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1 Motivation

The �(1405) is a J P
=1/2

�
resonance, with a mass of 1406.5 Me V/ c2

and a width of 50

Me V/ c2
. It w as �rst observ ed b y the ALSTON 61B exp erimen t in a K � p ! � ��� reaction

[46]. Indeed the structure of this resonance, lying ab out 30 Me V b elo w the

�K N threshold can

not b e describ ed b y c hiral p erturbation mo dels. First studies on

�K N scattering and reaction

amplitudes w ere carried out b y Daliz [13]. This analysis of the scattering data [15] is relev an t

for the �(1405) , since the resonance emerges from the in teraction of the

�K N and � � systems.

The �(1405) can b e observ ed directly only in the � � deca y c hannel, in whic h it w as recon-

structed already with su�cien t statistic, to allo w a �rst analysis of the sp ectral shap e in � �

+p and K �
+p reactions [42 ] [20 ]. Fig. 1.1 sho ws the data published in [20 ] displa y ed together

with results of calculations from di�eren t theoretical mo dels. One can see, that the qualit y

of the sp ectrum lea v es ro om for div erse in terpretations. Due to the lac k of high statistic and

qualit y exp erimen tal data, the theoretical e�orts in this sector ha v e sta y ed at the same stage

till the end of the 90s.

Figur e 1.1: �(1405) shap e in � � , c alculate d in chir al mo dels, and c omp ar e d to the data in .

With the adv en t of 
 induced reactions [5] further theoretical e�orts ha v e b een carried out,

to describing the �(1405) structure as dynamically generated for the

�K N in teraction with

the � � c hannel. These theoretical descriptions w ere done in the framew ork of the unitary
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CHAPTER 1. MOTIV A TION

extension of a c hiral p erturbation theory [34] [33]. In this prediction the existence of t w o

p oles, whic h com bine to the �(1405) w as explicitly put forw ard.

F urther calculation using a c hiral coupled c hannel theory [29 ], studied the �(1405) pro duc-

tion in 
 induced reactions and predicted di�eren t line shap es, dep ending on its deca y c hannel

(� � )0
. Unfortunately , the qualit y of the 
 induced data is not su�cien t to dra w an y quan ti-

tativ e conclusion.

A no v el in terest in studying the �(1405) resonance w as outed in connection with the pre-

diction of deeply b ound k aonic state starting from 2002 [44]. Indeed, assuming that the K �

p p ole is dominan t in the formation of the �(1405) , the pro duction of a b ound state, lik e

ppK �
, could pro ceed through the �(1405) do orw a y . This phenomenological approac h [45 ]

w as criticized b y further w orks on this sub ject [24 ], whic h com bine c hiral dynamics and a

unitarit y coupled c hannel theory , �nding t w o p oles, rather than one for the �(1405) . This

theory aims the description of a �nal � � sp ectrum, measured in K �
induced reactions, where

the con tribution of the t w o p oles sum up to the total line shap e.

Other calculations [30 ],[23] predict that the con tribution of the t w o p oles of the total �(1405)
line shap e dep ends on the reaction mec hanism. In this particular case, one exp ects a di�erence

in the �nal � � line shap e b et w een K � p and � � p reactions. Fig. 1.2 sho ws the exp erimen tal

sp ectra from the t w o reactions together with the results from the a v ailable calculations.

Figur e 1.2: Two exp erimental shap es of �(1405) r esonanc e c omp ar e d to the c alculate d p oles.

This study motiv ates further exp erimen ts with K �
and � �

b eams, to enhance the a v ailable

statistics, see section 6.3. F urther information ab out the �(1405) can b e extracted, com bining

the old scattering data [25 ],[16 ],[22] with more recen t �ndings ab out k aonic atoms [11 ]. Indeed,

measuring the energy shift and the width mo di�cation of the X-ra y sp ectrum emitted b y these

atoms, one can extract the K �
p scattering length parameter aK � p according to the Deser-

T rueman form ular in eq. 1.1 [14].
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CHAPTER 1. MOTIV A TION

� E �
i
2

� = 2 � 3� 2
caK � p (1.1)

With � E the measured energy shift, � the width mo di�cation, � the �ne-structure constan t,

aK � p the K �
p scattering length and � c , a parameter whic h denotes the reduced mass of the

K �
p system.

The obtained aK � p can b e used as an input to theory . Though, it w as sho wn in [10 ], that the-

oretical calculations based on c hiral SU(3) e�ectiv e theory can not repro duce sim ultaneously

the k aonic atom and the scattering data. Fig 1.3 sho ws this �nding, displa ying the scattering

data together with the theoretical calculations including (excluding) the constrain t on aK � p
deliv ered b y DEAR. One can see, that the net e�ect is a p osition shift of the maxim um of the

imaginary K �
p p oten tial, that in�uences the �(1405) structure.

Figur e 1.3: Calculate d cr oss se ctions for K �
+p ! � � multiplie d by 4 qK � p

cm
p

s and c ontinue d b elow

the

�K N thr eshold (vertic al line), for thr e e chir al c ouple d-channel �ts to the

�K N low-ener gy data. The

�t shown by the solid (dashe d) lines excludes (includes) the DEAR value for aK � p .

Recen tly , new data reconstruction the �(1405) line shap e ha v e b een made a v ailable. The

ANKE collab oration [47 ] measured �(1405) ! � 0� 0
in a p+p at 2.83 Ge V reaction. The

measured line shap e w as found in agreemen t with previous data and has b een compared to

theory calculations [35 ]. The statistics w ere ho w ev er to o p o or to impro v e the database.

More recen tly data has b een analysed, regarding stopp ed K �
in

4
He, measured b y the KLOE

collab oration [43]. The exp ected statistic should impro v e the a v ailable data in K �
p in terac-

tions so far.

A dditionally the CLAS collab oration [32 ] ( 
 + p) has lately sho wn results from the analysis

of the �(1405) in the three � � deca y c hannels separately and di�erences in the line shap es

w ere observ ed. Quan titativ e statemen ts are exp ected so on. The analysis of the �(1405) with

the HADES sp ectrometer is a �rst b enc hmark test for a p ossible ppK �
analysis. This is im-

p ortan t as the HADES sp ectrometer has nev er b een used for suc h an analysis. The HADES

sp ectrometer is originally designed to reconstruct rare deca ys of ligh t v ector mesons and their

in medium mo di�cations [28 ][38]. Moreo v er w e plan, in con trast to the ANKE collab oration,

to reconstruct the �(1405) in the three � � deca y c hannels for a detailed comparison of the

extracted line shap es.
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2 Exp erimental setup

2.1 The HADES Sp ectrometer

The H igh- A cceptance D i- E lectron Sp ectrometer (HADES ) is an apparatus op erativ e in the

framew ork of the ph ysics program at the hea vy-ion sync hrotron SIS at the GSI Helmholtzzen-

trum für Sc h w erionenforsc h ung in Darmstadt, German y , (see �g. 2.1,2.2).

Figur e 2.1: Exp ande d view of the HADES sp e ctr ometer downstr e am the b e am dir e ction.

HADES is a dilepton sp ectrometer c haracterized b y a 85% azim uthal co v erage and a 15

�
-

85

�
in terv al in p olar angle. Its main comp onen ts are a sup erconducting magnet, Mini drift

c ham b ers (MDC), Time-of-�igh t Detectors (TOF, TOFINO) and a Ring Imaging Cerenk o v

Detector (RICH). It w as designed to study rare deca ys of ligh t v ector mesons and their in

medium mo di�cations [28]. This should yield information ab out the quark-gluon condensate

in hot dense matter, and the partial restoration of c hiral symmetry breaking. Recen tly it w as

sho wn, that it is also p ossible to reconstruct K +
and K �

-mesons with this sp ectrometer [37 ].

This op ened the do or to another part of ph ysics, the in v estigation of strangeness. Moreo v er,

the qualit y of the trac king allo ws the reconstruction of secondary deca y v ertices enable to select

also particles lik e K 0
and � . Thanks to the feasibilit y of suc h measuremen ts, it w as p ossible

to in v estigate the strangeness pro duction at SIS energies com bining sev eral observ ables [1][2 ].

The curren t w ork deals with the topic of strangeness pro duction, as w ell as aiming in particular

at a quan titativ e in v estigation of the �(1405) -resonance.
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CHAPTER 2. EXPERIMENT AL SETUP

Figur e 2.2: Side view of the HADES sp e ctr ometer: The four drift chamb ers (MDCs, dark blue), ar e

lo c ate d in fr ont and b ehind the magnet (Coil). A t the b ack of the sp e ctr ometer is the TOF-dete ctor

lo c ate d, mor e in the midd le the Pr eShower-dete ctor (light blue), on which the TOFINO is mounte d

(r e d). The T ar get is inte gr ate d in the RICH dete ctor.

2.1.1 The Reaction System

The in v estigated reaction is a p+p reaction at 3.5 Ge V kinetic b eam energy . This b eam time

w as in tended as a reference measuremen t for a p+Nb b eam time in Sep. 2008. The Proton

b eam w as extracted in b oth cases out of the SIS (Sc h w erionen Sync hrotron) storage ring [19 ],

whic h holds an energy limit of 4.5 Ge V for protons and 1.9 Ge V/u for hea vy ions. F or the

p+p reaction, in v estigated in this thesis, a liquid-h ydrogen target ( LH 2 ) w as used. The target

runs at a temp erature of 20 K and atmospheric pressure. F or proton b eam exp erimen ts at

SIS energies the in teraction probabilit y with the 5 cm long target is ab out 0.7 %.

2.1.2 The RICH-Detecto r

The innermost part of the sp ectrometer consists out of a Ring Imaging Cherenk o v (RICH)

Detector (see Fig. 2.3) [17]. Its function is to iden tify relativistic e+
and e�

in real time. This

is p ossible since in the SIS (E/A=2A Ge V) energy regime most e+
and e�

ha v e v elo cities � �
1, whereas all hadrons ha v e a � < 0.95. Therefore, just leptons and fast m y ons will create

a Cherenk o v ring b y tra v ersing the radiator gas in the detector. The emitted Cherenk o v

radiation is re�ected bac kw ards b y a spherical mirror. After tra v ersing a CaF2 windo w the

photons hit photosensitiv e CsI catho des of six Multi-Wire-Prop ortional Cham b ers (MWPC).

The optical geometry is designed in that w a y , suc h as the detected Cherenk o v rings sta y at

a constan t diameter o v er the whole read out plane. This enables the online iden ti�cation of

electrons via an image pro cessing unit (IPU). The lepton iden ti�cation in the RICH is part

of the second lev el trigger (L VL2), whic h com bines the information deliv ered b y the RICH

5



CHAPTER 2. EXPERIMENT AL SETUP

Figur e 2.3: A schematic view of the R ing Imaging Cher enkov Dete ctor: A tr aversing ele ctr on cr e ates

in the r adiator gas a Cher enkov c one (blue), which is dete cte d on a r e adout plane after b eing r e�e cte d

on a VUV-mirr or.

detector together with the PreSho w er and TOF signal to select ev en ts with electrons. This

analysis ho w ev er is concen trated on hadrons, so this detector is not used in the analysis.

2.1.3 The Magnet

The magnetic sp ectrometer ILSE (Iron Less Sup erconducting Electromagnet) consists of 6

sup erconducting coils surrounding the b eam axis and creating an inhomogeneous toroidal

magnetic �eld in the full azim uthal angle. The magnet guaran tees a nearly �eld free region

around the target. It can create a magnetic �eld of ab out B � 0.9 T b et w een the coils.

This �eld pro duces a momen tum kic k pk of the c harged particle b et w een 40 and 120 Me V/c

dep ending on the adjusted magnetic �eld strength and the path length of the particle in the

magnetic �eld. The de�ection in the magnetic �eld, mainly in p olar angle, allo ws it to obtain

the momen tum of a c harged particle [3]. If for example a high energetic particle ( p � 1

Ge V/c) en ters the �eld at lo w p olar angles ( � =20

�
), the de�ection angle � � k amoun ts to

5.7

�
, see [3]. The consequence for these p ositiv ely c harged particles is therefore that they will

b end out of the detector acceptance.

2.1.4 The MDC-Detecto rs

The Mini Drift Cham b ers (MDCs) form together with the magnet a system for particle trac k-

ing and momen tum determination. They are arranged in six iden tical sectors around the b eam

axis and com bine in t w o sets, t w o mo dules eac h. One in fron t and one b ehind the magnet.

Eac h of the four mo dules consist of six wire planes. These plains are orien ted in di�eren t

stereo angles to w ards eac h other in order to get a go o d spacial resolution of the hit p osition

of one trac k, see Fig 2.4. The spatial resolution of the MDCs is � 100 � m. The c ham b ers are

�lled with a helium based coun ting gas (He:i-Butane = 60:40). T o guaran tee high gas purit y

the system is running on a re-�o w mo de with ab out 10-20% fresh gas. F or the read out TDC

6



CHAPTER 2. EXPERIMENT AL SETUP

c hips are used [3]. These c hips are able to detect not only the arriv al time of the drifting

electrons but also the Time o v er Threshold (T oT). As a consequence, not only the drift time,

but the energy loss in the c ham b ers can b e measured [37 ]. This is particularly imp ortan t for

the presen ted analysis, as it allo ws an additional metho d of particle iden ti�cation.

Figur e 2.4: L eft: The magnet sp e ctr ometer with two sets of Mini Drift Chamb ers (MDCs) inside.

R ight: the six wir e planes of one MDC mo dule, r epr esenting six ster e o angles.

2.1.5 The Time-of-�ight Detecto rs

The time-of-�igh t detectors are split in t w o areas. A p olar angle from 15�
to 44�

is co v ered

b y the TOFINO detector and from 44�
up to 88�

the TOF detector is placed. These t w o

scin tillators build together with a PreSho w er detector, whic h is placed b ehind the TOFINO,

the Multiplicit y Electron T rigger Arra y (MET A). This arra y is essen tial to trigger on particle

m ultiplicit y , and hence select the cen tralit y of the reaction [12 ]. In elemen tary reactions the

purp ose of this arra y is to enhance inelastic reaction b y triggering on ev en ts with more than

2 hits in the MET A system. Moreo v er, the time-of-�igh t measuremen t of the MET A system

forms one of t w o particle iden tifying metho ds in HADES. The dE/dx information of the time-

of-�igh t detectors is determined b y the heigh t of the signal, whic h is caused b y particles hitting

the detectors. The scin tillators are read out b y photo m ultipliers (PMT). The TOF on b oth

sides and the TOFINO on one side. If the time-of-�igh signal measured b y the MET A system

is consisten t with an electron signal, it is com bined with the other signals of the second lev el

trigger. The prop erties of the t w o time-of-�igh t detectors are summarized b y table 2.1.

2.1.6 The PreSho w er

Due to the small gran ularit y of the TOFINO, the probabilit y of double hits in one paddle in

hea vy ion collisions is quite high. (C+C � 15 %). Unlik e in p+p (0.4 %). T o determine the

hit p osition of a particle trac k, in case of a double hit in one TOFINO paddle, the PreSho w er

is used. The PreSho w er consists of three wire c ham b ers �lled with an isobutane-based gas

mixture. The wire c ham b ers are separated b y Pb con v erter planes. P articles tra v ersing the

7



CHAPTER 2. EXPERIMENT AL SETUP

Detector TOF TOFINO

P olar angle co v erage 15

�
-44

�
44

�
-88

�

Gran ularit y 8 mo dules of 8 ro ds 4 paddles

Ro d width 20-30 mm 10 mm

Time Resolution � 150 ps 420 ps

Spacial Resolution 25 - 27 mm -

T able 2.1: The pr op erties of the two Time-of-�ight dete ctors TOF and TOFINO

PreSho w er detector create sho w ers of secondary particles. The signal of the particle sho w er

is collected at the catho de, whic h is divided in to 942 readout pads. By the signature of the

sho w er signal the trac k can b e iden ti�ed as lepton or hadron. This discrimination is used as

a part of the second lev el trigger in HADES.

2.1.7 The F o rw a rd W all

The forw ard w all is a scin tillator ho doscop e whic h w as placed in the HADES sp ectrometer for

the �rst time during the p+p at 3.5 Ge V run. Its main function w as to detect the sp ectator

proton from the d+p at 1.25 Ge V exp erimen t [26 ], whic h w as taking place righ t after the

p+p at 3.5 Ge V measuremen t. Therefore, the p+p run w as mainly mean t to test the FW

ho doscop e and �nd the righ t settings for the high v oltage etc. The forw ard w all w as placed 7m

do wnstream the target. It is divided in three di�eren t mo dule sizes whic h yield a time-of-�igh t

signal with a resolution of � 700 ps.

2.2 P a rticle Identi�cation

The lepton iden ti�cation, whic h is one of the main issues of HADES, is made via a matc hing

pro cedure of Cerenk o v rings in the RICH with reconstructed trac ks in the MDC drift c ham b ers

and a hit in the MET A detector.

F or the hadron iden ti�cation t w o metho ds are a v ailable, whic h can also b e com bined.

1. Time-of-�igh t and momen tum measuremen t.

The momen tum of a particle can b e expressed as follo ws:

p = m � c �
�

p
(1 � � 2)

(2.1)

with

� =
v
c

(2.2)

The trac king pro cedure enables to reconstruct the path length and p olarit y of the par-

ticle. The momen tum of a particle is determined b y the trac king information from

the drift c ham b ers and the b ending of the particle trac k in the magnetic �eld. With

these t w o indep enden t measuremen ts, the time-of-�igh t and the momen tum, one can

determine the mass of a particle according to eq. 2.1. The particle iden ti�cation (Pid),

8



CHAPTER 2. EXPERIMENT AL SETUP

whic h determines what kind of particle t yp e w as detected, can then b e done b y a cut on

the mass and the extracted p olarit y . This metho d ho w ev er is just feasible with a start

detector. This detector measures the start time t0 of the ev en t. In p+p b eam reactions

no start device w as a v ailable and the time-of-�igh t w as reconstructed via the metho d of

one or more leading particles [ ? ].

2. Measuremen t of the dE/dx in the MDC, TOF and TOFINO detectors.

The particle iden ti�cation via the measuremen t of the energy loss (dE/dx) in a detector

is t ypically made for lo w momen tum particles, since in this case a clear separation

b et w een the signals in the dE/dx o v er momen tum distribution is p ossible. [6][39 ]. The

energy loss follo ws the Bethe-Blo c h equation [9],

dE
dx

=
4�nz 2

mec2� 2 �

 
e2

4�� 0

! 2

�

"

ln

 
2mec2� 2

I � (1 � � 2)

!

� � 2

#

(2.3)

with � = v / c, v the v elo cit y of the particle, E the energy of the particle, x the dis-

tance tra v eled b y the particle, c sp eed of ligh t, z � e the particle c harge, e the c harge of

the electron, me the rest mass of the electron, n the electron densit y of the tra v ersed

material, I the mean excitation p oten tial of the material.

Figur e 2.5: The ener gy loss of the p articles in the MDC dete ctor over momentum in the p+p at 3.5

GeV r e action. A cle ar signal fr om � �
, � +

and pr otons is visible.

The HADES detector readout pro vides the energy loss information in the drift c ham b ers

(MDC) and the time-of-�igh t detectors (TOF,TOFINO). In �g. 2.5 one can see clearly

the separation of protons and pions up to a momen tum of 1000 Me V/c in the MDC

detector. The signal of k aons is not visible as the con tribution of ev en ts with a K +

in the pro duction c hannel is ab out a factor 100 less than other ev en ts. Hence the K +

signal is hidden under the signal of protons and pions. The Pid can b e obtained b y a

t w o dimensional cut around the dE/dx distribution.
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3 Analysis of simulated data

3.1 Simulations generated fo r the �(1405) analysis

As a preparation for the follo wing analysis of the �(1405) , it is advisable to start with the

in v estigation of sim ulated data. This deliv ers imp ortan t information ab out the bac kground

underla ying the main signal and acceptance and reconstruction e�ciencies of the particles

one has to measure. The follo wing section con tains a detailed description of the full scale

sim ulation of p+p reactions at a b eam energy of 3.5 Ge V. All the con tributing c hannels are

generated with the correct cross sections, using the PLUTO ev en t generator (describ ed in

detail in 3.1.2). Eac h ev en t is propagated in a mon tecarlo to ol (HGean t, see 3.1.3), whic h

con tains the detailed detector geometry and em ulates all the particle in teractions with the

detector materials. The generated trac ks ful�ll principles of energy and momen tum conser-

v ation, in teract with the detector material, are b en t in the magnetic �eld and pro duce hits

whic h are translated in analog and digital signals with �nite resolution b y the detector read

out. The out coming digitized data can b e further pro cessed via the full analysis c hain used

also for real data.

The adv an tage of sim ulations is that one kno ws exactly whic h conditions ha v e b een set for the

sim ulation. A systematic study of the di�eren t parameters and cuts used to trac k and iden-

tify particles is p ossible using the sim ulations. In the �nal analysis one can determine exactly

ho w m uc h an individual reaction con tributed to the signal. W e ha v e divided the sim ulated

ev en ts in 4 di�eren t categories, these are listed b elo w. All the pro duction cross-section for the

sim ulated c hannels, w ere tak en from the Landolt Börnstein data collection [8]. The n um b ers

in the brac k ets sho w the amoun t of PLUTO sim ulated ev en ts for this reaction category .

1. Elastic ev en ts (100 mio)

p + p 3:5GeV����! p + p.

2. Inelastic ev en ts (100 mio)

These are 82 pro duction c hannels whic h con tain all sorts of c hannels except those with

a K +
as a primary pro duced particle.

3. Co c ktail ev en ts (100 mio)

These are inelastic ev en ts whic h con tain a K +
, including ev en ts with �(1405) , �(1385) 0

and �(1385) +
in the pro duction c hannel, that are particularly in teresting for our studies.

The c hannels are listed in table 3.1 with the cross sections that w ere used for their

generation.

4. �(1405) ev en ts (5 mio eac h)

These are ev en ts where a �(1405) is pro duced via the reaction:

p+ p 3:5GeV����! �(1405)+ K + + p. F or eac h of the 4 p ossible deca y c hannels of the �(1405)

10
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Pro duction reaction p+p ! cross section in m b

K + + p + � 0.04845

K + + p + �(1405) 0.010

K + + n + � +
0.04196

K + + n + � + � +
0.0239446

K + + p + � �
0.020175

K + + p + � + � �
0.018915

K + + p + � � + � +
0.0113212

K + + p + � + + � �
0.00927646

K + + n + � + + � � + � +
0.00851732

K + + p + n + K �
S 0.00757802

K + + n + �(1385) +
0.008

K + + p + � � + � + + � �
0.00649418

K + + p + � + + � � + � �
0.00526669

K + + p + � � + � + + � �
0.00524109

K + + p + � + � + + � � + � �
0.00503324

K + + p + �(1385) �
0.0034288

K + + n + � + � + + � � + � +
0.00296014

K + + p + � + � + + � �
0.0026386

K + + n + � � + � + + � +
0.00193032

K + + p + p + K �
0.00132

K + + p + p + � � + K �
S 0.00176164

T able 3.1: PLUTO gener ate d pr o duction channels

11
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sho wn in eq. 3.1 the same statistics w as sim ulated. The branc hing ratios of eac h c hannel

are also listed in eq 3.1.

p + p 3:5GeV����! �(1405) + K + + p (3.1)

� � + � +

n + � � 33:3%

� + + � �

p + � 0 17:19%

n + � + 16:11%

� 0 + � 0

� + 


p + � � 21:35%

In order to reconstruct the �(1405) ev en ts, the primary particles p and K +
m ust b e

detected, as w ell as the deca y particles from the �(1405) , whic h are t w o additional

particles in eac h c hannel. The deca ys of the � in to n+ � �
are not listed as the HADES

sp ectrometer can not detect neutral particles. The deca y c hannels are named no w b y

n um b ers in the sequence listed in table 3.2.

Num b er Deca y c hannel

1 �(1405) ! � � � +

2 �(1405) ! � + � � ! (p� � )� �

3 �(1405) ! � + � � ! (n� + )� +

4 �(1405) ! � � � �

T able 3.2: The naming of the de c ay channels by numb ers

3.1.1 Estimation of cross sections

In order to p erform sim ulations, whic h describ e the exp erimen tal data as realistically as

p ossible, the correct cross sections for eac h pro duction c hannel is needed. Under the asp ect

of big v ariet y b oth in pro duction c hannels and b eam energies of already measured data, the

existing data base for the pro duction cross-sections of the di�eren t c hannels, whic h con tribute

to the reaction p+p at 3.5 Ge V, is limited. Therefore, the follo wing pro cedure w as applied to

estimate the cross sections at this b eam energy . F or eac h of the 104 most frequen t reactions,

cross sections at v arious b eam energies w ere collected from the literature [8]. As the used

literature w as last up dated in 1989 some c hannels w ere complemen ted b y latest data from

the Durham HEP Database [21]. The data w as then �tted b y a phase space distribution

according to the follo wing parametrization [40 ]:

� (s) = a �
�

1 �
s0

s

� b

�
�

s0

s

� c

(3.2)
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Figur e 3.1: Phase sp ac e p ar ametrization of pr o duction channels. L eft p+p ! p � � � + � +
, right p+p

! n � ++

With s the cen ter of mass energy of the b eam+target system and s0 the threshold energy of

the reaction. The free parameters of the �t are a,b and c. As the cross sections tak en from

the literature are all listed for the corresp onding b eam energy , the form ula w as transformed

to:

� (Ebeam) = a �
�

1 �
E0 + 2m
E + 2m

� b

�
�

E0

E + 2m

� c

(3.3)

With E the kinetic energy of the b eam particle and E0 the threshold b eam energy for the

pro duction of the c hannel. m is hereb y the mass of the b eam particle whic h is for protons

mP roton =938.3 Me V. This parametrization indeed describ es the data close to threshold v ery

w ell. An example of the �t is sho wn in Fig. 3.1 .

The blac k b o xes are data tak en from the literature and the blue p oin ts are new data from the

HEP data base. F or some c hannels ho w ev er, there ha v e b een v ery few data p oin ts a v ailable

whic h results in uncertain ties in the cross sections used later on in the sim ulations.

3.1.2 Event Generation with PLUTO

The �rst analysis step w as to generate ev en ts with PLUTO. This is a Mon te Carlo sim ula-

tion to ol whic h w as dev elop ed in particular for HADES [18 ]. All sim ulations w ere p erformed

with the v ersion v4.11. This sim ulation to ol w as designed for hadronic in teractions at in ter-

mediate energies. It describ es the primary reaction of the exp erimen t. Therefore, straigh t

trac ks parametrized as Loren tz v ectors coming from the same v ertex, under the assumption

of energy and momen tum conserv ation, are generated. PLUTO pro vides the p ossibilit y to

set the particles used for the b eam and the target, as w ell as the b eam energy in a R OOT

1

macro. A dditionally , it is p ossible to implemen t all kinds of pro duction c hannels, in whic h

the b eam+target system shall deca y with the asso ciated branc hing ratio. F or �rst order ac-

ceptance studies this to ol is su�cien t enough, but in order to get a more realistic picture, a

full scale sim ulation using HGean t and SimDST has to b e done.

1

R OOT is a library dev elop ed b y CERN and designed for particle ph ysics analysis.

13



CHAPTER 3. ANAL YSIS OF SIMULA TED D A T A

3.1.3 Simulation with HGeant

The HADES detector geometry , with all the in teraction materials, as w ell as the magnetic �eld,

has b een implemen ted in the Gean t pac k age [4 ] in detail. As an input the PLUTO generated

ev en ts are used. The particles of these ev en ts are trac k ed through the detector v olumes.

HGean t sim ulates thereb y , the reaction of eac h trac k on its w a y through the sp ectrometer

with the detector, material based on ph ysical pro cesses o ccurring on this w a y . The hits that

w ere caused b y this trac k in the detector are the output information of this sim ulation to ol.

This sim ulation is still to o idealistic since the detector answ er is not sim ulated in Gean t. In

addition, a p ossible misalignmen t lik e in exp erimen tal data is not included.

3.1.4 DST simulation

The last and �nal step of the generation of sim ulated data includes the creation of analog and

digital detector signals, in order to complemen t the sim ulation with noise, ine�ciencies and

the �nite resolution of the detectors. Also, the trigger conditions that w ere set in the analyzed

exp erimen t are sim ulated at this lev el. The �rst lev el trigger (L VL1), emplo y ed during the p+p

at 3.5 Ge V exp erimen t, requires at least three hits in the Multiplicit y and Electron T rigger

Arra y (MET A). Therefore, it is also called M3 trigger. Due to this trigger condition, inelastic

c hannels are enhanced with resp ect to elastic scattering of the protons. The output of the

so called simDST s are ev en ts that lo ok lik e real data, but additionally HGean t informations

are stored. The latter one can b e used for detailed studies lik e acceptance, e�ciencies and

purit y .

3.2 A cceptance Studies

T o determine the geometrical acceptance of the reaction p+p ! �(1405) + p + K +
in the

HADES setup, PLUTO sim ulations w ere analysed. Therefore, all four di�eren t deca y c hannels

of the �(1405) w ere in v estigated separately . T w o t yp es of acceptance w ere distinguished. The

�rst is regarding the acceptance of the primary particles p and K +
and is de�ned b y eq. 3.4.

This should b e the same for all four di�eren t deca y c hannels of the �(1405) . F urther the

acceptance of the complete ev en t, means all four c harged particles in the detector acceptance,

w as determined (eq. 3.5).

accK + p =
NK + p

Nevents
(3.4)

accall =
Nall

Nevents
(3.5)

With NK + p the amoun t of ev en ts, where the primary p and K +
trac ks w ere b oth in the

detector acceptance and Nall the amoun t of ev en ts, where all c harged particle trac ks of a

�(1405) ev en t w ere in the detector acceptance. This means that the p olar angle of the trac k

has to b e b et w een 18� < � track < 85�
. The acceptance v alues of ev en ts whic h ha v e ful�lled

this constrain t are listed in table 3.2.

The deca y c hannels in whic h t w o protons emerge, lik e in the c hannels 2 and 4, ha v e signi�-

can tly lo w er acceptance. If one has a lo ok on the p olar angle distribution of the t w o detected
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Deca y c hannel 1 2 3 4

accK + p 14.7 % 14.9 % 14.8 % 14.8%

accall 6.1 % 0.5 % 6.3 % � 0.2%

T able 3.3: A c c eptanc e of the four �(1405) de c ay channels in the HADES sp e ctr ometer

primary particles this b ecomes ob vious (see �g.3.4). The maxim um of the p olar angle distri-

Figur e 3.2: Polar angle distribution of PLUTO simulate d events c ontaining a p and K +
. In r e d the

ge om. ac c eptanc e of the FW, in gr e en the ge om. ac c eptanc e of HADES

bution of the generated particles is 18.2

�
for k aons and 14.2

�
for protons. This is b elo w the

lo w er edge of the HADES detector acceptance. The b eam momen tum of p Beam = 4.34 Ge V

needs to b e conserv ed. This results in a b o ost in forw ard direction of the particles, whic h is

the reason for the lo w p olar angles under whic h the particles mainly �y in to the sp ectrometer.

The di�erence b et w een the c hannels 2 & 4 to 1 & 3 is, that no second proton app ears in

the reaction but pions. They ha v e ab out a six times lo w er mass than protons, so that they

can reac h higher p olar angles under the principles of conserv ation. The result is a higher

geometrical acceptance in the sp ectrometer for c hannel 1 and 3.

T o study the kinematics of the reaction, the pro duced resonances need to deca y in PLUTO.

Reactions in PLUTO are generated as p oin t sources out of whic h all particle trac ks emerge.

In case of the generated resonances ho w ev er, this has a big in�uence on the prop erties of the

reaction, as their deca y length is b et w een c � � 3 cm for � and c � of � 8 cm for � resonances.

Therefore, the ac hiev ed v alues for the acceptance can only b e used as an appro ximation. A d-

ditionally , sim ulations of the 4th deca y c hannel w ere p erformed in whic h the � 0
resonance not

deca ys in to � + � 0
, as the deca y length of 8 cm is signi�can tly high. Only these sim ulations

are used for the follo wing pro cedure to study the detector acceptance in a full scale sim ulation.

The generated ev en ts ha v e b een pro cessed further through HGean t to calculate the geomet-

rical acceptance under more realistic conditions. The results are summarized in table 3.4.

The acceptance of a trac k w as hereb y de�ned b y 28 hits in the MDC detectors and one

MET A hit that w as pro duced b y a single trac k. This constrain t is su�cien t to guaran tee the

reconstruction of the particle tra jectory . Real trac ks will not pro duce a hit in ev ery of the
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Deca y c hannel 1 2 3 4

accK + p 6.8 % 6.9 % 6.9 % 6.8%

accall 1 % 0.3 % 1.2 % 0.67 %

T able 3.4: A c c eptanc e of the four �(1405) de c ay channels in the HADES sp e ctr ometer with HGe ant

Simulations

28 la y ers of the drift c ham b ers due to ine�ciencies. This ho w ev er, pla ys no role in HGean t

sim ulations. The in�uence of the magnetic �eld, esp ecially in the lo w p olar angle regions

and reactions with the detector material, decreases the geometrical acceptance drastically .

The phase space distribution of the primary particles con�rms this picture of the tendency of

protons and k aons to �y to lo w p olar angles, see Fig. 3.3 - Fig. 3.5.

Besides the geometrical acceptance, the trigger can lead to an additional statistic loss. The

result for all four deca y c hannels is sho wn in T able 3.5. One can see, that the the losses due

to the trigger selection are m uc h smaller than the e�ect of the geometrical acceptance.

Deca y c hannel 1 2 3 4

L VL 1 trigger accepted ev en ts 63.0 % 65.6 % 66.4 % 51%

T able 3.5: T rigger ac c eptanc e of events of the four de c ay channels

Finally , it is in teresting to kno w ho w man y of the trigger-accepted ev en ts ful�ll also the

constrain t to ha v e the primary particles p and K +
as w ell as the deca y particles from the

�(1405) in the detector acceptance. T able 3.6 sho ws therefore the ratio of geometrical and

M3 trigger accepted ev en ts to the amoun t of trigger accepted ev en ts, see eq. 3.6

Pacc =
NM 3+ geom: acc

NM 3 acc
(3.6)

Deca y c 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%

T able 3.6: A mount of M3 trigger ac c epte d events that ful�l l also the ge ometric al ac c eptanc e

The ratio of ev en ts that w ere in the geometrical acceptance and accepted from the L VL1 trigger

to all ev en ts, are summarised in table 3.7. This is nothing else than table 3.6 m ultiplied b y

the L VL1 acceptance qouted in 3.5, lik e sho wn in eq. 3.7.

Ptotal acc = Pacc � M 3 =
NM 3+ geom: acc

Nall
(3.7)

In case of ev en ts with all four c harged particles ful�lling b oth constrain ts, one can see b y

comparison with table 3.4 that the L VL1 trigger mak es almost no di�erence on the amoun t of

accepted ev en ts. The results of the acceptance studies are summarized in the pie c hart �gures

3.2-3.2.
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Deca y c 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%

T able 3.7: Per c entage of events that ful�l l the M3 trigger c ondition and the c ondition of ge ometric al

ac c eptanc e at the same time

Figur e 3.6: (L eft: Summary of the ac c eptanc e studies of events, c onsidering primary p and K +

and (right) c onsidering al l char ge d p articles in de c ay channel 1. Dark c olors ar e M3 r eje cte d events,

light c olors wer e ac c epte d by the trigger. The shade d ar e a shows the p er c entage of ge ometric al ac c epte d

events.

Figur e 3.7: (L eft: Summary of the ac c eptanc e studies of events, c onsidering primary p and K +

and (right) c onsidering al l char ge d p articles in de c ay channel 2. Dark c olors ar e M3 r eje cte d events,

light c olors wer e ac c epte d by the trigger. The shade d ar e a shows the p er c entage of ge ometric al ac c epte d

events.
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Figur e 3.8: (L eft: Summary of the ac c eptanc e studies of events, c onsidering primary p and K +

and (right) c onsidering al l char ge d p articles in de c ay channel 3. Dark c olors ar e M3 r eje cte d events,

light c olors wer e ac c epte d by the trigger. The shade d ar e a shows the p er c entage of ge ometric al ac c epte d

events.

Figur e 3.9: (L eft: Summary of the ac c eptanc e studies of events, c onsidering primary p and K +

and (right) c onsidering al l char ge d p articles in de c ay channel 4. Dark c olors ar e M3 r eje cte d events,

light c olors wer e ac c epte d by the trigger. The shade d ar e a shows the p er c entage of ge ometric al ac c epte d

events.
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The left side of the �gures sho w the summary of the acceptance studies, if one just considers

the primary particles p and K +
. The righ t side of the �gures sho w the summary of the

acceptance studies, if one considers all four c harged particles of the �(1405) ev en t in the

regarding deca y c hannel. The dark colors sho w the amoun t of ev en ts that w ere rejected b y

the trigger. The shaded area sho ws ev en ts that w ere in the geometrical acceptance of the

detector. In case of the primary particles, one can see that some of the geometrical accepted

ev en ts are rejected b y the trigger. This is ob vious as the trigger demands a minim um of three

hits in the MET A system. Lik ewise, it is exp ected that all ev en ts that ha v e the four c harged

particles in the detector acceptance are accepted b y the L VL1 trigger to o. These exp ectations

are satis�ed.

3.3 Estimation of �(1405) yields in the HADES Sp ectrometer

T o mak e a prediction ab out the exp ected �(1405) yield in the measured data, one has to

kno w the geometrical acceptance, trigger conditions, particle iden ti�cation (Pid) e�ciencies,

as w ell as reconstruction e�ciencies. The follo wing section will co v er this estimation. The

trigger system distort the relativ e ratio of di�eren t reactions con tributing to the inclusiv e

cross-section, as its purp ose is to enhance sp ecial t yp es of ev en t with resp ect to the others.

The m ultiplicit y trigger used in the pp b eam time w as set to demand at least three hits in

the MET A system in one ev en t. It is therefore necessary to calculate a corrected cross section

for the reference to the cross section of the �(1405) pro duction. F or the n um b er of pro duced

�(1405) , N �(1405) one can write:

N �(1405) =
� �(1405)

� all
� Nevt (3.8)

With � �(1405) b eing the pro duction cross section of �(1405) ev en ts in p+p reactions at Ekin

3.5 Ge V, � all the total cross section and Nevt the amoun t of reactions of the b eam time. Due

to the fact that Nevt is unkno wn, one has to pro ceed in a di�eren t w a y . The n um b er whic h is

measured, is the amoun t of trigger accepted ev en ts N
0

evt .

One could no w conclude that

N
0

�(1405) =
� �(1405)

� all
� N

0

all (3.9)

Since N �(1405) ! N
0

�(1405) do es not transform in the same w a y lik e Nall ! N
0

all , as they are

biased b y di�eren t M3 trigger acceptance, the correct from turns in to:

N
0

�(1405) =
� �(1405)

� all
� N

0

cockt (3.10)

As �(1405) ev en ts and co c ktail ev en ts react more similar to the M3 trigger. N
0

cockt can b e

expressed with:

N
0

cockt = Nevt � BR cockt � M 3cockt (3.11)

With BR cockt the ratio of co c ktail cross section to the total cross section and M 3cockt the

p ercen tage of co c ktail ev en ts, that are accepted b y the L VL1 trigger. The amoun t of measured
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ev en ts is N
0

evt = 1 ; 2 � 109
. The fraction of trigger accepted ev en ts for all four di�eren t t yp es

of sim ulation can b e ev aluated via the DST sim ulations:

Elastics = 1 :3% = M 3el (3.12)

Inelastics = 37:3% = M 3inel (3.13)

Cocktail = 49:3% = M 3cockt (3.14)

�(1405) = 45 :2% = M 3�(1405) (3.15)

The amoun t of measured ev en ts Nevt can b e sub divided in the three main reaction t yp es:

elastic reactions Nel , inelastic reactions N inel and co c ktail reactions Ncockt .

Nevt = Nel + N inel + Ncockt (3.16)

With the result of the DST sim ulation studies N
0

evt can b e written as:

N
0

evt = NelM 3el| {z }
N 0

el

+ N inel M 3inel| {z }
N 0

inel

+ NcocktM 3cockt| {z }
N 0

cockt

(3.17)

N
0

evt = Nevt (BR elM 3el + BR inel M 3inel + BR cocktM 3cockt) (3.18)

Substituting 3.16 and 3.17 in 3.11, one obtains:

) N
0

cockt =
N

0

evt � BR cockt � M 3cockt

(BR elM 3el + BR inel M 3inel + BR cocktM 3cockt)
(3.19)

The n um b er of �(1405) results in:

N
0

�(1405) = � �(1405) �
N

0

evt � 1
� el + � inel + � cockt

� M 3cockt

(BR elM 3el + BR inel M 3inel + BR cocktM 3cockt)
(3.20)

= � �(1405) �
N

0

evt � M 3cockt

(� elM 3el + � inel M 3inel + � cocktM 3cockt)
(3.21)

With the so obtained corrected cross section the calculation of exp ected �(1405) yield can b e

carried out as follo ws:

� corr = ( � elM 3el + � inel M 3inel + � cocktM 3cockt) (3.22)

This results in a total n um b er of measured �(1405) N
0

�(1405) of:

N
0

�(1405) =
� �(1405)

� corr
� M 3cockt � N

0

evt (3.23)

Ha ving ev aluated the cross-section describ ed in sect 3.1.1, w e can split the total cross-section

in three categories: elastic, inelastic and co c ktail. Summing up all the cross-sections w e obtain
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a v alue that o v erestimates the exp ected inclusiv e p+p at 3.5Ge V cross-section of ab out 8m b.

Errors in the �t of the phase space function to the data p oin ts can cause some deviation.

Indeed, there ha v e b een found indications that the c hannels listed in the Landolt Börnstein

collection are not alw a ys exclusiv e reactions, but also �nal states that can b e pro duced through

resonance states. This w ould mean, that parts of reactions are coun ted double. This remains

to b e c hec k ed carefully . The particle data b o oklet [46 ] has hereb y the most sophisticated

v alue. This will therefore b e used as a reference. The v alues from the phase space �ts are so

normalized to the total cross section of 41.87 m b, as w ell as taking the elastic cross section

from the PDG. These v alues are summarised in table 3.8.

Source � el � inel � Cockt

PDG 12.481 m b 29.45 m b

Landolt Börnstein 10.02 m b 37.47 m b 0.267 m b

Landolt Börnstein norm. 12.481 29.24 m b 0.21 m b

T able 3.8: Cr oss se ctions of the di�er ent typ es of r e actions at p+p 3.5 GeV.

With the normalized v alues for the cross sections, one can calculate the corrected cross section

� corr , using eq. 3.24.

� corr = (12 :48mb � 0:013 + 29:24mb � 0:373 + 0:21mb � 0:493) (3.24)

� corr = 11:2mb and � �(1405) � 10�b (3.25)

N
0

�(1405) =
10�b

11:2mb
� 0:493� 1:2 � 109

(3.26)

N
0

�(1405) = 528214 (3.27)

The amoun t of exp ected yield for eac h deca y c hannel can b e calculated b y m ultiplying this

v alue b y the branc hing ratio of the deca y and the fraction of ev en ts in this deca y c hannel,

that where accepted b y the detector, see eq. 3.28 .

N
0

�(1405) in channelX = N
0

�(1405) � BR � acceptance (3.28)

The results are summarized in the the follo wing table:

Not y et included in these n um b ers are reconstruction e�ciencies, whic h will decrease the

exp ected yield further. Aready eviden t is that the analysis of the HADES data will not

impro v e the presen t database on the �eld of the �(1405) signi�can tly b y statistic.
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Channel 1 2 3 4

L VL 1 T rigger accepted ev en ts 63.0 % 65.6 % 66.4 % 51.0%

BR 33.3% 17.19% 16.11% 33.3 %

A cceptance 1.5 % 0.52 % 1.8 % 0.25%

N
0

�(1405) 2640 470 1530 440

T able 3.9: Numb er of r e c onstructible �(1405) in the four de c ay channels
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4 Optimization of pa rticle identi�cation

Graphical cuts are often used in particle ph ysics analysis to cut on v ariables in a t w o dimen-

sional space. An example therefore, is the illustration of energy loss vs. momen tum of a trac k

(see Fig. 2.5). The plot of dE/dx vs momen tum sho ws a clear separation b et w een the signals

of protons and pions. T o select a particular particle sp ecies, one can dra w a graphical cut

around their distribution. A trac k is assigned a particle id, when the dE/dx vs. momen tum

information is lo cated in this cut, see seq. 2.2. T o acquire information ab out the e�ciency

of the cut (see eq. 4.1), one has to ev aluate ho w man y particles of the in v estigated sp ecies

w ere not iden ti�ed b y this cut. The purit y (see eq. 4.2) is obtained b y coun ting ho w man y

other particles, whic h are not the in v estigated sp ecies, w ere iden ti�ed as this sp ecies. This

test can b e done b y testing the graphical cuts with sim ulation. The e�ciency and purit y of

a graphical cut for particle iden ti�cation is de�ned as follo w ed:

Ef f iciency =
N

0

species

Nspecies
(4.1)

Purity =
N

0

species

N 0

particles
(4.2)

N
0

species are real particles of the in v estigated sp ecies that w ere iden ti�ed as particles of this

sp ecies b y the graphical cut.

Nspecies are all real particles of the in v estigated sp ecies, that w ere in the analyzed ev en ts.

N
0

particles is the amoun t of particles of all sp ecies that w ere iden ti�ed b y the cuts as particles

of the in v estigated sp ecies.

As the test of the graphical cuts is v ery sensitiv e to the sim ulated dE/dx of the detectors, one

has to c hec k the sim ulations carefully . If one compares the dE/dx vs. momen tum distributions

of the detectors from the exp erimen t with the sim ulated distributions, one can see particular

di�erences as sho wn in Fig. 4.1 - 4.2.

These di�erences result out of wrong tuned digitization parameters of the detectors in the

sim ulation. A dditionally the calibration qualit y of the detectors can ha v e an in�uence on the

comparabilit y of sim ulation with the exp erimen t. If one tak es a graphical cut from the exp er-

imen tal dE/dx vs. momen tum distribution and plot it in a sim ulated dE/dx vs. momen tum

distribution one can see that the cut mismatc hes the distribution (see Fig. 4.4). This means

it is not rational to simply tak e the cut from the exp erimen t and test its prop erties with

sim ulated data.

The straigh t forw ard w a y w ould b e to tune the digitization parameters in the sim ulation.

Since it is v ery di�cult to tune the digitization pro cedure, suc h to repro duce in sim ulation

the exp erimen tal distributions quan titativ ely , w e ha v e c hosen to adapt the exp erimen tal cuts

to the sim ulated distributions. Within this w ork a metho d to adapt the graphical cuts to the

sim ulated distributions in a w ell founded w a y w as dev elop ed.
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Figur e 4.1: Ener gy loss vs. momentum for exp eriment (left) and simulation (right) in the MDC

dete ctors. Horizontal and vertic al lines wer e dr awn for orientation.

Figur e 4.2: Ener gy loss vs. momentum for exp eriment (left) and simulation (right) in the TOF

dete ctors. Horizontal and vertic al lines wer e dr awn for orientation.

Figur e 4.3: Ener gy loss vs. momentum for exp eriment (left) and simulation (right) in the TOFINO

dete ctors. Horizontal and vertic al lines wer e dr awn for orientation.
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Figur e 4.4: Exp erimental gr aphic al cut for pr otons in exp eriment for the TOFINO dete ctor (left),

and dr awn in the simulate d dE/dx vs. mom. distribution (right).

4.1 T uning the graphical cuts to simulation

The energy loss of particles tra v ersing matter is de�ned b y the Bethe-Blo c h equation 2.3. The

energy loss in the detectors is ho w ev er expressed in arbitrary units and not normalized to the

theoretical energy loss. Nev ertheless, the energy loss follo ws a Bethe-Blo c h dep endency . This

dep endency can b e �tted b y a Bethe-Blo c h lik e curv e with 10 free parameters [37 ]. These

parameters tak e in to accoun t the dep endency of the energy loss from the detector material,

trac k top ologies, ionization p oten tials and so on. One can no w get these 10 parameters for

eac h detector b y �tting this Bethe-Blo c h curv e through the maxim um v alues of the energy loss

distributions of protons and pions sim ultaneously . The di�erences b et w een the t w o particles

lead to t w o di�eren t Bethe-Blo c h curv es with the same 10 general detector parameters and one

free parameter for the mass of the particle. As the energy loss in sim ulation and exp erimen t

do not coincide, one can �t the Bethe-Blo c h curv e separately for sim ulation and exp erimen t.

Figur e 4.5: dE/dx vs. momentum distribution for the TOF-dete ctor with the �tte d Bethe-Blo ch

curves for � +
, K +

and pr otons.
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Fig. 4.5 sho ws, as an example, the Bethe-Blo c h �ts for the TOF-detector in exp erimen t and

sim ulation. The energy loss curv es are sho wn for � +
, K +

and protons. The curv es are dra wn

with the 10 �xed parameters. The free parameter w as set eac h time to the mass of � +
, K +

and protons resp ectiv ely .

The transformation of the Bethe-Blo c h curv es, from exp erimen t to sim ulation, is no w de-

scrib ed b y t w o sets of parameters. Eac h p oin t on the dE/dx vs. momen tum distributions

is lo cated on a Bethe-Blo c h curv e. The only free parameter, the mass of the corresp onding

curv e of the p oin t, can b e obtained. The transformation of this curv e is done b y taking the

mass parameter and dra wing the corresp onding Bethe-Blo c h curv e in the sim ulation. In this

w a y one transforms for a �xed momen tum the dE/dx v alue from exp erimen t to sim ulation.

Eac h p oin t of a graphical cut can no w b e transformed in that w a y . An example is giv en in

Fig. 4.6 for the transformation of t w o arbitrary p oin ts.

Figur e 4.6: The tr ansformation of two p oints fr om exp eriment (left) to simulation (right). Shown

ar e the two pionts and their c orr esp onding mass curves.

Ho w ev er, some cut p oin ts are lo cated under the lo w est Bethe-Blo c h curv e. The transforma-

tion, whic h w as describ ed ab o v e can not b e used in this case. One can see that the dE/dx

v alues in the sim ulation reac hes in eac h detector a di�eren t lo w est limit. The transformation

of the dE=dxExp = 0 v alue w as set to the lo w est dE/dx v alue in sim ulation. The transforma-

tion of the lo w est dE/dx v alue on a Bethe Blo c h curv e w as extracted from the data. Bet w een

these t w o energy loss v alues a linear b eha vior of the transformation w as deduced. If a cut

p oin t has a dE/dx v alue, whic h is b elo w the lo w est Bethe-Blo c h curv e, it will b e transformed

linear lik e :

dE=dxSim = a � dE=dxExp + b (4.3)

The parameters a and b w ere extracted from the t w o transformation p oin ts men tioned ab o v e.

The �nal step of the transformation is to adapt the sim ulated dE/dx resolution, to the exp er-

imen tal dE/dx resolution, as the width of the distribution do es not dep end on the maxim um

energy loss at a certain momen tum. The dE/dx distribution w as therefore divided in sev eral

momen tum slices and pro jected on the dE/dx axis. This w as done for protons and pions

separately . Landau functions can b e �tted to the obtained distributions of the energy loss

signals, as they matc h the distributions w ell (see Fig. 4.7). By comparing the width of the
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sim ulated, to the width of the measured data (see Fig. 4.8), one can obtain a widening factor

c. The adapted cuts are then narro w ed or widened according to :

dE=dxsim = dE=dxref +
dE=dxexp � dE=dxref

c
(4.4)

Eac h cut is dra wn around the distribution of one particle sp ecies and therefore around the

Bethe-Blo c h curv e for that particle (The corresp onding curv e to the mass of that particle).

dE=dxref is hereb y the reference signal of the dE/dx v alue on this Bethe-Blo c h curv e of the

particle.

The width of the signal is de�ned as the distance of the dE=dxexp signal to the dE=dxref

v alue on the curv e. Fig. 4.9 - 4.11 sho ws examples of the adapted PID cuts for all three

detectors.
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Figur e 4.7: Fit of L andau functions to the dE/dx distribution of pr otons in MDC for 4 momentum

slic es, for exp eriment (left) and simulation (right).
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Figur e 4.8: R atio of the exp erimental r esolution � (dE=dxexp ) to the simulate d r esolution

� (dE=dxsim ) for pr otons in MDC.

4.2 The time-of-�ight-reconstruction

In the b eam time p+p at 3.5 Ge V the measuremen t of the energy loss in the sub detectors

of the HADES sp ectrometer (see section 2) is the only direct accessible metho d of particle

iden ti�cation. The metho d of particle iden ti�cation, via the time-of-�igh t and the momen tum

measuremen t, requires the information of the start time of the ev en t t0 and the stop signal t1

in the time-of-�igh t detectors TOF and TOFINO. With these time signals one could calculate

the time-of-�igh t � t of a particle trac k. Although this particle iden ti�cation metho d seems

not p ossible, as there w as no start detector moun ted in this exp erimen t.

F or the iden ti�cation of k aons ho w ev er, it is inevitable to impro v e the purit y of iden ti�ed

k aons b y a cut on the mass, whic h is calculated out of the � t , momen tum and path length

information. As ev en ts with strangeness are m uc h rarer than other ev en ts, b y at least a factor

of 100 and the �nite dE/dx resolution of the detectors, most particles that are iden ti�ed as

k aons b y a Pid graphical cut are simple pions or protons. Hence, the Pid purit y for k aons

is v ery lo w. Fig. 4.12 sho ws a mass sp ectrum of particles that w ere iden ti�ed as k aons b y

a Pid cut in MDC and TOFINO dE/dx. This distribution results out of the analysis of the

Ar+K Cl reaction at 1.765 A Ge V [37 ]. F or this exp erimen t a start detector w as op erational.

It can b e clearly seen, that most of the k aon candidates are in fact protons or � +
.

It is ho w ev er essen tial for the �(1405) analysis to suppress this bac kground of misiden ti�ed

k aons. T o ha v e the p ossibilit y to cut on the mass, it is necessary to reconstruct the time-

of-�igh t of a particle. F or this b eam time a new metho d of time-of-�igh t reconstruction w as

dev elop ed [36 ].

The only time information a v ailable for eac h particle is the stop time ( t1 ). F or the start time

of the ev en t a randomized time w as generated. If the nominal mass of at least one particle

can b e measured, it is p ossible to determine, with help of the momen tum measuremen t, the
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Figur e 4.9: T r ansformation of the PID cuts for p and � +
fr om exp eriment (left) to simulation (right)

in MDC.

Figur e 4.10: T r ansformation of the PID cuts for p and � +
fr om exp eriment (left) to simulation

(right) in TOF.

Figur e 4.11: T r ansformation of the PID cuts for p and � +
fr om exp eriment (left) to simulation

(right) in TOFINO.
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Figur e 4.12: Mass of K +
c andidates in the TOFINO dete ctor for the b e am time A rK Cl, wher e a

start dete ctor was mounte d.

time-of-�igh t and therefore the start time t0 for this ev en t. With the determined start time

the masses of all the other particles in this ev en t can b e calculated. With the help of the

energy loss measuremen t in the MDC, TOF and TOFINO detectors, it is indeed p ossible

to determine a particles Pid and therefore its mass. The metho d w orks as follo ws: Protons

and pions are iden ti�ed b y sp ecial time-of-�igh t-reconstruction cuts (see 4.13 ) through their

energy loss in the detectors. The mass of the particle trac k is then set to the nominal mass

of the particle corresp onding to its Pid. Because of this, the start time can b e determined as

follo w ed:

� t = t1 � t0 =

s
1

mc=p+ 1
�

s
c

(4.5)

With s the distance tra v eled b y the particle through the sp ectrometer, m its mass, p the

momen tum determined b y the b ending of the trac k in the magnet �eld and c the v elo cit y of

ligh t. With the measured stop time t1 and � t it is p ossible to determine a common start

time t0 for an ev en t. It can happ en, that in one ev en t, more than one particle will b e used to

reconstruct the start time. In that case an a v erage start time for the ev en t is calculated. It

has to b e men tioned, that this metho d is only necessary to reconstruct the k aon mass. Kaons

ho w ev er, should not tak e part in this pro cedure of mass determination and � t calculation.

If a k aon is lo cated within one of the sp ecial time-of-�igh t dE/dx cuts, its mass is set to the

nominal mass of a pion or a proton, and therefore is not included an y longer in the usual K +

mass range. Th us, this results in a loss of signal in the �nal analysis. T o a v oid suc h scenarios,

the sp ecial time-of-�igh t reconstruction cuts are c hosen in suc h a w a y , that v ery few k aons

are lo cated in them. In Fig. 4.13 one can see the time-of-�igh t reconstruction cuts for the

MDC detector. They a v oid to cut in the region where p ossible k aons are lo cated.

4.2.1 E�ciency and purit y tests of the time-of-�ight reconstruction

T w o sets of time-of-�igh t reconstruction cuts w ere tested with sim ulation (Fig 4.13 - 4.15) :

one narro w set (red) and a wide set (blue). The assumption is, that the narro w cut has a

b etter purit y for the time-of-�igh t reconstruction, but a w orse e�ciency than the wide one.
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Figur e 4.13: The time-of-�ight r e c onstruction cut for the MDC dete ctor
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Figur e 4.14: The time-of-�ight r e c onstruction cut for the MDC dete ctor
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Figur e 4.15: The time-of-�ight r e c onstruction cut for the MDC dete ctor
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The main purp ose of this test is to answ er the follo wing questions:

1. Ho w often do es this time-of-�igh t reconstruction pro cedure fail, b ecause no particle in

an ev en t ful�lls the cut constrain ts? ) The e�ciency of the pro cedure itself.

2. Ho w go o d is the mass resolution of the reconstructed mass in comparison with the mass

in case of a start detector? ) The resolution.

3. Ho w man y k aons are miss iden ti�ed as protons or pions and therefore their mass is falsely

set to the nominal mass of p and � +
? ) The e�ciency for the K +

mass reconstruction.

4. Ho w go o d is the purit y of K +
in a c hosen mass windo w?

4.2.2 E�ciency of the time-of-�ight reconstruction

The e�ciency w as determined b y building the ratio of reconstructed ev en ts to all ev en ts. It

w as thereb y distinguished b et w een di�eren t ev en t t yp es. This is necessary as the success

of the pro cedure strongly dep ends on the ev en t t yp e. The relev an t ev en ts for the �(1405)
analysis will alw a ys con tain a K +

. As this particle do es not tak e part in the time-of-�igh t

reconstruction pro cedure, another leading particle is required. If one analyses ev en ts with

sev eral protons and pions in the �nal state, the p ossibilit y is high, that the time-of-�igh t

reconstruction is successful. In ev en ts ho w ev er, where just one proton and one K +
w ere

detected, the e�ciency of this pro cedure is signi�can tly lo w er. Fiv e ev en t categories w ere

tested, con taining also the ev en t selection of deca y c hannels 1 & 3 ( K +
, p, � +

, � �
) and deca y

c hannels 2 & 4 ( K +
, p,p, � �

) see section 3.1. The result is summarized in table 4.1.

Ev en t selection all ev en ts K +
,p K +

, � + K +
, p, � +

, � � K +
,p,p, � �

A cc. narro w cuts 72.3% 88.8% 94.7 % 99.7 % 99.4%

A cc. wide cut 74% 90.6% 96.2% 99.9 % 99.8%

T able 4.1: The event ac c eptanc e of the time-of-�ight r e c onstruction with two di�er ent sets of cuts

for �ve event c ate gories.

One can see that the wide cuts ha v e a sligh tly b etter success rate than the narro w cuts, whic h

agrees with the exp ectations.

4.2.3 K +
e�ciency of the time-of-�ight reconstructo r.

If the k aon mass can not b e reconstructed successfully , or the k aon mass is not within a

certain mass windo w around the nominal mass of the k aon (493.7 MeV=c2 ), the particle will

b e rejected in the later analysis. It is therefore imp ortan t to kno w ho w man y K +
will not

pass this selection. There are sev eral reasons wh y k aons will not pass the mass selection.

1. Some k aon candidates fall outside the c hosen mass windo w. T ypically a mass windo w

of � 3� around the k aon mass, with � the mass resolution of the K +
in the according

detector TOF/TOFINO, is c hosen. As the k aon mass is not Gaussian, shap ed some of

the particles fall in the long tails of the distributions see Fig. 4.16.
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2. Ev en if the time-of-�igh t reconstruction calculated a start time for the ev en t, the masses

of the particles could b e wrong. This can happ en b y a particle misiden ti�cation. If a

proton is iden ti�ed as a � +
, the mass is falsely set to the pion mass and will yield a com-

pletely wrong start time. This leads to a wrong calculated k aon mass as a consequence.

More o v er, it is p ossible that K +
tak e part in the pro cess of reconstruction, when they

are iden ti�ed as protons or � +
b y the time-of-�igh t cuts. Their mass is then set to the

nominal mass of the t w o particles and not longer in the k aon mass windo w. A ddition-

ally , the mass resolution could fall o� in qualit y after the reconstruction compared to

the ideal mass resolution and therefore the amoun t of particles whic h are outside the

mass cut windo w could increase.

3. The start time could not b e reconstructed due to a failing of the time-of-�igh t recon-

struction pro cedure. The k aon mass remains to b e assigned an unph ysical v alue. This

e�ciency is already describ ed in table 4.1.

T o obtain the quan titativ e losses for the reconstructed K +
masses, one can compare the

amoun t of K +
in a selected mass windo w to a reference v alue of K +

at eac h step of the

reconstruction pro cess. Fig. 4.16-4.19 sho w the transformation of the particle masses during

the pro cess of reconstruction. These �gures ha v e b een c hosen exemplary for the ev en t selection

where all ev en ts w ere in v estigated

Figur e 4.16: Simulate d mass distribution in the TOFINO dete ctor for al l events, for a start time

r e c onstruction including a start dete ctor.

Fig. 4.16 sho ws the sim ulated mass distribution for all ev en ts, in the case that a start detector

is a v ailable. The amoun t of en tries in the mass histogram can b e separated in to the di�eren t

con tributions of the particle sp ecies. This information is deriv ed from sim ulation. The blac k

line in the mass histogram sho ws the total sum of all particle sp ecies. Protons are dra wn

in green color, � +
in red and K +

in blue shaded. One can see that the mass distribution

of the single particles p eaks around the nominal mass with a broad width due to the time

resolution of the TOFINO detector. Fig. 4.17 sho ws the same distribution for ev en ts that

can b e reconstructed with the describ ed metho d. These are sligh tly less en tries than in Fig.

4.16 as not all ev en t start times can b e reconstructed. Fig. 4.18 sho ws the mass distribution

for sim ulated ev en ts, b efore the time-of-�igh t reconstructor has b een applied. No structures
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Figur e 4.17: Simulate d mass distribution (in c ase of a start dete ctor) in the TOFINO dete ctor for

events that later c an b e r e c onstructe d.

Figur e 4.18: Simulate d mass distribution of events in c ase of a missing start dete ctor.

Figur e 4.19: Simulate d, time-of-�ight r e c onstructe d mass distribution.
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are visible due to a random start time. This is the input for the time-of-�igh t reconstruction.

The mass distribution after the time-of-�igh t reconstruction can b e seen in Fig 4.19. The

particles that ha v e tak en part in the pro cess of reconstruction ha v e b een set to the nominal

masses of proton( 938MeV=c2 ) and pion( 139MeV=c2 ). This is visible as delta p eaks in the

sp ectrum. Also visible are k aons that w ere miss iden ti�ed as � +
or protons. This is sho wn as

the blue histogram in the mass p eaks at 139MeV=c2 and 938MeV=c2 .

T able 4.2 sho ws the ratio of K +
that can b e successfully reconstructed b y the time-of-�igh t

reconstruction pro cedure. The loss of K +
is ab out 20% .This means, the reconstruction itself

w as successful, but the amoun t of k aons within the correct mass windo w (b et w een 240MeV=c2

- 700MeV=c2 ) decreased, due to the listed p oin ts at the b eginning of this section.

Ev en t selection all ev en ts K +
,p K +

, � + K +
, p, � +

, � � K +
,p,p, � �

A cc. narro w cuts 74.5 % 80.3 % 83.4 % 90.9 % 86.7%

A cc. wide cut 73.7 % 79.7 % 82.9% 90.5 84.9%

T able 4.2: R ate of suc c essful ly r e c onstructe d kaons in a 3 � mass window after the time-of-�ight

r e c onstruction in the TOFINO. Examining events that c an b e r e c onstructe d b efor e the time sme aring

and after the r e c onstruction.

In general one can see that the time-of-�igh t reconstruction pro cedure itself w orks w ell, with

an e�ciency of K +
reconstruction of ab out 80%. These n um b ers are obtained b y comparing

the amoun t of K +
(blue en tries in Fig. 4.19) in the mass cut region after the reconstruction

to the amoun t of K +
in the mass cut region b efore the reconstruction (blue en tries in Fig.

4.16). Hereb y , w ere just ev en ts tak en in to accoun t, that ha v e b een reconstructed.

One can go further and compare the amoun t of K +
in the mass cut region after the recon-

struction, to the amoun t of K +
in the mass cut region of all ev en ts b efore the reconstruction

(blue en tries in Fig. 4.17). The results are sho wn in table 4.3.

Ev en t selection all ev en ts K +
,p K +

, � + K +
, p, � +

, � � K +
,p,p, � �

A cc. narro w cuts 54.4 % 71.7 % 79.1 % 90.8 % 86.1%

A cc. wide cut 55.2 % 72.8 % 79.8% 90.5 % 84.7%

T able 4.3: R ate of suc c essful ly r e c onstructe d kaons in a 3 � mass window after the time-of-�ight

r e c onstruction in the TOFINO. Comp aring K +
in al l events b efor e the r e c onstruction to K +

in r e-

c onstructe d events after the r e c onstruction.

These t w o tables sho w the amoun t of K +
that are lost due to e�ects related to the time-

of-�igh t reconstruction itself. There are ho w ev er K +
that are lost due to the fact that one

applies a mass cut. Therefore, one can compare the amoun t of K +
(blue en tries in Fig. 4.19)

in the mass cut region after the reconstruction to the total amoun t of K +
. This will yield

the total e�ciency of K +
mass reconstruction related to the reasons listed at the b eginning

of this section. The results are sho wn in table 4.4.

By comparing the t w o cut selections, wide cuts and narro w cuts, one can see that they are v ery

similar in terms of K +
mass reconstruction e�ciency . Although the wider cuts ha v e a b etter

36



CHAPTER 4. OPTIMIZA TION OF P AR TICLE IDENTIFICA TION

Ev en t selection all ev en ts K +
,p K +

, � + K +
, p, � +

, � � K +
,p,p, � �

A cc. narro w cuts 45.1 % 56.9 % 70.2 % 79.2 % 67.9%

A cc. wide cut 45.8 % 57.8 % 70.9% 78.9 % 66.5%

T able 4.4: T otal e�ciency of r e c onstructe d kaons in a 3 � mass window after the time-of-�ight

r e c onstruction in the TOFINO. Comp aring her eby al l the K +
in the investigate d events in the c omplete

mass r ange to the r e c onstructe d events after the r e c onstruction in a 3 � mass window.

general p erformance (see table 4.1) they lo ose more K +
due to the reconstruction e�ects, see

p oin t 2 men tioned at the b eginning of this section. As the reconstruction pro cedure is almost

a 100% successful in the t w o ev en t selections of the deca y c hannels of the �(1405) , ro om

for impro v emen t lies in a v oiding the miss iden ti�cation of K +
as protons or � +

. Therefore

one has to dev elop a cut whic h cuts farer a w a y from the K +
distribution in the dE/dx vs.

momen tum picture.

4.2.4 The K +
purit y

Op ening the mass cut region to gain more K +
is not a promising option, as the PID purit y

w ould su�er from this. The purit y of the K +
can b e obtained b y comparing the amoun t of

K +
in the mass range to the total amoun t of particles in the mass range (eq. 4.2). One can

hereb y compare the purit y of ev en ts where the start detector w as emplo y ed to the purit y of

ev en ts after the time-of-�igh t reconstruction. See table 4.5.

Ev en t selection all ev en ts K +
,p K +

, � + K +
, p, � +

, � � K +
,p,p, � �

nominal purit y 67.6 % 82.8 % 94.1% 86.7 % 70.5%

narro w cuts after rec. 73.3 % 90.5 % 92.4 % 84.9 % 74.8%

wide cut after rec. 73.4 % 90.4 % 92.5% 84.4 % 74.1 %

T able 4.5: Purity of kaons with a start dete ctor (nominal) and after the time-of-�ight r e c onstruction

for al l events

The purit y increases sligh tly after the reconstruction, whic h can b e explained b y the fact that

sev eral protons and � +
are set to the nominal mass and are th us no longer in the broad mass

distribution. The presen ted results w ere calculated for a K +
mass cut range of 3 � of the mass

resolution in the TOFINO detector. Fig. 4.20 sho ws the op erational curv e, whic h displa ys

the dep endency b et w een the purit y and the e�ciency of an analysis pro cedure b y v arying

the mass cut range. The general b eha vior is, that the purit y decreases when the e�ciency

increases.

Sho wn is the e�ciency of the time-of-�igh t reconstruction (turquoise crosses) and the total

e�ciency (blue crosses) vs. the reconstructed K +
purit y . The e�ciency of the time-of-�igh t

reconstruction has a limit of � 92 %. This means that ev en b y widening the in tegration

range ab out the K +
, the amoun t of collected K +

will not increase signi�can tly . That can

b e in terpreted as a loss of � 8 % of K +
that are misiden ti�ed as protons and � +

and are

therefore set out of the K +
mass range. The pink stars in Fig. 4.20 sho w the in tegration range
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Figur e 4.20: Op er ational curve for the K +
mass cut in the TOFINO dete ctor for c o cktail events.

Mass cut r anges of 2,3 and 4 � r esp e ctively ar e shown as pink stars.

of 2 � , 3 � and 4 � resp ectiv ely . In this illustration a mass cut range of 3 � seems suitable. This

in v estigation of purit y and e�ciency w as completed for the co c ktail sim ulations. F or e�ciency

studies this is su�cien t, but for purit y studies one should c hec k the inelastic bac kground

separately , as this giv es an additional yield for the impurit y to the mass range. Purit y studies

ho w ev er should b e done for the total c hain of K +
iden ti�cation. This means that after

iden tifying K +
b y PID cuts in MDC dE/dx TOF dE/dx and TOFINO dE/dx, and after the

K +
mass cut a purit y study is more signi�can t.

4.3 T ests of the k aon Pid cut

The c hallenge in the dev elopmen t of a K +
Pid cut is the fact, that there is no K +

signal

visible in the dE/dx vs. momen tum sp ectrum in real data, without an y additional selection.

The only b enc hmark is the K +
Bethe-Blo c h curv e around whic h the K +

are lo cated. The

sim ulated dE/dx distribution and the exp erimen tal distribution sho w clear di�erences, as

already p oin ted out. Therefore a metho d w as dev elop ed to �nd a K +
signal in exp erimen tal

data to adjust the K +
Pid cut on them [36]. The follo wing reaction w as in v estigated:

p + p 3:5GeV����! � + K + + p (4.6)

p + � �

Protons and � +
w ere iden ti�ed via Pid cuts. Besides t w o protons and one � +

an additional

p ositiv e c harged particle w as required in the ev en t selection. The � w as reconstructed b y the

in v arian t mass of p and � +
M (p;� + ) . Ev en ts w ere accepted when M (p;� + ) w as within a narro w

mass windo w around the exp erimen tal � mass of 1115 MeV=c2 . T o reduce the bac kground

the missing mass of the four particles � M p;p;� + ;K + w as required to b e b et w een -72 Me V/c

2 <
� M p;p;� + ;K + < 25 Me V/c

2
. The maxim um of the missing mass of all c harged particles is
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sligh tly shifted from 0 Me V/c

2
to -22 Me V/c

2
. This is sho wn in Fig. 4.21, where a clean

sample of the reaction 4.6 w as selected.

Figur e 4.21: Missing mass of p, K +
,p, � +

after cut on �(1116) events, se e text.

T o reduce bac kground a mass cut w as applied on the mass of the K +
candidates. After these

cuts the energy loss in the MDC,TOF and TOFINO detectors w as plotted. A clear signal

around the K +
Bethe-Blo c h curv e is visible. The TOF information could not b e used, as the

statistic w as to o p o or. In MDC and TOFINO ho w ev er a graphical cut could b e adjusted to

the distribution (Fig. 5.1, 4.23). T o study quan titativ ely the sim ulated dE/dx sp ectra, and

the K +
cut adjustmen t, the cut w as compared with sim ulation of the in v estigated reaction.

Figur e 4.22: The K +
cut for the r e action p+p ! �(1116) + K + + p in exp eriment(left) and adapte d

to the simulation (right) in the MDC dete ctor

The consistency of the cut in exp erimen t and in sim ulation, after the adaption is v ery go o d.

Therefore it is w ell founded, to dev elop a suited K +
Pid cut in sim ulations of �(1405) ev en ts,
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Figur e 4.23: The K +
cut for the r e action p+p ! �(1116) + K + + p in exp eriment(left) and adapte d

to the simulation (right) in the TOFINO dete ctor

and apply it to the exp erimen tal dE/dx distribution see Fig. 4.24-4.26. As sim ulation the

ev en ts �(1405) ! � 0 + � 0
w ere c hosen.

The Pid cuts can b e tested with sim ulation for e�ciency and purit y . Three cut sets ha v e b een

tested with sim ulation.

� The Pid cuts whic h w ere dev elop ed for the �(1116) ev en ts.

� The Pid cuts whic h w ere dev elop ed for the �(1405) ev en ts.

� Narro w Pid cuts that ha v e b een used for the iden ti�cation of K +
and K �

in ArK Cl

[27]. This cuts should ha v e a m uc h b etter purit y but lo w e�ciency .

These cuts ha v e b een tested with co c ktail and inelastic sim ulation. Ev en ts w ere c hosen con-

taining t w o protons and one � �
, as w ell as four particles in total. This w as done to study

exclusiv ely the e�ciency and purit y of the Pid cuts in the ev en t selection later used for the

analysis (see c hapter 5). In co c ktail ev en ts, con tributing to the analysis, the missing fourth

particle of the ev en t selection is a k aon. The e�ciency w as obtained b y building the ratio of

k aons that are iden ti�ed successful b y the Pid cut as k aons to the amoun t of all k aons in this

ev en t selection. F or a realistic description of the bac kground all inelastic ev en ts with the same

ev en t selection w ere in v estigated. In this case the fourth missing particle is not a k aon. The

amoun t of particles passing the k aon selection b y the Pid cuts will build the bac kground of

misiden ti�ed k aons. T o tak e in to accoun t the w a y higher inelastic cross section as compared

to the co c ktail cross section, the amoun t of inelastic particles passing the selection w as m ulti-

plied b y a factor of 148. The results for the three di�eren t cut sets is sho wn in Fig 4.27-4.29.

Herb y the mass cut range on the k aon mass w as v aried to obtain a relation b et w een purit y

and e�ciency . The pink stars indicate the mass cuts of 1,2 and 3 � . One can see the higher

purit y of the narro w ArK Cl cut as compared to the Pid cuts whic h w ere dev elop ed for ev en ts

with a �(1116) and a �(1405) . The e�ciency ho w ev er su�ers from this strict narro w cut so

that the e�ciency of the v ery broad Pid cuts for the � resonances is signi�can tly higher. V ery

imp ortan t is that the �(1405) Pid cut has a general b etter p erformance, b oth in purit y and
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Figur e 4.24: The K +
cut adapte d to the simulate d r e action ! �(1405)+ K + + p in the MDC dete ctor

Figur e 4.25: The K +
cut adapte d to the simulate d r e action ! �(1405)+ K p + p in the TOF dete ctor

Figur e 4.26: The K +
cut adapte d to the simulate d r e action ! �(1405) + K p + p in the TOFINO

dete ctor
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e�ciency , than the �(1116) cut. Th us one should tune the k aon Pid cut careful for ev ery

analysis separately .

Figur e 4.27: Op er ational curve for the narr ow A rK Cl K +
Pid cuts in c o cktail events (left), and

taking into ac c ount the b ackgr ound fr om inelastic events (right).

Figur e 4.28: Op er ational curve for �(1116) K +
Pid cuts in c o cktail events (left), and taking into

ac c ount the b ackgr ound fr om inelastic events (right).
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Figur e 4.29: Op er ational curve for �(1405) K +
Pid cuts in c o cktail events (left), and taking into

ac c ount the b ackgr ound fr om inelastic events (right).
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5 Analysis of the �(1405) resonance

In this c hapter, the analysis of the �(1405) resonance in the � 0� 0
deca y c hannel will b e

discussed. The main c hallenge in in v estigating the �(1405) line shap e b y a missing mass

analysis of p and K +
, is the separation of the �(1405) from the nearb y �(1385) 0

resonance.

These t w o resonances are similar in their deca y c haracteristic, as sho wn in Fig. 5.1. This

leads, together with the fact that they are broad and close in mass ( m�(1405) = 1406 Me V/ c2
,

� �(1405) = 50 Me V/ c2
and m�(1385) 0 = 1384 Me V/ c2

, � �(1385) 0 = 38 Me V/ c2
) [46], to an

o v erlap in the p K +
missing mass sp ectrum. The only di�erence in the deca y of the t w o

resonances is the deca y in to � 0� 0
, as this deca y is forbidden for the �(1385) 0

resonance due

to isospin conserv ation (table 5.1).

p + p 3:5GeV����! �(1405) + K + + p

� � + � +

n + � �

� + + � �

p + � 0

n + � +

� 0 + � 0

� + 


p + � �

p + p 3:5GeV����! �(1385) 0 + K + + p

� � + � +

n + � �

� + + � �

p + � 0

n + � +

� 0 + � 0

� + 


p + � �

� + � 0

p + � �

Figur e 5.1: De c ay channels of the two r esonanc es �(1405) and �(1385) 0
.

This giv es the p ossibilit y to do an exclusiv e analysis of the �(1405) in its deca y in to � 0� 0
.

The deca y of �(1385) 0 ! � � 0
ho w ev er, yields the same c harged particles in the �nal state, as

in the the deca y of �(1405) ! � 0� 0
. Since the branc hing ratio of the deca y of �(1385) 0 ! � 


is only 1%, this c hannel can b e neglected. T o separate these t w o resonances in the analysis,

one can use the information of the missing mass of all c harged particles, � M p;K + ;p;� � . In case

of ev en ts with a �(1385) 0
resonance, this missing mass should b e around � 0

mass. F or ev en ts,

whic h con tain a �(1405) , the missing mass should b e sligh tly higher due to the additional


 in the deca y c hain. This analysis will therefore concen trate to reconstruct the �(1405) in
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1 � 1 �(1405) �(1385) 0

� � � �
I=0,M=0 I=1,M=0

m=0 m=0 -

q
2
3 0

T able 5.1: Clebsch-Gor dan c o e�cients for the de c ays �(1385) 0 ! � 0� 0
and �(1405) ! � 0� 0

.

its deca y in to � 0� 0
. Out of the total measured statistic of the p+p reaction at 3.5 Ge V a

subsample con taining t w o protons, one K +
and one � �

w ere selected. The particles w ere

iden ti�ed via their energy loss in MDC, TOF and TOFINO.

5.1 Inclusive missing mass sp ectrum

The con ten t of the missing mass sp ectrum � M p;K + con tains already v alid information for

the analysis. One can extract a rough estimation of the bac kground underla ying the sig-

nal and compare the measured data to the sim ulation. A pure missing mass sp ectrum of

� M p;K + sho ws no signal of an y resonances. The sp ectra is mainly dominated b y bac kground

of misiden ti�ed k aons. Just b y a cut on the k aon momen tum ( pK + < 700 Me V/c) and the

k aon mass (300 Me V/c

2 < m K + < 600 Me V/c

2
) a signal is visible ab o v e the bac kground (Fig

5.2). The cut on the k aon momen tum impro v es the k aon purit y , as the separation b et w een

the particle signals in the dE/dx vs. momen tum distribution is b etter at lo w er momen tum

(Fig. 2.5). The missing mass sp ectra sho ws a clear signal of �(1116) and �(1193) resonances.

Figur e 5.2: L eft: the � M p;K + sp e ctrum after a kaon mass and momentum cut. R ight: Comp arison

b etwe en the b ackgr ound subtr acte d data with simulations.

The bac kground w as describ ed b y a sideband analysis on wrong k aon masses, scaled to the

measured data in the mass range within 800-1000 Me V/c

2
and subtracted. One can observ e

in the left panel Fig. 5.2, the h uge bac kground mainly due to the misiden ti�ed K +
, but also

the �(1116) and �(1193) signals stic king out of the bac kground. The sp ectra, obtained after

the bac kground subtraction, can b e compared to sim ulations b y normalizing to the maxim um
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v alue of the �(1116) p eak. Go o d agreemen t b et w een sim ulation and exp erimen t can b e found.

Some deviations in higher missing mass regions migh t result from not w ell kno wn cross sections

in sim ulation.

Ho w ev er. the fact that one needs to cut so hard on the k aon momen tum to obtain a visible

signal is not v ery satisfactory . This could imply that also the �(1405) signal is dominated b y

misiden ti�ed K +
candidates.

Since in the deca y of the �(1405) in to � 0� 0
a �(1116) app ears this �(1116) can b e recon-

structed b y the in v arian t mass of its deca y particles p and � �
. If one in v estigates the missing

mass sp ectrum � M p;K + under the constrain t, that a �(1116) could b e reconstructed, a semi-

exclusiv e missing mass sp ectrum can b e obtained . Figure 5.3 sho ws that the qualit y of this

sp ectrum is enhanced in comparison with the one sho wn in Fig. 5.2, since the purit y and

e�ciency for the reconstruction of �(1116) candidates is higher compared with K +
. The

semi-exclusiv e � M p;K + sp ectrum is obtained with no cuts on the k aon mass or momen tum.

The bac kground is describ ed b y the shaded histogram, whic h is obtained b y a side-bands

�(1116) analysis ( M p;� � = 1090 - 1100 Me V/c

2
or 1130 - 1140 Me V/c

2
). One can see that

the K +
misiden ti�cation a�ects mainly the lo w missing mass range.

Figur e 5.3: L eft: Semi-exclusive missing mass sp e ctrum to gether with the �tte d b ackgr ound. R ight:

Missing mass sp e ctrum of HADES in c omp arison to the data me asur e d by DISTO [31 ] (r e d distribu-

tion).

After bac kground subtraction, the missing mass sp ectrum can b e compared to a sp ectrum

measured b y the DISTO collab oration [31]. Sligh t v ariations in the missing mass yield migh t

result from the lo w er b eam energy of 2,9 Ge V in this exp erimen t as w ell as a di�eren t detector

acceptance. The DISTO data has b een analyzed applying a kinematic re�t using the total

missing energy as a constrain t. T o adapt the heigh ts of the �(1116) p eaks, the DISTO sp ectra

w as scaled do wn b y a factor of 0.04 (Fig 5.3, righ t).
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Figur e 5.4: L eft: Semi-exclusive missing mass sp e ctrum of p K +
after b ackgr ound subtr action c om-

p ar e d to simulations. R ight: the simulations with di�er ent c ontributions of the r e action channels.

Fig. 5.4 sho ws the comparison b et w een the sim ulated and the exp erimen tal missing mass

sp ectra. They are in go o d agreemen t. The sim ulated missing mass sp ectrum can b e itemized

in to the di�eren t con tributing reaction c hannels, as sho wn in the righ t panel of Fig 5.4. The

main reactions con tributing to this missing mass range are:

Figur e 5.5: Simulate d p, K +
missing mass

sp e ctrum in the r ange of the �(1405) .

p + p ! K + + p + � (5.1)

p + p ! K + + p + �(1405) (5.2)

p + p ! K + + n + �(1385) +
(5.3)

p + p ! K + + p + � 0
(5.4)

p + p ! K + + p + � + � 0
(5.5)

p + p ! K + + p + � 0� 0
(5.6)

p + p ! K + + n + � + � +
(5.7)

p + p ! K + + p + � + � + + � �
(5.8)

5.2 Missing mass sp ectrum of �(1405)

Ev en ts ha v e b een selected whic h con tain t w o protons ( p1 and p2 ), one K +
and one � �

. In

the preselected sample of p1 , K +
, p2 and � �

the in v arian t mass of p2 and � �
( M p2 ;� � ) should

com bine to the �(1116) resonance, in case the �(1405) is pro duced. Fig 5.6 sho ws the in v arian t

mass of p and � �
. A h uge bac kground is visible under the � p eak. This results mainly from
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misiden ti�ed k aons. One can ho w ev er reduce this bac kground b y a cut on the missing mass

of all c harged particles and a cut on the missing mass of p1 and K +
.

F or all ev en ts con taining a � , the missing mass � M p;K + is higher than 1000 Me V/ c2
, since

the lo w est missing mass from the reaction p + p ! K + + p + � is 1116 Me V/ c2
. All other

c hannels will con tain additional particles in the reaction, whic h results in a higher missing

mass � M p;K + (Fig. 5.4).
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Figur e 5.6: Invariant mass of p; � �
showing a �(1116) , with di�er ent cuts on the missing mass and

tr ack top olo gy of p; � �
. Se e text for details.

The missing mass of all c harged particles � M p;K + ;p;� � is -22 Me V/ c2
for the simplest reaction

con taining a � , the reaction p + p ! K + + p + � (see section 4.3), while the missing mass

� M p;K + ;p;� � of all other reactions con taining a � is higher. This fact authorizes to cut on this

parameter, to exclude unph ysical ev en ts. The blac k histogram in Fig. 5.6 sho ws the in v arian t

mass M p2 ;� � if the four c harged particles p1 , K +
, p2 and � �

w ere iden ti�ed in this ev en t. The

pink histogram displa ys M p2 ;� � after a cut of � M p;K + > 1000 Me V/ c2
. The green histogram

displa ys M p2 ;� � after an additional cut of � M p;K + ;p;� � > -70 Me V/ c2
. One can see that the

bac kground can b e reduced drastically b y this selection.

The histogram sho wn in the righ t panel of Fig. 5.6 sho ws the in v arian t mass with additional

cuts on the trac k top ologies of p and � �
. Figure 5.7 sho ws a sc hematic view of the � deca y

and the according parameters for the trac ks of p and � �
. The di�eren t cuts that w ere used

for the selection are sho wn in table 5.2.

V ariable blue histogram red histogram

Dist. of � trac k and prim. v ertex ( d1 ) < 10 mm < 4 mm

T rac k distance of p and � �
( dt ) < 15 mm < 26 mm

Dist. of � v ertex and prim. v ertex ( dv ) - > 4 mm

d2 < d 3
p p

T able 5.2: V alues for the tr ack cut variables in the blue and r e d histo gr am.
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Figur e 5.7: Schematic view of the � de c ay into a p and a � �
. The de c ay is shown in one plain with

the b e am axis [37 ].

With these cuts, a signal to bac kground ratio of 3.7 for the blue histogram and 4.7 for the

red histogram could b e obtained. It is ho w ev er ob vious, that the cut com bination used for

the red histogram has a bigger loss of signal as a consequence. Due to the already limited

statistics this is crucial. It app eared furthermore, that in the end of the analysis the cut

com bination for the blue histogram could yield a sligh tly b etter signal to bac kground ratio

than the cut com bination used for the red histogram. It w as decided therefore to use the cut

com binations displa y ed in the second column of table 5.2 for the �(1405) analysis. In the

next selection, only ev en ts with 1106 Me V/c

2 < M p;� � < 1124 Me V/c

2
w ere accepted for the

further analysis. Fig. 5.8 sho ws the cut on the in v arian t mass of p and � �
, and the mass of

K +
candidates b efore and after this cut. After the in v arian t mass cut, a clear signal of K +

with v ery few bac kground is visible in the mass sp ectrum.
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Figur e 5.8: L eft: M p;� �
after al l tr ack sele ctions. The cut on the � mass ar e shown by the dashe d

vertic al lines. R ight: K +
mass sp e ctrum b efor e (black) and after (blue) the cut on the � mass has

b e en applie d.
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T o impro v e the purit y of the selected K +
, a cut on the k aon mass w as applied. K +

candidates

with a mass 250 Me V/c

2 < m K + < 780 Me V/c

2
w ere selected for the further analysis. Fig

5.9 sho ws the cut on the k aon mass. On the left side in a b eta vs. momen tum represen tation,

and on the righ t side in the mass sp ectrum of the k aon candidates. A v ery clear signal of K +

can b e seen in b oth represen tations. The mass cut is indicated b y the t w o red lines in the

histograms. The amoun t of K +
candidates that ha v e b een assigned a mass equal to zero is

ab out 9%. These are ev en ts with an unsuccessful time-of-�igh t reconstruction.

Figur e 5.9: L eft: � vs. momentum distribution for K +
c andidates with the kaon mass cut (r e d lines)

and the nominal masses of p, K +
and � +

(black lines). R ight: K +
mass distribution with the mass

cut (horizontal lines).

The last cut on the data is a cut on the missing mass of all four c harged particles. Fig.

5.10 sho ws � M p;K + ;p;� � for exp erimen t and sim ulation. The ma jor part of the bac kground

is formed b y the c hannels whic h corresp ond to a � 0
missing mass. Fig. 5.10 sho ws that the

missing mass of �(1405) ev en ts is m uc h broader and shifted to higher missing masses. The

mass resolution of the HADES sp ectrometer ho w ev er, do es not allo w to cut a w a y all �(1385) 0

ev en ts without a crucial loss of �(1405) .

The same analysis w as p erformed b y the ANKE collab oration in a p+p at 2.8 Ge V reaction

[47 ]. This data do not sho w an y signi�can t con tribution from �(1385) 0
if the v alues of

� M p;K + ;p;� � ab o v e 190 Me V/c

2
are selected. This is due to the b etter � 0

resolution ac hiev ed

with ANKE.

T o reject the total �(1385) 0
con tribution in our data, one w ould need to reject ev en ts with

� M p;K + ;p;� � < 300 Me V/c

2
. This ho w ev er w ould cut a w a y 99% of the �(1405) ev en ts, and is

therefore not an option for a successful analysis. Another option is to subtract the �(1385) 0

con tribution from the �(1405) sp ectrum. The determination of the �(1385) 0
cross section

and its line shap e has to b e done for this pro cedure.

The e�ect of di�eren t cuts on � M p;K + ;p;� � on the signal to bac kground ratio is sho wn in Fig.

5.11, where the ratio for �(1405) ev en ts to all other reactions and for �(1405) / �(1385) 0
after

di�eren t � M p;K + ;p;� � cuts are displa y ed. One can see that the higher the cut on � M p;K + ;p;� �

the higher the signal to bac kground ratio. This ho w ev er go es hand in hand with a loss of

signal. Hence t w o cuts on the missing mass w ere tested. One, whic h guaran tees to tak e

as m uc h �(1405) signal as p ossible, without a dominating con tribution from the �(1385) 0

resonance and another one, with a go o d signal to bac kground ratio. The �rst one is a cut on
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Figur e 5.10: L eft: � M p;K + ;p;� �
for me asur e d data. R ight: simulations, with the c ontribution of

di�er ent r e actions. The horizontal dashe d line show two p ossible cut values that ar e discusse d in the

text. The c olor c o de r efers to the e quations 5.1-5.8.

Figur e 5.11: Signal to b ackgr ound r atio for di�er ent missing mass ( � M p;K + ;p;� � ) cuts. The black

dots display the r atio of �(1405) signal to al l other r e actions. The gr e en dots display the �(1405)
signal to �(1385) 0

signal. F or the analysis a missing mass cut c orr esp onding to the blue b and was

chosen.

� M p;K + ;p;� � > 170 Me V/c

2
and the second w as c hosen to b e � M p;K + ;p;� � > 195 Me V/c

2

taking Fig. 5.11 as a reference. With these t w o di�eren t � M p;K + ;p;� � cuts the �nal �(1405)
sp ectra can b e obtained. Fig. 5.12 and 5.13 sho w the line shap e after the � M (p;K + ;p;� � ) cut

for the measured data on the left side and for sim ulation on the righ t side.

One can compare at this stage of the analysis sim ulations and exp erimen tal data to eac h other.

This w as done b y scaling the sim ulations to the exp erimen tal lineshap e in the region of 1360

Me V/c

2
- 1440 Me V/c

2
. A v ery �rst and rough pro cedure of subtracting the bac kground can

b e p erformed b y scaling the bac kground of all other c hannels b y the same factor of the total

yield in sim ulations and subtracting this con tribution from the measured lineshap e. This is

sho wn in Fig. 5.14 and 5.15 for the t w o di�eren t cuts on � M p;K + ;p;� � .

One can see in this v ery preliminary attempt of bac kground subtraction, that the sim ulated

�(1405) lineshap e is signi�can tly narro w er than the measured one. This can already b e a

hin t for the non Breit-Wiegner shap e of the �(1405) as this w as not implemen ted in the

sim ulation. T o p erform a con vincing bac kground subtraction more statistic in sim ulation is
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Figur e 5.12: L eft: �(1405) line shap e for me asur e d data. R ight simulation with the c ontribution of

di�er ent r e actions. The lineshap e was dr awn for a cut of � M p;K + ;p;� � > 170 MeV/c

2
.

Figur e 5.13: L eft: �(1405) line shap e for me asur e d data. R ight: simulation with the c ontribution of

di�er ent r e actions. The lineshap e was dr awn for a cut of � M p;K + ;p;� � > 195 MeV/c

2

needed. Moreo v er, one should try to subtract the phase space con tribution to the bac kground

separated from the �(1385) 0
resonance con tribution. Another yield of bac kground comes

from inelastic ev en ts. This is a con tribution of misiden ti�ed k aons. The statistic of 100 Mio

inelastic ev en ts yield a con tribution of 12 ev en ts in the missing mass region of the �(1405) after

all analysis cuts. As the cross section of inelastic ev en ts is ab out t w o orders of magnitudes

higher than for ev en ts with strangeness, this could yield to a signi�can t con tribution to the

bac kground. 12 ev en ts are ho w ev er to o p o or in statistic for an y quan titativ e statemen ts.

A dditionally to that, e�ciency and acceptance corrections m ust b e carried out.
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Figur e 5.14: L eft: �(1405) line shap e for me asur e d data with the overlaid simulation in r e d, the

b ackgr ound is shown by the gr ay distribution. R ight: Same distributions after subtr action of the

b ackgr ound with simulate d �(1405) events in blue. F or � M p;K + ;p;� � > 170 MeV/c

2
. A �(1405)

signal with 134 entries is visible

Figur e 5.15: L eft: �(1405) line shap e for me asur e d data with the overlaid simulation in r e d, the

b ackgr ound is shown by the gr ay distribution. R ight: Same distributions after subtr action of the

b ackgr ound with simulate d �(1405) events in blue. F or � M p;K + ;p;� � > 195 MeV/c

2
. A �(1405)

signal with 148 entries is visible
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5.3 Analysis of the �(1385) 0
resonance

F or the analysis of the �(1385) 0
resonance the same steps as for the �(1405) analysis will b e

p erformed except for the cut on the missing mass of all c harged particles. In ev en ts con taining

a �(1385) 0
the � M (p;K + ;p;� � ) is around the measured � �

mass. Fig. 5.16 sho ws the cut on the

missing mass of all c harged particles to select ev en ts con taining a �(1385) 0
. It w as required

that 89 Me V/c

2 < � M (p;K + ;p;� � ) < 180 Me V/c

2
to accept ev en ts for the analysis.

Figur e 5.16: L eft: � M p;K + ;p;� �
for me asur e d data. R ight: simulations with the c ontribution of

di�er ent r e actions. With the cut on � M p;K + ;p;� �
indic ate d by the r e d vertic al lines.

After the missing mass cut a sp ectrum of the �(1385) 0
resonance can b e obtained. This

is sho wn in Fig. 5.17 for sim ulations and exp erimen t. The bac kground subtraction can

b e preformed b y scaling the bac kground to the left or righ t tail of the exp erimen tal data.

An attempt to scale the bac kground to the righ t tail of the �(1385) 0
yield failed as the

bac kground con tribution w as o v erestimated. One can also scale the total yield of sim ulations

to the measured data and subtract the bac kground. In this case one has to kno w precisely

the relativ e cross section of bac kground and signal. In a �rst attempt the sim ulations w ere

scaled to the measured data b et w een 1340 Me V/c

2
and 1410 Me V/c

2
. The bac kground w as

scaled with the same factor separately and subtracted. This is sho wn in Fig. 5.18 .

One can see that unlik e in the �(1405) case, the shap e of the �(1385) 0
in measured data

can b e repro duced in sim ulations. The bac kground in measured data is not describ ed suf-

�cien tly b y sim ulation. The cross section used as input for the sim ulation th us need to b e

rec hec k ed. Hence, the �(1385) 0
measuremen t can b e considered as a b enc hmark in the com-

parison b et w een the sim ulations and the exp erimen tal data. Ho w ev er, in order to extract

more quan titativ e information, a more careful scaling of the bac kground m ust b e applied. On

the other hand, the �(1385) 0
signature could b e isolated applying a kinematic re�t to ev en ts

lik e:

p + p 3:5GeV����! �(1385) 0 + K + + p (5.9)

� + � 0
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Figur e 5.17: L eft: The �(1385) 0
line shap e for me asur e d data. R ight: Simulation with the c ontri-

bution of di�er ent r e actions.

Figur e 5.18: L eft: The �(1385) 0
line shap e for me asur e d data with the overlaid simulation in r e d.

R ight: After subtr action of the b ackgr ound with simulate d �(1385) 0
events in blue.

taking the missing mass of � 0
as a constrain t of the �t. The line shap e of the �(1385) 0

resonance can then b e in v estigated using the � - � 0
in v arian t mass.
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6 Conclusion and Outlo ok

6.1 Conclusion

As p oin ted out in the motiv ation a need for new data, sho wing the �(1405) line shap e is

p ersisten t. The feasibilit y of the �(1405) reconstruction in a p+p at 3.5 Ge V reaction with

the HADES sp ectrometer w as sho wn. The detector acceptance of the HADES sp ectrometer

limits the exp ected yield substan tially . Nev ertheless, a �(1405) signal with a yield of �
148 en tries could b e extracted. The line shap e sho ws already di�erences to the line shap e

in the sim ulations, whic h is an indication for the non Breit-Wiegner shap e of the �(1405)
resonance. The bac kground subtraction ho w ev er, needs to b e in v estigated in detail for a �nal

statemen t. The statistics in the � 0� 0
c hannel could not b e impro v ed, as compared to the

ANKE [47] analysis, due to a w orse missing mass resolution in the HADES sp ectrometer.

Th us the �(1405) could not b e separated exclusiv ely from the �(1385) 0
without a crucial

loss of statistic. The con tribution of �(1385) 0
signal in the �(1405) line shap e needs to

b e studied with more sim ulation for a w ell bac kground subtraction. An exclusiv e signal of

�(1385) 0
could b e reconstructed in the measured data with a yield of � 240 en tries. F or

the �(1385) 0
resonance the extracted line shap e is in w ell agreemen t with the sim ulation.

The reconstruction of the �(1405) in the c harged deca y c hannels are under in v estigation

to compare the extracted line shap e to the line shap e in the � 0� 0
c hannel. Moreo v er the

successful reconstruction of the �(1405) could b e a hin t for a feasibilit y analysis regarding

Kaonic Clusters.

6.2 Emplo yment of the F o rw a rd W all in the �(1405) analysis

The acceptance studies in c hapter 3 ha v e already sho wn that the analysis is hamp ered b y

statistics. This is mainly due to the p olar angle distribution of the protons. Most of them �y

b elo w the lo w er acceptance of the HADES sp ectrometer � = 15 �
, see Fig. 3.4. The F orw ard

W all (see sect. 2.1.7) pro vides the p ossibilit y to increase the geometrical acceptance of the

HADES sp ectrometer for p olar angles 0:33� < � < 7�
. As this ho doscop e w as in tegrated for

the �rst time in HADES during the p+p run, the time signal measured of the FW has nev er

b een used for a detailed analysis. The fact that the FW o�ers no p ossibilit y for particle iden-

ti�cation creates a c hallenge for the analysis. A time-of-�igh t signal with a w orse resolution

than the HADES sp ectrometer is the only v aluable information from this detector. Therefore,

an analysis with the FW data included is just p ossible, if one mak es an ev en t h yp othesis. One

has to study therefore, the particle m ultiplicit y in the FW under the constrain t of a sp ecial

ev en t t yp e in the HADES sp ectrometer. In the case of the �(1405) analysis it is exp edien t

to assume that one proton of the four c harged particles will hit the FW and the other three

particles ha v e b een detected in the HADES sp ectrometer. In v estigations of the particle m ul-

tiplicit y under the constrain t of three c harged particles detected in HADES, with the righ t
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Pid (dep ending on the deca y c hannel), ha v e sho wn that in 89% of the ev en ts a proton w as

detected in the FW. This indicates that the ev en t h yp othesis will not yield h uge bac kground

due to false Pid assumptions. But, ev en if one could analyze the FW data with an ev en t h y-

p othesis, the time resolution w ould imply a bad momen tum resolution of the detected proton

and th us yield a v ery broad �(1405) signal in the analysis. One could therefore not add the

t w o line shap es from the t w o analysis.

With the option to re�t the particle momen ta in the ev en t, it is p ossible to restore the orig-

inal �(1405) signal [7]. It has b een sho wn [41], that the kinematic re�t can restore smeared

resonance shap es without creating arti�cial p eaks in the bac kground data see Fig. 6.1.

Figur e 6.1: R ight: Line shap e of the �(1405) b efor e and after r e�tting events with al l p articles

me asur e d by HADES. R ight: Line shap e of the �(1405) b efor e and after r e�tting events wher e one

pr oton has b e en me asur e d in the FW.

This result indicates, that it could b e p ossible to add the t w o data sets, after re�tting the

�(1405) ev en ts with a proton measured in the FW. The deca y c hannel 4 ho w ev er, is not

re�table with a ph ysical constrain t on the missing mass, as in this reaction more than one

neutral particle is created see eq.(6.1).

p + p 3:5GeV����! �(1405) + K + + p (6.1)

� 0 + � 0

� + 


p + � �

There is the p ossibilit y ho w ev er, to set a constrain t on the in v arian t mass of the secondary

proton and the � �
, M (p;� � ) = M (�(1116)) . Implying that, only ev en ts with the secondary

proton detected b y the FW can b e used. T o what exten t this in v arian t mass re�t can impro v e

the line shap e remains to b e in v estigated.
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Figur e 6.2: The active se ctors of the FW ar e displaye d in dark blue, gr e en and r e d, and the missing

se ctors in p+p at 3.5 GeV in light blue.

6.2.1 Estimation of the �(1405) yield in HADES+FW combined data

89% of the FW c hannels w ere activ e, as sho wn in Fig. 6.2. An ev en t w as accepted b y the

analysis, when one proton w as detected in the FW and the other three c harged particles of

the �(1405) ev en t b y the HADES sp ectrometer. In the deca y c hannel 4 ,it w as required that

only the secondary proton caused a hit in the FW. The results of this acceptance study are

summarized in table 6.1.

Deca y c hannel 1 2 3 4

A cceptance of primary particles (p, K +
) 4% 5.2% 4% 1.3%

A cceptance of all four c harged particles 0.7% 1.22% 0.88% 0.5%

T able 6.1: Ge ometric al ac c eptanc e of the four �(1405) de c ay channels, obtaine d r e quiring one pr oton

in the F orwar d W al l.

Comparing these results with the ones summarized in table 3.4 one can see that the acceptance

for the deca y c hannel 2 increased signi�can tly . So, either the primary or the secondary proton

could b e detected b y the FW, whic h enhances the c hances of the ev en t to b e accepted. F or

the other c hannels con taining just one proton the acceptance is comparable. Channel 4 has

a reduced acceptance as one just requires the p of the �(1116) in the FW acceptance. One

can, lik e in section 3.2, study the in�uence of the M3 trigger on the data. T able 6.2 sho ws the

ratio of geometrical and M3 trigger accepted ev en ts to the amoun t of trigger accepted ev en ts,

see eq. 6.2

Pacc =
NM 3+ geom: acc

NM 3 acc
(6.2)

T o calculate the amoun t of ev en ts that w ere accepted b y the trigger, as w ell as b y the ge-
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Deca y c hannel 1 2 3 4

A cceptance of primary particles (p, K +
) 3.4% 5.2% 3.5% 1.3%

A cceptance of all four c harged particles 1.1% 1.8% 1.2% 0.48%

T able 6.2: Pacc of �(1405) events with one pr oton dete cte d in the F orwar d W al l and the other thr e e

char ge d p article dete cte d by the HADES sp e ctr ometer. F or al l four de c ay channels.

ometrical acceptance one can m ultiply the ratio Pacc with M3 the ratio of trigger accepted

ev en ts, see eq. 6.3. This is the ratio of M3 trigger and geometry accepted ev en ts to the total

n um b er of ev en ts.

Ptotal acc = Pacc � M 3 =
NM 3+ geom: acc

Nall
(6.3)

This leads to the n um b ers displa y ed in T able 6.3.

Deca y c hannel 1 2 3 4

A cceptance of primary particles (p, K +
) 2.1% 3.4% 2.3% 0.66%

A cceptance of all four c harged particles 0.7% 1.2% 0.8% 0.24%

T able 6.3: Ptotal acc of �(1405) events with one pr oton dete cte d in the F orwar d W al l and the other

thr e e char ge d p article dete cte d by the HADES sp e ctr ometer. F or al l four de c ay channels.

The acceptances studies of ev en ts, where all four c harged particles w ere detected in the

HADES sp ectrometer, ha v e not sho wn an imp ortan t in�uence of the M3 trigger to the amoun t

of accepted ev en ts, see sec. 3.2. This c hanges ho w ev er, when one in v estigates ev en ts where

on particle w as detected in the FW and just three particles in the HADES sp ectrometer.

Hereb y , all particles need to create a signi�can t signal in the MET A detector, otherwise the

ev en t will b e rejected b y the M3 trigger. Therefore, one sees b y comparing table 6.1 (geomet-

rical acceptance) to table 6.3 (geometrical+M3 T rigger acceptance), that the total acceptance

is decreasing not only b y the limited geometry but also b y the trigger acceptance. The ex-

p ected yield of reconstructed �(1405) ev en ts, where one proton of the reaction w as detected

in the FW, has b een estimated according to the total statistics collected for the real p+p data

using eq. 3.28. The results are sho wn in table 6.4.

If it turns out, that one can add the t w o line shap es of the t w o di�eren t analyses with help

of the kinematic re�t, one can summ up the exp ected yield, what is sho wn in table 6.5.

Channel 1 2 3 4

L VL 1 T rigger accepted ev en ts 63.0 % 65.6 % 66.4 % 51.0%

BR 33.3% 17.19% 16.11% 33.3 %

A cceptance 1.1% 1.8% 1.2% 0.48%

N
0

�(1405) 1930 1630 1020 850

T able 6.4: Numb er of r e c onstructible �(1405) in the four de c ay channels if one pr oton was dete cte d

in the FW.
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Channel 1 2 3 4

N
0

�(1405) 4570 2100 2550 1290

T able 6.5: The total yield of �(1405) events, if one c an add the line shap es of the two di�er ent event

typ es describ e d in the text.

6.2.2 Momentum resolution of the F o rw a rd W all

The momen tum resolution of the FW is w orse than the momen tum resolution of the HADES

trac king system, due to the w orse time resolution. Unlik e the momen tum determination b y

the b ending of a trac k in the magnetic �eld, one determines the momen tum in the forw ard

w all with the time-of-�igh t. The magnetic �eld of the HADES sp ectrometer do es not reac h

p olar angles b elo w 7

�
. P articles that are detected b y the F orw ard W all ha v e therefore straigh t

trac ks. The momen tum can b e determined as follo ws.

p = m
s
tq

1 � ( s
tc )2

(6.4)

p = m
1

q
( t

s )2 � 1
c2

(6.5)

With m the mass of the detected particle, s the distance of the FW to the target, and t

the measured time-of-�igh t. The momen tum resolution of the FW is dep enden ts on the time

resolution. It can b e therefore determined b y error propagation. This is describ ed b y equation

6.6.

� p = j
@p
@t

j � t (6.6)

� p = m j
� 1

� q
( t

s )2 � 1
c2

� 3
t
s2 j � t (6.7)

� p
p

=
1

�
( t

s)2 � 1
c2

�
t
s2 � t (6.8)

With the follo wing quan tities

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-�igh t t dep ends on the momen tum of the particle. The a v erage momen tum of

protons from p+p reactions at 3.5 Ge V in the FW is 1.77

GeV
c . With this momen tum an

a v erage time of �igh t can b e calculated see eq. 6.13
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t =

s �
m
p

� 2

+
1
c2 � s = 26:7ns (6.13)

This leads to a momen tum resolution of � 11%, whic h can b e rec hec k ed in real data.

6.3 Strangeness with pion b eams

It is planned to run HADES with a pion b eam. In this exp erimen t a � �
b eam with a kinetic

energy of 1.62 Me V/ c2
will hit a liquid h ydrogen target ( LH 2 ). As a preparation of the

exp erimen t, one should calculate ho w man y da ys of b eam one w ould need, to detect a certain

amoun t of sp ecial ev en ts. F or this reason PLUTO sim ulations of the t w o reactions men tioned

in eq. 6.14 w ere prepared and in v estigated under the asp ect of acceptance in the HADES

sp ectrometer.

� � + p 1:62GeV�����! �(1405) + K �
(6.14)

� � + p 1:62GeV�����! � + n

The HADES sp ectrometer is no w undergoing sev eral upgrades. The TOFINO detectors will

b e replaced b y Resistiv e Plate Cham b ers (RPC) and the data acquisition D A Q is upgraded

for a higher data taking rate. Moreo v er, it is planned to include a calorimeter in the HADES

sp ectrometer for the detection of 
 's. This w ould op en new p ossibilities to analyze �(1405)
ev en ts. One could for example suppress bac kground b y including the 
 's from � 0

deca ys in

the analysis. A dditionally , a �fth deca y c hannel is detectable. See table 6.6.

Num b er Deca y c hannel

1 �(1405) ! � � � + ! (n� � )� +

2 �(1405) ! � + � � ! (p� 0)� �

3 �(1405) ! � + � � ! (n� + )� +

4 �(1405) ! � � � � ! (� + 
 )� 0 ! (p + � � )� 0

5 �(1405) ! � 0� 0 ! (� + 
 )� 0 ! (n + � 0)� 0


T able 6.6: The naming of the de c ay channels by numb ers.

6.3.1 The acceptance of � �
b eam induced �(1405) events

F or all the �v e c hannels acceptance studies w ere prepared. Hereb y , just PLUTO sim ulations

w ere in v estigated, as there is no implemen tation of the calorimeter in the HGean t soft w are

y et. The results are summarized in table 6.7 and 6.9. Hereb y , all particles w ere detected for

a missing mass analysis, lik e it w as done in p+p at 3.5 Ge V. The acceptance is compared to

the acceptance whic h w as calculated for p+p.

One can see, that the acceptance in the pion b eam case is m uc h higher than in the p+p

reaction. This can b e explained b y the lo w er b eam energy , whic h results in a lo w er b o ost
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Deca y c hannel 1 2 3 4 5

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

A cc. of "prim." particles ( K � ! � + � �
) in � �

p 52.3 % 52 % 52.2 % 52,1% 52.1 %

T able 6.7: A c c eptanc e of the primary p articles of the four �(1405) de c ay channels in the HADES

sp e ctr ometer.

Deca y c hannel 1 2 3 4 5

A cc. of the four c harged particles in pp 6.1 % 0.5 % 6.3 % 0.2% -

A cc. of the four c harged particles in � � p 30.9 % 18.2 % 31 % 14.7 % 7.2 %

T able 6.8: A c c eptanc e of al l char ge d p articles of the four �(1405) de c ay channels in the HADES

sp e ctr ometer.

in forw ard direction of the three particles. Also, primary particle needing to b e detected is

a K 0
. This ho w ev er, can b e detected b y its deca y in to � +

and � �
. In that sense there

are no real primary particles in the ev en t whic h could b e detected. This is a di�eren t ev en t

structure as in the p b eam case, whic h results in di�eren t acceptance rates. With the help

of the calorimeter it is p ossible to do an in v arian t mass analysis of the �(1405) . Therefore,

all deca y particles of the �(1405) need to b e detected. T able 6.9 sho ws the acceptance if all

deca y particles are in the acceptance of the HADES sp ectrometer. A dditionally , the case w as

in v estigated where also the deca y pro ducts of the K 0
could b e detected, whic h could reduce

the bac kground in a later analysis. This in v arian t mass analysis is feasible for c hannel 2 and

4. In c hannel 1, 3 and 5 a neutron app ears in the deca y c hain, whic h can not b e detected

with the calorimeter.

Deca y c hannel 1 2 3 4 5

A cc. of the �(1405) deca y particles - % 14.4 % - % 7.9% -

A cc. of the �(1405) + K �
deca y particles - % 8.3 % - % 4.2 % - %

T able 6.9: A c c eptanc e of the de c ay p articles of the �(1405) for an invariant mass analysis.

6.3.2 Calculation of b eam da ys fo r a signi�cant � and �(1405) yield

The amoun t of sp ecial ev en ts X that one w an ts to ha v e in the total statistic is dep enden t

from the measured ev en ts Emeasured . This is sho wn in eq. 6.15

EX = Emeasured �
� X

� tot
� acc:� BR � P ID ef f (6.15)

With EX the amoun t of measured reactions of the t yp e X, � X the cross section for the reaction

X, � tot the total cross section of the � �
+p reaction, acc the geometrical acceptance of ev en t

X in the HADES sp ectrometer, BR the branc hing ratio of ev en t X in to the detectable deca y

c hannel and PID ef f , the e�ciency with whic h the particles of ev en t X can b e iden ti�ed.
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Within the acceptance, the trigger acceptance should b e included. This w ould also ha v e

a mo di�ed total cross section as consequence, as sho wn in section 3.3. But, b ecause of the

upgrades of the HADES system and the calorimeter, it is not kno wn ho w the trigger conditions

in � �
+p w ould lo ok lik e. Therefore, this is not included in the calculation. The da ys of b eam

time that are required to detect a sp ecial amoun t of ev en ts of t yp e X can b e calculated as

follo ws:

Days of Beam time =
Emeasured

Emeasured =day
=

Emeasured

I � D � (1 � deadtime) � spill
day � � �

spill

(6.16)

With I the in teraction probabilit y of the pion b eam with the target see eq. 6.17, D the dut y

factor of the spill.

The in teraction probabilit y with the target I, can b e calculated b y eq. 6.17.

I = � tot � L � NA �
�Z

M mol
(6.17)

With L the length of the target, NA the A v ogadro constan t, � the densit y of the target

material, Z the atomic n um b er of the target material and M mol the molar mass of the target

material. The v alues are summarized in table 6.10 and 6.11.

P arameter V alue

D 50 %

deadtime 10 %

� �

spill 106

spill
day 8640

I (for LH 2 as target) 0.72 %

I (for Pb as target) 46 %

acc for �(1405) ! � � � �
5 %

BR for �(1405) ! � � � �
20 %

PID ef f for �(1405) ! � � � �
50 %

acc for � ! K + K �
20 %

BR for � ! K + K �
50 %

PID ef f for � ! K + K �
40 %

T able 6.10: V alues for the p ar ameters use d to c alculate the amount of b e am days ne e de d for a c ertain

amount of events X.

The ev en ts of in terest X are in this case the t w o ev en ts men tioned in eq. 6.14. If one w an ted

to detect 5000 �(1405) in its deca y in to � � � �
, 25 da ys of b eam time b y a reaction with a LH 2

target and 0.4 da ys b y a reaction with a Bb target, w ould b e needed.

If one w an ted to detect 1000 � in its deca y in to K + K �
, 2 da ys of b eam time b y a reaction

with a LH 2 target and 0.02 da ys b y a reaction with a Bb target, w ould b e needed.

63



CHAPTER 6. CONCLUSION AND OUTLOOK

Cross sertion in � �
+p Cross sertion in p+p

� �
+p � tot 34 m b p +p � tot 42 m b

� �
+p ! � + n 0.024 m b p +p ! � + p + p 0.002 m b

� �
+p ! �(1405) + K �

0.051 m b p +p ! �(1405) + K + + p 0.010 m b

T able 6.11: Comp arism of the cr oss se ctions for the r e actions in � �
+p and p+p
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A cron ym Meaning

GSI Gesellsc haft für Sc h w erionenforsc h ung

HADES High A cceptance Dielectron Sp ectrometer

MDC Mini Drift Cham b ers

Pid P article Iden ti�cation

TOF Time Of Fligh t

L VL1 Lev el One T rigger

METS Multiplicit y and Electron T rigger Arra y

DST Data Summary T ap e

RICH Ring Imaging Cherenco v Detector

RPC Resistiv e Plate Cham b er
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