possible to re
onstru
t K+ and K−-mesons with this spe
trometer [37℄.This opened the door to another part of physi
s, the investigation of strangeness. Moreover,the quality of the tra
king allows the re
onstru
tion of se
ondary de
ay verti
es enable to sele
talso parti
les like K0 and Λ. Thanks to the feasibility of su
h measurements, it was possibleto investigate the strangeness produ
tion at SIS energies 
ombining several observables [1℄[2℄.The 
urrent work deals with the topi
 of strangeness produ
tion, as well as aiming in parti
ularat a quantitative investigation of the Λ(1405) -resonan
e.4



CHAPTER 2. EXPERIMENTAL SETUP

Figure 2.2: Side view of the HADES spe
trometer: The four drift 
hambers (MDCs, dark blue), arelo
ated in front and behind the magnet (Coil). At the ba
k of the spe
trometer is the TOF-dete
torlo
ated, more in the middle the PreShower-dete
tor (light blue), on whi
h the TOFINO is mounted(red). The Target is integrated in the RICH dete
tor.2.1.1 The Rea
tion SystemThe investigated rea
tion is a p+p rea
tion at 3.5 GeV kineti
 beam energy. This beam timewas intended as a referen
e measurement for a p+Nb beam time in Sep. 2008. The Protonbeam was extra
ted in both 
ases out of the SIS (S
hwerionen Syn
hrotron) storage ring [19℄,whi
h holds an energy limit of 4.5 GeV for protons and 1.9 GeV/u for heavy ions. For thep+p rea
tion, investigated in this thesis, a liquid-hydrogen target (LH2) was used. The targetruns at a temperature of 20 K and atmospheri
 pressure. For proton beam experiments atSIS energies the intera
tion probability with the 5 
m long target is about 0.7 %.2.1.2 The RICH-Dete
torThe innermost part of the spe
trometer 
onsists out of a Ring Imaging Cherenkov (RICH)Dete
tor (see Fig. 2.3) [17℄. Its fun
tion is to identify relativisti
 e+ and e− in real time. Thisis possible sin
e in the SIS (E/A=2AGeV) energy regime most e+ and e− have velo
ities β ∼1, whereas all hadrons have a β < 0.95. Therefore, just leptons and fast myons will 
reatea Cherenkov ring by traversing the radiator gas in the dete
tor. The emitted Cherenkovradiation is re�e
ted ba
kwards by a spheri
al mirror. After traversing a CaF2 window thephotons hit photosensitive CsI 
athodes of six Multi-Wire-Proportional Chambers (MWPC).The opti
al geometry is designed in that way, su
h as the dete
ted Cherenkov rings stay ata 
onstant diameter over the whole read out plane. This enables the online identi�
ation ofele
trons via an image pro
essing unit (IPU). The lepton identi�
ation in the RICH is partof the se
ond level trigger (LVL2), whi
h 
ombines the information delivered by the RICH5
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Figure 2.3: A s
hemati
 view of the Ring Imaging Cherenkov Dete
tor: A traversing ele
tron 
reatesin the radiator gas a Cherenkov 
one (blue), whi
h is dete
ted on a readout plane after being re�e
tedon a VUV-mirror.dete
tor together with the PreShower and TOF signal to sele
t events with ele
trons. Thisanalysis however is 
on
entrated on hadrons, so this dete
tor is not used in the analysis.2.1.3 The MagnetThe magneti
 spe
trometer ILSE (Iron Less Super
ondu
ting Ele
tromagnet) 
onsists of 6super
ondu
ting 
oils surrounding the beam axis and 
reating an inhomogeneous toroidalmagneti
 �eld in the full azimuthal angle. The magnet guarantees a nearly �eld free regionaround the target. It 
an 
reate a magneti
 �eld of about B ≈ 0.9 T between the 
oils.This �eld produ
es a momentum ki
k pk of the 
harged parti
le between 40 and 120 MeV/
depending on the adjusted magneti
 �eld strength and the path length of the parti
le in themagneti
 �eld. The de�e
tion in the magneti
 �eld, mainly in polar angle, allows it to obtainthe momentum of a 
harged parti
le [3℄. If for example a high energeti
 parti
le ( p ∼ 1GeV/
) enters the �eld at low polar angles (θ =20◦), the de�e
tion angle ∆θk amounts to5.7◦, see [3℄. The 
onsequen
e for these positively 
harged parti
les is therefore that they willbend out of the dete
tor a

eptan
e.2.1.4 The MDC-Dete
torsThe Mini Drift Chambers (MDCs) form together with the magnet a system for parti
le tra
k-ing and momentum determination. They are arranged in six identi
al se
tors around the beamaxis and 
ombine in two sets, two modules ea
h. One in front and one behind the magnet.Ea
h of the four modules 
onsist of six wire planes. These plains are oriented in di�erentstereo angles towards ea
h other in order to get a good spa
ial resolution of the hit positionof one tra
k, see Fig 2.4. The spatial resolution of the MDCs is ∼ 100 µm. The 
hambers are�lled with a helium based 
ounting gas (He:i-Butane = 60:40). To guarantee high gas puritythe system is running on a re-�ow mode with about 10-20% fresh gas. For the read out TDC6
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hips are used [3℄. These 
hips are able to dete
t not only the arrival time of the driftingele
trons but also the Time over Threshold (ToT). As a 
onsequen
e, not only the drift time,but the energy loss in the 
hambers 
an be measured [37℄. This is parti
ularly important forthe presented analysis, as it allows an additional method of parti
le identi�
ation.

Figure 2.4: Left: The magnet spe
trometer with two sets of Mini Drift Chambers (MDCs) inside.Right: the six wire planes of one MDC module, representing six stereo angles.2.1.5 The Time-of-�ight Dete
torsThe time-of-�ight dete
tors are split in two areas. A polar angle from 15◦ to 44◦ is 
overedby the TOFINO dete
tor and from 44◦ up to 88◦ the TOF dete
tor is pla
ed. These twos
intillators build together with a PreShower dete
tor, whi
h is pla
ed behind the TOFINO,the Multipli
ity Ele
tron Trigger Array (META). This array is essential to trigger on parti
lemultipli
ity, and hen
e sele
t the 
entrality of the rea
tion [12℄. In elementary rea
tions thepurpose of this array is to enhan
e inelasti
 rea
tion by triggering on events with more than2 hits in the META system. Moreover, the time-of-�ight measurement of the META systemforms one of two parti
le identifying methods in HADES. The dE/dx information of the time-of-�ight dete
tors is determined by the height of the signal, whi
h is 
aused by parti
les hittingthe dete
tors. The s
intillators are read out by photo multipliers (PMT). The TOF on bothsides and the TOFINO on one side. If the time-of-�igh signal measured by the META systemis 
onsistent with an ele
tron signal, it is 
ombined with the other signals of the se
ond leveltrigger. The properties of the two time-of-�ight dete
tors are summarized by table 2.1.2.1.6 The PreShowerDue to the small granularity of the TOFINO, the probability of double hits in one paddle inheavy ion 
ollisions is quite high. (C+C ≈ 15 %). Unlike in p+p (0.4 %). To determine thehit position of a parti
le tra
k, in 
ase of a double hit in one TOFINO paddle, the PreShoweris used. The PreShower 
onsists of three wire 
hambers �lled with an isobutane-based gasmixture. The wire 
hambers are separated by Pb 
onverter planes. Parti
les traversing the7
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tor TOF TOFINOPolar angle 
overage 15◦-44◦ 44◦-88◦Granularity 8 modules of 8 rods 4 paddlesRod width 20-30 mm 10 mmTime Resolution σ 150 ps 420 psSpa
ial Resolution 25 - 27 mm -Table 2.1: The properties of the two Time-of-�ight dete
tors TOF and TOFINOPreShower dete
tor 
reate showers of se
ondary parti
les. The signal of the parti
le showeris 
olle
ted at the 
athode, whi
h is divided into 942 readout pads. By the signature of theshower signal the tra
k 
an be identi�ed as lepton or hadron. This dis
rimination is used asa part of the se
ond level trigger in HADES.2.1.7 The Forward WallThe forward wall is a s
intillator hodos
ope whi
h was pla
ed in the HADES spe
trometer forthe �rst time during the p+p at 3.5 GeV run. Its main fun
tion was to dete
t the spe
tatorproton from the d+p at 1.25 GeV experiment [26℄, whi
h was taking pla
e right after thep+p at 3.5 GeV measurement. Therefore, the p+p run was mainly meant to test the FWhodos
ope and �nd the right settings for the high voltage et
. The forward wall was pla
ed 7mdownstream the target. It is divided in three di�erent module sizes whi
h yield a time-of-�ightsignal with a resolution of ∼ 700 ps.2.2 Parti
le Identi�
ationThe lepton identi�
ation, whi
h is one of the main issues of HADES, is made via a mat
hingpro
edure of Cerenkov rings in the RICH with re
onstru
ted tra
ks in the MDC drift 
hambersand a hit in the META dete
tor.For the hadron identi�
ation two methods are available, whi
h 
an also be 
ombined.1. Time-of-�ight and momentum measurement.The momentum of a parti
le 
an be expressed as follows:
p = m · c · β

√

(1 − β2)
(2.1)with

β =
v

c
(2.2)The tra
king pro
edure enables to re
onstru
t the path length and polarity of the par-ti
le. The momentum of a parti
le is determined by the tra
king information fromthe drift 
hambers and the bending of the parti
le tra
k in the magneti
 �eld. Withthese two independent measurements, the time-of-�ight and the momentum, one 
andetermine the mass of a parti
le a

ording to eq. 2.1. The parti
le identi�
ation (Pid),8
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h determines what kind of parti
le type was dete
ted, 
an then be done by a 
ut onthe mass and the extra
ted polarity. This method however is just feasible with a startdete
tor. This dete
tor measures the start time t0 of the event. In p+p beam rea
tionsno start devi
e was available and the time-of-�ight was re
onstru
ted via the method ofone or more leading parti
les [?℄.2. Measurement of the dE/dx in the MDC, TOF and TOFINO dete
tors.The parti
le identi�
ation via the measurement of the energy loss (dE/dx) in a dete
toris typi
ally made for low momentum parti
les, sin
e in this 
ase a 
lear separationbetween the signals in the dE/dx over momentum distribution is possible. [6℄[39℄. Theenergy loss follows the Bethe-Blo
h equation [9℄,
dE

dx
=

4πnz2

mec2β2
·
(

e2

4πǫ0

)2

·
[

ln

(

2mec
2β2

I · (1 − β2)

)

− β2

] (2.3)with β = v / 
, v the velo
ity of the parti
le, E the energy of the parti
le, x the dis-tan
e traveled by the parti
le, 
 speed of light, z· e the parti
le 
harge, e the 
harge ofthe ele
tron, me the rest mass of the ele
tron, n the ele
tron density of the traversedmaterial, I the mean ex
itation potential of the material.

Figure 2.5: The energy loss of the parti
les in the MDC dete
tor over momentum in the p+p at 3.5GeV rea
tion. A 
lear signal from π− , π+ and protons is visible.The HADES dete
tor readout provides the energy loss information in the drift 
hambers(MDC) and the time-of-�ight dete
tors (TOF,TOFINO). In �g. 2.5 one 
an see 
learlythe separation of protons and pions up to a momentum of 1000 MeV/
 in the MDCdete
tor. The signal of kaons is not visible as the 
ontribution of events with a K+in the produ
tion 
hannel is about a fa
tor 100 less than other events. Hen
e the K+signal is hidden under the signal of protons and pions. The Pid 
an be obtained by atwo dimensional 
ut around the dE/dx distribution. 9



3 Analysis of simulated data3.1 Simulations generated for the Λ(1405) analysisAs a preparation for the following analysis of the Λ(1405) , it is advisable to start with theinvestigation of simulated data. This delivers important information about the ba
kgroundunderlaying the main signal and a

eptan
e and re
onstru
tion e�
ien
ies of the parti
lesone has to measure. The following se
tion 
ontains a detailed des
ription of the full s
alesimulation of p+p rea
tions at a beam energy of 3.5 GeV. All the 
ontributing 
hannels aregenerated with the 
orre
t 
ross se
tions, using the PLUTO event generator (des
ribed indetail in 3.1.2). Ea
h event is propagated in a monte
arlo tool (HGeant, see 3.1.3), whi
h
ontains the detailed dete
tor geometry and emulates all the parti
le intera
tions with thedete
tor materials. The generated tra
ks ful�ll prin
iples of energy and momentum 
onser-vation, intera
t with the dete
tor material, are bent in the magneti
 �eld and produ
e hitswhi
h are translated in analog and digital signals with �nite resolution by the dete
tor readout. The out 
oming digitized data 
an be further pro
essed via the full analysis 
hain usedalso for real data.The advantage of simulations is that one knows exa
tly whi
h 
onditions have been set for thesimulation. A systemati
 study of the di�erent parameters and 
uts used to tra
k and iden-tify parti
les is possible using the simulations. In the �nal analysis one 
an determine exa
tlyhow mu
h an individual rea
tion 
ontributed to the signal. We have divided the simulatedevents in 4 di�erent 
ategories, these are listed below. All the produ
tion 
ross-se
tion for thesimulated 
hannels, were taken from the Landolt Börnstein data 
olle
tion [8℄. The numbersin the bra
kets show the amount of PLUTO simulated events for this rea
tion 
ategory.1. Elasti
 events (100 mio)
p + p

3.5GeV−−−−→ p + p.2. Inelasti
 events (100 mio)These are 82 produ
tion 
hannels whi
h 
ontain all sorts of 
hannels ex
ept those witha K+ as a primary produ
ed parti
le.3. Co
ktail events (100 mio)These are inelasti
 events whi
h 
ontain a K+ , in
luding events with Λ(1405) ,Σ(1385)0and Σ(1385)+in the produ
tion 
hannel, that are parti
ularly interesting for our studies.The 
hannels are listed in table 3.1 with the 
ross se
tions that were used for theirgeneration.4. Λ(1405) events (5 mio ea
h)These are events where a Λ(1405) is produ
ed via the rea
tion:
p+p

3.5GeV−−−−→ Λ(1405)+K+ +p. For ea
h of the 4 possible de
ay 
hannels of the Λ(1405)10
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Produ
tion rea
tion p+p → 
ross se
tion in mb
K+ + p + Λ 0.04845
K+ + p + Λ(1405) 0.010
K+ + n + Σ+ 0.04196
K+ + n + Λ + π+ 0.0239446
K+ + p + Σ◦ 0.020175
K+ + p + Λ + π◦ 0.018915
K+ + p + Σ− + π+ 0.0113212
K+ + p + Σ+ + π− 0.00927646
K+ + n + Σ+ + π− + π+ 0.00851732
K+ + p + n + K◦

S 0.00757802
K+ + n + Σ(1385)+ 0.008
K+ + p + Σ− + π+ + π◦ 0.00649418
K+ + p + Σ+ + π− + π◦ 0.00526669
K+ + p + Σ◦ + π+ + π− 0.00524109
K+ + p + Λ + π+ + π− + π◦ 0.00503324
K+ + p + Σ(1385)◦ 0.0034288
K+ + n + Λ + π+ + π− + π+ 0.00296014
K+ + p + Λ + π+ + π− 0.0026386
K+ + n + Σ− + π+ + π+ 0.00193032
K+ + p + p + K− 0.00132
K+ + p + p + π− + K◦

S 0.00176164Table 3.1: PLUTO generated produ
tion 
hannels

11



CHAPTER 3. ANALYSIS OF SIMULATED DATAshown in eq. 3.1 the same statisti
s was simulated. The bran
hing ratios of ea
h 
hannelare also listed in eq 3.1.
p + p

3.5GeV−−−−→ Λ(1405) + K+ + p (3.1)
Σ− + π+

n + π− 33.3%

Σ+ + π−

p + π0 17.19%

n + π+ 16.11%

Σ0 + π0

Λ + γ

p + π− 21.35%In order to re
onstru
t the Λ(1405) events, the primary parti
les p and K+ must bedete
ted, as well as the de
ay parti
les from the Λ(1405), whi
h are two additionalparti
les in ea
h 
hannel. The de
ays of the Λ into n+π◦ are not listed as the HADESspe
trometer 
an not dete
t neutral parti
les. The de
ay 
hannels are named now bynumbers in the sequen
e listed in table 3.2.Number De
ay 
hannel1 Λ(1405) → Σ−π+2 Λ(1405) → Σ+π− → (pπ◦)π−3 Λ(1405) → Σ+π− → (nπ+)π+4 Λ(1405) → Σ◦π◦Table 3.2: The naming of the de
ay 
hannels by numbers3.1.1 Estimation of 
ross se
tionsIn order to perform simulations, whi
h des
ribe the experimental data as realisti
ally aspossible, the 
orre
t 
ross se
tions for ea
h produ
tion 
hannel is needed. Under the aspe
tof big variety both in produ
tion 
hannels and beam energies of already measured data, theexisting data base for the produ
tion 
ross-se
tions of the di�erent 
hannels, whi
h 
ontributeto the rea
tion p+p at 3.5 GeV, is limited. Therefore, the following pro
edure was applied toestimate the 
ross se
tions at this beam energy. For ea
h of the 104 most frequent rea
tions,
ross se
tions at various beam energies were 
olle
ted from the literature [8℄. As the usedliterature was last updated in 1989 some 
hannels were 
omplemented by latest data fromthe Durham HEP Database [21℄. The data was then �tted by a phase spa
e distributiona

ording to the following parametrization [40℄:
σ(s) = a ·

(

1 − s0

s

)b

·
(

s0

s

)c (3.2)12
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Figure 3.1: Phase spa
e parametrization of produ
tion 
hannels. Left p+p → p∆−π+π+, right p+p
→ n∆++With s the 
enter of mass energy of the beam+target system and s0 the threshold energy ofthe rea
tion. The free parameters of the �t are a,b and 
. As the 
ross se
tions taken fromthe literature are all listed for the 
orresponding beam energy, the formula was transformedto:

σ(Ebeam) = a ·
(

1 − E0 + 2m

E + 2m

)b

·
(

E0

E + 2m

)c (3.3)With E the kineti
 energy of the beam parti
le and E0 the threshold beam energy for theprodu
tion of the 
hannel. m is hereby the mass of the beam parti
le whi
h is for protons
mProton=938.3 MeV. This parametrization indeed des
ribes the data 
lose to threshold verywell. An example of the �t is shown in Fig. 3.1 .The bla
k boxes are data taken from the literature and the blue points are new data from theHEP data base. For some 
hannels however, there have been very few data points availablewhi
h results in un
ertainties in the 
ross se
tions used later on in the simulations.3.1.2 Event Generation with PLUTOThe �rst analysis step was to generate events with PLUTO. This is a Monte Carlo simula-tion tool whi
h was developed in parti
ular for HADES [18℄. All simulations were performedwith the version v4.11. This simulation tool was designed for hadroni
 intera
tions at inter-mediate energies. It des
ribes the primary rea
tion of the experiment. Therefore, straighttra
ks parametrized as Lorentz ve
tors 
oming from the same vertex, under the assumptionof energy and momentum 
onservation, are generated. PLUTO provides the possibility toset the parti
les used for the beam and the target, as well as the beam energy in a ROOT1 ma
ro. Additionally, it is possible to implement all kinds of produ
tion 
hannels, in whi
hthe beam+target system shall de
ay with the asso
iated bran
hing ratio. For �rst order a
-
eptan
e studies this tool is su�
ient enough, but in order to get a more realisti
 pi
ture, afull s
ale simulation using HGeant and SimDST has to be done.1ROOT is a library developed by CERN and designed for parti
le physi
s analysis. 13



CHAPTER 3. ANALYSIS OF SIMULATED DATA3.1.3 Simulation with HGeantThe HADES dete
tor geometry, with all the intera
tion materials, as well as the magneti
 �eld,has been implemented in the Geant pa
kage [4℄ in detail. As an input the PLUTO generatedevents are used. The parti
les of these events are tra
ked through the dete
tor volumes.HGeant simulates thereby, the rea
tion of ea
h tra
k on its way through the spe
trometerwith the dete
tor, material based on physi
al pro
esses o

urring on this way. The hits thatwere 
aused by this tra
k in the dete
tor are the output information of this simulation tool.This simulation is still too idealisti
 sin
e the dete
tor answer is not simulated in Geant. Inaddition, a possible misalignment like in experimental data is not in
luded.3.1.4 DST simulationThe last and �nal step of the generation of simulated data in
ludes the 
reation of analog anddigital dete
tor signals, in order to 
omplement the simulation with noise, ine�
ien
ies andthe �nite resolution of the dete
tors. Also, the trigger 
onditions that were set in the analyzedexperiment are simulated at this level. The �rst level trigger (LVL1), employed during the p+pat 3.5 GeV experiment, requires at least three hits in the Multipli
ity and Ele
tron TriggerArray (META). Therefore, it is also 
alled M3 trigger. Due to this trigger 
ondition, inelasti

hannels are enhan
ed with respe
t to elasti
 s
attering of the protons. The output of theso 
alled simDSTs are events that look like real data, but additionally HGeant informationsare stored. The latter one 
an be used for detailed studies like a

eptan
e, e�
ien
ies andpurity.3.2 A

eptan
e StudiesTo determine the geometri
al a

eptan
e of the rea
tion p+p → Λ(1405) + p + K+ in theHADES setup, PLUTO simulations were analysed. Therefore, all four di�erent de
ay 
hannelsof the Λ(1405) were investigated separately. Two types of a

eptan
e were distinguished. The�rst is regarding the a

eptan
e of the primary parti
les p and K+ and is de�ned by eq. 3.4.This should be the same for all four di�erent de
ay 
hannels of the Λ(1405) . Further thea

eptan
e of the 
omplete event, means all four 
harged parti
les in the dete
tor a

eptan
e,was determined (eq. 3.5).
accK+p =

NK+p

Nevents
(3.4)

accall =
Nall

Nevents
(3.5)With NK+p the amount of events, where the primary p and K+ tra
ks were both in thedete
tor a

eptan
e and Nall the amount of events, where all 
harged parti
le tra
ks of a

Λ(1405) event were in the dete
tor a

eptan
e. This means that the polar angle of the tra
khas to be between 18◦ < θtrack < 85◦. The a

eptan
e values of events whi
h have ful�lledthis 
onstraint are listed in table 3.2.The de
ay 
hannels in whi
h two protons emerge, like in the 
hannels 2 and 4, have signi�-
antly lower a

eptan
e. If one has a look on the polar angle distribution of the two dete
ted14



CHAPTER 3. ANALYSIS OF SIMULATED DATADe
ay 
hannel 1 2 3 4
accK+p 14.7 % 14.9 % 14.8 % 14.8%
accall 6.1 % 0.5 % 6.3 % ∼ 0.2%Table 3.3: A

eptan
e of the four Λ(1405) de
ay 
hannels in the HADES spe
trometerprimary parti
les this be
omes obvious (see �g.3.4). The maximum of the polar angle distri-

Figure 3.2: Polar angle distribution of PLUTO simulated events 
ontaining a p and K+. In red thegeom. a

eptan
e of the FW, in green the geom. a

eptan
e of HADESbution of the generated parti
les is 18.2◦ for kaons and 14.2◦ for protons. This is below thelower edge of the HADES dete
tor a

eptan
e. The beam momentum of pBeam= 4.34 GeVneeds to be 
onserved. This results in a boost in forward dire
tion of the parti
les, whi
h isthe reason for the low polar angles under whi
h the parti
les mainly �y into the spe
trometer.The di�eren
e between the 
hannels 2 & 4 to 1 & 3 is, that no se
ond proton appears inthe rea
tion but pions. They have about a six times lower mass than protons, so that they
an rea
h higher polar angles under the prin
iples of 
onservation. The result is a highergeometri
al a

eptan
e in the spe
trometer for 
hannel 1 and 3.To study the kinemati
s of the rea
tion, the produ
ed resonan
es need to de
ay in PLUTO.Rea
tions in PLUTO are generated as point sour
es out of whi
h all parti
le tra
ks emerge.In 
ase of the generated resonan
es however, this has a big in�uen
e on the properties of therea
tion, as their de
ay length is between 
τ ≈ 3 
m for Σ and 
τ of ≈ 8 
m for Λ resonan
es.Therefore, the a
hieved values for the a

eptan
e 
an only be used as an approximation. Ad-ditionally, simulations of the 4th de
ay 
hannel were performed in whi
h the Σ0 resonan
e notde
ays into Λ + π0, as the de
ay length of 8 
m is signi�
antly high. Only these simulationsare used for the following pro
edure to study the dete
tor a

eptan
e in a full s
ale simulation.The generated events have been pro
essed further through HGeant to 
al
ulate the geomet-ri
al a

eptan
e under more realisti
 
onditions. The results are summarized in table 3.4.The a

eptan
e of a tra
k was hereby de�ned by 28 hits in the MDC dete
tors and oneMETA hit that was produ
ed by a single tra
k. This 
onstraint is su�
ient to guarantee there
onstru
tion of the parti
le traje
tory. Real tra
ks will not produ
e a hit in every of the15
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ay 
hannel 1 2 3 4
accK+p 6.8 % 6.9 % 6.9 % 6.8%
accall 1 % 0.3 % 1.2 % 0.67 %Table 3.4: A

eptan
e of the four Λ(1405) de
ay 
hannels in the HADES spe
trometer with HGeantSimulations28 layers of the drift 
hambers due to ine�
ien
ies. This however, plays no role in HGeantsimulations. The in�uen
e of the magneti
 �eld, espe
ially in the low polar angle regionsand rea
tions with the dete
tor material, de
reases the geometri
al a

eptan
e drasti
ally.The phase spa
e distribution of the primary parti
les 
on�rms this pi
ture of the tenden
y ofprotons and kaons to �y to low polar angles, see Fig. 3.3 - Fig. 3.5.Besides the geometri
al a

eptan
e, the trigger 
an lead to an additional statisti
 loss. Theresult for all four de
ay 
hannels is shown in Table 3.5. One 
an see, that the the losses dueto the trigger sele
tion are mu
h smaller than the e�e
t of the geometri
al a

eptan
e.De
ay 
hannel 1 2 3 4LVL 1 trigger a

epted events 63.0 % 65.6 % 66.4 % 51%Table 3.5: Trigger a

eptan
e of events of the four de
ay 
hannelsFinally, it is interesting to know how many of the trigger-a

epted events ful�ll also the
onstraint to have the primary parti
les p and K+ as well as the de
ay parti
les from the

Λ(1405) in the dete
tor a

eptan
e. Table 3.6 shows therefore the ratio of geometri
al andM3 trigger a

epted events to the amount of trigger a

epted events, see eq. 3.6
Pacc =

NM3+geom. acc

NM3 acc

(3.6)De
ay 
hannel 1 2 3 4
Pacc K+p 9.4 % 8.9 % 9.2 % 8.6%
Pacc all 1.5 % 0.52 % 1.8 % 0.25%Table 3.6: Amount of M3 trigger a

epted events that ful�ll also the geometri
al a

eptan
eThe ratio of events that were in the geometri
al a

eptan
e and a

epted from the LVL1 triggerto all events, are summarised in table 3.7. This is nothing else than table 3.6 multiplied bythe LVL1 a

eptan
e qouted in 3.5, like shown in eq. 3.7.
Ptotal acc = Pacc · M3 =

NM3+geom. acc

Nall

(3.7)In 
ase of events with all four 
harged parti
les ful�lling both 
onstraints, one 
an see by
omparison with table 3.4 that the LVL1 trigger makes almost no di�eren
e on the amount ofa

epted events. The results of the a

eptan
e studies are summarized in the pie 
hart �gures3.2-3.2.16



CHAPTER 3. ANALYSIS OF SIMULATED DATA

rapidity y

0.5 1 1.5

 [
M

eV
/c

]
tp

0

200

400

600

800

0

2

4

6

8

10

12

14

16

18

20

310×

°
 =

 4
5

la
b

Θ

°
 =

 1
5

la
b

Θ

°

 = 7

labΘ

p
 = 600

p = 1600p

rapidity y

0 0.5 1 1.5 2

 [
M

eV
/c

]
tp

0

200

400

600

0

2

4

6

8

10

12

14

16

310×

°
 =

 4
5

la
b

Θ

°
 =

 1
5

la
b

Θ

°
 =

 7
la

b

Θ

p
 = 400

p
 = 1800+K

Figure 3.3: Phase spa
e distribution of all produ
ed p and K+, plotted are lines of di�erent momentaand polar angles. The bla
k verti
al line represents mid rapidity.
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e distribution of p and K+ under the 
ondition that both parti
les are in thegeom. a

eptan
e.
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CHAPTER 3. ANALYSIS OF SIMULATED DATADe
ay 
hannel 1 2 3 4
Pall K+p 5.7% 5.8 % 6.1 % 4.4 %
Pall all 0.95 % 0.34 % 1.2 % 0.13%Table 3.7: Per
entage of events that ful�ll the M3 trigger 
ondition and the 
ondition of geometri
ala

eptan
e at the same time

Figure 3.6: (Left: Summary of the a

eptan
e studies of events, 
onsidering primary p and K+and (right) 
onsidering all 
harged parti
les in de
ay 
hannel 1. Dark 
olors are M3 reje
ted events,light 
olors were a

epted by the trigger. The shaded area shows the per
entage of geometri
al a

eptedevents.

Figure 3.7: (Left: Summary of the a

eptan
e studies of events, 
onsidering primary p and K+and (right) 
onsidering all 
harged parti
les in de
ay 
hannel 2. Dark 
olors are M3 reje
ted events,light 
olors were a

epted by the trigger. The shaded area shows the per
entage of geometri
al a

eptedevents.
18
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Figure 3.8: (Left: Summary of the a

eptan
e studies of events, 
onsidering primary p and K+and (right) 
onsidering all 
harged parti
les in de
ay 
hannel 3. Dark 
olors are M3 reje
ted events,light 
olors were a

epted by the trigger. The shaded area shows the per
entage of geometri
al a

eptedevents.

Figure 3.9: (Left: Summary of the a

eptan
e studies of events, 
onsidering primary p and K+and (right) 
onsidering all 
harged parti
les in de
ay 
hannel 4. Dark 
olors are M3 reje
ted events,light 
olors were a

epted by the trigger. The shaded area shows the per
entage of geometri
al a

eptedevents.

19



CHAPTER 3. ANALYSIS OF SIMULATED DATAThe left side of the �gures show the summary of the a

eptan
e studies, if one just 
onsidersthe primary parti
les p and K+. The right side of the �gures show the summary of thea

eptan
e studies, if one 
onsiders all four 
harged parti
les of the Λ(1405) event in theregarding de
ay 
hannel. The dark 
olors show the amount of events that were reje
ted bythe trigger. The shaded area shows events that were in the geometri
al a

eptan
e of thedete
tor. In 
ase of the primary parti
les, one 
an see that some of the geometri
al a

eptedevents are reje
ted by the trigger. This is obvious as the trigger demands a minimum of threehits in the META system. Likewise, it is expe
ted that all events that have the four 
hargedparti
les in the dete
tor a

eptan
e are a

epted by the LVL1 trigger too. These expe
tationsare satis�ed.3.3 Estimation of Λ(1405) yields in the HADES Spe
trometerTo make a predi
tion about the expe
ted Λ(1405) yield in the measured data, one has toknow the geometri
al a

eptan
e, trigger 
onditions, parti
le identi�
ation (Pid) e�
ien
ies,as well as re
onstru
tion e�
ien
ies. The following se
tion will 
over this estimation. Thetrigger system distort the relative ratio of di�erent rea
tions 
ontributing to the in
lusive
ross-se
tion, as its purpose is to enhan
e spe
ial types of event with respe
t to the others.The multipli
ity trigger used in the pp beam time was set to demand at least three hits inthe META system in one event. It is therefore ne
essary to 
al
ulate a 
orre
ted 
ross se
tionfor the referen
e to the 
ross se
tion of the Λ(1405) produ
tion. For the number of produ
ed
Λ(1405) , NΛ(1405) one 
an write:

NΛ(1405) =
σΛ(1405)

σall

· Nevt (3.8)With σΛ(1405) being the produ
tion 
ross se
tion of Λ(1405) events in p+p rea
tions at Ekin3.5 GeV, σall the total 
ross se
tion and Nevt the amount of rea
tions of the beam time. Dueto the fa
t that Nevt is unknown, one has to pro
eed in a di�erent way. The number whi
h ismeasured, is the amount of trigger a

epted events N
′

evt.One 
ould now 
on
lude that
N

′

Λ(1405) =
σΛ(1405)

σall

· N ′

all (3.9)Sin
e NΛ(1405) → N
′

Λ(1405) does not transform in the same way like Nall → N
′

all, as they arebiased by di�erent M3 trigger a

eptan
e, the 
orre
t from turns into:
N

′

Λ(1405) =
σΛ(1405)

σall

· N ′

cockt (3.10)As Λ(1405) events and 
o
ktail events rea
t more similar to the M3 trigger. N
′

cockt 
an beexpressed with:
N

′

cockt = Nevt · BRcockt · M3cockt (3.11)With BRcockt the ratio of 
o
ktail 
ross se
tion to the total 
ross se
tion and M3cockt theper
entage of 
o
ktail events, that are a

epted by the LVL1 trigger. The amount of measured20



CHAPTER 3. ANALYSIS OF SIMULATED DATAevents is N
′

evt = 1, 2 · 109. The fra
tion of trigger a

epted events for all four di�erent typesof simulation 
an be evaluated via the DST simulations:
Elastics = 1.3% = M3el (3.12)

Inelastics = 37.3% = M3inel (3.13)
Cocktail = 49.3% = M3cockt (3.14)
Λ(1405) = 45.2% = M3Λ(1405) (3.15)The amount of measured events Nevt 
an be subdivided in the three main rea
tion types:elasti
 rea
tions Nel, inelasti
 rea
tions Ninel and 
o
ktail rea
tions Ncockt.
Nevt = Nel + Ninel + Ncockt (3.16)With the result of the DST simulation studies N

′

evt 
an be written as:
N

′

evt = NelM3el
︸ ︷︷ ︸

N
′

el

+ NinelM3inel
︸ ︷︷ ︸

N
′

inel

+ NcocktM3cockt
︸ ︷︷ ︸

N
′

cockt

(3.17)
N

′

evt =Nevt (BRelM3el + BRinelM3inel + BRcocktM3cockt) (3.18)Substituting 3.16 and 3.17 in 3.11, one obtains:
⇒ N

′

cockt =
N

′

evt · BRcockt · M3cockt

(BRelM3el + BRinelM3inel + BRcocktM3cockt)
(3.19)The number of Λ(1405) results in:

N
′

Λ(1405) = σΛ(1405) ·
N

′

evt · 1
σel+σinel+σcockt

· M3cockt

(BRelM3el + BRinelM3inel + BRcocktM3cockt)
(3.20)

= σΛ(1405) ·
N

′

evt · M3cockt

(σelM3el + σinelM3inel + σcocktM3cockt)
(3.21)With the so obtained 
orre
ted 
ross se
tion the 
al
ulation of expe
ted Λ(1405) yield 
an be
arried out as follows:

σcorr = (σelM3el + σinelM3inel + σcocktM3cockt) (3.22)This results in a total number of measured Λ(1405) N
′

Λ(1405) of:
N

′

Λ(1405) =
σΛ(1405)

σcorr
· M3cockt · N

′

evt (3.23)Having evaluated the 
ross-se
tion des
ribed in se
t 3.1.1, we 
an split the total 
ross-se
tionin three 
ategories: elasti
, inelasti
 and 
o
ktail. Summing up all the 
ross-se
tions we obtain21



CHAPTER 3. ANALYSIS OF SIMULATED DATAa value that overestimates the expe
ted in
lusive p+p at 3.5GeV 
ross-se
tion of about 8mb.Errors in the �t of the phase spa
e fun
tion to the data points 
an 
ause some deviation.Indeed, there have been found indi
ations that the 
hannels listed in the Landolt Börnstein
olle
tion are not always ex
lusive rea
tions, but also �nal states that 
an be produ
ed throughresonan
e states. This would mean, that parts of rea
tions are 
ounted double. This remainsto be 
he
ked 
arefully. The parti
le data booklet [46℄ has hereby the most sophisti
atedvalue. This will therefore be used as a referen
e. The values from the phase spa
e �ts are sonormalized to the total 
ross se
tion of 41.87 mb, as well as taking the elasti
 
ross se
tionfrom the PDG. These values are summarised in table 3.8.Sour
e σel σinel σCocktPDG 12.481 mb 29.45 mbLandolt Börnstein 10.02 mb 37.47 mb 0.267 mbLandolt Börnstein norm. 12.481 29.24 mb 0.21 mbTable 3.8: Cross se
tions of the di�erent types of rea
tions at p+p 3.5 GeV.With the normalized values for the 
ross se
tions, one 
an 
al
ulate the 
orre
ted 
ross se
tion
σcorr, using eq. 3.24.

σcorr = (12.48mb · 0.013 + 29.24mb · 0.373 + 0.21mb · 0.493) (3.24)
σcorr = 11.2mb and σΛ(1405) ≈ 10µb (3.25)
N

′

Λ(1405) =
10µb

11.2mb
· 0.493 · 1.2 · 109 (3.26)

N
′

Λ(1405) = 528214 (3.27)The amount of expe
ted yield for ea
h de
ay 
hannel 
an be 
al
ulated by multiplying thisvalue by the bran
hing ratio of the de
ay and the fra
tion of events in this de
ay 
hannel,that where a

epted by the dete
tor, see eq. 3.28 .
N

′

Λ(1405)in channelX = N
′

Λ(1405) · BR · acceptance (3.28)The results are summarized in the the following table:Not yet in
luded in these numbers are re
onstru
tion e�
ien
ies, whi
h will de
rease theexpe
ted yield further. Aready evident is that the analysis of the HADES data will notimprove the present database on the �eld of the Λ(1405) signi�
antly by statisti
.
22



CHAPTER 3. ANALYSIS OF SIMULATED DATA

Channel 1 2 3 4LVL 1 Trigger a

epted events 63.0 % 65.6 % 66.4 % 51.0%BR 33.3% 17.19% 16.11% 33.3 %A

eptan
e 1.5 % 0.52 % 1.8 % 0.25%
N

′

Λ(1405) 2640 470 1530 440Table 3.9: Number of re
onstru
tible Λ(1405) in the four de
ay 
hannels
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4 Optimization of parti
le identi�
ationGraphi
al 
uts are often used in parti
le physi
s analysis to 
ut on variables in a two dimen-sional spa
e. An example therefore, is the illustration of energy loss vs. momentum of a tra
k(see Fig. 2.5). The plot of dE/dx vs momentum shows a 
lear separation between the signalsof protons and pions. To sele
t a parti
ular parti
le spe
ies, one 
an draw a graphi
al 
utaround their distribution. A tra
k is assigned a parti
le id, when the dE/dx vs. momentuminformation is lo
ated in this 
ut, see seq. 2.2. To a
quire information about the e�
ien
yof the 
ut (see eq. 4.1), one has to evaluate how many parti
les of the investigated spe
ieswere not identi�ed by this 
ut. The purity (see eq. 4.2) is obtained by 
ounting how manyother parti
les, whi
h are not the investigated spe
ies, were identi�ed as this spe
ies. Thistest 
an be done by testing the graphi
al 
uts with simulation. The e�
ien
y and purity ofa graphi
al 
ut for parti
le identi�
ation is de�ned as followed:
Efficiency =

N
′

species

Nspecies
(4.1)

Purity =
N

′

species

N
′

particles

(4.2)
N

′

species are real parti
les of the investigated spe
ies that were identi�ed as parti
les of thisspe
ies by the graphi
al 
ut.
Nspecies are all real parti
les of the investigated spe
ies, that were in the analyzed events.
N

′

particles is the amount of parti
les of all spe
ies that were identi�ed by the 
uts as parti
lesof the investigated spe
ies.As the test of the graphi
al 
uts is very sensitive to the simulated dE/dx of the dete
tors, onehas to 
he
k the simulations 
arefully. If one 
ompares the dE/dx vs. momentum distributionsof the dete
tors from the experiment with the simulated distributions, one 
an see parti
ulardi�eren
es as shown in Fig. 4.1 - 4.2.These di�eren
es result out of wrong tuned digitization parameters of the dete
tors in thesimulation. Additionally the 
alibration quality of the dete
tors 
an have an in�uen
e on the
omparability of simulation with the experiment. If one takes a graphi
al 
ut from the exper-imental dE/dx vs. momentum distribution and plot it in a simulated dE/dx vs. momentumdistribution one 
an see that the 
ut mismat
hes the distribution (see Fig. 4.4). This meansit is not rational to simply take the 
ut from the experiment and test its properties withsimulated data.The straight forward way would be to tune the digitization parameters in the simulation.Sin
e it is very di�
ult to tune the digitization pro
edure, su
h to reprodu
e in simulationthe experimental distributions quantitatively, we have 
hosen to adapt the experimental 
utsto the simulated distributions. Within this work a method to adapt the graphi
al 
uts to thesimulated distributions in a well founded way was developed.24



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATION

Figure 4.1: Energy loss vs. momentum for experiment (left) and simulation (right) in the MDCdete
tors. Horizontal and verti
al lines were drawn for orientation.

Figure 4.2: Energy loss vs. momentum for experiment (left) and simulation (right) in the TOFdete
tors. Horizontal and verti
al lines were drawn for orientation.

Figure 4.3: Energy loss vs. momentum for experiment (left) and simulation (right) in the TOFINOdete
tors. Horizontal and verti
al lines were drawn for orientation.
25



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATION

Figure 4.4: Experimental graphi
al 
ut for protons in experiment for the TOFINO dete
tor (left),and drawn in the simulated dE/dx vs. mom. distribution (right).4.1 Tuning the graphi
al 
uts to simulationThe energy loss of parti
les traversing matter is de�ned by the Bethe-Blo
h equation 2.3. Theenergy loss in the dete
tors is however expressed in arbitrary units and not normalized to thetheoreti
al energy loss. Nevertheless, the energy loss follows a Bethe-Blo
h dependen
y. Thisdependen
y 
an be �tted by a Bethe-Blo
h like 
urve with 10 free parameters [37℄. Theseparameters take into a

ount the dependen
y of the energy loss from the dete
tor material,tra
k topologies, ionization potentials and so on. One 
an now get these 10 parameters forea
h dete
tor by �tting this Bethe-Blo
h 
urve through the maximum values of the energy lossdistributions of protons and pions simultaneously. The di�eren
es between the two parti
leslead to two di�erent Bethe-Blo
h 
urves with the same 10 general dete
tor parameters and onefree parameter for the mass of the parti
le. As the energy loss in simulation and experimentdo not 
oin
ide, one 
an �t the Bethe-Blo
h 
urve separately for simulation and experiment.

Figure 4.5: dE/dx vs. momentum distribution for the TOF-dete
tor with the �tted Bethe-Blo
h
urves for π+, K+ and protons.
26



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONFig. 4.5 shows, as an example, the Bethe-Blo
h �ts for the TOF-dete
tor in experiment andsimulation. The energy loss 
urves are shown for π+, K+ and protons. The 
urves are drawnwith the 10 �xed parameters. The free parameter was set ea
h time to the mass of π+, K+and protons respe
tively.The transformation of the Bethe-Blo
h 
urves, from experiment to simulation, is now de-s
ribed by two sets of parameters. Ea
h point on the dE/dx vs. momentum distributionsis lo
ated on a Bethe-Blo
h 
urve. The only free parameter, the mass of the 
orresponding
urve of the point, 
an be obtained. The transformation of this 
urve is done by taking themass parameter and drawing the 
orresponding Bethe-Blo
h 
urve in the simulation. In thisway one transforms for a �xed momentum the dE/dx value from experiment to simulation.Ea
h point of a graphi
al 
ut 
an now be transformed in that way. An example is given inFig. 4.6 for the transformation of two arbitrary points.

Figure 4.6: The transformation of two points from experiment (left) to simulation (right). Shownare the two pionts and their 
orresponding mass 
urves.However, some 
ut points are lo
ated under the lowest Bethe-Blo
h 
urve. The transforma-tion, whi
h was des
ribed above 
an not be used in this 
ase. One 
an see that the dE/dxvalues in the simulation rea
hes in ea
h dete
tor a di�erent lowest limit. The transformationof the dE/dxExp = 0 value was set to the lowest dE/dx value in simulation. The transforma-tion of the lowest dE/dx value on a Bethe Blo
h 
urve was extra
ted from the data. Betweenthese two energy loss values a linear behavior of the transformation was dedu
ed. If a 
utpoint has a dE/dx value, whi
h is below the lowest Bethe-Blo
h 
urve, it will be transformedlinear like :
dE/dxSim = a · dE/dxExp + b (4.3)The parameters a and b were extra
ted from the two transformation points mentioned above.The �nal step of the transformation is to adapt the simulated dE/dx resolution, to the exper-imental dE/dx resolution, as the width of the distribution does not depend on the maximumenergy loss at a 
ertain momentum. The dE/dx distribution was therefore divided in severalmomentum sli
es and proje
ted on the dE/dx axis. This was done for protons and pionsseparately. Landau fun
tions 
an be �tted to the obtained distributions of the energy losssignals, as they mat
h the distributions well (see Fig. 4.7). By 
omparing the width of the27



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONsimulated, to the width of the measured data (see Fig. 4.8), one 
an obtain a widening fa
tor
. The adapted 
uts are then narrowed or widened a

ording to :
dE/dxsim = dE/dxref +

dE/dxexp − dE/dxref

c
(4.4)Ea
h 
ut is drawn around the distribution of one parti
le spe
ies and therefore around theBethe-Blo
h 
urve for that parti
le (The 
orresponding 
urve to the mass of that parti
le).

dE/dxref is hereby the referen
e signal of the dE/dx value on this Bethe-Blo
h 
urve of theparti
le.The width of the signal is de�ned as the distan
e of the dE/dxexp signal to the dE/dxrefvalue on the 
urve. Fig. 4.9 - 4.11 shows examples of the adapted PID 
uts for all threedete
tors.
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Figure 4.7: Fit of Landau fun
tions to the dE/dx distribution of protons in MDC for 4 momentumsli
es, for experiment (left) and simulation (right).
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Figure 4.8: Ratio of the experimental resolution σ(dE/dxexp) to the simulated resolution
σ(dE/dxsim) for protons in MDC.4.2 The time-of-�ight-re
onstru
tionIn the beam time p+p at 3.5 GeV the measurement of the energy loss in the sub dete
torsof the HADES spe
trometer (see se
tion 2) is the only dire
t a

essible method of parti
leidenti�
ation. The method of parti
le identi�
ation, via the time-of-�ight and the momentummeasurement, requires the information of the start time of the event t0 and the stop signal t1in the time-of-�ight dete
tors TOF and TOFINO. With these time signals one 
ould 
al
ulatethe time-of-�ight ∆t of a parti
le tra
k. Although this parti
le identi�
ation method seemsnot possible, as there was no start dete
tor mounted in this experiment.For the identi�
ation of kaons however, it is inevitable to improve the purity of identi�edkaons by a 
ut on the mass, whi
h is 
al
ulated out of the ∆t, momentum and path lengthinformation. As events with strangeness are mu
h rarer than other events, by at least a fa
torof 100 and the �nite dE/dx resolution of the dete
tors, most parti
les that are identi�ed askaons by a Pid graphi
al 
ut are simple pions or protons. Hen
e, the Pid purity for kaonsis very low. Fig. 4.12 shows a mass spe
trum of parti
les that were identi�ed as kaons bya Pid 
ut in MDC and TOFINO dE/dx. This distribution results out of the analysis of theAr+KCl rea
tion at 1.765 AGeV [37℄. For this experiment a start dete
tor was operational.It 
an be 
learly seen, that most of the kaon 
andidates are in fa
t protons or π+ .It is however essential for the Λ(1405) analysis to suppress this ba
kground of misidenti�edkaons. To have the possibility to 
ut on the mass, it is ne
essary to re
onstru
t the time-of-�ight of a parti
le. For this beam time a new method of time-of-�ight re
onstru
tion wasdeveloped [36℄.The only time information available for ea
h parti
le is the stop time (t1). For the start timeof the event a randomized time was generated. If the nominal mass of at least one parti
le
an be measured, it is possible to determine, with help of the momentum measurement, the29
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Figure 4.9: Transformation of the PID 
uts for p and π+ from experiment (left) to simulation (right)in MDC.

Figure 4.10: Transformation of the PID 
uts for p and π+ from experiment (left) to simulation(right) in TOF.

Figure 4.11: Transformation of the PID 
uts for p and π+ from experiment (left) to simulation(right) in TOFINO.
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Figure 4.12: Mass of K+ 
andidates in the TOFINO dete
tor for the beam time ArKCl, where astart dete
tor was mounted.time-of-�ight and therefore the start time t0 for this event. With the determined start timethe masses of all the other parti
les in this event 
an be 
al
ulated. With the help of theenergy loss measurement in the MDC, TOF and TOFINO dete
tors, it is indeed possibleto determine a parti
les Pid and therefore its mass. The method works as follows: Protonsand pions are identi�ed by spe
ial time-of-�ight-re
onstru
tion 
uts (see 4.13 ) through theirenergy loss in the dete
tors. The mass of the parti
le tra
k is then set to the nominal massof the parti
le 
orresponding to its Pid. Be
ause of this, the start time 
an be determined asfollowed:
∆t = t1 − t0 =

√

1

mc/p + 1
· s

c
(4.5)With s the distan
e traveled by the parti
le through the spe
trometer, m its mass, p themomentum determined by the bending of the tra
k in the magnet �eld and 
 the velo
ity oflight. With the measured stop time t1 and ∆t it is possible to determine a 
ommon starttime t0 for an event. It 
an happen, that in one event, more than one parti
le will be used tore
onstru
t the start time. In that 
ase an average start time for the event is 
al
ulated. Ithas to be mentioned, that this method is only ne
essary to re
onstru
t the kaon mass. Kaonshowever, should not take part in this pro
edure of mass determination and ∆t 
al
ulation.If a kaon is lo
ated within one of the spe
ial time-of-�ight dE/dx 
uts, its mass is set to thenominal mass of a pion or a proton, and therefore is not in
luded any longer in the usual K+mass range. Thus, this results in a loss of signal in the �nal analysis. To avoid su
h s
enarios,the spe
ial time-of-�ight re
onstru
tion 
uts are 
hosen in su
h a way, that very few kaonsare lo
ated in them. In Fig. 4.13 one 
an see the time-of-�ight re
onstru
tion 
uts for theMDC dete
tor. They avoid to 
ut in the region where possible kaons are lo
ated.4.2.1 E�
ien
y and purity tests of the time-of-�ight re
onstru
tionTwo sets of time-of-�ight re
onstru
tion 
uts were tested with simulation (Fig 4.13 - 4.15) :one narrow set (red) and a wide set (blue). The assumption is, that the narrow 
ut has abetter purity for the time-of-�ight re
onstru
tion, but a worse e�
ien
y than the wide one.31



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATION

polarity * momentum   [MeV/c]
0 500 1000 1500 2000 2500 3000

M
D

C
 d

E
/d

x 
[a

rb
. u

n
it

s]

0

2

4

6

8

10

12

14

16

18

20

1

10

210

310

410

Figure 4.13: The time-of-�ight re
onstru
tion 
ut for the MDC dete
tor
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Figure 4.14: The time-of-�ight re
onstru
tion 
ut for the MDC dete
tor
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Figure 4.15: The time-of-�ight re
onstru
tion 
ut for the MDC dete
tor
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CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONThe main purpose of this test is to answer the following questions:1. How often does this time-of-�ight re
onstru
tion pro
edure fail, be
ause no parti
le inan event ful�lls the 
ut 
onstraints? ⇒ The e�
ien
y of the pro
edure itself.2. How good is the mass resolution of the re
onstru
ted mass in 
omparison with the massin 
ase of a start dete
tor? ⇒ The resolution.3. How many kaons are miss identi�ed as protons or pions and therefore their mass is falselyset to the nominal mass of p and π+? ⇒ The e�
ien
y for the K+ mass re
onstru
tion.4. How good is the purity of K+ in a 
hosen mass window?4.2.2 E�
ien
y of the time-of-�ight re
onstru
tionThe e�
ien
y was determined by building the ratio of re
onstru
ted events to all events. Itwas thereby distinguished between di�erent event types. This is ne
essary as the su

essof the pro
edure strongly depends on the event type. The relevant events for the Λ(1405)analysis will always 
ontain a K+ . As this parti
le does not take part in the time-of-�ightre
onstru
tion pro
edure, another leading parti
le is required. If one analyses events withseveral protons and pions in the �nal state, the possibility is high, that the time-of-�ightre
onstru
tion is su

essful. In events however, where just one proton and one K+ weredete
ted, the e�
ien
y of this pro
edure is signi�
antly lower. Five event 
ategories weretested, 
ontaining also the event sele
tion of de
ay 
hannels 1 & 3 (K+ , p, π+,π−) and de
ay
hannels 2 & 4 (K+ , p,p,π−) see se
tion 3.1. The result is summarized in table 4.1.Event sele
tion all events K+,p K+,π+ K+ , p, π+,π− K+,p,p,π−A

. narrow 
uts 72.3% 88.8% 94.7 % 99.7 % 99.4%A

. wide 
ut 74% 90.6% 96.2% 99.9 % 99.8%Table 4.1: The event a

eptan
e of the time-of-�ight re
onstru
tion with two di�erent sets of 
utsfor �ve event 
ategories.One 
an see that the wide 
uts have a slightly better su

ess rate than the narrow 
uts, whi
hagrees with the expe
tations.4.2.3 K+ e�
ien
y of the time-of-�ight re
onstru
tor.If the kaon mass 
an not be re
onstru
ted su

essfully, or the kaon mass is not within a
ertain mass window around the nominal mass of the kaon (493.7 MeV/c2), the parti
le willbe reje
ted in the later analysis. It is therefore important to know how many K+ will notpass this sele
tion. There are several reasons why kaons will not pass the mass sele
tion.1. Some kaon 
andidates fall outside the 
hosen mass window. Typi
ally a mass windowof ±3σ around the kaon mass, with σ the mass resolution of the K+ in the a

ordingdete
tor TOF/TOFINO, is 
hosen. As the kaon mass is not Gaussian, shaped some ofthe parti
les fall in the long tails of the distributions see Fig. 4.16. 33



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATION2. Even if the time-of-�ight re
onstru
tion 
al
ulated a start time for the event, the massesof the parti
les 
ould be wrong. This 
an happen by a parti
le misidenti�
ation. If aproton is identi�ed as a π+, the mass is falsely set to the pion mass and will yield a 
om-pletely wrong start time. This leads to a wrong 
al
ulated kaon mass as a 
onsequen
e.More over, it is possible that K+ take part in the pro
ess of re
onstru
tion, when theyare identi�ed as protons or π+ by the time-of-�ight 
uts. Their mass is then set to thenominal mass of the two parti
les and not longer in the kaon mass window. Addition-ally, the mass resolution 
ould fall o� in quality after the re
onstru
tion 
ompared tothe ideal mass resolution and therefore the amount of parti
les whi
h are outside themass 
ut window 
ould in
rease.3. The start time 
ould not be re
onstru
ted due to a failing of the time-of-�ight re
on-stru
tion pro
edure. The kaon mass remains to be assigned an unphysi
al value. Thise�
ien
y is already des
ribed in table 4.1.To obtain the quantitative losses for the re
onstru
ted K+ masses, one 
an 
ompare theamount of K+ in a sele
ted mass window to a referen
e value of K+ at ea
h step of there
onstru
tion pro
ess. Fig. 4.16-4.19 show the transformation of the parti
le masses duringthe pro
ess of re
onstru
tion. These �gures have been 
hosen exemplary for the event sele
tionwhere all events were investigated

Figure 4.16: Simulated mass distribution in the TOFINO dete
tor for all events, for a start timere
onstru
tion in
luding a start dete
tor.Fig. 4.16 shows the simulated mass distribution for all events, in the 
ase that a start dete
toris available. The amount of entries in the mass histogram 
an be separated into the di�erent
ontributions of the parti
le spe
ies. This information is derived from simulation. The bla
kline in the mass histogram shows the total sum of all parti
le spe
ies. Protons are drawnin green 
olor, π+ in red and K+ in blue shaded. One 
an see that the mass distributionof the single parti
les peaks around the nominal mass with a broad width due to the timeresolution of the TOFINO dete
tor. Fig. 4.17 shows the same distribution for events that
an be re
onstru
ted with the des
ribed method. These are slightly less entries than in Fig.4.16 as not all event start times 
an be re
onstru
ted. Fig. 4.18 shows the mass distributionfor simulated events, before the time-of-�ight re
onstru
tor has been applied. No stru
tures34
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Figure 4.17: Simulated mass distribution (in 
ase of a start dete
tor) in the TOFINO dete
tor forevents that later 
an be re
onstru
ted.

Figure 4.18: Simulated mass distribution of events in 
ase of a missing start dete
tor.

Figure 4.19: Simulated, time-of-�ight re
onstru
ted mass distribution.
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CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONare visible due to a random start time. This is the input for the time-of-�ight re
onstru
tion.The mass distribution after the time-of-�ight re
onstru
tion 
an be seen in Fig 4.19. Theparti
les that have taken part in the pro
ess of re
onstru
tion have been set to the nominalmasses of proton( 938MeV/c2) and pion(139MeV/c2). This is visible as delta peaks in thespe
trum. Also visible are kaons that were miss identi�ed as π+ or protons. This is shown asthe blue histogram in the mass peaks at 139MeV/c2 and 938MeV/c2.Table 4.2 shows the ratio of K+ that 
an be su

essfully re
onstru
ted by the time-of-�ightre
onstru
tion pro
edure. The loss of K+ is about 20% .This means, the re
onstru
tion itselfwas su

essful, but the amount of kaons within the 
orre
t mass window (between 240MeV/c2- 700MeV/c2) de
reased, due to the listed points at the beginning of this se
tion.Event sele
tion all events K+,p K+,π+ K+ , p, π+,π− K+,p,p,π−A

. narrow 
uts 74.5 % 80.3 % 83.4 % 90.9 % 86.7%A

. wide 
ut 73.7 % 79.7 % 82.9% 90.5 84.9%Table 4.2: Rate of su

essfully re
onstru
ted kaons in a 3 σ mass window after the time-of-�ightre
onstru
tion in the TOFINO. Examining events that 
an be re
onstru
ted before the time smearingand after the re
onstru
tion.In general one 
an see that the time-of-�ight re
onstru
tion pro
edure itself works well, withan e�
ien
y of K+ re
onstru
tion of about 80%. These numbers are obtained by 
omparingthe amount of K+ (blue entries in Fig. 4.19) in the mass 
ut region after the re
onstru
tionto the amount of K+ in the mass 
ut region before the re
onstru
tion (blue entries in Fig.4.16). Hereby, were just events taken into a

ount, that have been re
onstru
ted.One 
an go further and 
ompare the amount of K+ in the mass 
ut region after the re
on-stru
tion, to the amount of K+ in the mass 
ut region of all events before the re
onstru
tion(blue entries in Fig. 4.17). The results are shown in table 4.3.Event sele
tion all events K+,p K+,π+ K+ , p, π+,π− K+,p,p,π−A

. narrow 
uts 54.4 % 71.7 % 79.1 % 90.8 % 86.1%A

. wide 
ut 55.2 % 72.8 % 79.8% 90.5 % 84.7%Table 4.3: Rate of su

essfully re
onstru
ted kaons in a 3 σ mass window after the time-of-�ightre
onstru
tion in the TOFINO. Comparing K+ in all events before the re
onstru
tion to K+ in re-
onstru
ted events after the re
onstru
tion.These two tables show the amount of K+ that are lost due to e�e
ts related to the time-of-�ight re
onstru
tion itself. There are however K+ that are lost due to the fa
t that oneapplies a mass 
ut. Therefore, one 
an 
ompare the amount of K+ (blue entries in Fig. 4.19)in the mass 
ut region after the re
onstru
tion to the total amount of K+ . This will yieldthe total e�
ien
y of K+ mass re
onstru
tion related to the reasons listed at the beginningof this se
tion. The results are shown in table 4.4.By 
omparing the two 
ut sele
tions, wide 
uts and narrow 
uts, one 
an see that they are verysimilar in terms of K+ mass re
onstru
tion e�
ien
y. Although the wider 
uts have a better36



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONEvent sele
tion all events K+,p K+,π+ K+ , p, π+,π− K+,p,p,π−A

. narrow 
uts 45.1 % 56.9 % 70.2 % 79.2 % 67.9%A

. wide 
ut 45.8 % 57.8 % 70.9% 78.9 % 66.5%Table 4.4: Total e�
ien
y of re
onstru
ted kaons in a 3 σ mass window after the time-of-�ightre
onstru
tion in the TOFINO. Comparing hereby all the K+ in the investigated events in the 
ompletemass range to the re
onstru
ted events after the re
onstru
tion in a 3 σ mass window.general performan
e (see table 4.1) they loose more K+ due to the re
onstru
tion e�e
ts, seepoint 2 mentioned at the beginning of this se
tion. As the re
onstru
tion pro
edure is almosta 100% su

essful in the two event sele
tions of the de
ay 
hannels of the Λ(1405), roomfor improvement lies in avoiding the miss identi�
ation of K+ as protons or π+ . Thereforeone has to develop a 
ut whi
h 
uts farer away from the K+ distribution in the dE/dx vs.momentum pi
ture.4.2.4 The K+ purityOpening the mass 
ut region to gain more K+ is not a promising option, as the PID puritywould su�er from this. The purity of the K+ 
an be obtained by 
omparing the amount of
K+ in the mass range to the total amount of parti
les in the mass range (eq. 4.2). One 
anhereby 
ompare the purity of events where the start dete
tor was employed to the purity ofevents after the time-of-�ight re
onstru
tion. See table 4.5.Event sele
tion all events K+,p K+,π+ K+ , p, π+,π− K+,p,p,π−nominal purity 67.6 % 82.8 % 94.1% 86.7 % 70.5%narrow 
uts after re
. 73.3 % 90.5 % 92.4 % 84.9 % 74.8%wide 
ut after re
. 73.4 % 90.4 % 92.5% 84.4 % 74.1 %Table 4.5: Purity of kaons with a start dete
tor (nominal) and after the time-of-�ight re
onstru
tionfor all eventsThe purity in
reases slightly after the re
onstru
tion, whi
h 
an be explained by the fa
t thatseveral protons and π+ are set to the nominal mass and are thus no longer in the broad massdistribution. The presented results were 
al
ulated for a K+ mass 
ut range of 3 σ of the massresolution in the TOFINO dete
tor. Fig. 4.20 shows the operational 
urve, whi
h displaysthe dependen
y between the purity and the e�
ien
y of an analysis pro
edure by varyingthe mass 
ut range. The general behavior is, that the purity de
reases when the e�
ien
yin
reases.Shown is the e�
ien
y of the time-of-�ight re
onstru
tion (turquoise 
rosses) and the totale�
ien
y (blue 
rosses) vs. the re
onstru
ted K+ purity. The e�
ien
y of the time-of-�ightre
onstru
tion has a limit of ∼ 92 %. This means that even by widening the integrationrange about the K+, the amount of 
olle
ted K+ will not in
rease signi�
antly. That 
anbe interpreted as a loss of ∼ 8 % of K+ that are misidenti�ed as protons and π+ and aretherefore set out of the K+ mass range. The pink stars in Fig. 4.20 show the integration range37



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATION

Figure 4.20: Operational 
urve for the K+ mass 
ut in the TOFINO dete
tor for 
o
ktail events.Mass 
ut ranges of 2,3 and 4 σ respe
tively are shown as pink stars.of 2σ, 3σ and 4σ respe
tively. In this illustration a mass 
ut range of 3σ seems suitable. Thisinvestigation of purity and e�
ien
y was 
ompleted for the 
o
ktail simulations. For e�
ien
ystudies this is su�
ient, but for purity studies one should 
he
k the inelasti
 ba
kgroundseparately, as this gives an additional yield for the impurity to the mass range. Purity studieshowever should be done for the total 
hain of K+ identi�
ation. This means that afteridentifying K+ by PID 
uts in MDC dE/dx TOF dE/dx and TOFINO dE/dx, and after the
K+ mass 
ut a purity study is more signi�
ant.4.3 Tests of the kaon Pid 
utThe 
hallenge in the development of a K+ Pid 
ut is the fa
t, that there is no K+ signalvisible in the dE/dx vs. momentum spe
trum in real data, without any additional sele
tion.The only ben
hmark is the K+ Bethe-Blo
h 
urve around whi
h the K+ are lo
ated. Thesimulated dE/dx distribution and the experimental distribution show 
lear di�eren
es, asalready pointed out. Therefore a method was developed to �nd a K+ signal in experimentaldata to adjust the K+ Pid 
ut on them [36℄. The following rea
tion was investigated:

p + p
3.5GeV−−−−→ Λ + K+ + p (4.6)

p + π−Protons and π+ were identi�ed via Pid 
uts. Besides two protons and one π+ an additionalpositive 
harged parti
le was required in the event sele
tion. The Λ was re
onstru
ted by theinvariant mass of p and π+ M(p,π+). Events were a

epted when M(p,π+) was within a narrowmass window around the experimental Λ mass of 1115 MeV/c2. To redu
e the ba
kgroundthe missing mass of the four parti
les ∆Mp,p,π+,K+ was required to be between -72 MeV/
2 <
∆Mp,p,π+,K+ < 25 MeV/
2. The maximum of the missing mass of all 
harged parti
les is38



CHAPTER 4. OPTIMIZATION OF PARTICLE IDENTIFICATIONslightly shifted from 0 MeV/
2 to -22 MeV/
2. This is shown in Fig. 4.21, where a 
leansample of the rea
tion 4.6 was sele
ted.

Figure 4.21: Missing mass of p,K+,p,π+after 
ut on Λ(1116) events, see text.To redu
e ba
kground a mass 
ut was applied on the mass of the K+ 
andidates. After these
uts the energy loss in the MDC,TOF and TOFINO dete
tors was plotted. A 
lear signalaround the K+ Bethe-Blo
h 
urve is visible. The TOF information 
ould not be used, as thestatisti
 was too poor. In MDC and TOFINO however a graphi
al 
ut 
ould be adjusted tothe distribution (Fig. 5.1, 4.23). To study quantitatively the simulated dE/dx spe
tra, andthe K+ 
ut adjustment, the 
ut was 
ompared with simulation of the investigated rea
tion.

Figure 4.22: The K+ 
ut for the rea
tion p+p → Λ(1116)+K+ +p in experiment(left) and adaptedto the simulation (right) in the MDC dete
torThe 
onsisten
y of the 
ut in experiment and in simulation, after the adaption is very good.Therefore it is well founded, to develop a suited K+ Pid 
ut in simulations of Λ(1405) events,39
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Figure 4.23: The K+ 
ut for the rea
tion p+p → Λ(1116)+K+ +p in experiment(left) and adaptedto the simulation (right) in the TOFINO dete
torand apply it to the experimental dE/dx distribution see Fig. 4.24-4.26. As simulation theevents Λ(1405) → Σ0 + π0 were 
hosen.The Pid 
uts 
an be tested with simulation for e�
ien
y and purity. Three 
ut sets have beentested with simulation.
• The Pid 
uts whi
h were developed for the Λ(1116) events.
• The Pid 
uts whi
h were developed for the Λ(1405) events.
• Narrow Pid 
uts that have been used for the identi�
ation of K+ and K− in ArKCl[27℄. This 
uts should have a mu
h better purity but low e�
ien
y.These 
uts have been tested with 
o
ktail and inelasti
 simulation. Events were 
hosen 
on-taining two protons and one π− , as well as four parti
les in total. This was done to studyex
lusively the e�
ien
y and purity of the Pid 
uts in the event sele
tion later used for theanalysis (see 
hapter 5). In 
o
ktail events, 
ontributing to the analysis, the missing fourthparti
le of the event sele
tion is a kaon. The e�
ien
y was obtained by building the ratio ofkaons that are identi�ed su

essful by the Pid 
ut as kaons to the amount of all kaons in thisevent sele
tion. For a realisti
 des
ription of the ba
kground all inelasti
 events with the sameevent sele
tion were investigated. In this 
ase the fourth missing parti
le is not a kaon. Theamount of parti
les passing the kaon sele
tion by the Pid 
uts will build the ba
kground ofmisidenti�ed kaons. To take into a

ount the way higher inelasti
 
ross se
tion as 
omparedto the 
o
ktail 
ross se
tion, the amount of inelasti
 parti
les passing the sele
tion was multi-plied by a fa
tor of 148. The results for the three di�erent 
ut sets is shown in Fig 4.27-4.29.Herby the mass 
ut range on the kaon mass was varied to obtain a relation between purityand e�
ien
y. The pink stars indi
ate the mass 
uts of 1,2 and 3 σ. One 
an see the higherpurity of the narrow ArKCl 
ut as 
ompared to the Pid 
uts whi
h were developed for eventswith a Λ(1116) and a Λ(1405). The e�
ien
y however su�ers from this stri
t narrow 
ut sothat the e�
ien
y of the very broad Pid 
uts for the Λ resonan
es is signi�
antly higher. Veryimportant is that the Λ(1405) Pid 
ut has a general better performan
e, both in purity and40
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Figure 4.24: The K+ 
ut adapted to the simulated rea
tion → Λ(1405)+K++p in the MDC dete
tor

Figure 4.25: The K+ 
ut adapted to the simulated rea
tion → Λ(1405)+Kp+p in the TOF dete
tor

Figure 4.26: The K+ 
ut adapted to the simulated rea
tion → Λ(1405) + Kp + p in the TOFINOdete
tor 41
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ien
y, than the Λ(1116) 
ut. Thus one should tune the kaon Pid 
ut 
areful for everyanalysis separately.

Figure 4.27: Operational 
urve for the narrow ArKCl K+ Pid 
uts in 
o
ktail events (left), andtaking into a

ount the ba
kground from inelasti
 events (right).

Figure 4.28: Operational 
urve for Λ(1116) K+ Pid 
uts in 
o
ktail events (left), and taking intoa

ount the ba
kground from inelasti
 events (right).
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Figure 4.29: Operational 
urve for Λ(1405) K+ Pid 
uts in 
o
ktail events (left), and taking intoa

ount the ba
kground from inelasti
 events (right).
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5 Analysis of the Λ(1405) resonan
eIn this 
hapter, the analysis of the Λ(1405) resonan
e in the Σ0π0 de
ay 
hannel will bedis
ussed. The main 
hallenge in investigating the Λ(1405) line shape by a missing massanalysis of p and K+, is the separation of the Λ(1405) from the nearby Σ(1385)0 resonan
e.These two resonan
es are similar in their de
ay 
hara
teristi
, as shown in Fig. 5.1. Thisleads, together with the fa
t that they are broad and 
lose in mass ( mΛ(1405) = 1406 MeV/c2,
ΓΛ(1405) = 50 MeV/c2 and mΣ(1385)0 = 1384 MeV/c2, ΓΣ(1385)0 = 38 MeV/c2) [46℄, to anoverlap in the pK+ missing mass spe
trum. The only di�eren
e in the de
ay of the tworesonan
es is the de
ay into Σ0π0, as this de
ay is forbidden for the Σ(1385)0 resonan
e dueto isospin 
onservation (table 5.1).

p + p
3.5GeV−−−−→ Λ(1405) + K+ + p

Σ− + π+

n + π−

Σ+ + π−

p + π0

n + π+

Σ0 + π0

Λ + γ

p + π−

p + p
3.5GeV−−−−→ Σ(1385)0 + K+ + p

Σ− + π+

n + π−

Σ+ + π−

p + π0

n + π+

Σ0 + π0

Λ + γ

p + π−

Λ + π0

p + π−Figure 5.1: De
ay 
hannels of the two resonan
es Λ(1405) and Σ(1385)0 .This gives the possibility to do an ex
lusive analysis of the Λ(1405) in its de
ay into Σ0π0.The de
ay of Σ(1385)0 → Λπ0 however, yields the same 
harged parti
les in the �nal state, asin the the de
ay of Λ(1405) → Σ0π0. Sin
e the bran
hing ratio of the de
ay of Σ(1385)0 → Λγis only 1%, this 
hannel 
an be negle
ted. To separate these two resonan
es in the analysis,one 
an use the information of the missing mass of all 
harged parti
les, ∆Mp,K+,p,π−. In 
aseof events with a Σ(1385)0 resonan
e, this missing mass should be around π0 mass. For events,whi
h 
ontain a Λ(1405) , the missing mass should be slightly higher due to the additional
γ in the de
ay 
hain. This analysis will therefore 
on
entrate to re
onstru
t the Λ(1405) in44



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCE1× 1 Λ(1405) Σ(1385)0

Σ◦ π◦ I=0,M=0 I=1,M=0m=0 m=0 -√2
3 0Table 5.1: Clebs
h-Gordan 
oe�
ients for the de
ays Σ(1385)0 → Σ0π0and Λ(1405) → Σ0π0.its de
ay into Σ0π0. Out of the total measured statisti
 of the p+p rea
tion at 3.5 GeV asubsample 
ontaining two protons, one K+ and one π− were sele
ted. The parti
les wereidenti�ed via their energy loss in MDC, TOF and TOFINO.5.1 In
lusive missing mass spe
trumThe 
ontent of the missing mass spe
trum ∆Mp,K+ 
ontains already valid information forthe analysis. One 
an extra
t a rough estimation of the ba
kground underlaying the sig-nal and 
ompare the measured data to the simulation. A pure missing mass spe
trum of

∆Mp,K+ shows no signal of any resonan
es. The spe
tra is mainly dominated by ba
kgroundof misidenti�ed kaons. Just by a 
ut on the kaon momentum (pK+ < 700 MeV/
) and thekaon mass (300 MeV/
2 < mK+ < 600 MeV/
2) a signal is visible above the ba
kground (Fig5.2). The 
ut on the kaon momentum improves the kaon purity, as the separation betweenthe parti
le signals in the dE/dx vs. momentum distribution is better at lower momentum(Fig. 2.5). The missing mass spe
tra shows a 
lear signal of Λ(1116) and Σ(1193) resonan
es.

Figure 5.2: Left: the ∆Mp,K+ spe
trum after a kaon mass and momentum 
ut. Right: Comparisonbetween the ba
kground subtra
ted data with simulations.The ba
kground was des
ribed by a sideband analysis on wrong kaon masses, s
aled to themeasured data in the mass range within 800-1000 MeV/
2 and subtra
ted. One 
an observein the left panel Fig. 5.2, the huge ba
kground mainly due to the misidenti�ed K+, but alsothe Λ(1116) and Σ(1193) signals sti
king out of the ba
kground. The spe
tra, obtained afterthe ba
kground subtra
tion, 
an be 
ompared to simulations by normalizing to the maximum45



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCEvalue of the Λ(1116) peak. Good agreement between simulation and experiment 
an be found.Some deviations in higher missing mass regions might result from not well known 
ross se
tionsin simulation.However. the fa
t that one needs to 
ut so hard on the kaon momentum to obtain a visiblesignal is not very satisfa
tory. This 
ould imply that also the Λ(1405) signal is dominated bymisidenti�ed K+ 
andidates.Sin
e in the de
ay of the Λ(1405) into Σ0π0a Λ(1116) appears this Λ(1116) 
an be re
on-stru
ted by the invariant mass of its de
ay parti
les p and π−. If one investigates the missingmass spe
trum ∆Mp,K+ under the 
onstraint, that a Λ(1116) 
ould be re
onstru
ted, a semi-ex
lusive missing mass spe
trum 
an be obtained . Figure 5.3 shows that the quality of thisspe
trum is enhan
ed in 
omparison with the one shown in Fig. 5.2, sin
e the purity ande�
ien
y for the re
onstru
tion of Λ(1116) 
andidates is higher 
ompared with K+ . Thesemi-ex
lusive ∆Mp,K+ spe
trum is obtained with no 
uts on the kaon mass or momentum.The ba
kground is des
ribed by the shaded histogram, whi
h is obtained by a side-bands
Λ(1116) analysis (Mp,π− = 1090 - 1100 MeV/
2 or 1130 - 1140 MeV/
2). One 
an see thatthe K+ misidenti�
ation a�e
ts mainly the low missing mass range.

Figure 5.3: Left: Semi-ex
lusive missing mass spe
trum together with the �tted ba
kground. Right:Missing mass spe
trum of HADES in 
omparison to the data measured by DISTO [31℄ (red distribu-tion).After ba
kground subtra
tion, the missing mass spe
trum 
an be 
ompared to a spe
trummeasured by the DISTO 
ollaboration [31℄. Slight variations in the missing mass yield mightresult from the lower beam energy of 2,9 GeV in this experiment as well as a di�erent dete
tora

eptan
e. The DISTO data has been analyzed applying a kinemati
 re�t using the totalmissing energy as a 
onstraint. To adapt the heights of the Λ(1116) peaks, the DISTO spe
trawas s
aled down by a fa
tor of 0.04 (Fig 5.3, right).
46



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCE

Figure 5.4: Left: Semi-ex
lusive missing mass spe
trum of p K+ after ba
kground subtra
tion 
om-pared to simulations. Right: the simulations with di�erent 
ontributions of the rea
tion 
hannels.Fig. 5.4 shows the 
omparison between the simulated and the experimental missing massspe
tra. They are in good agreement. The simulated missing mass spe
trum 
an be itemizedinto the di�erent 
ontributing rea
tion 
hannels, as shown in the right panel of Fig 5.4. Themain rea
tions 
ontributing to this missing mass range are:

Figure 5.5: Simulated p,K+ missing massspe
trum in the range of the Λ(1405).

p + p → K+ + p + Λ (5.1)
p + p → K+ + p + Λ(1405) (5.2)

p + p → K+ + n + Σ(1385)+ (5.3)
p + p → K+ + p + Σ0 (5.4)

p + p → K+ + p + Λ + π0 (5.5)
p + p → K+ + p + Σ0π0 (5.6)

p + p → K+ + n + Λ + π+ (5.7)
p + p → K+ + p + Λ + π+ + π− (5.8)

5.2 Missing mass spe
trum of Λ(1405)Events have been sele
ted whi
h 
ontain two protons (p1 and p2), one K+and one π−. Inthe presele
ted sample of p1,K+, p2 and π− the invariant mass of p2 and π− (Mp2,π−) should
ombine to the Λ(1116) resonan
e, in 
ase the Λ(1405) is produ
ed. Fig 5.6 shows the invariantmass of p and π−. A huge ba
kground is visible under the Λ peak. This results mainly from47



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCEmisidenti�ed kaons. One 
an however redu
e this ba
kground by a 
ut on the missing massof all 
harged parti
les and a 
ut on the missing mass of p1 and K+.For all events 
ontaining a Λ , the missing mass ∆Mp,K+ is higher than 1000 MeV/c2, sin
ethe lowest missing mass from the rea
tion p + p → K+ + p + Λ is 1116 MeV/c2. All other
hannels will 
ontain additional parti
les in the rea
tion, whi
h results in a higher missingmass ∆Mp,K+ (Fig. 5.4).
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Figure 5.6: Invariant mass of p, π− showing a Λ(1116), with di�erent 
uts on the missing mass andtra
k topology of p, π−. See text for details.The missing mass of all 
harged parti
les ∆Mp,K+,p,π− is -22 MeV/c2 for the simplest rea
tion
ontaining a Λ , the rea
tion p + p → K+ + p + Λ (see se
tion 4.3), while the missing mass
∆Mp,K+,p,π− of all other rea
tions 
ontaining a Λ is higher. This fa
t authorizes to 
ut on thisparameter, to ex
lude unphysi
al events. The bla
k histogram in Fig. 5.6 shows the invariantmass Mp2,π− if the four 
harged parti
les p1,K+, p2 and π− were identi�ed in this event. Thepink histogram displays Mp2,π− after a 
ut of ∆Mp,K+ > 1000 MeV/c2. The green histogramdisplays Mp2,π− after an additional 
ut of ∆Mp,K+,p,π− > -70 MeV/c2. One 
an see that theba
kground 
an be redu
ed drasti
ally by this sele
tion.The histogram shown in the right panel of Fig. 5.6 shows the invariant mass with additional
uts on the tra
k topologies of p and π− . Figure 5.7 shows a s
hemati
 view of the Λ de
ayand the a

ording parameters for the tra
ks of p and π− . The di�erent 
uts that were usedfor the sele
tion are shown in table 5.2.Variable blue histogram red histogramDist. of Λ tra
k and prim. vertex (d1) < 10 mm < 4 mmTra
k distan
e of p and π− (dt) < 15 mm <26 mmDist. of Λ vertex and prim. vertex (dv) - >4 mm

d2 < d3
√ √Table 5.2: Values for the tra
k 
ut variables in the blue and red histogram.48
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Figure 5.7: S
hemati
 view of the Λ de
ay into a p and a π− . The de
ay is shown in one plain withthe beam axis [37℄.With these 
uts, a signal to ba
kground ratio of 3.7 for the blue histogram and 4.7 for thered histogram 
ould be obtained. It is however obvious, that the 
ut 
ombination used forthe red histogram has a bigger loss of signal as a 
onsequen
e. Due to the already limitedstatisti
s this is 
ru
ial. It appeared furthermore, that in the end of the analysis the 
ut
ombination for the blue histogram 
ould yield a slightly better signal to ba
kground ratiothan the 
ut 
ombination used for the red histogram. It was de
ided therefore to use the 
ut
ombinations displayed in the se
ond 
olumn of table 5.2 for the Λ(1405) analysis. In thenext sele
tion, only events with 1106 MeV/
2 < Mp,π− < 1124 MeV/
2 were a

epted for thefurther analysis. Fig. 5.8 shows the 
ut on the invariant mass of p and π−, and the mass of
K+ 
andidates before and after this 
ut. After the invariant mass 
ut, a 
lear signal of K+with very few ba
kground is visible in the mass spe
trum.
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Figure 5.8: Left: Mp,π− after all tra
k sele
tions. The 
ut on the Λ mass are shown by the dashedverti
al lines. Right: K+ mass spe
trum before (bla
k) and after (blue) the 
ut on the Λ mass hasbeen applied.
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CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCETo improve the purity of the sele
ted K+, a 
ut on the kaon mass was applied. K+ 
andidateswith a mass 250 MeV/
2 < mK+ < 780 MeV/
2 were sele
ted for the further analysis. Fig5.9 shows the 
ut on the kaon mass. On the left side in a beta vs. momentum representation,and on the right side in the mass spe
trum of the kaon 
andidates. A very 
lear signal of K+
an be seen in both representations. The mass 
ut is indi
ated by the two red lines in thehistograms. The amount of K+ 
andidates that have been assigned a mass equal to zero isabout 9%. These are events with an unsu

essful time-of-�ight re
onstru
tion.

Figure 5.9: Left: β vs. momentum distribution for K+ 
andidates with the kaon mass 
ut (red lines)and the nominal masses of p, K+ and π+ (bla
k lines). Right: K+ mass distribution with the mass
ut (horizontal lines).The last 
ut on the data is a 
ut on the missing mass of all four 
harged parti
les. Fig.5.10 shows ∆Mp,K+,p,π− for experiment and simulation. The major part of the ba
kgroundis formed by the 
hannels whi
h 
orrespond to a π0 missing mass. Fig. 5.10 shows that themissing mass of Λ(1405) events is mu
h broader and shifted to higher missing masses. Themass resolution of the HADES spe
trometer however, does not allow to 
ut away all Σ(1385)0events without a 
ru
ial loss of Λ(1405) .The same analysis was performed by the ANKE 
ollaboration in a p+p at 2.8 GeV rea
tion[47℄. This data do not show any signi�
ant 
ontribution from Σ(1385)0 if the values of
∆Mp,K+,p,π− above 190 MeV/
2 are sele
ted. This is due to the better π0 resolution a
hievedwith ANKE.To reje
t the total Σ(1385)0 
ontribution in our data, one would need to reje
t events with
∆Mp,K+,p,π− < 300 MeV/
2. This however would 
ut away 99% of the Λ(1405) events, and istherefore not an option for a su

essful analysis. Another option is to subtra
t the Σ(1385)0
ontribution from the Λ(1405) spe
trum. The determination of the Σ(1385)0 
ross se
tionand its line shape has to be done for this pro
edure.The e�e
t of di�erent 
uts on ∆Mp,K+,p,π− on the signal to ba
kground ratio is shown in Fig.5.11, where the ratio for Λ(1405) events to all other rea
tions and for Λ(1405) / Σ(1385)0 afterdi�erent ∆Mp,K+,p,π− 
uts are displayed. One 
an see that the higher the 
ut on ∆Mp,K+,p,π−the higher the signal to ba
kground ratio. This however goes hand in hand with a loss ofsignal. Hen
e two 
uts on the missing mass were tested. One, whi
h guarantees to takeas mu
h Λ(1405) signal as possible, without a dominating 
ontribution from the Σ(1385)0resonan
e and another one, with a good signal to ba
kground ratio. The �rst one is a 
ut on50



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCE

Figure 5.10: Left: ∆Mp,K+,p,π− for measured data. Right: simulations, with the 
ontribution ofdi�erent rea
tions. The horizontal dashed line show two possible 
ut values that are dis
ussed in thetext. The 
olor 
ode refers to the equations 5.1-5.8.

Figure 5.11: Signal to ba
kground ratio for di�erent missing mass (∆Mp,K+,p,π−) 
uts. The bla
kdots display the ratio of Λ(1405) signal to all other rea
tions. The green dots display the Λ(1405)signal to Σ(1385)0 signal. For the analysis a missing mass 
ut 
orresponding to the blue band was
hosen.
∆Mp,K+,p,π− > 170 MeV/
2 and the se
ond was 
hosen to be ∆Mp,K+,p,π− > 195 MeV/
2taking Fig. 5.11 as a referen
e. With these two di�erent ∆Mp,K+,p,π− 
uts the �nal Λ(1405)spe
tra 
an be obtained. Fig. 5.12 and 5.13 show the line shape after the ∆M(p,K+,p,π−) 
utfor the measured data on the left side and for simulation on the right side.One 
an 
ompare at this stage of the analysis simulations and experimental data to ea
h other.This was done by s
aling the simulations to the experimental lineshape in the region of 1360MeV/
2 - 1440 MeV/
2. A very �rst and rough pro
edure of subtra
ting the ba
kground 
anbe performed by s
aling the ba
kground of all other 
hannels by the same fa
tor of the totalyield in simulations and subtra
ting this 
ontribution from the measured lineshape. This isshown in Fig. 5.14 and 5.15 for the two di�erent 
uts on ∆Mp,K+,p,π−.One 
an see in this very preliminary attempt of ba
kground subtra
tion, that the simulated
Λ(1405) lineshape is signi�
antly narrower than the measured one. This 
an already be ahint for the non Breit-Wiegner shape of the Λ(1405) as this was not implemented in thesimulation. To perform a 
onvin
ing ba
kground subtra
tion more statisti
 in simulation is51
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Figure 5.12: Left: Λ(1405) line shape for measured data. Right simulation with the 
ontribution ofdi�erent rea
tions. The lineshape was drawn for a 
ut of ∆Mp,K+,p,π− > 170 MeV/
2.

Figure 5.13: Left: Λ(1405) line shape for measured data. Right: simulation with the 
ontribution ofdi�erent rea
tions. The lineshape was drawn for a 
ut of ∆Mp,K+,p,π− > 195 MeV/
2
needed. Moreover, one should try to subtra
t the phase spa
e 
ontribution to the ba
kgroundseparated from the Σ(1385)0 resonan
e 
ontribution. Another yield of ba
kground 
omesfrom inelasti
 events. This is a 
ontribution of misidenti�ed kaons. The statisti
 of 100 Mioinelasti
 events yield a 
ontribution of 12 events in the missing mass region of the Λ(1405) afterall analysis 
uts. As the 
ross se
tion of inelasti
 events is about two orders of magnitudeshigher than for events with strangeness, this 
ould yield to a signi�
ant 
ontribution to theba
kground. 12 events are however too poor in statisti
 for any quantitative statements.Additionally to that, e�
ien
y and a

eptan
e 
orre
tions must be 
arried out.52
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Figure 5.14: Left: Λ(1405) line shape for measured data with the overlaid simulation in red, theba
kground is shown by the gray distribution. Right: Same distributions after subtra
tion of theba
kground with simulated Λ(1405) events in blue. For ∆Mp,K+,p,π− > 170 MeV/
2. A Λ(1405)signal with 134 entries is visible

Figure 5.15: Left: Λ(1405) line shape for measured data with the overlaid simulation in red, theba
kground is shown by the gray distribution. Right: Same distributions after subtra
tion of theba
kground with simulated Λ(1405) events in blue. For ∆Mp,K+,p,π− > 195 MeV/
2. A Λ(1405)signal with 148 entries is visible
53



CHAPTER 5. ANALYSIS OF THE Λ(1405) RESONANCE5.3 Analysis of the Σ(1385)0 resonan
eFor the analysis of the Σ(1385)0 resonan
e the same steps as for the Λ(1405) analysis will beperformed ex
ept for the 
ut on the missing mass of all 
harged parti
les. In events 
ontaininga Σ(1385)0 the ∆M(p,K+,p,π−) is around the measured π◦ mass. Fig. 5.16 shows the 
ut on themissing mass of all 
harged parti
les to sele
t events 
ontaining a Σ(1385)0 . It was requiredthat 89 MeV/
2 < ∆M(p,K+,p,π−) < 180 MeV/
2 to a

ept events for the analysis.

Figure 5.16: Left: ∆Mp,K+,p,π− for measured data. Right: simulations with the 
ontribution ofdi�erent rea
tions. With the 
ut on ∆Mp,K+,p,π− indi
ated by the red verti
al lines.After the missing mass 
ut a spe
trum of the Σ(1385)0 resonan
e 
an be obtained. Thisis shown in Fig. 5.17 for simulations and experiment. The ba
kground subtra
tion 
anbe preformed by s
aling the ba
kground to the left or right tail of the experimental data.An attempt to s
ale the ba
kground to the right tail of the Σ(1385)0 yield failed as theba
kground 
ontribution was overestimated. One 
an also s
ale the total yield of simulationsto the measured data and subtra
t the ba
kground. In this 
ase one has to know pre
iselythe relative 
ross se
tion of ba
kground and signal. In a �rst attempt the simulations weres
aled to the measured data between 1340 MeV/
2 and 1410 MeV/
2. The ba
kground wass
aled with the same fa
tor separately and subtra
ted. This is shown in Fig. 5.18 .One 
an see that unlike in the Λ(1405) 
ase, the shape of the Σ(1385)0 in measured data
an be reprodu
ed in simulations. The ba
kground in measured data is not des
ribed suf-�
iently by simulation. The 
ross se
tion used as input for the simulation thus need to bere
he
ked. Hen
e, the Σ(1385)0 measurement 
an be 
onsidered as a ben
hmark in the 
om-parison between the simulations and the experimental data. However, in order to extra
tmore quantitative information, a more 
areful s
aling of the ba
kground must be applied. Onthe other hand, the Σ(1385)0 signature 
ould be isolated applying a kinemati
 re�t to eventslike:
p + p

3.5GeV−−−−→ Σ(1385)0 + K+ + p (5.9)
Λ + π054
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Figure 5.17: Left: The Σ(1385)0 line shape for measured data. Right: Simulation with the 
ontri-bution of di�erent rea
tions.

Figure 5.18: Left: The Σ(1385)0 line shape for measured data with the overlaid simulation in red.Right: After subtra
tion of the ba
kground with simulated Σ(1385)0 events in blue.taking the missing mass of π0 as a 
onstraint of the �t. The line shape of the Σ(1385)0resonan
e 
an then be investigated using the Λ -π0 invariant mass.
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6 Con
lusion and Outlook6.1 Con
lusionAs pointed out in the motivation a need for new data, showing the Λ(1405) line shape ispersistent. The feasibility of the Λ(1405) re
onstru
tion in a p+p at 3.5 GeV rea
tion withthe HADES spe
trometer was shown. The dete
tor a

eptan
e of the HADES spe
trometerlimits the expe
ted yield substantially. Nevertheless, a Λ(1405) signal with a yield of ∼148 entries 
ould be extra
ted. The line shape shows already di�eren
es to the line shapein the simulations, whi
h is an indi
ation for the non Breit-Wiegner shape of the Λ(1405)resonan
e. The ba
kground subtra
tion however, needs to be investigated in detail for a �nalstatement. The statisti
s in the Σ0π0
hannel 
ould not be improved, as 
ompared to theANKE [47℄ analysis, due to a worse missing mass resolution in the HADES spe
trometer.Thus the Λ(1405) 
ould not be separated ex
lusively from the Σ(1385)0 without a 
ru
ialloss of statisti
. The 
ontribution of Σ(1385)0 signal in the Λ(1405) line shape needs tobe studied with more simulation for a well ba
kground subtra
tion. An ex
lusive signal of
Σ(1385)0 
ould be re
onstru
ted in the measured data with a yield of ∼ 240 entries. Forthe Σ(1385)0 resonan
e the extra
ted line shape is in well agreement with the simulation.The re
onstru
tion of the Λ(1405) in the 
harged de
ay 
hannels are under investigationto 
ompare the extra
ted line shape to the line shape in the Σ0π0
hannel. Moreover thesu

essful re
onstru
tion of the Λ(1405) 
ould be a hint for a feasibility analysis regardingKaoni
 Clusters.6.2 Employment of the Forward Wall in the Λ(1405) analysisThe a

eptan
e studies in 
hapter 3 have already shown that the analysis is hampered bystatisti
s. This is mainly due to the polar angle distribution of the protons. Most of them �ybelow the lower a

eptan
e of the HADES spe
trometer θ = 15◦, see Fig. 3.4. The ForwardWall (see se
t. 2.1.7) provides the possibility to in
rease the geometri
al a

eptan
e of theHADES spe
trometer for polar angles 0.33◦ < θ < 7◦. As this hodos
ope was integrated forthe �rst time in HADES during the p+p run, the time signal measured of the FW has neverbeen used for a detailed analysis. The fa
t that the FW o�ers no possibility for parti
le iden-ti�
ation 
reates a 
hallenge for the analysis. A time-of-�ight signal with a worse resolutionthan the HADES spe
trometer is the only valuable information from this dete
tor. Therefore,an analysis with the FW data in
luded is just possible, if one makes an event hypothesis. Onehas to study therefore, the parti
le multipli
ity in the FW under the 
onstraint of a spe
ialevent type in the HADES spe
trometer. In the 
ase of the Λ(1405) analysis it is expedientto assume that one proton of the four 
harged parti
les will hit the FW and the other threeparti
les have been dete
ted in the HADES spe
trometer. Investigations of the parti
le mul-tipli
ity under the 
onstraint of three 
harged parti
les dete
ted in HADES, with the right56



CHAPTER 6. CONCLUSION AND OUTLOOKPid (depending on the de
ay 
hannel), have shown that in 89% of the events a proton wasdete
ted in the FW. This indi
ates that the event hypothesis will not yield huge ba
kgrounddue to false Pid assumptions. But, even if one 
ould analyze the FW data with an event hy-pothesis, the time resolution would imply a bad momentum resolution of the dete
ted protonand thus yield a very broad Λ(1405) signal in the analysis. One 
ould therefore not add thetwo line shapes from the two analysis.With the option to re�t the parti
le momenta in the event, it is possible to restore the orig-inal Λ(1405) signal [7℄. It has been shown [41℄, that the kinemati
 re�t 
an restore smearedresonan
e shapes without 
reating arti�
ial peaks in the ba
kground data see Fig. 6.1.

Figure 6.1: Right: Line shape of the Λ(1405) before and after re�tting events with all parti
lesmeasured by HADES. Right: Line shape of the Λ(1405) before and after re�tting events where oneproton has been measured in the FW.This result indi
ates, that it 
ould be possible to add the two data sets, after re�tting the
Λ(1405) events with a proton measured in the FW. The de
ay 
hannel 4 however, is notre�table with a physi
al 
onstraint on the missing mass, as in this rea
tion more than oneneutral parti
le is 
reated see eq.(6.1).

p + p
3.5GeV−−−−→ Λ(1405) + K+ + p (6.1)

Σ0 + π0

Λ + γ

p + π−There is the possibility however, to set a 
onstraint on the invariant mass of the se
ondaryproton and the π− , M(p,π−) = M(Λ(1116)). Implying that, only events with the se
ondaryproton dete
ted by the FW 
an be used. To what extent this invariant mass re�t 
an improvethe line shape remains to be investigated. 57



CHAPTER 6. CONCLUSION AND OUTLOOK

Figure 6.2: The a
tive se
tors of the FW are displayed in dark blue, green and red, and the missingse
tors in p+p at 3.5 GeV in light blue.6.2.1 Estimation of the Λ(1405) yield in HADES+FW 
ombined data89% of the FW 
hannels were a
tive, as shown in Fig. 6.2. An event was a

epted by theanalysis, when one proton was dete
ted in the FW and the other three 
harged parti
les ofthe Λ(1405) event by the HADES spe
trometer. In the de
ay 
hannel 4 ,it was required thatonly the se
ondary proton 
aused a hit in the FW. The results of this a

eptan
e study aresummarized in table 6.1.De
ay 
hannel 1 2 3 4A

eptan
e of primary parti
les (p,K+) 4% 5.2% 4% 1.3%A

eptan
e of all four 
harged parti
les 0.7% 1.22% 0.88% 0.5%Table 6.1: Geometri
al a

eptan
e of the four Λ(1405) de
ay 
hannels, obtained requiring one protonin the Forward Wall.Comparing these results with the ones summarized in table 3.4 one 
an see that the a

eptan
efor the de
ay 
hannel 2 in
reased signi�
antly. So, either the primary or the se
ondary proton
ould be dete
ted by the FW, whi
h enhan
es the 
han
es of the event to be a

epted. Forthe other 
hannels 
ontaining just one proton the a

eptan
e is 
omparable. Channel 4 hasa redu
ed a

eptan
e as one just requires the p of the Λ(1116) in the FW a

eptan
e. One
an, like in se
tion 3.2, study the in�uen
e of the M3 trigger on the data. Table 6.2 shows theratio of geometri
al and M3 trigger a

epted events to the amount of trigger a

epted events,see eq. 6.2
Pacc =

NM3+geom. acc

NM3 acc
(6.2)To 
al
ulate the amount of events that were a

epted by the trigger, as well as by the ge-58



CHAPTER 6. CONCLUSION AND OUTLOOKDe
ay 
hannel 1 2 3 4A

eptan
e of primary parti
les (p,K+) 3.4% 5.2% 3.5% 1.3%A

eptan
e of all four 
harged parti
les 1.1% 1.8% 1.2% 0.48%Table 6.2: Pacc of Λ(1405) events with one proton dete
ted in the Forward Wall and the other three
harged parti
le dete
ted by the HADES spe
trometer. For all four de
ay 
hannels.ometri
al a

eptan
e one 
an multiply the ratio Pacc with M3 the ratio of trigger a

eptedevents, see eq. 6.3. This is the ratio of M3 trigger and geometry a

epted events to the totalnumber of events.
Ptotal acc = Pacc · M3 =

NM3+geom. acc

Nall

(6.3)This leads to the numbers displayed in Table 6.3.De
ay 
hannel 1 2 3 4A

eptan
e of primary parti
les (p,K+) 2.1% 3.4% 2.3% 0.66%A

eptan
e of all four 
harged parti
les 0.7% 1.2% 0.8% 0.24%Table 6.3: Ptotal acc of Λ(1405) events with one proton dete
ted in the Forward Wall and the otherthree 
harged parti
le dete
ted by the HADES spe
trometer. For all four de
ay 
hannels.The a

eptan
es studies of events, where all four 
harged parti
les were dete
ted in theHADES spe
trometer, have not shown an important in�uen
e of the M3 trigger to the amountof a

epted events, see se
. 3.2. This 
hanges however, when one investigates events whereon parti
le was dete
ted in the FW and just three parti
les in the HADES spe
trometer.Hereby, all parti
les need to 
reate a signi�
ant signal in the META dete
tor, otherwise theevent will be reje
ted by the M3 trigger. Therefore, one sees by 
omparing table 6.1 (geomet-ri
al a

eptan
e) to table 6.3 (geometri
al+M3 Trigger a

eptan
e), that the total a

eptan
eis de
reasing not only by the limited geometry but also by the trigger a

eptan
e. The ex-pe
ted yield of re
onstru
ted Λ(1405) events, where one proton of the rea
tion was dete
tedin the FW, has been estimated a

ording to the total statisti
s 
olle
ted for the real p+p datausing eq. 3.28. The results are shown in table 6.4.If it turns out, that one 
an add the two line shapes of the two di�erent analyses with helpof the kinemati
 re�t, one 
an summ up the expe
ted yield, what is shown in table 6.5.Channel 1 2 3 4LVL 1 Trigger a

epted events 63.0 % 65.6 % 66.4 % 51.0%BR 33.3% 17.19% 16.11% 33.3 %A

eptan
e 1.1% 1.8% 1.2% 0.48%
N

′

Λ(1405) 1930 1630 1020 850Table 6.4: Number of re
onstru
tible Λ(1405) in the four de
ay 
hannels if one proton was dete
tedin the FW. 59



CHAPTER 6. CONCLUSION AND OUTLOOKChannel 1 2 3 4
N

′

Λ(1405) 4570 2100 2550 1290Table 6.5: The total yield of Λ(1405) events, if one 
an add the line shapes of the two di�erent eventtypes des
ribed in the text.6.2.2 Momentum resolution of the Forward WallThe momentum resolution of the FW is worse than the momentum resolution of the HADEStra
king system, due to the worse time resolution. Unlike the momentum determination bythe bending of a tra
k in the magneti
 �eld, one determines the momentum in the forwardwall with the time-of-�ight. The magneti
 �eld of the HADES spe
trometer does not rea
hpolar angles below 7◦. Parti
les that are dete
ted by the Forward Wall have therefore straighttra
ks. The momentum 
an be determined as follows.
p = m

s
t

√

1 − ( s
tc

)2
(6.4)

p = m
1

√

( t
s
)2 − 1

c2

(6.5)With m the mass of the dete
ted parti
le, s the distan
e of the FW to the target, and tthe measured time-of-�ight. The momentum resolution of the FW is dependents on the timeresolution. It 
an be therefore determined by error propagation. This is des
ribed by equation6.6.
∆p = |∂p

∂t
| ∆t (6.6)

∆p =m | −1
(√

( t
s
)2 − 1

c2

)3

t

s2
| ∆t (6.7)

∆p

p
=

1
(

( t
s
)2 − 1

c2

)
t

s2
∆t (6.8)With the following quantities

c = 3 · 109 m

s
(6.9)

s = 7m (6.10)
∆t = 700 ps (6.11)
mp = 938

MeV

c2
(6.12)The time-of-�ight t depends on the momentum of the parti
le. The average momentum ofprotons from p+p rea
tions at 3.5 GeV in the FW is 1.77 GeV

c
. With this momentum anaverage time of �ight 
an be 
al
ulated see eq. 6.1360
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t =

√
(

m

p

)2

+
1

c2
· s = 26.7ns (6.13)This leads to a momentum resolution of ∼ 11%, whi
h 
an be re
he
ked in real data.6.3 Strangeness with pion beamsIt is planned to run HADES with a pion beam. In this experiment a π− beam with a kineti
energy of 1.62 MeV/c2 will hit a liquid hydrogen target (LH2). As a preparation of theexperiment, one should 
al
ulate how many days of beam one would need, to dete
t a 
ertainamount of spe
ial events. For this reason PLUTO simulations of the two rea
tions mentionedin eq. 6.14 were prepared and investigated under the aspe
t of a

eptan
e in the HADESspe
trometer.

π− + p
1.62GeV−−−−−→Λ(1405) + K◦ (6.14)

π− + p
1.62GeV−−−−−→φ + nThe HADES spe
trometer is now undergoing several upgrades. The TOFINO dete
tors willbe repla
ed by Resistive Plate Chambers (RPC) and the data a
quisition DAQ is upgradedfor a higher data taking rate. Moreover, it is planned to in
lude a 
alorimeter in the HADESspe
trometer for the dete
tion of γ's. This would open new possibilities to analyze Λ(1405)events. One 
ould for example suppress ba
kground by in
luding the γ's from π0 de
ays inthe analysis. Additionally, a �fth de
ay 
hannel is dete
table. See table 6.6.Number De
ay 
hannel1 Λ(1405) → Σ−π+ → (nπ−)π+2 Λ(1405) → Σ+π− → (pπ0)π−3 Λ(1405) → Σ+π− → (nπ+)π+4 Λ(1405) → Σ◦π◦ → (Λ + γ)π0 → (p + π−)π0γ5 Λ(1405) → Σ0π0 → (Λ + γ)π0 → (n + π0)π0γTable 6.6: The naming of the de
ay 
hannels by numbers.6.3.1 The a

eptan
e of π− beam indu
ed Λ(1405) eventsFor all the �ve 
hannels a

eptan
e studies were prepared. Hereby, just PLUTO simulationswere investigated, as there is no implementation of the 
alorimeter in the HGeant softwareyet. The results are summarized in table 6.7 and 6.9. Hereby, all parti
les were dete
ted fora missing mass analysis, like it was done in p+p at 3.5 GeV. The a

eptan
e is 
ompared tothe a

eptan
e whi
h was 
al
ulated for p+p.One 
an see, that the a

eptan
e in the pion beam 
ase is mu
h higher than in the p+prea
tion. This 
an be explained by the lower beam energy, whi
h results in a lower boost61



CHAPTER 6. CONCLUSION AND OUTLOOKDe
ay 
hannel 1 2 3 4 5A

. of prim. parti
les (p,K+) in pp 14.7 % 14.9 % 14.8 % 14.8% -A

. of "prim." parti
les (K◦ → π+π−) in π−p 52.3 % 52 % 52.2 % 52,1% 52.1 %Table 6.7: A

eptan
e of the primary parti
les of the four Λ(1405) de
ay 
hannels in the HADESspe
trometer.De
ay 
hannel 1 2 3 4 5A

. of the four 
harged parti
les in pp 6.1 % 0.5 % 6.3 % 0.2% -A

. of the four 
harged parti
les in π−p 30.9 % 18.2 % 31 % 14.7 % 7.2 %Table 6.8: A

eptan
e of all 
harged parti
les of the four Λ(1405) de
ay 
hannels in the HADESspe
trometer.in forward dire
tion of the three parti
les. Also, primary parti
le needing to be dete
ted isa K0. This however, 
an be dete
ted by its de
ay into π+ and π− . In that sense thereare no real primary parti
les in the event whi
h 
ould be dete
ted. This is a di�erent eventstru
ture as in the p beam 
ase, whi
h results in di�erent a

eptan
e rates. With the helpof the 
alorimeter it is possible to do an invariant mass analysis of the Λ(1405). Therefore,all de
ay parti
les of the Λ(1405) need to be dete
ted. Table 6.9 shows the a

eptan
e if allde
ay parti
les are in the a

eptan
e of the HADES spe
trometer. Additionally, the 
ase wasinvestigated where also the de
ay produ
ts of the K0 
ould be dete
ted, whi
h 
ould redu
ethe ba
kground in a later analysis. This invariant mass analysis is feasible for 
hannel 2 and4. In 
hannel 1, 3 and 5 a neutron appears in the de
ay 
hain, whi
h 
an not be dete
tedwith the 
alorimeter.De
ay 
hannel 1 2 3 4 5A

. of the Λ(1405) de
ay parti
les - % 14.4 % - % 7.9% -A

. of the Λ(1405) + K◦ de
ay parti
les - % 8.3 % - % 4.2 % - %Table 6.9: A

eptan
e of the de
ay parti
les of the Λ(1405) for an invariant mass analysis.6.3.2 Cal
ulation of beam days for a signi�
ant φ and Λ(1405) yieldThe amount of spe
ial events X that one wants to have in the total statisti
 is dependentfrom the measured events Emeasured. This is shown in eq. 6.15
EX = Emeasured ·

σX

σtot

· acc. · BR · PIDeff (6.15)With EX the amount of measured rea
tions of the type X, σX the 
ross se
tion for the rea
tionX, σtot the total 
ross se
tion of the π− +p rea
tion, a

 the geometri
al a

eptan
e of eventX in the HADES spe
trometer, BR the bran
hing ratio of event X into the dete
table de
ay
hannel and PIDeff , the e�
ien
y with whi
h the parti
les of event X 
an be identi�ed.62



CHAPTER 6. CONCLUSION AND OUTLOOKWithin the a

eptan
e, the trigger a

eptan
e should be in
luded. This would also havea modi�ed total 
ross se
tion as 
onsequen
e, as shown in se
tion 3.3. But, be
ause of theupgrades of the HADES system and the 
alorimeter, it is not known how the trigger 
onditionsin π− +p would look like. Therefore, this is not in
luded in the 
al
ulation. The days of beamtime that are required to dete
t a spe
ial amount of events of type X 
an be 
al
ulated asfollows:
Days of Beam time =

Emeasured

Emeasured/day
=

Emeasured

I · D · (1 − deadtime) · spill
day

· π−

spill

(6.16)With I the intera
tion probability of the pion beam with the target see eq. 6.17, D the dutyfa
tor of the spill.The intera
tion probability with the target I, 
an be 
al
ulated by eq. 6.17.
I = σtot · L · NA · ρZ

Mmol

(6.17)With L the length of the target, NA the Avogadro 
onstant, ρ the density of the targetmaterial, Z the atomi
 number of the target material and Mmol the molar mass of the targetmaterial. The values are summarized in table 6.10 and 6.11.Parameter ValueD 50 %deadtime 10 %
π−

spill
106

spill
day

8640I (for LH2 as target) 0.72 %I (for Pb as target) 46 %a

 for Λ(1405) → Σ◦π◦ 5 %BR for Λ(1405) → Σ◦π◦ 20 %
PIDeff for Λ(1405) → Σ◦π◦ 50 %a

 for φ → K+K− 20 %BR for φ → K+K− 50 %

PIDeff for φ → K+K− 40 %Table 6.10: Values for the parameters used to 
al
ulate the amount of beam days needed for a 
ertainamount of events X.The events of interest X are in this 
ase the two events mentioned in eq. 6.14. If one wantedto dete
t 5000 Λ(1405) in its de
ay into Σ◦π◦, 25 days of beam time by a rea
tion with a LH2target and 0.4 days by a rea
tion with a Bb target, would be needed.If one wanted to dete
t 1000 φ in its de
ay into K+K−, 2 days of beam time by a rea
tionwith a LH2 target and 0.02 days by a rea
tion with a Bb target, would be needed.
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Cross sertion in π− +p Cross sertion in p+p
π− +p σtot 34 mb p +p σtot 42 mb
π− +p→ φ + n 0.024 mb p +p→ φ + p + p 0.002 mb
π− +p→Λ(1405) +K◦ 0.051 mb p +p→Λ(1405) +K+ + p 0.010 mbTable 6.11: Comparism of the 
ross se
tions for the rea
tions in π− +p and p+p
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CHAPTER 6. CONCLUSION AND OUTLOOKA
ronym MeaningGSI Gesells
haft für S
hwerionenfors
hungHADES High A

eptan
e Diele
tron Spe
trometerMDC Mini Drift ChambersPid Parti
le Identi�
ationTOF Time Of FlightLVL1 Level One TriggerMETS Multipli
ity and Ele
tron Trigger ArrayDST Data Summary TapeRICH Ring Imaging Cheren
ov Dete
torRPC Resistive Plate Chamber
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h do
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