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Abstra
t
Charge 
onjugation C is one of the fundamental symmetries in nature whi
h transformsparti
les into antiparti
les. This symmetry was studied in weak intera
tion where it is fullyviolated, but it is poorly known in the strong and ele
tromagneti
 intera
tions. Therefore,it is important to test this symmetry a

urately for a better understanding of the natureof the strong intera
tion and for the understanding of the signi�
antly larger abundan
eof matter over antimatter in the Universe.To this end, in this thesis we investigated η → π+π−π0 and η → π0e+e− de
ays, whi
hmight violate 
harge 
onjugation symmetry. The violation of C symmetry in η → π+π−π0pro
ess 
ould manifest itself as an asymmetry between energy spe
tra of 
harged pions,and 
an be studied using event density distribution on Dalitz plot. The η → π0e+e−de
ay is forbidden by C symmetry in the �rst order of ele
tromagneti
 intera
tion, and
an only pro
eed by emission of two virtual photons with the bran
hing ratio on a levelof 10−8, as predi
ted in the framework of the Standard Model. Therefore, observation ofa larger bran
hing ratio 
ould indi
ate a me
hanism involving �rst order ele
tromagneti
intera
tion violating 
harge 
onjugation.Both de
ays were investigated by means of the WASA-at-COSY dete
tor operatingat the COSY syn
hrotron at the For
hungszentrum Jüli
h in Germany. The η mesonwas produ
ed via pp→ ppη rea
tion at the proton beam momentum of 2.14 GeV/
 whi
h
orresponds to kineti
 energy of 1.4 GeV. The measurement was done at the turn of O
toberand November in the year 2008. In total around 5 · 107 η mesons were 
olle
ted during thetwo weeks of data taking. The tagging of the η meson was done by means of the missingmass te
hnique and the de
ay produ
ts were identi�ed by the invariant mass re
onstru
tion.As a result of the analysis 
ondu
ted in the framework of this thesis a Dalitz Plotdistribution for the η → π+π−π0 de
ay was obtained. From this distribution we extra
tedasymmetry parameters sensitive to C symmetry violation for di�erent isospin values of the�nal state and we have established that all are 
onsistent with zero within the obtaineda

ura
y.For the η → π0e+e− de
ay we have not observe signal and thus we estimated an upperlimit for the bran
hing ratio. The established upper limit amounts to BRη→π0e+e− <

3.7 · 10−5 at the 90% 
on�den
e level. This result is more pre
ise than previously obtainedin other experiments. We intend to 
ontinue the resear
h, and thanks to the 20 times higherstatisti
s of already 
olle
ted data by WASA-at-COSY, the upper limit will be improvedsigni�
antly.





Stresz
zenieSprz�»enie ªadunkowe C jest jedn¡ z podstawowy
h symetrii w przyrodzie, która za-mienia 
z¡stki na anty
z¡stki. Symetria ta byªa badana w oddziaªywania
h sªaby
h wktóry
h jest 
aªkowi
ie ªamana, natomiast do tej pory jest sªabo poznana z punktu widzeniaoddziaªywa« silny
h i elektromagnety
zny
h. Dlatego wa»nym aspektem jest badanie stop-nia za
howania tej symetrii dla lepszego zrozumienia natury oddziaªywania silnego orazwyja±nienia wi�kszej abundan
ji materii ni» antymaterii we Wsze
h±wie
ie.W tym 
elu zbadali±my dwa pro
esy η → π+π−π0 i η → π0e+e−, które mog¡ ªa-ma¢ symetri� sprz�»enia ªadunkowego. Nieza
howanie sprz�»enia ªadunkowego w pro
esie
η → π+π−π0, mo»e ujawni¢ si� jako asymetria pomi�dzy rozkªadami energii pionów naªad-owany
h i mo»e zosta¢ zaobserwowana za pomo
¡ badania g�sto±
i obsadze« na wykresieDalitza. Natomiast rozpad η → π0e+e− jest zabroniony przez symetri� ªadunkow¡ wpierwszym rz�dzie oddziaªywa« elektromagnety
zny
h i mo»e za
hodzi¢ tylko przez emisjedwó
h wirtualny
h fotonów ze stosunkiem rozgaª�zie« na poziomie 10−8, wedªug przewidy-wa« w rama
h Modelu Standardowego. Jednka»e, zaobserwowanie wi�kszego stosunkurozgaª�zie« ±wiad
zyªoby o innym me
hani¹mie reak
ji ni» ten przewidywany na grun
ieModelu Standardowego, który mógªby nieza
howywa¢ symetrii sprz�»enia ªadunkowego.Oba rozpady byªy badane detektoremWASA-at-COSY zainstalowanym na sy
hrotronieCOSY znajduj¡
ym si� w Centrum Badaw
zym Jüli
h w Niem
ze
h. Mezon η byª pro-dukowany w reak
ji pp→ ppη przy p�dzie wi¡zki protonowej 2.14 GeV/
, 
o odpowiadaªoenergii kinety
znej 1.4 GeV. Pomiar zostaª wykonany na przeªomie pa¹dziernika i listopada2008 roku. W trak
ie dwó
h tygodni zebrano próbk� dany
h zawieraj¡
¡ okoªo 5 · 107mezonów η. Mezon η byª identi�kowany za pomo
¡ widma masy brakuj¡
ej, natomiastprodukty jego rozpadu byªy zidenty�kowane za pomo
¡ rekonstruk
ji masy niezmienni
zej.W opar
iu o przeprowadzon¡ w rama
h pra
y doktorskiej analiz� dany
h do±wiad
zal-ny
h zrekonstruowano wykres Dalitza. Na jego podstawie osza
owano warto±
i parametrówasymetrii 
zuªy
h na nieza
howanie symetrii sprz�»enia ªadunkowego C dla ró»ny
h warto±
iizospinu 
z¡stek w stanie ko«
owym. Stwierdzono, »e wszystkie otrzymane warto±
i asymetriis¡ zgodne z zerem w grani
a
h osza
owany
h niepewno±
i.Dla rozpadu η → π0e+e− w wyniku przeprowadzonej analizy nie zaobserwowano syg-naªu i dlatego osza
owano górn¡ grani
� stosunku rozgaª�zie« na ten rozpad. Obli
zonawarto±¢ górnej grani
y wynosi BRη→π0e+e− < 3.7 · 10−5 na poziomie ufno±
i 90%. Wynikten jest bardziej dokªadny ni» uzyskany w poprzedni
h eksperymenta
h. W najbli»szejprzyszªo±
i dzi�ki zebranej do tej pory 20 krotnie wi�kszej prób
e dany
h przez grup�WASA-at-COSY wynik ten mo»e zosta¢ zna
z¡
o poprawiony.





Contents
1 Introdu
tion 132 Charge 
onjugation invarian
e tests 172.1 De
ay of the η meson into π+π−π0 . . . . . . . . . . . . . . . . . . . . . . . 172.2 De
ay of the η meson into π0e+e− . . . . . . . . . . . . . . . . . . . . . . . 223 Experimental methods 253.1 Cooler Syn
hrotron COSY . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253.2 WASA-at-COSY apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . 273.2.1 Central Dete
tor (CD) . . . . . . . . . . . . . . . . . . . . . . . . . . 273.2.2 Forward Dete
tor (FD) . . . . . . . . . . . . . . . . . . . . . . . . . 293.2.3 Pellet Target system . . . . . . . . . . . . . . . . . . . . . . . . . . . 323.3 Data A
quisition System and trigger logi
 . . . . . . . . . . . . . . . . . . . 333.4 Missing and invariant mass te
hniques . . . . . . . . . . . . . . . . . . . . . 354 Rea
tion kinemati
s, analysis methods and dete
tor simulation 374.1 Event generator: Pluto++ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374.2 WASA Monte Carlo pa
kage . . . . . . . . . . . . . . . . . . . . . . . . . . . 374.3 Root-Sorter work �ow s
heme . . . . . . . . . . . . . . . . . . . . . . . . . . 384.4 Kinemati
s of the pp→ ppη → ppπ+π−π0(γγ) and pp→ ppη → ppπ0(γγ)e+e−rea
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 395 Tra
k sele
tion and re
onstru
tion 435.1 Data set and trigger 
onditions . . . . . . . . . . . . . . . . . . . . . . . . . 435.2 Sele
tion of tra
ks in the Forward Dete
tor . . . . . . . . . . . . . . . . . . 455.3 Sele
tion of tra
ks in the Central Dete
tor . . . . . . . . . . . . . . . . . . . 466 Identi�
ation of the pp→ ppη rea
tion 496.1 Identi�
ation of re
oil protons . . . . . . . . . . . . . . . . . . . . . . . . . . 496.2 Identi�
ation of the η meson . . . . . . . . . . . . . . . . . . . . . . . . . . . 5111



12 Contents7 Extra
tion of signal for the η → π0π+π− 
hannel 537.1 Identi�
ation of 
harged pions π± . . . . . . . . . . . . . . . . . . . . . . . . 557.2 Identi�
ation of γ quanta and π0 mesons . . . . . . . . . . . . . . . . . . . . 587.3 Ba
kground suppression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607.4 Kinemati
 �t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 627.5 Estimation of the analysis e�
ien
y . . . . . . . . . . . . . . . . . . . . . . 698 Results for the η → π0π+π− de
ay 738.1 Resolution of the observables determination . . . . . . . . . . . . . . . . . . 738.2 Dalitz Plot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 758.3 Determination of asymmetries . . . . . . . . . . . . . . . . . . . . . . . . . . 798.4 Estimation of the systemati
 un
ertainty . . . . . . . . . . . . . . . . . . . . 808.5 Dis
ussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 859 Extra
tion of η → π0e+e− de
ay 879.1 Identi�
ation of π0 meson and leptons e± . . . . . . . . . . . . . . . . . . . 889.2 Suppression of split-o� and 
onversion ba
kground . . . . . . . . . . . . . . 919.3 Further ba
kground redu
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 9310 Results for the η → π0e+e− de
ay 9910.1 The upper limit for the bran
hing ratio BR(η → π0e+e−) . . . . . . . . . . 9910.2 Dis
ussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10111 Summary and perspe
tives 103A
knowledgments 107Bibliography 109



1. Introdu
tionMesons � the states of the quark1 and anti-quark (qq̄) � for more then 60 years play animportant role in experimental and theoreti
al physi
s. Previously and nowadays physi
istsuse di�erent mesons to study limits of appli
ability of the Standard Model [1�6℄, whi
his well established theory des
ribing the strong, ele
tromagneti
 and weak intera
tionsbetween elementary parti
les. The examination of mesons produ
tion and their de
aymodes give a possibility to probe fundamental symmetries su
h as: 
harge 
onjugation(C), spa
e re�e
tion (P), time reversal (T) and their 
ombinations: CP [7℄ and CPT [8,9℄.Moreover investigation of su
h pro
esses 
an be used to determine the parameters of theStandard Model.One of the parti
le used for these studies is the η meson dis
overed in Berkeley Beva-tron Laboratory in 1961 [10℄. It is one of the Goldstone bosons in the quantum 
hromo-dynami
s (QCD) [11℄ with no ele
tri
 
harge, �avorless and the mass of mη = 547.853 ±
0.024 MeV [12℄. From the theoreti
al point of view it is a superposition of the SU(3) o
tet
η8 and singlet η1 states, with the wave fun
tion:

|η〉 = cosΘ|η8〉 − sinΘ|η1〉, (1.1)where Θ denotes the pseudo-s
alar mixing angle between singlet and o
tet state2, and:
|η8〉 =

1√
6
|ūu+ d̄d− 2s̄s〉, (1.2)

|η1〉 =
1√
3
|ūu+ d̄d+ s̄s〉. (1.3)The η meson belongs to the pseudo-s
alar family with isospin and angular momentumequal to zero, negative parity and 
harge 
onjugation equal to +1 (IG(JPC) = 0+(0−+)),along with the η′, π0, π+, π− and K+, K−, K0, K̄0 mesons. It is an eigenstate of the
harge 
onjugation (C) and parity (P) operators, and thus it 
onstitutes an importantexperimental tool for investigations of the degree of 
onservation of these symmetries instrong and ele
tromagneti
 intera
tions. Moreover, the total width of the η meson is equalto Γη = 1.30 ± 0.07 keV [12℄ whi
h is �ve orders of magnitude smaller than the typi
alwidth of neutral parti
les whi
h may de
ay due to the strong intera
tion. Therefore, thede
ays of the η meson are very sensitive to C and P violation.The main de
ay modes of the η meson 
an be divided into two groups: hadroni
 de
aysand radiative de
ays. All of these strong and ele
tromagneti
 pro
esses are forbidden in1Quarks are elementary parti
les with ele
tri
 
harge q = ±

1

3
or q = ±

2

3
.2The pseudo-s
alar mixing angle was established in [13℄ and amounts to Θ ≈ −15.5o ± 1.3o.13



14 Chapter 1. Introdu
tionthe �rst order [14℄. The most energeti
ally favorable strong de
ays into π+π− and π0π0 areP and CP violating, with predi
ted very low bran
hing ratios. Moreover, strong de
ay into
4π is also forbidden be
ause of the P and CP invarian
e and a small available phase spa
e.Therefore, the η meson de
ays predominantly into πππ although this de
ay violates isospinsymmetry and G-parity [15℄. Histori
ally the η meson de
ays into πππ were 
onsidered asele
tromagneti
 pro
ess but it was shown that these e�e
ts are small [16℄, and instead it isexpe
ted that the de
ay o

urs only due to the di�eren
e in the mass of the u and d quarks.This fa
t permits to study this mass di�eren
e by 
omparing the measured bran
hing ratioswith the 
al
ulations based on the Chiral Perturbation Theory (ChPT) [17℄. Furthermore,the �rst order ele
tromagneti
 de
ays like π0γ, π0π0γ and π+π−γ are also forbidden andthey 
an o

ur only due to QCD anomalies found in 
urrent algebra [18�20℄. In the masslessquark limit the radiative de
ays are driven by the QCD box anomaly [21℄. The se
ondorder ele
tromagneti
 de
ay η → γγ is also forbidden, and o

urs due to the QCD triangleanomaly [22℄. The above highlighted properties makes the η meson spe
ially suitable fortests of the dis
rete symmetries. In this work we use the η meson for the studies of the Csymmetry.The 
harge 
onjugation invarian
e was studied in weak intera
tion, and already in1957 it was dis
overed that breaking of this symmetry o

urs in de
ays of π+ and µ+ [23℄.Furthermore, it was also realized that the C operator should turn left-handed neutrinosinto left-handed anti-neutrinos, but the experimental studies show that all neutrinos areleft-handed and anti-neutrinos right-handed. This implies that C symmetry should befully violated in weak intera
tions. It is also interesting to noti
e that the Big-Bang modelpredi
ts the same amount of matter and antimatter in the Universe but the experimentalobservations show that there is signi�
antly larger abundan
e of matter over antimatter [24,25℄. The known CP breaking e�e
t [7℄ is insu�
ient to explain this phenomenon, but itis hoped that investigations of the 
harge 
onjugation may help in 
lari�
ation of thisproblem.One of the main purposes of this thesis is to study the 
harge 
onjugation invarian
ein strong intera
tions by means of the Dalitz plot density population for the η → π+π−π0de
ay. The η → π+π−π0 hadroni
 mode is one of the most frequently o

urring de
ay ofthe η meson with the bran
hing ratio equal to 22.74 ± 0.28% [12℄. The C invarian
e inthis de
ay 
an manifest itself as an asymmetry between the energy distribution of the π+and π− mesons in the rest frame of the η meson. The studies of the density population ofthe Dalitz plot 
an also reveal details of 
ontribution to possible C violation from variousisospin states of the �nal parti
les. Su
h e�e
ts 
an be investigated by means of threeasymmetry parameters: (i) ALR � left-right asymmetry sensitive to violation averagedover all isospin states, (ii) AQ � quadrant asymmetry sensitive for the I = 2, and (iii) AS� sextant asymmetry whi
h 
an test the C violation in I = 1 state [26℄.Furthermore, we intend to extra
t the bran
hing ratio or estimate an upper limit for therare η → π0e+e− pro
ess whi
h might not 
onserve 
harge 
onjugation. In the framework of



15the Standard Model, the de
ay η → π0e+e− may only pro
eed via C-
onserving ex
hangeof two virtual photons with the bran
hing ratio of about 10−8 [27℄. But in prin
iple itmay also be realized by one photon intermediate state, forbidden by the C invarian
e andin
reasing the bran
hing ratio. At present only an upper limit is set for this bran
hingratio at the level of 4× 10−5 [12℄. Thus, there is still more than three orders of magnitudedi�eren
e between Standard Model predi
tions and experimentally measured upper limit,and therefore in
rease of the experimental sensitivity gives a 
han
e to observe a signalwhi
h would indi
ate violation of C symmetry. The possible 
harge 
onjugation breaking
ould be indi
ated if the bran
hing ratio would be larger than 10−8.The measurement aming at the 
harge 
onjugation studies des
ribed in this dissertationwas 
arried out in the Resear
h Center Jüli
h in Germany, by means of the WASA-at-COSYdete
tor. The η meson was produ
ed in proton�proton 
ollisions at beam momentum of2.14 GeV/
. Identi�
ation of the investigated rea
tions was based on the sele
tion of events
orresponding to the π+π−π0 and π0e+e− �nal state. The η meson signal was extra
tedusing missing mass spe
trum of two outgoing protons registered in the Forward Dete
tor,and the de
ay produ
ts were identi�ed based on invariant mass distribution re
onstru
tedfrom signals dete
ted in the Central Dete
tor of the WASA-at-COSY system.In the next 
hapter the main theoreti
al motivation for 
ondu
ted investigations isoutlined.The WASA-at-COSY dete
tor fa
ility and the measurement methods is des
ribed inChapter 3.The Chapter 4 is devoted to the des
ription of the analysis methods and simulation ofthe dete
tor response.In Chapter 5 the tra
k sele
tion methods and re
onstru
tion algorithms are dis
ussed.Chapter 6 is 
ommitted to the identi�
ation method of the pp→ ppη rea
tion.Chapter 7 
omprises the des
ription of the η → π+π−π0 de
ay signal extra
tion, andthe dis
ussion of multi-pion ba
kground redu
tion methods. Moreover, the kinemati
 �tpro
edure is explained in this 
hapter.The �nal results 
on
erning the Dalitz plot and the asymmetry parameters studies forthe η → π+π−π0 de
ay are presented in Chapter 8. In addition to that, in Chapter 8 thephysi
al ba
kground subtra
tion, the a

eptan
e and e�
ien
y 
orre
tions are dis
ussed.Finally, the a
hieved experimental results are 
ompared to theoreti
al predi
tions.Further on, the pro
edure of the η → π0e+e− de
ay identi�
ation will be presented inChapter 9.In Chapter 10, the bran
hing ratio results for the η → π0e+e− de
ay are dis
ussed.The summary and �nal 
on
lusions followed by perspe
tives are presented in Chap-ter 11.
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tion



2. Charge 
onjugation invarian
etestsIn the Standard Model of parti
les and �elds, the 
harge 
onjugation C, along withthe spatial parity P and the time reversal T, is one of the most fundamental symmetries.The C operator in quantum �eld theory applied to a parti
le state |ψ〉, 
hanges all additivequantum numbers of this parti
le to opposite sign, leaving the mass, momentum and spinun
hanged, and making it an antiparti
le state:
C|ψ〉 = |ψ̄〉. (2.1)In the Quantum Ele
trodynami
s (QED) and Quantum Chromodynami
s (QCD) it ispostulated that C holds in all ele
tromagneti
 and strong intera
tions on the level smallerthan 10−8. Therefore, the C-invarian
e should imply the balan
e between matter andantimatter, whi
h is not the 
ase in the observed Universe. The Standard Model of the weakintera
tions allows for full C and P violation, as well as for small CP violation. However,the model does not explain why and how the violation o

urs. Also the dis
overed smallCP breaking does not explain the larger abundan
e of matter over antimatter. Thus, theinvestigation of the 
harge 
onjugation symmetry is one of the most interesting, valuableand signi�
ant �eld in modern experimental nu
lear and parti
le physi
s.Di�
ulties in studies of the 
harge 
onjugation arise from the fa
t that there are onlyvery few known parti
les in nature whi
h are the eigenstates of the C operator. Themost suitable 
andidates are neutral and �avorless mesons and the parti
le-antiparti
lesystems. The parti
ularly interesting appears the η meson, whi
h plays a 
ru
ial role forunderstanding of the low energy Quantum Chromodynami
s, and 
an be also used to testsof the fundamental symmetries.In this thesis study of the 
harge 
onjugation invarian
e C is presented, by 
ondu
tingthe analysis of the η → π+π−π0 and η → π0e+e− de
ay modes measured in the experimentwhere the η meson was produ
ed in the proton-proton intera
tions.2.1 De
ay of the η meson into π+π−π0In view of the tests of 
harge 
onjugation invarian
e C, the strong hadroni
 de
ay

η → π+π−π0 whi
h does not 
onserve isospin sin
e the Bose symmetry forbids the threepions with the JP = 0−, is parti
ularly interesting. However this de
ay has to be treatedin spe
ial way be
ause in QCD, at low energies, the strong 
oupling 
onstant αs is large,17



18 Chapter 2. Charge 
onjugation invarian
e testsand the perturbative approa
h is not valid any more. Therefore, one applies the ChiralPerturbation Theory (ChPT) as an e�e
tive �eld theory spe
ially suited for low energiesregime. This theory is based on the approximate 
hiral symmetry and expansion in externalmomenta and quark masses. In this approa
h the role of dynami
 degrees of freedom ofstrong intera
tion are given to hadrons 
omposed of 
on�ned quarks and gluons [28℄. One
an identify them with eight Goldstone bosons members of the pseudos
alar meson nonet,whi
h are the result of the spontaneous 
hiral symmetry breaking [29℄. The e�e
tiveLagrangian is expanded in de�nite number of derivatives or powers of quark masses givenas:
Leff
ChPT = L2 + L4 + L6 + ..., (2.2)where the subs
ripts stands for the 
hiral order. Furthermore, e�e
tive Lagrangian sharesthe same symmetries with QCD, namely: C, P, T, Lorentz invarian
e, and the 
hiral

SU(3)L × SU(3)R symmetry. One 
an see that only even 
hiral powers arise sin
e theLagrangian is Lorentz s
alar whi
h implies that indi
es of derivatives appear in pairs. Thelowest order of 
hiral Lagrangian has only two 
onstants: B0 whi
h is the quark 
ondensateparameter, and Fπ whi
h is the pion de
ay 
onstant, and the de
ay me
hanism is given byCurrent Algebra [30, 31℄.Histori
ally the η → π+π−π0 de
ay was treated as an ele
tromagneti
 pro
ess withpartial width smaller than se
ond order ele
tromagneti
 de
ay. But as it was shown theele
tromagneti
 
ontributions are small [16, 32℄ and instead the pro
ess is dominated bythe isospin violating term in the strong intera
tion [33℄. Therefore, it is very interestingto 
on
ern hadroni
 de
ays of the η meson into three pion system in terms of the di�erentisospin states. The wave fun
tion for I = 0 state 
an be written in the following form [15℄:
(3π)I=0 =

√

1

3

[

(π+π0)I=1|π−〉 − (π+π−)I=1|π0〉+ (π−π0)I=1|π+〉
]

. (2.3)where �nal 3π 
an be in the isospin zero state only if the ππ subsystem is in I = 1 state.For the two pion subsystems with I = 1 one 
an write the wave fun
tions as:
(π+π0)I=1 =

√

1

2

[

|π+〉|π0〉 − |π0〉|π+〉
]

,

(π+π−)I=1 =

√

1

2

[

|π+〉|π−〉 − |π−〉|π+〉
]

,

(π−π0)I=1 =

√

1

2

[

−|π−〉|π0〉+ |π0〉|π−〉
]

.Thus the full wave fun
tion for the 3π system in I = 0 state reads:
(3π)I=0 =

√

1

6

[

|π+〉|π0〉|π−〉 − |π0〉|π+〉|π−〉 − |π+〉|π−〉|π0〉+

|π−〉|π+〉|π0〉 − |π−〉|π0〉|π+〉+ |π0〉|π−〉|π+〉
]

. (2.4)
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Figure 2.1: Kinemati
al boundaries of the Dalitz plot for the η → π+π−π0 de
ay.This wave fun
tion given above is antisymmetri
 under any ex
hange of pions: π0 ↔ π+,
π− ↔ π+ and π0 ↔ π−. In parti
ular, by applying 
harge 
onjugation (equivalent to
π+ ↔ π− ex
hange) one gets:

C(3π)I=0 = −(3π)I=0. (2.5)This is in 
ontradi
tion with λC = +1 of the η meson. Therefore, the de
ay η → π+π−π0in the isospin state I = 0 violates C symmetry. One 
an show that in this 
ase also Gsymmetry is broken. The G operator is given by:
G = CeiπI2 , (2.6)where C stands for 
harge parity, and I2 denote the operator of the se
ond 
omponent ofthe isospin. The eigenvalue of this operator is given by λG = (−1)IλC , thus λG = −1for pions and λG = +1 for the η mesons. Hen
e, the η → π+π−π0 in the I = 0 doesnot 
onserve G symmetry. Therefore, the de
ay η → π+π−π0 may o

ur if the isospinis 
onserved but then it has to violate C and G symmetry, or it may de
ay 
onserving Csymmetry but then isospin is violated.As it was mentioned before this de
ay has a strong isospin breaking part whi
h isdriven by the term of the QCD Lagrangian proportional to the md−mu. This isospin non-
onserving intera
tion result in the �nal isospin state of three pions with I = 1 and λC =

+1. However, the interferen
e between 
onserving and not-
onserving 
harge symmetryprodu
tion amplitudes of the λC = +1 and λC = −1 states are also possible. This 
anresult in asymmetry between kineti
 energy distribution of 
harged pions π+ and π−.
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onjugation invarian
e testsTheory/Experiment A0 a b d fChPT LO [34, 35℄ 120 -1.039 0.27 0.0 0.0ChPT NLO [34,35℄ 314 -1.371 0.452 0.053 0.027ChPT NNLO [34,35℄ 538 -1.271 0.394 0.055 0.025Gromley [36℄ -1.18±0.02 0.20±0.03 0.04±0.04 �Layter [26℄ -1.080±0.014 0.034±0.027 0.046±0.031 �Amsler [38℄ -0.94±0.15 0.11±0.27 � �Abele [37℄ -1.22±0.07 0.22±0.11 0.06(�xed) �Ambrosini [39℄ −1.090+0.013
−0.024 0.124 ± 0.016 0.057+0.013

−0.022 0.14 ± 0.03Table 2.1: Dalitz plot parameters obtained from the theoreti
al predi
tions of the ChPT (�rstthree rows), and the same parameters obtained from various experimental measurements of the
η → π+π−π0 de
ay.A 
onvenient way to study the η → π+π−π0 de
ay in view of the possible C violationis to use the Dalitz plot. For that purpose one 
an use the Mandelstam variables de�nedas:

si = (pη − pi)
2 = (mη −mi)

2 − 2 ·mηTi, (2.7)where pi and mi denote the four-momentum ve
tors and masses of �nal state parti
les,and Ti stands for the kineti
 energy in the rest frame of the η meson. However, in 
ase ofthe π+π−π0 �nal state where mπ+ = mπ− , one 
an use the symmetrized and dimensionlessvariables de�ned as:
X =

√
3

(

T+ − T−
Q

)

, (2.8)
Y =

3T0
Q

− 1, (2.9)where Q = T+ + T− + T0 = mη − 2mπ± − mπ0 is the ex
ess energy. The kinemati
alboundary of the Dalitz plot in the X,Y plane for the η → π+π−π0 de
ay is shown inFig. 2.1.The distribution inside the boundaries is symmetri
 and �at when the transition matrixelement is 
onstant. In general the density distribution is given by the matrix elementsquared whi
h 
an be des
ribed by expanding the amplitude in the powers of X and Y:
|M |2 = A2

0(1 + aY + bY 2 + cX + dX2 + fY 3 + ...), (2.10)where a, b, c, d, f, ... are the parameters whi
h 
an be obtained phenomenologi
ally or on theground of theory, and A0 stands for the normalization fa
tor. By extra
ting the parametersfrom the experimental data and 
omparing them to the theoreti
al predi
tions one 
an testthe assumptions of the Chiral Perturbation Theory. Furthermore, c 
oe�
ient, and otherparameters standing in the odd-powers of X are sensitive to 
harge 
onjugation violation.The values of the parameters obtained from previous measurements and from 
al
ulations
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Figure 2.2: The partition of the Dalitz plot into se
tors in order to de�ne the asymmetries: (left)left-right (ALR), (middle) quadrant (AQ), (right) sextant (AS).
al
ulated based on the ChPT are 
olle
ted in Tab. 2.1. In all previous experiments
c parameter was found to be 
onsistent with zero, but was not expli
itly given in thepubli
ations due to large errors. Furthermore, only KLOE [39℄ experiment 
olle
ted enoughstatisti
s to establish value of the f parameter.The amplitude mixing between λC = −1 and λC = +1, des
ribing the transition intoisospin state I = 1 and I = 0, 2, respe
tively, 
an be investigated by studying of thesymmetries of population in di�erent parts of the Dalitz plot. In parti
ular the possiblepresen
e of C violation 
ould be observed in three parameters: (i) left-right asymmetry� ALR, (ii) quadrant asymmetry � AQ, and (iii) sextant asymmetry � AS . Ea
h of theseparameters depends on di�erent isospin states of the �nal three pions. The asymmetriesare de�ned as number of events observed in di�erent se
tors of the Dalitz plot divided asit is shown in Fig. 2.2.The left-right asymmetry is de�ned as:

ALR =
NR −NL

NR +NL
, (2.11)where the NL stands for the number of events where π− has a larger energy than π+ andand NR denotes the number of events where the π+ has greater energy than π−. It issensitive to C violation averaged over all isospin states. However, it is possible to test the
harge 
onjugation invarian
e in given I state. For this one uses the quadrant and sextantasymmetries whi
h are de�ned as:

AQ =
N1 +N3 −N2 −N4

N1 +N2 +N3 +N4
, (2.12)

AS =
N1 +N3 +N5 −N2 −N4 −N6

N1 +N2 +N3 +N4 +N5 +N6
, (2.13)where Ni denotes the number of observed events in i-th se
tor of the Dalitz plot. Thequadrant asymmetry tests the C invarian
e in transition into the 3π �nal state with I =

2, and the sextant asymmetry is sensitive to the I = 1 [40℄. Table 2.2 summarizes all
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onjugation invarian
e testsexperimentally measured values of three asymmetries. The previously measured values ofthe asymmetry parameters indi
ate no C violation with respe
t to 
al
ulated un
ertainties.Experiment ALR × 10−2 AQ × 10−2 AS × 10−2Layter [26℄ −0.05± 0.22 −0.07 ± 0.22 0.10 ± 0.22Jane [41℄ 0.28 ± 0.26 −0.30 ± 0.25 0.20 ± 0.25Ambrosino [39℄ 0.09 ± 0.10 −0.05 ± 0.10 0.08 ± 0.10PDG average [12℄ −0.09+0.11
−0.12 −0.09 ± 0.09 0.12+0.10

−0.11Table 2.2: The values of Dalitz plot asymmetries obtained experimentally together with the av-erage value from the PDG for the η → π+π−π0 de
ay.
2.2 De
ay of the η meson into π0e+e−The investigation of the 
harge 
onjugation invarian
e C in the ele
tromagneti
 inter-a
tions 
an be done by studying the η → π0e+e− de
ay. In the framework of the StandardModel and the QED the matrix element for this pro
ess should involve the two virtualphoton ex
hange [42℄ as it is presented in Fig. 2.3 with the transition a

ording to therea
tion:

η → π0 + γ∗ + γ∗ → π0 + e+ + e−. (2.14)Therefore, the wave fun
tion of the π0γ∗γ∗ system transforms with the C operator asfollows:
C(π0γ∗γ∗) = λπ

0

C λ
γ∗

C λ
γ∗

C (π0γ∗γ∗) = (+1) · (−1) · (−1)(π0γ∗γ∗) = +1(π0γ∗γ∗). (2.15)The eigenvalue of the 
harge parity for the η meson is λC = +1 whi
h is in agreement with
e

e

η

π

γ

+

-

0

*

γ *

Figure 2.3: De
ay mode η → π0γ∗γ∗ → π0e+e− o

urring by the C-
onserving se
ond orderele
tromagneti
 pro
ess.above shown 
harge parity of the de
ay system, thus this pro
ess hold the C invarian
e.
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Figure 2.4: Diagram for the C invarian
e violating transition η → π0γ∗ → π0e+e− o

urring bythe �rst order ele
tromagneti
 pro
ess.The de
ay rate of this C-
onserving pro
ess, predi
ted theoreti
ally ranges from 10−11 to
10−8 depending on the undertaken assumptions:

BR(η → π0e+e−) ≈ (1.5± 0.4) · 10−11 [43℄, (2.16)
BR(η → π0e+e−) ≈ 1.1 · 10−8 [44℄, (2.17)

BR(η → π0e+e−) ≈ (1− 6) · 10−9 [45℄. (2.18)It is worth to mention that the se
ond and third predi
tions are based on the approa
h ofthe Ve
tor Dominan
e Model (VMD) [46℄. In the framework of this model it is assumedthat the de
ay is dominated by the virtual transition η → V γ∗ followed by the V → π0γ∗and γ∗γ∗ → e+e−, where the V denotes all the neutral ve
tor mesons of zero strangeness:
ω, ρ, φ.However, in prin
iple the de
ay η → π0e+e− may also be realized in �rst order ofthe ele
tromagneti
 intera
tion with only single γ quantum in the intermediate state (seeFig. 2.4) via transition:

η → π0 + γ∗ → π0 + e+ + e−. (2.19)In this 
ase the C operator a
ting on the wave fun
tion of the intermediate state leads to:
C(π0γ∗) = λπ

0

C λ
γ∗

C (π0γ∗) = (+1) · (−1)(π0γ∗) = −1(π0γ∗), (2.20)whi
h is in 
ontradi
tion with the 
harge parity of the η meson (ληC = +1). Thus, thispro
ess introdu
es the violation of 
harge 
onjugation. The de
ay width for the �rstorder ele
tromagneti
 pro
esses are larger than for se
ond order me
hanism. Therefore,experimentally the C-invarian
e breaking would then manifest itself with in
reasing thebran
hing ratio with respe
t to the predi
tions listed in equations 2.16, 2.17 and 2.18.At present only an experimental upper limit for the rate of the bran
hing ratio BR(η →
π0e+e−) was determined [47�52℄, and it amounts to 4 · 10−5 [12℄. Therefore, still at leastthree orders of magnitude remains to be experimentally investigated until value predi
tedbased on the Standard Model will be rea
hed. The observation of higher bran
hing ratio
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onjugation invarian
e teststhan one 
al
ulated in the framework of the Standard Model 
ould provide the eviden
ethat the de
ay η → π0e+e− is not 
onserving C-invarian
e.One has to stress that C-violating �rst order ele
tromagneti
 pro
ess is the most prob-able possibility, but not the only one. Another 
on
eivable pro
ess whi
h may lead to thein
rease of the bran
hing ratio 
ould be e.g. η → χ0π0 → γ∗γ∗π0, where χ0 is an unknownparti
le not in
luded in the Standard Model [53℄.The aim of this thesis is to 
ontribute in sear
hes of the C violation by determining the
BR(η → π0e+e−) or lowering the present upper limit for this bran
hing ratio.



3. Experimental methodsThe measurement des
ribed in this thesis was 
arried out in O
tober and November2008 by means of the Wide Angle Shower Apparatus (WASA) [54℄ and the Cooler Syn-
hrotron (COSY) [55℄ operating at the Resear
h Center Jüli
h, Germany. The η mesonwas 
reated in proton-proton 
ollisions via pp → ppη rea
tion with the beam momentumof pbeam = 2.142 GeV/
 whi
h 
orresponds to the kineti
 beam energy of Tbeam = 1.4 GeV.The experiment was based on measurement of four-momentum ve
tors of outgoing nu
le-ons and of de
ay produ
ts of unregistered short lived η meson whi
h was identi�ed usingthe missing and invariant mass te
hniques.
3.1 Cooler Syn
hrotron COSYThe COoler SYn
hrotron �COSY� is a storage ring whi
h 
an deliver unpolarizedand polarized proton and deuteron beams in momentum range between 300 MeV/
 and3700 MeV/
. The ring 
onsists of 24 dipoles and 56 quadrapole magnets whi
h are usedto keep and fo
us parti
le traje
tories during the a

eleration pro
ess, and also sextupolemagnets whi
h are used to de�e
t beam what results in a
hieving better beam opti
s. Thea

eleration pro
ess takes pla
e in two steps: (i) �rst the ions (H− or D−) are a

eleratedin the iso
hronous 
y
lotron (JULIC) and next (ii) the beam is stripped of ele
trons and�nally inje
ted into the 184 m long COSY ring (see Fig. 3.1), where parti
les are storedand a

elerated up to the demanded momentum. The beam is then dire
ted into internalor external experimental targets. The beam energy range allows for produ
tion of all basi
pseudos
alar and ve
tor mesons up to mass of φ(1019) parti
le.Additionally COSY a

elerator is equipped with two types of beam 
ooling systems:(i) an ele
tron and (ii) sto
hasti
, used for low and high energies, respe
tively [56℄. Both
ooling methods allow to redu
e the momentum and spatial spread of the beam. Thebeam momentum spread ∆p

p after applying both types of 
ooling method 
an be redu
edto around 10−3 [57℄.The whole pro
ess of a

eleration together with the beam 
ooling phase takes a fewse
onds. COSY storage ring 
an be �lled with up to 1011 parti
les, and the life time ofthe 
ir
ulating beam varies from minutes to hours depending on the thi
kness of usedtarget. Presently in COSY a

elerator fa
ility two internal experiments: WASA [54℄ andANKE [58℄ are in operation, and one external experiment: COSY-TOF [59℄.25
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Figure 3.1: S
hemati
 view of the COSY Cooler Syn
hrotron [55℄ storage ring at the Resear
hCentre Jüli
h. Presently used dete
tor systems: WASA [54℄, COSY-TOF (on external beamline) [59℄ and ANKE [58℄, are marked in yellow.



3.2. WASA-at-COSY apparatus 273.2 WASA-at-COSY apparatusThe Wide Angle Shower Apparatus � WASA dete
tor � originally operating at theCELSIUS [60,61℄ fa
ility in Uppsala, Sweden was transferred to COSY a

elerator fa
ilityin 2006 [62℄. The new WASA-at-COSY [54℄ dete
tor, shown s
hemati
ally in Fig 3.2, is alarge a

eptan
e dete
tor 
onsisting of three main parts: the Central Dete
tor (CD), theForward Dete
tor (FD) and the Pellet Target system.

50 cm
EM Calorimeter

Solenoid

COSY

beam

Pellet line

Range Hodoscope

Thin Plastic Scintillators

Tracking Detectors

TOF Detector

Figure 3.2: S
hemati
 
ross view of the WASA-at-COSY apparatus. The dete
tor 
omponentsare des
ribed in the text.WASA-at-COSY dete
tor system is 
apable to register neutral and 
harged parti
lesemerged in the 
ollision of beam and target and also parti
les originating from the de
aysof short lived mesons. It was developed mainly for produ
tion and dete
tion of the π0 and
η meson de
ay produ
ts in order to study the fundamental symmetries and to test theStandard Model.3.2.1 Central Dete
tor (CD)The WASA Central Dete
tor (CD) [63, 64℄ is positioned around the beam and targetintera
tion point. It is used to dete
t and identify light neutral and 
harged parti
les like:
γ, e+, e−, π+, π− whi
h originate from de
ay of the short lived mesons and dire
t 
ollision ofnu
leons. The most inner part of CD is the Mini Drift Chamber (MDC) surrounded by thePlasti
 S
intillator Barrel (PSB) and the yoke of the super-
ondu
ting solenoid [65℄ whi
htogether enables to measure momenta of 
harge parti
les. The outer part 
onstitutes theS
intillating Ele
tromagneti
 Calorimeter (SEC) whi
h is used to measure parti
les energy.
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Figure 3.3: (left) Photo of the MDC dete
tor during the 
onstru
tion phase. (right) 3D viewof the MDC dete
tor surrounded with the Plasti
 S
intillator Barrel dete
tor.Mini Drift Chamber � MDCThe MDC dete
tor is mounted around the beam pipe inside the super
ondu
tingsolenoid whi
h provides an axial magneti
 �eld up to B = 1 T. It is arranged in a 
ylindri
alshape 
onsisting of 1738 straws sta
ked in 17 layers (see Fig 3.3). Ea
h straw tube is madeout of thin (24µm) mylar foil, aluminized from inside, and with a gold plated sense wirein its 
enter with diameter of 20µm [66℄. The MDC has nine layers with straws parallelto the beam dire
tion and eight with a small skew angle with respe
t to the beam line.The tubes are �lled with gas mixture: 80% of argon and 20% of ethane to ensure thatea
h 
harged parti
le whi
h pass through a single tube will 
ause an ionization. The MDCvertex dete
tor enables to determine the momenta of 
harged parti
les [67℄ with a

ura
yof ∆p/p < 1% for ele
trons and positrons, ∆p/p < 4% for 
harged pions, and ∆p/p < 5%for protons [68℄.Plasti
 S
intillator Barrel � PSBThe PSB dete
tor is used to determine the energy loss of 
harged parti
les and parti
leidenti�
ation by ∆E − |~p| method. The 52 s
intillator bars of PSB dete
tor are arrangedin 
ylindri
al shape [69, 70℄ around the straw drift 
hamber where ea
h bar is overlappingwith next one with 7o to assure the 
overage of a full geometri
al a

eptan
e (see Fig 3.3(right)). Additionally the forward and ba
kward part is equipped with �end-
ups� madeout of trapezoidal elements arranged around the beam pipe.S
intillating Ele
tromagneti
 Calorimeter � SECThe S
intillating Ele
tromagneti
 Calorimeter 
onsists of 1012 sodium doped 
esiumiodide CsI(Na) s
intillating 
rystals in a shape of the pyramids in order to be arranged



3.2. WASA-at-COSY apparatus 29

Figure 3.4: (left) S
hemati
 3D view of the S
intillating Ele
tromagneti
 Calorimeter (SEC)
onsisting of 1024 s
intillating modules arranged in 24 layers. (right) Angular 
overage of theS
intillating Ele
tromagneti
 Calorimeter (SEC).spheri
ally around the intera
tion point (see Fig. 3.4 (left)). The CsI(Na) s
intillatingmaterial provides a large light yield and short radiation length making them a very goodmaterial for measuring the energy and s
attering angles of neutral and 
harged parti
lessu
h as gamma quanta, ele
trons, positrons and pions [64,71℄. The 
rystals are grouped in24 layers 
overing almost the 4π a

eptan
e (in polar angle: 20o ≤ θ ≤ 169o, and azimuthalangle: 0o ≤ φ ≤ 360o). Depending on the layer the length of the 
rystals varies from 30 
min 
entral part, to 20 
m in ba
kward and 25 
m in forward part (see Fig. 3.4 (right)).The overall energy resolution of the SEC for photons 
an be des
ribed by the relation:
σ(E)
E = 5%√

E
and the angular resolution for s
attering angle is equal to 5o (FWHM) [64℄.The "pun
h-through" kineti
 energy for pions is 190 MeV and for protons 400 MeV. Theele
trons, positrons and photons are stopped in the 
alorimeter depositing all its energy.3.2.2 Forward Dete
tor (FD)The Forward Dete
tor (FD) of the WASA apparatus 
onsists of fourteen s
intillatinglayers and a proportional straw drift 
hamber, and its geometri
al a

eptan
e 
overs inlaboratory frame a range in polar angle from 3o to 18o. Su
h a setup enables to measurethe energy loss and traje
tories of re
oil parti
les, mainly protons, deuterons and 3Henu
lei. The parti
le identi�
ation in FD is based on the ∆E − E method whi
h enablesto re
onstru
t proton energy with overall resolution of about 10%. To further improveenergy resolution and parti
le identi�
ation a new re
onstru
tion te
hnique based on theTime-Of-Flight measurement is under development [15, 72�75℄. Another possible upgradewhi
h is in progress is a Cherenkov DIRC dete
tor [76�78℄.
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Figure 3.5: (left) Forward Window Counter (FWC) build out of two layers ea
h 
onsisting of24 
ake-pie
e modules. (middle and right) Forward Proportional Chamber (FPC) build out of4 layers of straw tubes.Forward Window Counter � FWCThe Forward Window Counter (FWC) is a 
losest dete
tor to the 
oni
al exit windowof the axially symmetri
 s
attering 
hamber. The dete
tor is 48-fold segmented and itis 
omposed of two layers á 24 
ake-pie
ed elements made out of 3 mm thi
k plasti
s
intillator [79, 80℄. The �rst layer is arranged in a 
oni
al shape whereas the elements ofthe se
ond layer are assembled in a verti
al plane (see Fig. 3.5 (left)). The elements ofthe se
ond plane are rotated by one half of module � 7.5o � with respe
t to the �rst layer.Su
h an arrangement ensures a 
omplete 
overage of the forward s
attering area. The light
olle
tion in the hodos
ope is optimized to keep the dete
tion e�
ien
y as homogeneousas possible over the full dete
tor. It is worth to mention that this dete
tor will serve as a�start� dete
tor for the Time-of-Flight method.Forward Proportional Chamber � FPCThe Forward Proportional Chamber (FPC) is a dete
tor lo
ated dire
tly after the FWCand it is used for traje
tory re
onstru
tion purpose. It 
an measure parti
les s
atteringangles with a pre
ision better than 0.2o [81, 82℄. It 
onsists of 1952 thin straws sta
kedby 122 in sixteen layers and grouped in four dete
tion modules. Ea
h module is turnedwith respe
t to ea
h other by 45o [83℄. With respe
t to the x-axis the angles position ofsubsequent layers are: 315, 45, 0 and 90 degrees (see Fig. 3.5 (right)). Ea
h straw has adiameter of 8 mm and it is made out of mylar foil aluminized from inside with a 20 µmstainless steel sense wire in its 
enter. All straws are �lled with a gas mixture: 80 % ofargon and 20 % of ethane to ensure an e�
ient ionization.
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Figure 3.6: Forward Trigger Hodos
ope (FTH) dete
tor arranged in three layers: one with 
ake�pie
e shaped modules, and two with modules in form of Ar
himedean spirals.Forward Trigger Hodos
ope � FTHThe Forward Trigger Hodos
ope (FTH) 
onsists out of 96 individual plasti
 s
intillatormodules arranged in three layers: (i) two layers with a 24 elements ea
h, in a form ofAr
himedean spiral rotated 
lo
kwise and 
ounter
lo
kwise, (ii) and one layer with 48
ake-pie
e shaped elements [84�86℄. Overlap of these three layers gives 24 x 24 x 24 pixelmap (see Fig 3.6). Whole dete
tor setup of the FTH has highly homogeneous dete
tione�
ien
y and shows a fairly uniform behavior [87℄. The FTH is used as a �rst leveltrigger and gives information about parti
les multipli
ities. It is also possible to use FTHto real time s
attering angle re
onstru
tion of individual tra
ks and 
ombine it with theinformation about deposited energy in su

essive layers and to use it to determine themissing mass of forward going parti
les on line on the trigger level [87℄. FTH 
an be alsoused to determine the energy losses and thus 
an be used as ∆E dete
tor for identi�
ationof re
oil parti
les via ∆E − E method.Forward Range Hodos
ope � FRHThe Forward Range Hodos
ope (FRH) is build out of �ve thi
k plasti
 s
intillatorlayers, ea
h 
ut into 24 
ake-pie
e elements [88℄. The �rst three layers have thi
kness of11 
m while layers 4 and 5 have 15 
m (see Fig. 3.7 (left)) [89℄. The FRH enables tore
onstru
t kineti
 energy of 
harged parti
les and to use the ∆E −E method for parti
leidenti�
ation. The relative kineti
 energy resolution for protons up to 360 MeV whi
h arestopped in FRH, is almost 
onstant and is equal to about 3 %. For more energeti
 protonsresolution worsens linearly to be about 10 % for protons with energies about 600 MeV.FRH provides also information for the trigger mat
hing algorithm to verify alignment ofea
h tra
k in the azimuthal plane.
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Figure 3.7: (left) View of the Forward Range Hodos
ope (FRH) build out of the 
ake-pie
eds
intillating modules arranged in �ve layers. (right) Front view of the Forward Veto Hodos
ope(FVH) with 12 horizontal s
intillation modules readed from both sides.Forward Veto Hodos
ope � FVHThe Forward Veto Hodos
ope (FVH) 
onsists of 12 horizontally and 12 verti
ally pla
edplasti
 s
intillator bars equipped with photomultipliers on both sides [80, 90℄ (see Fig. 3.7(right)). This enables to re
onstru
t parti
le hit position from time signals registered onboth sides of the module. The bars are arranged in two layers with the relative distan
eof 77 
m. The FVH is mainly used to dete
t parti
les pun
hing through the FRH andto reje
t them as too energeti
 for the pp → ppη rea
tion. Depending on the measuredrea
tion, a passive iron absorber 
an be pla
ed between FRH and FVH. The thi
kness ofthe absorber 
an be 
hosen from 5 mm up to 100 mm. Usage of the absorber enables todisentangle between slow and fast re
oil protons 
oming from meson produ
tion rea
tionand elasti
 s
attering.3.2.3 Pellet Target systemThe WASA-at-COSY dete
tor is equipped with a spe
ially designed target system [91�94℄, providing high density frozen droplets of hydrogen or deuterium, 
alled pellets. It islo
ated on a platform above the Central Dete
tor, delivering pellets of an average size of35 µm, with frequen
y rate of about 10 kHz, to the intera
tion region by a thin 2 m longpipe. The droplets are produ
ed by a piezoele
tri
 transdu
er, whi
h indu
e vibration ofthe nozzle and brakes liquid stream into pie
es. After passing through the s
attering 
ham-ber, pellets are 
aptured in a 
ryogeni
 dump. Fig. 3.8 shows s
hemati
ally the target-beamarrangement (left) and the s
heme of the pellet generation pro
ess. Su
h a 
onstru
tionsatis�es requirements for a
hieving high densities of parti
les up to 1015 atoms/
m2 re-sulting in luminosities up to 1032 
m−2 s−1 with 
ombination of the 1011 parti
les of theCOSY beam. Thus, WASA-at-COSY is 
apable to 
arry out high statisti
s experiments,needed to study rare and very rare de
ays of mesons.
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Figure 3.8: View of the WASA-at-COSY Pellet Target System [91�94℄.3.3 Data A
quisition System and trigger logi
In WASA-at-COSY experiment, to handle a high event rates whi
h are typi
ally largerthan 10 kHz, an e�
ient Data A
quisition System (DAQ) was developed to digitalized andstore data for further o�-line analysis [95℄. The s
hemati
 view of the system is show inFig 3.9.Variety of dete
tors used for registering desired pro
esses, for
es to use di�erent dig-italization modules. The plasti
 s
intillator elements (FWC, FTH, FRH, FVH and PS)are read out by photomultipliers, from where the signal is dire
ted to the splitters whi
hdivide it (i) and dire
ts to the leading edge dis
riminators and then to the trigger system,and (ii) to the shaper whi
h stret
hes the signal to about 100 ns and then to the Fast-Charge-to-Digital-Converters (F-QDC) whi
h 
onverts analog signals to digits (numbers)whi
h 
an be further pro
essed by 
omputers [96℄. Also the same signal is used to digi-tize time information by Fast-Time-to-Digital-Converters (F-TDC-GPX) whi
h has a timeresolution of about 85 ps [97℄.The signals from the Ele
tromagneti
 Calorimeter 
rystals are splitted into two bran
hes.One goes to readout system built out of Slow-QDC's (Flash-ADC 
hips) and then to theField-Programmable-Gate-Array (FPGA) to be integrated for 
harge measurement. TheSlow-QDC's 
an run in ��oating gate� and ��xed gate� mode depending on the experimen-tal demands. Se
ond signal is sent to the dis
riminators and used for summing di�erentgroups of signals together and then to be applied as a logi
 signals whi
h are sent dire
tlyto the trigger system.The straw 
hambers (FPC and MDC) signals are �rst ampli�ed and then sent to thedis
riminators and then they are digitalized by the F1-TDC's (Slow-TDC), with the time
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Discrimin-
-ators and
Splitters

WASA Detector System (FD and CD)

Synchroni-
-zation
System

Digitalization Trigger System
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ADC, TDC

Fast
ADC, TDC

- SEC
- FPC, MDC

- Plastic Scint.

Slow
Trigger

Fast
Trigger

- Multiplicities
- Matching trigger

- Group multiplic.
- Energy sum

Readout computer farm (ikpwXX)

Event Builder

Storage (RAID/TAPE)Figure 3.9: Blo
k s
heme of the Data A
quisition System (DAQ) of the WASA-at-COSY exper-iment.resolution of around 120 ps [98℄.The whole system 
onsists of 14 
rates equipped with QDC's and TDC's digitalizationmodules, whi
h 
ontinuously samples data streams and stores signals from ea
h module in2 µs FIFO1 queue. This type of bu�er allows to run the measurement without a triggerdelay. Ea
h one of the digitalized signal is marked with a time stamp relative to the trigger,whi
h is broad
asted by a Syn
hronization System 
onne
ted to ea
h 
rate by Low-Voltage-Di�erential-Signaling (LVDS) bus. After the digitalization, signals are mat
hed by the timestamp and marked with the same event number.Before event 
an be saved it has to be 
he
ked to ful�ll the trigger logi
 [99℄. The
onditions of the trigger are based on the time and geometri
al 
oin
iden
es and hit mul-tipli
ities in di�erent dete
tion modules. In the Forward Dete
tor it is also possible toapply a simple tra
k �nding algorithm on a trigger level. The so 
alled �Mat
hing Trigger�,
ompares hit position in 
onse
utive layers of FWC, FTH, FRH and de
ides if they are
oming from the same parti
le [100℄. This te
hnique allows to sele
t interesting events dur-ing the measurement and redu
e the data rate to be later stored on the disk. Dependingon the studied physi
al pro
ess several trigger 
onditions 
an be imposed simultaneouslyon the event by applying logi
al �and� operation. Also a multiple trigger 
onditions 
anbe applied to the same data stream at the same time.Further on, after passing through the trigger level, events are sent to Event Builder1An a
ronym for First In, First Out, an abstra
tion related to ways of organizing and manipulation ofdata relative to time and prioritization.
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hniques 35whi
h stores them in �les of 20 GB size on a RAID2 system. Ea
h �le is marked by aunique run number and after some time it is transferred from RAID to the tape ar
hivefor permanent storage.3.4 Missing and invariant mass te
hniquesIn order to evaluate physi
al observable like bran
hing ratios and asymmetry param-eters, one has to extra
t 
lean signal of desired rea
tion from the measured data sample.In this thesis two 
omplete rea
tion 
hains have to be identi�ed:
pp→ ppη → ppπ+π−π0 → ppπ+π−γγ, (3.1)
pp→ ppη → ppπ0e+e− → ppe+e−γγ. (3.2)In both 
ases rea
tion identi�
ation will relay on determining the four-momentum ve
torsof all parti
les in �nal state. The re
onstru
tion of protons in FRH will be based onmeasurement of energy loss and the dire
tion ve
tor ~r in the FPC. The 
harged pionsand ele
trons will be registered in CD, where MDC will provide the information aboutthe momentum ve
tor ~p, and energy losses will be measured in PS and SEC. The gammaquanta originating from the de
ay of neutral pion will be registered in SEC and their,four-momentum ve
tors will be re
onstru
ted based on the energy losses and the positionsof the hits.The pro
edure of extra
tion of signal from interesting rea
tion is divided in severalanalysis steps, where 
onditions for the minimal thresholds of energy are set and time
oin
iden
es between di�erent tra
ks are 
he
ked. In general the signal identi�
ation willbe based on the re
onstru
tion of missing and invariant masses. The missing mass isde�ned as follows:

mx =

√

(E2
x − ~px

2) =
√

(Eb +mt − Ep1 − Ep2)
2 − (~pb − ~p1 − ~p2)2, (3.3)where the mx denotes the mass of unregistered short lived meson (in our 
ase η meson),

Eb, ~pb 
orresponds to the energy and momentum ve
tor of the beam, respe
tively, and Ep1 ,
Ep2 , ~p1, ~p2 represent energies and momenta of re
oil protons, and the mt stands for themass of the target. While the invariant mass reads:

mx =

√

√

√

√

(

∑

i

Ei

)2

−
(

∑

i

~pi

)2

, (3.4)where Ei and pi 
orresponds to the energies and momenta of de
ay produ
ts of short livedmeson.2An a
ronym for Redundant Array of Independent Disks whi
h is a storage te
hnology that 
ombinesmultiple disk drive 
omponents into a logi
al unit.
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tion identi�
ation a missing mass of the system pbpt → p1p2Xwill be determined a

ording to the equation 3.3. Next 
harge parti
les (π±,e±) will beidenti�ed via invariant mass:
mπ±(e±) =

√

E2
π±(e±)

− ~p2
π±(e±)

. (3.5)Finally the signal from the π0 meson will be re
onstru
ted as the invariant mass of twogamma quanta a

ording to the equation 3.4.



4. Rea
tion kinemati
s, analysismethods and dete
tor simulationIn order to understand properly the physi
al pro
esses, the 
omputer simulations ofthe dete
tor response for both investigated rea
tions were 
arried out. For that purposewe used the hadroni
 event generator Pluto++ [101℄ and a WASA Monte Carlo Softwarewhi
h is based on the GEANT pa
kage [102℄ used to generate the response of whole dete
torsetup. Based on this we were able to reprodu
e the kinemati
s of the investigated rea
tionsand to 
al
ulate the geometri
al a

eptan
e of the dete
tor.4.1 Event generator: Pluto++The simulations were performed using the Pluto++ event generator, whi
h enablesto simulate kinemati
s of rea
tions at beam momentum given by the user. As an outputthe four-momentum ve
tors of all parti
les in the �nal state are returned. In most of the
ases, four-momentum ve
tors of all parti
les in the exit 
hannel are weighted a

ording tothe Phase Spa
e1 using GENBOD routines [103℄. For a few rea
tions and de
ay 
hannelsa phenomenologi
al properties of a given pro
ess like angular distributions and transitionmatrix elements are implemented into the 
ode.4.2 WASA Monte Carlo pa
kageTo simulate the response of the dete
tor for the generated data, a virtual model ofthe WASA dete
tor was built based on a GEANT 3.21 framework [102℄. The des
riptionof the dete
tor elements and support stru
tures were fully modelled using an abstra
tobje
ts 
alled �volumes� whi
h are �lled with appropriate materials and embedded in a3D 
oordinate system with an intera
tion point in its 
enter. Ea
h volume is des
ribed bythe geometri
al dimensions and positions relative to the 
enter of the 
oordinate system.The implementation in
ludes the sensitive, as well the passive materials whi
h 
reates thewhole apparatus.The intera
tions of the parti
les with the dete
tor is done by propagating ea
h of themthrough the volumes and simulating a

ording to the known 
ross se
tions the physi
alpro
esses like: photon 
onversion, produ
tion of se
ondary parti
les, quen
hing e�e
ts,1In this 
ontext the Phase Spa
e term refers to an isotropi
ally and uniformly distributed values of thefour-momentum ve
tors of parti
les produ
ed in the 's' wave with the relative angular momentum J=0.37
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Experimental data Event generator (PLUTO++)

WMC (Geant - Monte Carlo)

Root Sorter

RAW Hit Bank MC Hit Bank

FiltersDetector calibration

Cluster building, track reconstruction, particle identification

Histograms and NtuplesFigure 4.1: The s
hemati
 diagram of the Root-Sorter analysis work�ow.multiple Coulomb s
attering, hadroni
 intera
tions, energy losses. However, the pa
kagedo not in
lude the light propagation pro
esses in the s
intillator, ele
troni
 noise, and theresponse of the photomultipliers. But still, the pa
kage provides a very pre
ise 
omparisonto the measured experimental data.The Monte Carlo simulation starts with the input of four-momentum ve
tors fromPluto++ event generator, and is 
ontinued with the stepping a
tion of ea
h parti
le throughthe volumes. Generated responses for ea
h event in
lude the map of a
tivated dete
torelements, values of deposited energy and times. Further, mat
hing of a
tual experimental
onditions with the simulations, an additional smearing of the observable is possible viaseparate input �lter �les.4.3 Root-Sorter work �ow s
hemeThe main analysis software used for o�-line data pro
essing is the Root-Sorter frame-work [104℄ whi
h bases on the obje
t oriented C++ language [105℄ and CERN-ROOTpa
kage [106℄. The software is organized in a modular way, su
h that, ea
h 
lass is re-sponsible for di�erent tasks like: tra
ks or 
luster �nding, 
alibration, and re
onstru
tion.The ROOT software delivers very ri
h library of standard mathemati
al fun
tions, his-togramming and �tting pro
edures, and also provides the management of the input/outputstreams. It provides very useful 
lasses for the ve
tor and four-momentum ve
tors ma-nipulations as well most of the non-standard and dedi
ated methods of re
onstru
tion,
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alibration and tra
k �nding whi
h were prepared by the members of the WASA-at-COSYand CELSIUS/WASA 
ollaborations.The event pro
essing is divided into two stages: (i) low level, and (ii) high level analysis(see Fig. 4.1). In the low level analysis, the raw signals from stored data �les are loadedinto the 
omputer memory and then 
alibrated from QDC and TDC units, to the unitsof energy represented in gigaele
tronvolts (GeV) and time expressed in nanose
onds (ns).Also, the o�set due to the ele
troni
 delays and non-uniformity 
orre
tions are applied onthis stage. For the Monte Carlo data, instead of the 
alibration pro
edures, the �lters areapplied, whi
h stores the smearing values of energy and times in order to a

ount for theexperimental resolution of the dete
tion system.The data �ow for experiment after de
oding and 
alibration, and for simulations after�ltering is organized in the same way. At the beginning the signals from individual dete
-tion modules are 
omposed into hits, and then they are stored in a HitBanks separatelyallo
ated for ea
h dete
tor. Then the 
luster algorithm groups the adja
ent hits 
omingfrom one dete
tor into 
lusters whi
h are stored in Cluster-Banks. Subsequently, the tra
k�nding algorithm is applied to the 
luster banks and 
reates from the 
lusters belongingto di�erent dete
tors an obje
t, whi
h is representing a parti
le tra
k.The high level analysis refers in most of the 
ases to the stage, in whi
h user by himselfwrites an analysis pro
edures to extra
t signal of desired rea
tion, using re
onstru
tedtra
ks and 
onstru
ting missing an invariant mass spe
tra, and also applying 
uts. Onthis stage user loads the low level analysis modules and, the event pro
essing is thenautomati
ally performed, so that the user 
an a

ess information about registered parti
lesin the form of the deposited energy and tra
k dire
tion ~r. Furthermore, for ba
kward
onsisten
y, the tra
k-, 
luster- and hit- banks have an ability to inherit properties fromits prede
essors, so that it is possible for the user at any stage of the analysis to a

ess tolow level information from top-level data stru
tures.4.4 Kinemati
s of the pp → ppη → ppπ+π−π0(γγ)and pp → ppη → ppπ0(γγ)e+e− rea
tionsIn the experiment the produ
tion of the η meson was performed by 
olliding theproton beam of 1.4 GeV energy with a stationary proton pellet target. For the simulationthe Pluto++ event generator was used whi
h in
ludes properties of the η meson produ
tionme
hanism. One of them is the anisotropy parameter of the η polar angle in the 
enter ofmass frame θcmη . This anisotropy was observed by the DISTO Collaboration [107℄ at thebeam kineti
 energies of 2.15, 2.5 and 2.85 GeV. In 
ase of the investigated rea
tion thebeam energy 
orresponds to the ex
ess energy of Q = 55 MeV. As it was shown by theCOSY-11 and COSY-TOF 
ollaborations [109�112℄, in rea
tions 
loser to the kinemati
threshold for the η meson produ
tion this anisotropy vanishes. In addition, the proton



40 Chapter 4. Rea
tion kinemati
s, analysis methods and dete
tor simulation

 [GeV/c]kProton E
0 0.1 0.2 0.3 0.4 0.5 0.6

 [d
eg

]
θ

P
ro

to
n 

0

2

4

6

8

10

12

14

16

18

20

0

1000

2000

3000

4000

5000

 [GeV/c]kGamma E
0 0.05 0.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 [d
eg

]
θ

G
am

m
a 

0

20

40

60

80

100

120

140

160

180

0

500

1000

1500

2000

2500

 [GeV/c]kPions E
0 0.05 0.10.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 [d
eg

]
θ

P
io

ns
 

0

20

40

60

80

100

120

140

160

180

0

500

1000

1500

2000

2500

 [GeV/c]k E-/e+e
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

 [d
eg

]
θ -

/e+ e

0

20

40

60

80

100

120

140

160

180

0

20

40

60

80

100

120

140

Figure 4.2: The simulated kinemati
s plots shows the 
orrelation of kineti
 energy with the s
at-tering angles for parti
les in the �nal state: (upper left) protons, (upper right) gamma quanta,(lower left) pions, (lower right) ele
trons and positrons. The red lines indi
ate the geometri
ala

eptan
e of the WASA-at-COSY dete
tor.angular distribution, whi
h with the in
reasing beam momentum shows tenden
y to bealigned stronger to forward and ba
kward dire
tions was in
luded. The de
ay produ
ts ofthe η meson were distributed homogeneously in the whole phase spa
e. For both rea
tionsthe distribution of the angles and energy of re
oil protons and gamma quanta originatingfrom the π0 de
ay, are the same. The di�eren
es appears in the spe
tra of the 
hargedparti
les. As it is shown in Fig. 4.2 (lower left) the pions π± populate more frequentlythe lower kineti
 energy region and lower polar angles. While, the ele
trons and positronshave more broader distribution of the energy and θ (Fig. 4.2 (lower right)). This di�eren
eis due to around 300 times lower mass of the ele
trons than pions.In order to estimate the a

eptan
e, the geometri
al 
overage of the CD and FD wastaken into a

ount. For dete
ting protons in forward dire
tion the a

eptan
e is equivalentto the angular range of 3o ≤ θ ≤ 18o and for pions and gamma quanta in 
entral part is
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20o ≤ θ ≤ 169o (see Fig. 4.2). For the rea
tion pp → ppη → π+π−π0(γγ) the fra
tion ofevents whi
h were found in the sensitive range of the dete
tor (red lines) is equal to 35.3%.While, for the pp → ppη → π0(γγ)e+e− pro
ess the geometri
al a

eptan
e is equal to46.9%.To 
he
k the event generator properties the Dalitz plot expressed in variables de�nedby equations (2.8) and (2.9) was plotted, using the simulated four-momentum ve
tors. As
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Figure 4.3: Simulations of the Dalitz plot for the η → π+π−π0 de
ay a

ording the to thehomogeneous phase spa
e population. (left) The two dimensional Dalitz plot in normalized X,Y
oordinate system. (middle) Proje
tion of the Dalitz plot to X axis. (right) Proje
tion of theDalitz Plot to Y axis.it was mentioned in Chapter 2 the Dalitz plot represents a population of kinemati
allyavailable phase spa
e. In the 
ase of simulation, performed under the assumption of nointera
tions between parti
les, the Dalitz plot should be populated homogeneously. As it isshown in Fig. 4.3 (left), the results of the simulations are 
onsistent with these expe
tations.Additionally in Fig. 4.3 (middle) and Fig. 4.3 (right) the proje
tions of the Dalitz plot intothe X and Y axes are presented.
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5. Tra
k sele
tion and re
onstru
tionThe data analysis aiming at identi�
ation of pp → ppη → ppπ+π−π0(γγ) and pp →
ppη → ppπ0(γγ)e+e− rea
tion 
hains, at the �rst stage is the same, thus the pro
eduresfor both rea
tions, will be dis
ussed simultaneously. The tra
k re
onstru
tion is based onsignals registered in Forward and Central Dete
tor of WASA setup. At the beginning ofthe re
onstru
tion pro
ess hits in dete
tor elements whi
h belong to the same parti
le aremerged into 
lusters. Next, the 
lusters re
onstru
ted in di�erent dete
tors are 
ombinedinto single parti
le tra
k. For both investigated pro
esses the trigger 
onditions and tra
kre
onstru
tion pro
edures are the same.5.1 Data set and trigger 
onditionsThe data analyzed in this thesis were 
olle
ted during the two week run in the year2008. The η meson was produ
ed in a rea
tion of proton beam with momentum of pb =
2.142 GeV/
 and a stationary proton target. The ex
ess energy for the ppη system wasequal to Q = 60 MeV, for whi
h the produ
tion 
ross se
tion of the η meson amounts to σ =

9.8±1.0 µb [113℄. This 
ross se
tion allowed to measure large event rates enabling to studyrare and very rare de
ay pro
esses. However, in the proton-proton intera
tions one hasto deal with a large ba
kground originating from the dire
t multi-meson produ
tion. Forthe interesting η → π+π−π0 de
ay the physi
al ba
kground 
omes from dire
t produ
tionof three pions via the pp → ppπ+π−π0 rea
tion 
hannel. The total 
ross se
tion forthis rea
tion is in the same order of magnitude as the one for the η produ
tion pro
ess.Therefore, part of this ba
kground with an invariant mass of π+π−π0 system 
lose to themass of the η meson will 
ontribute to the signal range. However, expe
ted signal toba
kground ratio should be about ten in 
ase of tagging by means of the missing massof two protons, with resolution of a few MeV [114℄. Yet, the situation for a two pionsdire
t produ
tion (pp → ppπ+π−) is worser, be
ause the total 
ross se
tion is hundredtimes larger [115℄ than for the η meson produ
tion. But in this 
ase only events withmisidenti�ed π0 
an be mistakenly taken as the signal and therefore one 
an suppress theba
kground due to di�erent �nal state than signal rea
tion.In 
ase of the η → π0e+e− �nal state, the ba
kground 
omes mostly from the rea
tion
η → e+e−γ where the additional gamma quantum is re
onstru
ted due to the splitting ofsignals in the 
alorimeter, and rea
tions with �nal state of π+π−π0 for whi
h the ele
tronsand positrons 
an be misidenti�ed with 
harged pions. Another sour
e of ba
kground
onstitutes the 
onversion of gamma quanta on the beam pipe, where the intera
tionof photons in the beryllium 
an 
ause emission of the ele
tron and positron pair. To43
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Figure 5.1: The ADC distribution for the Forward Veto Hodos
ope dete
tor after pedestal sub-tra
tion. The threshold on the dis
riminator used for the TFVH
µ=0 was set to 22 mV whi
h 
orrespondse�e
tively to the value of 300 in the units of the ADC 
hannels.suppress this type of ba
kground the studies of the 
onversion pro
ess has to be performed.Moreover, the dire
t produ
tion of two neutral pion with subsequent de
ays, into π0 → γγand π0 → e+e−γ (pp → π0π0 → e+e−γγγ) 
an obs
ure the sear
hed signal. Thus theexperimental 
onditions and large hadroni
 ba
kground make the investigation of the ηmeson de
ays in proton-proton 
ollisions experimentally 
hallenging, and demands a verysele
tive trigger.In order to re
onstru
t 2p, 2π (or 2e) and 2γ one has to 
onstru
t a trigger, whi
hbasing on the simultaneous ful�lment of spe
i�
 
onditions in FTH, FRH, FVH, PSB andSEC, will sele
t two 
harged parti
les in the Forward Dete
tor and two 
harged and twoneutral parti
les in the Central Dete
tor. The �rst requirement was that at least two
harged parti
les in se
ond layer of the FRH will be dete
ted TFRH2

µ>2 (where µ indi
atesthe hit multipli
ity in the dete
tors), together with the Mat
hing Trigger 
ondition TMT
µ>2requiring that at least two groups of 
lusters from di�erent dete
tors 
orresponds to thesame azimuthal angle. Furthermore we set a reje
tion 'veto' 
ondition for events when atleast one 
harged parti
le was registered in FVH dete
tor (TFVH

µ=0 ). This requirement wasused to dis
ard events with too energeti
 protons 
oming most probably from the elasti
s
attering rea
tion. The 
orresponding ADC spe
trum of the FVH dete
tor is shown inFig. 5.1. In the Central Dete
tor at least two 
harged parti
les in Plasti
 S
intillatingBarrel TPSB
µ>2 were required and at least one parti
le in the S
intillating Ele
tromagneti
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ks in the Forward Dete
tor 45Calorimeter T SEC
µ>1 . Thus summarizing, the main trigger for dete
tion of the interestingrea
tions, reads:

Tη = TFRH2
µ>2 ∧ TMT

µ>2 ∧ TFVH
µ=0 ∧ TPSB

µ>2 ∧ T SEC
µ>1 . (5.1)All the events whi
h ful�lled this requirements were saved to the disk.5.2 Sele
tion of tra
ks in the Forward Dete
torFinding and re
onstru
tion of parti
le tra
k in the Forward Dete
tor relay on geo-metri
al overlap of 
lusters, whi
h are formed based on hits in di�erent dete
tors. Thepla
e where a parti
le 
rosses the FTH, is determined as an overlapping region of threeelements from ea
h dete
tion layer. This allows to determine a line from an assumed in-tera
tion point of the beam and target to the 
enter of the pixel. Also a time informationis determined for tra
ks as an average time of signals in ea
h layer of FTH. Then, theangular information is improved by re
onstru
tion of tra
ks in FPC, where the polar (θ)and azimuthal (φ) angles of the tra
k are re
onstru
ted based on position of sense wiresand the drift times. For the re
onstru
tion pro
edure a line parameters determined in FTHare used as an initial values. This pro
edure typi
ally improves the angular resolution bya fa
tor of two and more. After the tra
k formation, the information from 
lusters about
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Figure 5.2: (left) S
hemati
 view of the FTH pixel formation in the XY plane perpendi
ular tothe beam line. The green point denotes the 
enter of the pixel whi
h is taken as the hit position.(right) Example of the hit distribution in the FTH. The spe
trum shows the hits in the 
enter ofea
h pixel.azimuthal overlapping, energy deposits, and time di�eren
es from the FWC, FRH andFVH are taken into a

ount.



46 Chapter 5. Tra
k sele
tion and re
onstru
tion5.3 Sele
tion of tra
ks in the Central Dete
torThe Central Dete
tor allows to register 
harged and neutral parti
les 
oming from the
η meson de
ays. As a �rst step, signals registered in ea
h of the dete
tion elements areformed into a 
luster, for ea
h dete
tor separately. Next, 
lusters from di�erent dete
torsare mat
hed in order to re
onstru
t a tra
k of parti
le whi
h passes through the dete
tionsystem. The tra
k re
onstru
tion algorithm, based on the signals registered in MDC andPSB sear
hes for all 
harged parti
le tra
ks. Afterwords, remaining signals in SEC notasso
iated with a 
harged parti
le, are treated as originating from neutral parti
les.In SEC when a parti
le hits the 
rystal an ele
tromagneti
 shower is produ
ed, whi
hspreads over nearest elements. The re
onstru
tion pro
edure starts with a sear
h for a
rystal with deposited energy greater than 5 MeV. When su
h a 
rystal is found, theroutine puts it in a 
enter of a pre-
luster whi
h is a square of 3 × 3 elements. Next, theroutine 
he
ks energy in the adja
ent elements. If the energy is greater than 2 MeV theelement is added to the 
luster. These elements also be
ome a referen
e in the next stepof the pro
edure. Finally, the algorithm terminates if there is no more 
rystals with theenergy greater than 2 MeV. In addition only elements whi
h have a time signals within50 ns window are in
luded into a 
luster. Further on, only 
lusters with sum of energy ofindividual 
rystals greater than 20 MeV are 
onsidered for further analysis. This 
ondition
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Figure 5.3: (left) Di�eren
e in the azimuthal angle ∆φMDC,PSB of the exit 
oordinate of theMDC and the PSB dete
tors. (right) Distribution of the opening angle αMDC,SEC between 
lusterposition in SEC 
al
ulated from the extrapolation of the helix from the MDC and the real 
lusterposition measured in the SEC. The small spike stru
tures seen in the spe
trum are due to thegranularity of the dete
tor. In both �gures red lines indi
ates the 
onditions under whi
h 
lusterswere assigned to one tra
k.
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Figure 5.4: (left) The di�eren
e in the azimuthal angle ∆φPSB,SEC of the 
luster in the PSB and
luster in the SEC dete
tors. The bumpy stru
tures on the spe
trum are due to the granularity ofthe dete
tor. (right) Di�eren
e between the time of the 
luster in PSB and time of the 
luster inSEC. In both �gures red lines indi
ates the 
onditions under whi
h 
lusters were assigned to onetra
k.allows to remove low energy noise signals and as a result suppresses the ba
kground.The PSB 
lusters produ
ed by one parti
le are build from neighboring dete
tion ele-ments whi
h are in a time window of 10 ns. The 
luster �nding routine allows maximallyfor three dete
tion elements to build one 
luster. Similarly as for the SEC the pro
edureis sear
hing for most energeti
 hits, and then 
he
ks for hits in 
losest dete
tion elements.The minimal deposited energy of a hit whi
h is taken into a

ount is 0.5 MeV.The MDC 
lustering and re
onstru
tion algorithms rely on �nding the hits in 17 layersof straw tube dete
tors. The pro
edure is realized in two steps. First the routine usesthe pattern re
ognition where hits in ea
h tube are proje
ted into plane perpendi
ular tothe beam axis [116℄. Then the pro
edure �ts a 
ir
le, and minimizes the weighted sumof distan
es between the hit position and the 
enter of the 
ir
le. In the se
ond stage,algorithm �ts a straight line to hits in the 'Rz' plane 
reating a three dimensional helix.Re
onstru
tion of parti
le momentum ve
tor 
omponents is done from the 
urvature of thehelix assuming the homogeneous magneti
 �eld inside the dete
tor.After obtaining 
luster information from all 
entral dete
tors the tra
k �nding algo-rithm is used. This pro
edure mat
hes 
lusters from MDC, PSB and SEC dete
tors andassigns them to one parti
le. First the helix from the drift 
hamber is extrapolated to passthrough PSB and SEC. Next, the pro
edure mat
hes exit position of the helix from theMDC with the 
luster position in PSB, by 
he
king the di�eren
e in the azimuthal angle
φ. The 
lusters are grouped into one tra
k if the |∆φMDC,PSB| = |φMDC − φPSB| is less
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k sele
tion and re
onstru
tionthan 10o. The experimental spe
trum of the ∆φMDC,PSB is shown in Fig. 5.3 (left).Furthermore, the mat
hing between the MDC and SEC is done by 
he
king the openingangle αMDC,SEC between 
al
ulated position of the hit in the 
alorimeter from the extra-polation of the helix to the SEC, and measured 
luster position. In this 
ase, the pro
eduremat
hes the 
lusters into one tra
k if the opening angle αMDC,SEC is less or equal to 20o.The experimental distribution of the αMDC,SEC parameter is shown in Fig. 5.3 (right).Also, an additional mat
hing 
riteria are 
he
ked between 
lusters in PSB and SECdete
tors. In this 
ase angular and time information for 
lusters are available. The absolutevalue of di�eren
e in azimuthal angle ∆φPSB,SEC between 
lusters in PSB and SEC has tobe less than 20o, to be a

epted as originating from one parti
le. Also di�eren
e betweentime of the 
luster registered in PSB and time of the 
luster in SEC, has to be in time
oin
iden
e window of 80 ns (±40 ns). The experimental distribution of the azimuthal anglebetween PSB and SEC is shown in Fig. 5.4 (left), and the time di�eren
e distribution isshown in Fig. 5.4 (right).



6. Identi�
ation of the pp → ppηrea
tionAfter tra
ks re
onstru
tion des
ribed in the previous Se
tion as a next step of analysisthe identi�
ation of protons registered in the Forward Dete
tor and re
onstru
tion of theirfour-momentum ve
tors was done. Events 
orresponding to the pp → ppη rea
tion wereidenti�ed based on the missing mass te
hnique. The main trigger in the experiment aimingat sele
tion of the pp → ppX rea
tion required two hits in se
ond layer of the RangeHodos
ope dete
tor, azimuthal angle agreement between FRH, FTH and FWC, and nohits in Veto Hodos
ope. The trigger 
onditions were des
ribed in details in Se
tion 5.1.6.1 Identi�
ation of re
oil protonsIn order to sele
t protons from pp → ppη rea
tion one has to deal with large amountof ba
kground rea
tions and random 
oin
iden
es. First the re
onstru
tion algorithmre
ognizes tra
ks based on signals registered in di�erent dete
tors as it was des
ribed inSe
tion 5.2. Then tra
ks whi
h 
orresponds to a signals in the FPC dete
tor are markedas 
oming from 
harged parti
le and 
onsidered for further analysis. Next, the 
onditionsto reje
t noise signals were applied. Signals assigned to tra
ks are 
he
ked to satisfy the25 MeV minimal energy deposit 
ondition in the whole forward dete
tor. Further on, tra
ksare veri�ed if they are inside geometri
al a

eptan
e of the Forward Dete
tor whi
h 
andete
t parti
les only in the polar angle range of 3o − 18o.The parti
le identi�
ation is done by means of the ∆E −E method. In this te
hniquethe energy deposited by 
harged parti
le in the �rst layer of the Forward Range Hodos
opeis plotted as a fun
tion of the energy deposited in whole FRH. The protons 
oming fromthe pp → ppX rea
tion are seen in Fig. 6.1 (left) as two-arm band. The 
ondition forproton identi�
ation is indi
ated on the plot as a region within the borders of the bla
klines. After these 
uts, only events, with two properly identi�ed protons were 
hosen forfor further analysis (see Fig. 6.1 (right)).The several dis
ontinuity in the upper proton band seen in Fig. 6.1 (left) are due topassive material (8 mm plexi) whi
h is holding elements of ea
h layer together. When aparti
le is passing through region between layers it losses some part of its energy in pleximaterial. The dete
tion of this loss is impossible, whi
h is revealed as a dis
ontinuity on the
∆E−E spe
trum. One 
an also observe a stru
ture at low energy deposition region, wherethe most of minimum ionizing pions are giving signals. The long tail whi
h is lo
alized49
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Figure 6.1: (left) The parti
le identi�
ation plot for Forward Dete
tor. The 
orrelation of energydeposited by 
harged parti
les in the �rst layer of the FRH dete
tor as a fun
tion of energydeposited in whole Range Hodos
ope. The superimposed bla
k line indi
ates 
ut region from whi
hevent were taken for further analysis. (right) Charge parti
le multipli
ity in Forward Dete
torafter parti
le identi�
ation. The green shaded area indi
ate that for the further analysis onlyevents with exa
tly two protons re
onstru
ted were 
hosen.
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Figure 6.2: The time di�eren
e between signals from protons measured in FTH. In order tominimize the random 
oin
iden
e, the proton 
andidate pair has to have time di�eren
e withinwindow of ±7 ns.



6.2. Identi�
ation of the η meson 51behind the lower band originates from nu
lear intera
tions of protons with the materialof the dete
tor. Also the 
ontinuous ba
kground is due to the nu
lear intera
tions. Thefra
tion of events where two protons were identi�ed in the Forward Dete
tor after applyingabove 
onditions is equal to 26% (Fig. 6.1 (right)).Further, in order to properly sele
t two protons the time di�eren
e between two sub-sequent signals in the Forward Dete
tor was 
he
ked. The pair with the time di�eren
e
∆tp1p2 within time window of 14 ns (±7 ns) are sele
ted for further analysis. The 
orre-sponding distribution of ∆tp1p2 is shown in Fig. 6.2. One 
an see a very steep peak around0 ns whi
h is 
oming from protons and almost �at ba
kground originating from random
oin
iden
es.6.2 Identi�
ation of the η mesonAfter re
onstru
tion and identi�
ation of two protons in the Forward Dete
tor orig-inating from pp → ppX rea
tion one 
an plot a missing mass distribution a

ording toformula 3.3 in order to identify the produ
tion of the η meson. The resulting spe
trum ofthe missing mass is shown in Fig. 6.3. A peak originating from the produ
tion of the ηmeson is 
learly seen on the top of a 
ontinues and broad ba
kground. The shape of thedistribution outside the η peak region originates form the dire
t pions produ
tion. Thepeak seen in Fig. 6.3 
ontains not only the events 
orresponding to the �nal state of thede
ay η → π+π−π0 but also other 
harged de
ays of the η meson whi
h ful�l the 
onditionof the trigger and presele
tion in the Central Dete
tor. Mainly it may be the η → π+π−γde
ay whi
h has a bran
hing ratio of 4.60 %.In order to des
ribe the shape of the ba
kground and estimate the signal to ba
kgroundratio on this stage of the analysis several rea
tion 
hannels were simulated. The main ba
k-ground 
onstitute the pp → ppπ+π− and pp → ppπ+π−π0 pro
esses. For both rea
tionsthe 
ross se
tion for beam energy of Eb = 1.4 GeV are unknown. However, from the shapeof the ex
itation fun
tion for these rea
tions one 
an roughly predi
t that the ratio of the
ross se
tions is equal to about σ

pp→ppπ+π−

σ
pp→ppπ+π−π0

≈ 100. Moreover the simulations of the signalde
ays η → π+π−π0 and ba
kground pro
esses like: η → π+π−γ and η → e+e−γ wereperformed. Simulated data samples were analyzed in the same way as it was done for theexperimental data. The results of the simulations in 
omparison to the experimental dataare presented in Fig. 6.3.In order to estimate signal to ba
kground ratio simulated missing mass spe
tra ofba
kground rea
tions were �tted to the data, ex
luding the signal region from 0.52 to0.57 GeV, a

ording to the formula:
B(mm,α, β) = α · fpp→ppπ+π−(mm) + β · fpp→ppπ+π−π0(mm), (6.1)where the α and β denotes the free parameters varied during the �t, and fun
tions

fpp→ppπ+π−(mm) and fpp→ppπ+π−π0(mm) indi
ates the missing mass spe
tra of simulated
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Figure 6.3: Missing mass distribution for the pp → ppX rea
tion measured at beam momentumof pb = 2.14 GeV/c after the presele
tion des
ribed in this Se
tion and identi�
ation of two protonsin Forward Dete
tor (bla
k re
tangles). The solid lines indi
ate results of the simulations of signaland ba
kground 
hannels as given in the �gure. The shaded area indi
ates the �tted sum o� allsimulated rea
tion 
hannels.ba
kground rea
tions. One 
an see that the simulations are in a good agreement with theexperimental data. Obtained signal to ba
kground ratio on this stage of the analysis isequal to 0.6.The method to further improve the signal to ba
kground ratio and sele
t investigatedde
ay 
hannel will be presented in Se
tion 7.



7. Extra
tion of signal for the
η → π0π+π− 
hannelThe η meson is a parti
le with an average life time of 10−21 s, thus it de
ays almostimmediately after being produ
ed into lighter mesons. In the WASA fa
ility the de
ayprodu
ts are dete
ted and identi�ed in the Central Dete
tor (the detail des
ription howthe tra
k re
onstru
tion and 
lustering algorithm work was given in se
tion 5.3).Initially the tra
ks originating from the de
ay of the η meson registered in CentralDete
tor have to be 
orrelated in time with two protons identi�ed in the Forward Dete
tor.This is done by 
he
king the time 
oin
iden
es between protons and parti
les in CD. Thetime of two protons in Forward Dete
tor is determined based on signals from the FTHdete
tor whi
h is positioned 1.5 m downstream from the intera
tion point. Thus this timehas to be 
orre
ted for the time-of-�ight a

ording to the equation:

tp = tFTH − l

β · c , (7.1)where l denotes the distan
e from the intera
tion point to the hit position in the FTHdete
tor, β indi
ates the proton velo
ity and tp stands for time when proton left theintera
tion region. Finally the time of parti
les registered in CD is 
ompared to the averagetime of both identi�ed protons.In the Central Dete
tor the timing for the 
harged parti
les is provided by the PSBdete
tor, and for the neutral parti
le it is readed from the SEC. Both types of parti
lesare treated separately due to di�erent distan
e to the intera
tion point and di�erent timeresolution of the PSB and SEC. The PSB is a plasti
 s
intillating dete
tor giving a very fasttime signals with a very good a

ura
y. While, the organi
 
rystals building 
alorimeterare �slower� and are 
hara
terized by worser time resolutions. For both 
harge and neutralparti
les the time distributions (see Fig. 7.1) shows a pronoun
ed peak on an almost �atba
kground. In 
ase of 
harged parti
les the sele
tion window is 14 ns wide (± 7 ns), whilefor the neutral parti
les it is 30 ns wide (± 15 ns).Furthermore, the tra
ks are 
he
ked to �t the geometry of the Central Dete
tor. The
harged parti
les are identi�ed only if at least 2 axial and 3 stereo straws gives a signaland this is possible only if the parti
le passes at least �ve layers of the MDC. Therefore,the range of the polar angle for the a

eptan
e of the 
harged parti
les is equal to 24o -
159o. For the neutral parti
les, SEC a

eptan
e enables to register signals in the range of
20o - 169o.To sele
t 
andidates for the η → π+π−π0 de
ay, the re
onstru
ted tra
ks whi
h ful�lledtime and a

eptan
e 
onditions are taken into a

ount. Only events with exa
tly two53



54 Chapter 7. Extra
tion of signal for the η → π
0
π
+
π
− 
hannel

 [ns]CDC - tFDt
-20 -15 -10 -5 0 5 10 15 20

C
ou

nt
s

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

310×

 [ns]CDN - tFDt
-30 -20 -10 0 10 20 30

C
ou

nt
s

0

2

4

6

8

10

12

610×

Figure 7.1: Distribution of di�eren
es between time of parti
les registered in CD and averagetime of protons in FD 
orre
ted for the time-of-�ight: (left) for 
harged parti
les registered inPSB, (right) for neutral 
lusters dete
ted in SEC. The superimposed red lines indi
ate the timewindow of the event a

eptan
e, where for 
harge parti
les it is −7 ns ≤ ∆tCDC ≤ 7 ns and forneutral −15 ns ≤ ∆tCDN ≤ 15 ns
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Figure 7.2: (left) Multipli
ity of 
harged parti
les registered in Central Dete
tor. The greenarea indi
ates multipli
ities equal to 2, whi
h is taken for further analysis. (right) Experimentaldistribution of multipli
ity for neutral parti
les dete
ted in Central Dete
tor after identi�
ation oftwo protons and sele
tion of two oppositely 
harged parti
les.



7.1. Identi�
ation of 
harged pions π
± 55
harged parti
les having opposite 
harges, and at least two neutral 
lusters are saved forfurther analysis. The 
orresponding graph of multipli
ity for 
harged parti
les is shown inFig. 7.2 (left). The distribution shows that only in about 5 % of all events there are morethan two 
harged parti
les identi�ed. Therefore, for further analysis we take only theseevents were exa
tly two oppositely 
harged parti
les were re
onstru
ted in the CentralDete
tor.The multipli
ity of neutral parti
les registered in SEC, after identi�
ation of protonsin FD and two oppositely 
harged parti
les in CD is shown in Fig. 7.2 (right). From thisdistribution one 
an see that in most 
ases the two neutral parti
les were registered in the
alorimeter. The events in whi
h number of neutral 
lusters is greater than two is partiallydue to splitting and hadroni
 intera
tions of 
harged parti
le with the s
intillator. Atthis stage of analysis we a

ept all the events independently of the multipli
ity of neutralparti
les 
andidates.7.1 Identi�
ation of 
harged pions π±The sele
tion of 
harged pions bases on momentum re
onstru
tion from the 
urvaturesof parti
le traje
tories in magneti
 �eld in the Mini Drift Chamber 
ombined with theinformation about energy losses in the Plasti
 S
intillator Barrel and the S
intillatingEle
tromagneti
 Calorimeter (∆E − |~p| method).For both dete
tors PSB and SEC the 
orrelation between energy deposited in the s
in-tillating material by 
harged parti
le and absolute value of momentum 
an be graphed.In this method for the di�erent types of parti
les the 
orrelation of energy loss and mo-mentum di�er and leave distin
t bands whi
h 
an be used for separation and identi�
ationpurpose. Figure 7.3 shows 
orresponding identi�
ation spe
tra obtained from the MonteCarlo simulations for the η → π+π−π0(π0 → e+e−γ) de
ay. For both dete
tors fourdensely populated areas are 
learly visible. For better visualization the momenta are mul-tiplied by sign of 
harge whi
h enable to separate in the �gure negatively and positively
harged parti
les.In the 
alorimeter pions and ele
trons deposit their total kineti
 energy, whi
h at givenmomentum is larger for light ele
trons than for heavier pions. This allows to impose theidenti�
ation 
onditions to distinguish between both type of parti
les as 
an be seen inFig. 7.4 (left). The red line imposed on the plot indi
ates the pion identi�
ation 
onditiongiven by the inequality: ∆ESEC < 1.05 · |~p| · q − 0.06.To apply the same method in PSB an energy loss is normalized to the path length ofthe parti
le when passing through the dete
tor. One 
an also see that in 
ase of e− and e+parti
les the energy loss in the whole range of the momentum is almost 
onstant. In this
ase for a given momentum ele
trons deposit less energy than pions be
ause energy lossde
reases with in
rease of velo
ity. Experimental spe
tra of pions and leptons similarly asin SEC, reveal separate bands as it is visible in Fig. 7.3 (right).
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Figure 7.3: Simulated distribution of the energy deposited in the 
alorimeter (left), and in plasti
s
intillator (right) as a fun
tion of the parti
les momentum and 
harge. The stru
tures on the leftpart of both spe
tra 
orresponds to parti
les with -1 and on the right side with +1 
harge state.The bands 
orresponding to pions and ele
trons are marked respe
tively.
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Figure 7.4: Experimental ∆E − |~p| spe
tra used for parti
le identi�
ation in Central Dete
tor.Energy deposit as a fun
tion on momentum and 
harge: in the SEC (left), and in PSB beforeapplying identi�
ation 
ondition in SEC (right). The superimposed lines in left panel indi
atethe 
ut regions used to sele
t signal events.In 
ase of this analysis �rst sele
tion of pions with the 
onditions on the 
orrelation ofenergy and momentum in S
intillating Ele
tromagneti
 Calorimeter are applied (Fig. 7.4
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ation of 
harged pions π
± 57(left)), and further events whi
h met this requirement are 
he
ked in the Plasti
 S
intillatorBarrel Fig. 7.5. This enables to reje
t parti
le misidenti�ed in the SEC.
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Figure 7.5: Experimental ∆E − |~p| spe
tra used for parti
le identi�
ation in PSB after applyingidenti�
ation 
ondition in SEC, with superimposed lines indi
ating the 
ut regions used to sele
tsignal events.One 
an also see that in the experimental spe
tra for the PSB dete
tor (Fig. 7.4 (right))the e± bands are mu
h more densely populated than π±. This pi
ture 
an be 
onfusingbe
ause the 
ross se
tion for the pion produ
tion is few orders of magnitude higher thanfor ele
trons. But one has to stress that the identi�
ation plots are made after demandingat least two neutral 
lusters in the ele
tromagneti
 
alorimeter. Thus, the number ofpions from the dire
t produ
tion via 
hannel pp→ ppπ+π− drasti
ally de
reases and they
an only pass the requirements when two fake 
lusters (for e.g. due to hadroni
 split-o�) are wrongly identi�ed as photon. Furthermore, requirement of at least two neutralparti
les, enhan
es in the sele
ted sample fra
tional number of events 
orresponding to the
onversion pro
ess of photons on a beryllium beam pipe. One 
an suppress the ba
kgroundoriginating from the external photon 
onversion based on the 
orrelation of the distan
ebetween the 
enter of the intera
tion region and the point of 
losest approa
h RCA oftwo heli
es, and the invariant mass IMBP (e
+e−) 
al
ulated assuming that the e+e− pairwas 
reated in the beam pipe. The dilepton pair originating from the 
onversion pro
ess
reates small values of the invariant mass and the minimal RCA value should be around30 mm (for parti
les �ying perpendi
ular to the beam pipe) whi
h is the radius of thebeam pipe. The 
orresponding 
orrelation between the radius of 
losest approa
h and theinvariant mass 
al
ulated on the beam pipe is illustrated in Fig. 7.6 (left). The 
onversionand non-
onversion events are very 
learly separated. One 
an see that 
onversion pro
ess
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Figure 7.6: (left) Experimental distribution of the distan
e RCA between intera
tion point andthe re
onstru
ted e+e− vertex versus the invariant mass of e+e− pair 
al
ulated assuming thatlepton pair originates from the beam pipe. (right) Distribution of the ∆E − |~p| for PSB dete
torafter demanding only events with RCA < 10 mm and invariant masses of e+e− grater than 0.07GeV/
2.enhan
es density population in the region of low invariant masses and RCA > 30 mm. Theele
trons and pions originating from produ
tion rea
tions populate larger invariant massesand distan
e RCA 
lose to 0. Furthermore, in order to 
he
k how the 
onversion eventsin�uen
e the identi�
ation distributions we plotted the ∆E−|~p| for the PSB dete
tor underthe 
ondition that RCA is smaller than 10 mm and invariant masses e+e− are greater than0.07 GeV/
2. The resulting spe
trum 
an be seen in Fig. 7.6 (right). After reje
ting the
onversion event region one 
an see that the e± band is almost invisible. However, it isimportant to stress that, this restri
tion is not used in the further analysis of the de
ay
η → π+π−π0.7.2 Identi�
ation of γ quanta and π0 mesonsThe re
onstru
tion of the π0 meson relies on registration and identi�
ation of twogamma quanta in the S
intillating Ele
tromagneti
 Calorimeter. As it was shown in Fig. 7.2(right) for fra
tion of about 15% of events, due to splitting, more than two 
lusters werere
onstru
ted. For these events to sele
t pair originating from the neutral pion de
ay weapply the 
hi-square test a

ording to the equation:

χ2
ij =

(IM(γiγj)−mπ0)2

σ2
π0

, (7.2)



7.2. Identi�
ation of γ quanta and π
0 mesons 59where the mπ0 = 134.98 MeV denotes mass of the neutral pion, IM(γiγj) is the invariantmass of two photon 
andidates, and σ2π0 is the experimental mass resolution. The invariantmass is 
al
ulated a

ording to the formula:

IM(γiγj) =
√

|Pγ + Pγ |2 = 2
√

EγiEγj sin
θγiγj
2

, (7.3)where Eγ and θγiγj indi
ate the energy of photon 
andidates and opening angle betweenthem, respe
tively.
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Figure 7.7: The invariant mass distribution for two photons registered in the 
alorimeter: (left)for the experimental data, (right) for the simulated sample. In the 
ase of three photon 
andidatesonly these pairs were taken into a

ount for whi
h the χ2 de�ned in eq. 7.2 was minimal. Inboth 
ases a 
lear peak is visible at the mass of the neutral pion mπ0 = 134.98 MeV . Thesuperimposed solid line indi
ates the Gaussian �t in order to determine the resolution and positionof the invariant mass peak. The obtained resolution for both experimental and simulated dataequals to σ ≈ 17 MeV .For further analysis we a

ept only these two i, j 
lusters for whi
h the χ2
ij is minimal.Furthermore to 
lear the data sample and reje
t split-o� e�e
t of photons we have takeninto a

ount only pairs of 
lusters with opening angles greater than 40o. The photon pairwith lower values of opening angles are mainly 
oming from split-o� pro
esses and are
ontributing to the ba
kground. The spe
trum of the invariant mass of a

epted pairsof photons is shown in Fig. 7.7, where distribution on the left panel was obtained fromexperimental data sample and in the right panel from the simulated data.Experimentally obtained distribution of invariant mass of two photons shows a 
learpeak at the mass of the π0 meson. To 
ompare and tune the simulation of the dete
torresponse we have plotted the same spe
tra for the simulated sample, and �tted the peak
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0
π
+
π
− 
hannelregion with the gauss fun
tion. Parameters obtained for both spe
tra are in agreement. Theinvariant mass resolution for the experiment and simulation is almost the same and equalsto σ ≈ 17MeV . Thus the Monte Carlo simulations are well tuned to the experimental
onditions.7.3 Ba
kground suppressionAfter sele
ting 
omplete rea
tion 
hain whi
h reads pp → ppη → ppπ+π−π0(γγ) andidentifying all the parti
les in the �nal state using methods des
ribed in previous se
tions,one 
an plot distribution of the missing mass of the pp → ppX rea
tion as a fun
tionof the invariant mass of the de
ay produ
ts π+π−π0(γγ). The relevant distribution isshown in Fig. 7.8. A 
lear enhan
ement in the number of entries is visible at the mass ofthe η meson. However, a large amount of ba
kground is still present in the data sample.
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Figure 7.8: (left) The experimental distribution of the invariant mass of the π+π−π0(γγ) systemas a fun
tion of the missing mass for the pp → ppX rea
tion, after parti
les sele
tion and identi-�
ation introdu
ed in previous se
tions. (middle) Experimental distribution of the missing masfor the pp→ ppX . (right) Experimental distribution of the invariant mass of the π+π−π0system.The remaining ba
kground is 
aused mostly by the two pro
esses: (1) dire
t produ
tionof two pions via pp → ppπ+π− rea
tion, and (2) by dire
t produ
tion of three pionsvia pp → ppπ+π−π0(γγ) rea
tion 
hain. For the two pion produ
tion, the previouslydes
ribed event sele
tion and identi�
ation method turned out to be insu�
ient due tosplitting of signal in the 
alorimeter. Nevertheless, this ba
kground 
ontribution 
an befurther suppressed using methods whi
h will be des
ribed in this se
tion.The 
ontribution of the dire
t two pion produ
tion 
an be identi�ed using the mo-mentum and energy 
onservation. One 
an look at the spe
trum of the square of the
pp → ppπ+π−X rea
tion, where in 
ase of the signal rea
tion X denotes missing neutralpion. Re
onstru
ted missing mass of desired rea
tion should be around the squared massof the neutral pion m2

π0 = 0.018 GeV 2/c4, and the mass for rea
tions where the π0 wasnot produ
ed should be around zero. Left panel of Fig. 7.9 shows 
orresponding missing



7.3. Ba
kground suppression 61mass spe
trum for simulated signal and ba
kground rea
tions (solid lines), as well as theexperimental data (bla
k points). One 
an observe two peaks. First lo
ated around zero
orresponds to the ba
kground events where no additional parti
le was produ
ed (or itwas massless). The se
ond peak 
orresponds to three pion produ
tion in the �nal statelo
ated around squared π0 mass. To further suppress the ba
kground from the two pion
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Figure 7.9: Distribution of the missing mass squared to the system pp → ppπ+π−X (left) andmissing mass to the pp → π+π−X rea
tion as obtained after the requirement that missing masson the left �gure is larger than 0.005 GeV 2/c2 (right). In both panels solid lines indi
ate re-
onstru
ted events from simulations of signal rea
tion pp → ppη → ppπ+π−π0 → ppπ+π−γγ(red histogram), ba
kground η de
ay via 
hannel pp → ppη → ppπ+π−γ (blue histogram), threepion dire
t produ
tion pp→ ppπ+π−π0 → ppπ+π−γγ (green histogram) and two pion produ
tion
pp→ ppπ+π− (dark green histogram), bla
k points denote the experimentally measured distribu-tions, and the yellow area is sum of all simulated rea
tions. The superimposed line in both plotsindi
ates the 
ut 
hosen to suppress two pion ba
kground. The spe
trum for X = ppπ0 is spreadbelow the sum of masses 2 ·mp +mπ0 be
ause of the �nite experimental resolution of determiningthe four momentum ve
tors.�nal state, all events with squared missing mass of the ppπ+π− system lower then 0.005
GeV 2/c4 are reje
ted. The applied 
ondition is indi
ated as a solid red line in Fig. 7.9(left). It redu
es the 90% of the η → π+π−γ ba
kground and 97% of the pp → ppπ+π−de
reasing the e�
ien
y for the signal by 41%.The remaining ba
kground 
an be suppressed by looking at the missing mass for the
pp → π+π−X rea
tion, where for the signal (X = ppπ0), mX should be larger than
2 ·mp +mπ0 = 2.01 GeV/c2. Whereas, in 
ase of the dire
t produ
tion of the two 
hargedpions the missing mass is only due to two protons and the distribution is shifted towardsthe lower masses. The situation is illustrated in Fig. 7.9 (right) where the experimental
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π
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π
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hanneland simulated data are shown in the same way as it was for the left panel. One 
an seethat in the measured data the signal peaks are separated from ea
h other. The 
ut was
hosen to a

ept missing masses greater than 1.95 GeV/c2. This allows to redu
e theremaining two-pion ba
kground to negligible level, de
reasing the e�
ien
y of the signalre
onstru
tion by 0.1% only.The result of all previously applied 
ondition is illustrated in Fig. 7.10. It 
an be seenthat the multi-meson ba
kground (mostly dire
t two pion produ
tion) was signi�
antlyredu
ed 
ompared to the one shown in Fig. 7.8. The signal to ba
kground ratio wasimproved from 0.8 to 2.2 The spe
trum of the missing mass (see Fig. 7.10 (middle)) shows
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Figure 7.10: (left) Experimental distribution of the invariant mass for the π+π−π0 system as afun
tion of the missing mass for the pp → ppX rea
tion after applying ba
kground suppressiondes
ribed in the text. (middle) Experimental missing mass for the pp → ppX rea
tion. (right)Invariant mass of the π+π−π0 system.a peak lo
ated at the mass of the η meson with a tail towards the lower masses. The tailand 
ontinuous ba
kground under the peak is originating mostly from dire
t three pionprodu
tion. The invariant mass distribution of the π+π−π0 is shown in Fig. 7.10 (right).It also shows a maximum lo
ated around the mass of the η meson. But the invariant massdistribution is mu
h broader than the missing mass spe
trum. This is be
ause the fourmomentum ve
tor re
onstru
tion of parti
les registered in Central Dete
tor is less a

uratethan in the Forward Dete
tor.7.4 Kinemati
 �tThe identi�
ation of the rea
tion pp→ ppη and the subsequent de
ay η → π0π+π− isbased on the measurement of momentum ve
tors of all �nal state parti
les and re
onstru
-tion of the missing and invariant masses. A �nite resolution of the four momentum ve
tordetermination is re�e
ted in the population of kinemati
ally forbidden regions of the phasespa
e. This obsta
le will be 
orre
ted by performing a kinemati
 �tting of the data. In thisexperiment we have measured more variables than needed for 
omplete des
ription of the
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 �t 63kinemati
s of the �nal state. This redundan
y will be used to improve the mass resolutionand in 
onsequen
e to improve the signal to ba
kground ratio, and to 
orre
t ea
h eventto follow kinemati
ally allowed phase spa
e region.The kinemati
 �t pro
edure is a least squares method whi
h is based on variation ofkinemati
 observables of all �nal state parti
les in the range of experimental resolution insu
h a way that after the 
hange they ful�l the kinemati
al 
onstraints [117℄. A χ2 valueis used as a measure of di�eren
es between values of a measured and the varied observ-ables whi
h mat
hes the assumed hypothesis. As a best solution ful�lling the required
riterion one take this minimizing the χ2 fun
tion. In our 
ase we require that event ful�lkinemati
s of the pp → ppπ+π−π0 → ppπ+π−γγ rea
tion 
hain. The basi
 
onditions forthe minimalization in
ludes the 
he
k of the momentum and energy 
onservation. Also,
onditions su
h as masses of intermediate parti
les 
an be introdu
ed additionally into the�tting pro
edure.The χ2 quantity whi
h des
ribes the agreement between �tted and measured variablesreads:
χ2 = (PF − PM)S−1(PF − PM)T + λCC + λUU, (7.4)where the PF and PM represent ve
tors of �tted and measured variables, respe
tively, Sdenotes the 
ovarian
e matrix of the un
ertainties, the λC and λU stand for Lagrangemultipliers to introdu
e the 
onstraints for energy and momentum 
onservation C, andadditional 
onditions U .In 
ase of this thesis after identi�
ation of parti
les masses their momentum ve
torsare des
ribed by a set of three variables: kineti
 energy (Ek), polar angle (θ), and theazimuthal angle (φ). For investigated rea
tion 
hain one has six parti
les in the �nalstate: p1, p2, π+, π−, γ1, γ2. Therefore, taking into a

ount the four equations for themomentum and energy 
onservation, the minimal number of independent variables whi
hhas to be measured to des
ribe the system is equal to:

Nmin
v = 3 · 6− 4 = 14. (7.5)However, we have measured all the variables, so we have Nv = 18, and therefore for ea
hevent we have redundant information allowing us to perform kinemati
 �tting. The numberof degrees of freedom 
an be 
al
ulated as:

Nndf = Nv −Nmin
v +NU , (7.6)where the NU denotes the number of additionally introdu
ed 
onditions. In 
ase ofthis analysis we introdu
ed the 
ondition that two photons registered in ele
tromagneti

alorimeter are originating from the de
ay of the neutral pion. Thus a

ording to equa-tion 7.6 the number of degrees of freedom reads Nndf = 5. Further, one 
an introdu
ethe probability de�ning the goodness of the �t for a given χ2 value and a given number of
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hanneldegrees of freedom Nndf , as:

PF (χ
2, Nndf ) = 1− F (χ2, Nndf ) =

1
√

2
Nndf

2 Γ(
Nndf

2 )

ˆ ∞

χ2

e−
t
2 t(

Nndf

2
−1)dt, (7.7)where F (χ2, Nndf ) is the Cumulative Distribution Fun
tion [118℄, and the Γ denotes theEuler spe
ial fun
tion. The distribution of the probability of the �t PF for the properhypothesis in 
ase of Gaussian errors should be �at 1As mentioned above to use the kinemati
 �t pro
edure one has to introdu
e an error forea
h measured observable. These ina

ura
y depends on the parti
le type, its energy, polarand azimuthal angle, and the spe
i�
 dete
tion properties of di�erent dete
tors. In orderto estimate these errors using the WASA Monte Carlo pa
kage a sample of single parti
leevents were simulated. The single parti
le events were 
hosen due to the te
hni
al reasons,be
ause they ensure the uniform distribution in the whole a

eptan
e of the dete
tor in
omparison to a spe
i�
 rea
tion like for e.g. the pp→ ppη, where parti
les more often areemitted in forward dire
tion. The re
onstru
tion methods and 
ondition for the dete
tionof parti
les are identi
al as in the previously des
ribed analysis.The 
onvention for error parameterization for ea
h parti
le was 
hosen as fallows:

σEk
=
Erec

k − Egen
k

Erec
k

,

σθ = θrec − θgen, (7.8)
σφ = φrec − φgen,where supers
ripts rec and gen denote the re
onstru
ted and generated value of the vari-able, respe
tively. The kineti
 energy is parameterized by a relative di�eren
e of there
onstru
ted and generated values, and for the angles the absolute values are used. Theerrors are taken as a one standard deviation 
al
ulated from �tting the resulting distribu-tions given by equations 7.8 with a Gauss fun
tion. Finally all errors are determined asdouble di�erential fun
tions whi
h depends on the re
onstru
ted kineti
 energy and polarangle.The bin width for the parameterization was 
hosen separately for di�erent type ofparti
les. For protons in Forward Dete
tor size of kineti
 energy and polar angle intervalsare equal to 50 MeV and 1o, respe
tively. For the 
harged pions in Central Dete
tor thebin width for energy is 50 MeV and for polar s
attering angle 4o. The di�erent approa
h isfor parameterization of errors of energy and angle for photons registered in the 
alorimeter.Here the energy is divided into intervals with size 50 MeV, but instead of the polar anglethe 24 bins 
orresponding to number of ring building the 
alorimeter were taken. Thesummary of the bin size 
hosen for the parameterization is given in Tab. 7.1.1It is be
ause the probability density distribution of the 
umulative distribution is always uniformindependent of the probability density fun
tion.
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 �t 65Parti
le type Dete
tor Ekin θp FD 50 MeV 1o
γ CD/SEC 50 MeV 
rystal size
π+ CD/MDC 50 MeV 4o
π− CD/MDC 50 MeV 4oTable 7.1: Summary of the bin size used in parameterization of errors in kinemati
 �t.The errors as a fun
tion of kineti
 energy and polar angle extra
ted for ea
h type ofparti
le 
an be seen in Fig. 7.11. The plots are aligned in rows from the top for: protons,photons, π+ and π−. The 
olumns from the left are assigned a

ordingly to: kineti
 energy,polar angle and azimuthal angle.For protons it 
an be seen that relative error of kineti
 energy does not depend onthe s
attering angle θ and for energies up to 360 MeV it is almost 
onstant (around 2%),for higher energies it starts to in
rease linearly up to 11% at 700 MeV. The in
rease isasso
iated with the fa
t that protons with energy higher than 360 MeV pun
h throughthe FRH. The error of the polar angle is nearly independent of the energy but it in
reaseswith the s
attering angle. Whereas, the error of the azimuthal angle de
reases when polarangle in
reases, and it is almost independent of the energy.For photons the relative energy error de
reases with in
reasing energy with visibleenhan
ement in the regions where the 
entral part of the 
alorimeter meet the ba
kwardor forward part. In 
ase of the azimuthal and polar angle the errors de
rease with in
reasingenergy of photons. For both variables errors are in
reasing in the end 
aps of the 
alorimeterstaying rather 
onstant in the 
entral part.In the 
ase of 
harged pions, errors for all kinemati
al variables in the range from 40o to140o shows dependen
e only on the kineti
 energy. For angles below 40o and above 140o theerrors are instantly in
reasing. This illustrates some features of the re
onstru
tion methodin the MDC. These two regions re�e
t the front and rear part of the drift 
hamber. Parti
les�ying through these parts �re less straws whi
h are 
ontributing to the tra
k re
onstru
tionand thus the ina

ura
y of the measurement in
reases (see Fig. 7.12).Having the errors parameterized one 
an exe
ute the kinemati
 �tting pro
edure bothon the measured and simulated data samples. Observables in ea
h event will be varied su
hthat the momentum and energy 
onservation and additional 
onstraint that two dete
tedphotons originate from the de
ay of the neutral pion are ful�lled. The obtained χ2 and

PF (χ
2, Nndf ) spe
tra for simulated and experimental data are shown in Fig. 7.13.The distribution of the χ2 for the simulated data presented in the upper left partof Fig. 7.13 shows an signi�
ant enhan
ement at large values of χ2 in 
omparison tothe theoreti
ally predi
ted χ2 distribution for �ve degrees of freedom. This re�e
ts thenon-Gaussian error distribution whi
h were assumed and taken into the �tting routine.The problem were seen for 
harged pions �ying to the forward and ba
kward part of theMDC (see Fig. 7.12). The right panel of Fig. 7.13 shows the distribution of probability
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Figure 7.11: Distributions of the double di�erential parameterization of errors in determining the
Ekin, θ and φ (from the top in rows) for: protons, photons, π+ and π−. The 
olumns from theleft denote errors for kineti
 energy, and polar and azimuthal angle, respe
tively.
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Figure 7.12: Two exemplary distributions of the relative di�eren
e of the re
onstru
ted andgenerated values of the kineti
 energy of π+ for: (left) front region of MDC for polar angles
24o ≤ θ ≤ 28o where less straws �res and errors are no-Gaussian, (right) and middle region ofMDC for 120o ≤ θ ≤ 124o where errors are Gaussian.
PF (χ

2, Nndf ) whi
h has an enhan
ement at zero 
orresponding to events seen in tail of the
χ2 distribution. Events whi
h are populating low probabilities are wrongly re
onstru
ted.The probability distribution is relatively �at for values of probability larger than 0.1, andonly these events will be taken in further analysis.The lower two plots in Fig. 7.13 illustrate the χ2 and probability distributions obtainedfor the experimental data sample. One 
an see that here the PF (χ

2, Nndf ) distribution ispeaked at lower probabilities even more strongly than result obtained from the simulations.This is be
ause in the data sample still a ba
kground events are present for whi
h the �thypothesis is not justi�ed. Also the χ2 has mu
h more enhan
ed tail in 
omparison toMonte Carlo spe
trum due to non-Gaussian error estimate for the 
harged pions whi
hare 
oming also from the ba
kground 
hannels. To suppress majority of the ba
kgroundand wrongly re
onstru
ted events the region of PF (χ
2, Nndf ) > 0.1 was sele
ted for furtheranalysis.The missing mass spe
trum before and after applying the kinemati
 �t is shown inFig.7.14 (left). One 
an see a slight improvement in the resolution. The ratio of the signalto ba
kground in
reased from 2.2 to 2.9. The invariant mass distribution of the π+π−π0system is shown in Fig. 7.14 (right). A very narrow peak is seen in the mass of the ηmeson in 
omparison to the distribution before the kinemati
al �t. The resolution of theinvariant mass after the �t is equal to σ = 4MeV/c2, 
ompared σ = 25MeV/c2 before the�t. Thus, kinemati
al �t had improved signi�
antly the resolution of invariant mass, andas a 
onsequen
e also the signal to ba
kground ratio. The remaining ba
kground is due to
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hannelthe dire
t three pion produ
tion. One 
an also see that the shape of the distribution afterthe �t is very similar to the missing mass of the two protons. This is be
ause in the �tthe information of protons four-momentum ve
tors is used, and they are determined withbetter pre
ision than four-momentum ve
tors of other parti
le.Furthermore, it is also worth to noti
e that one 
an improve the resolution of �t pa-
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Figure 7.13: The χ2 (left) and probability PF (χ
2, Nndf ) (right) distribution for the simulated(upper row) and experimental data (lower row) for the rea
tion pp → ppη → ppπ+π−π0(γγ).The superimposed red 
urve indi
ates the theoreti
al χ2 distribution 
al
ulated for the �ve degreesof freedom. The disagreement between theoreti
al and experimental χ2 distribution re�e
ts thenon-Gaussian errors taken into the �tting pro
edure and treated as Gaussian.



7.5. Estimation of the analysis e�
ien
y 69

]2MIssing mass [GeV/c
0.4 0.45 0.5 0.55 0.6

2
C

ou
nt

s 
/ 2

.5
 M

eV
/c

0

1000

2000

3000

4000

5000

fMMpp
MMppBefor kinematical fit

After kinematical fit

]2Invariant mass [GeV/c
0.4 0.45 0.5 0.55 0.6 0.65

2
C

ou
nt

s/
 3

 M
eV

/c

0

1000

2000

3000

4000

5000

6000

7000 fIMpipipi
IMpipipi

After kinematical fit

Before kinematical fit

Figure 7.14: Missing mass distribution (left) for the pp → ppX rea
tion and invariant massspe
trum for the π+π−π0 system (right) before (red histogram) and after (green histogram)kinemati
 �t and reje
tion of events with PF (χ
2, Nndf ) less than 0.1.rameters by demanding the invariant mass of the de
ay parti
les to be equal to the mass ofthe η meson. However, this would result in, squeezing the whole distribution to the valueof the mass of the η meson, and thus subtra
tion of the ba
kground would be no longerpossible. Therefore in this analysis we did not used this 
ondition.7.5 Estimation of the analysis e�
ien
yTo determine the overall re
onstru
tion e�
ien
y of a parti
ular rea
tion 
hannel onehas to take into a

ount the geometri
al a

eptan
e of the dete
tor and e�
ien
y of theapplied analysis 
hain. The geometri
al a

eptan
e 
an be studied using kinemati
 eventgenerator by superimposing on the s
attering angle of �nal state parti
les the 
onditionthat it has to be within a range of the dete
tor. The geometri
al a

eptan
e was studiedin Se
. 4.4.In order to study the e�
ien
y of applied analysis, and the resulting ba
kground sup-pression, various rea
tions were simulated using the WASA Monte Carlo pa
kage andanalyzed by the same software as it was used for the experimental data. The list of re-a
tions together with the number of simulated events is given in the Tab. 7.2. Se
ondrea
tion listed, may be misidenti�ed as a signal due to the splitting of 
lusters in the ele
-tromagneti
 
alorimeter. Third rea
tion 
an imitate signal due to misidenti�
ation of e+and e− as pions and splitting of signals in the 
alorimeter. Fourth rea
tion 
onstitute aphysi
al ba
kground of investigated de
ay. The �fth pro
ess 
an obs
ure the signal 
hannel
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tion of signal for the η → π
0
π
+
π
− 
hannelNo. Rea
tion Number of generated events1 pp→ ppη → ppπ+π−π0 → ppπ+π−γγ (signal) 20× 1062 pp→ ppη → ppπ+π−γ 5× 1063 pp→ ppη → ppe+e−γ 20× 1064 pp→ ppπ+π−π0 → ppπ+π−γγ 20× 1065 pp→ ppπ+π− 58× 1066 pp→ ppπ0π0 → ppγγγγ 18× 106Table 7.2: List of simulated rea
tion 
hannels for e�
ien
y studies. The number in right 
olumnindi
ates the number of initially generated events.
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Figure 7.15: Re
onstru
tion e�
ien
y obtained after subsequent appli
ation of 
onditions indi-
ated at the bottom of the �gure. Results are shown for simulations for rea
tions listed inside the�gure.by the bremsstrahlung of 
harged parti
les in the 
alorimeter. Sixth rea
tion 
an simulatea signal due to the external 
onversion of γ quanta and the subsequent misidenti�
ationon the ele
tron and positron as pion pair.The e�
ien
y at ea
h analysis stage 
an be studied by determining the number of eventsleft after applying the parti
ular 
ondition. Figure 7.15 presents obtained re
onstru
tione�
ien
y for several simulated rea
tions in the subsequent steps of the analysis. Thename of bins 
orresponds to the name of applied 
ut and they are explained in Tab. 7.3.Furthermore in the right 
olumn of Tab. 7.3 the e�
ien
y of individual 
onditions for thesignal rea
tion is given.As expe
ted �rst biggest drop in the e�
ien
y 
omes from the presele
tion of 
andi-dates for the investigated rea
tion 
hannel in Forward and Central Dete
tors. As it was
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ien
y 71Cut Cut des
ription Se
tion E�
ien
yPRESEL Presele
tion of two protons in FD, two Se
. 6.2, 21.2%oppositely 
harged parti
les in CD andtwo or more 
lusters in SEC.CDN>2 Sele
tion of at least two 
lusters Se
. 7.1, 71.6%in CD with minimum energy of 20 MeV. Fig. 7.2
CDC±=2 Re
onstru
tion of tra
ks 
orresponding to Se
. 7.1, 47.2%two parti
les with opposite 
harges. Fig. 7.2SEC Parti
le identi�
ation in the Se
. 7.1, 75.5%S
intillating Ele
tromagneti
 Calorimeter. Fig. 7.4PSB Parti
le identi�
ation in Plasti
 Se
. 7.1, 71.9%S
intillator Barrel. Fig. 7.52γ Sele
tion of two photons originating from Se
. 7.2, 92.7%the de
ay of π0 meson. Fig. 7.7MM2(ppπ+π−) Cut on the missing mass squared of the Se
. 7.3, 59.3%

pp→ ppπ+π−X rea
tion. Fig. 7.9MM(π+π−) Cut on the missing mass for the rea
tion Se
. 7.3, 99.9%
pp→ π+π−X. Fig. 7.9KFit Kinemati
al �t and reje
tion of events with Se
. 7.4, 41.8%probability PF (χ

2, Nndf ) < 0.1.Total Final re
onstru
tion e�
ien
y 0.89%Table 7.3: Re
onstru
tion e�
ien
y of the individual steps of the analysis for the signal rea
tion
pp→ ppη → π+π−π0(γγ) obtained from the Monte Carlo simulations.shown in Se
.4.4 the geometri
al a

eptan
e of the dete
tion apparatus 
auses the lost of65% of all events. The rest of the de
rease in the e�
ien
y on the presele
tion level 
anbe attributed to sele
tive 
onditions in the Central Dete
tor spe
ially the 
onditions foridenti�
ation of 
harged pions for whi
h we demanded signals in all 
entral sub-dete
tors.Se
ond major de
rease 
omes after applying the 
ondition on the probability PF (χ

2, Nndf )of the kinemati
al �t.The performed analysis allowed to in
rease signi�
antly the signal to ba
kground ratio.The ba
kground from the two pion produ
tion was suppressed to the negligible level, andthe signal of most dangerous de
ay (η → π+π−γ) was suppressed by more than four ordersof magnitude. The event sample resulting after applying all 
onditions, 
ontains nearly in100% the η → π+π−π0 de
ay and the only ba
kground left 
orresponds to the same �nalstate originating from dire
t three pion produ
tion. This ba
kground 
an be seen in themissing and invariant mass spe
tra shown in Fig. 7.14 as a 
ontinues distribution spreadingover mu
h larger range than the η meson peak. In the next 
hapter we will introdu
e themethod how to estimate 
ontribution of this ba
kground using a �t of polynomial fun
tion
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8. Results for the η → π0π+π− de
ayIdenti�
ation of all �nal state parti
les of the η → π+π−π0 de
ay enables to use aDalitz plot analysis to study the dynami
s of three body system whi
h manifests itselfin the population density distribution in this plot. The parameterization of the events isgiven 
onveniently in the normalized variables X and Y, dependent on the kineti
 energiesof three parti
les in the rest frame of the η meson whi
h were introdu
ed in equations 2.8and 2.9. In this 
hapter we will present the �nal results for the Dalitz plot distributions.8.1 Resolution of the observables determinationIn order to use the Dalitz distribution one has to know the resolution for the deter-mination of the X and Y observable and de
ide about the bin width. The interval sizedepends on the 
olle
ted statisti
s and the a

ura
y in determination of four momentumve
tors of parti
les in the �nal state.First to 
he
k the agreement between simulations and experiment we have determineddistribution of the di�eren
e between the values of X and Y before and after the kinemati
al�t for simulations and measured data:
∆X = XKFit −Xrec, (8.1)
∆Y = YKFit − Yrec. (8.2)The result is presented in Fig. 8.1 where the left panel shows the distribution of ∆X andright of ∆Y . The simulated data were normalized to the experimental distributions su
hthat integrals of both are the same. It is 
learly seen that for both observables a goodagreement between simulated and measured data were a
hieved. However, one 
an alsonoti
e that the distribution of ∆Y variable is not symmetri
 and shifted to lower values.One of the reasons of the asymmetry in the ∆Y variable 
ould be high and rapidly 
hangingvalues of errors at the edges of the a

eptan
e for ea
h type of parti
le as it was shown inFig. 7.11, and the la
k of the availability in present WASA-at-COSY software of in
lusioninto the �t of a full 
ovarian
e matrix. Observed e�e
t in�uen
e the tiny values of sear
hedasymmetry parameters. Therefore, for the further extra
tion of these parameters in the

η → π+π−π0 de
ay, we will use values of X and Y as re
onstru
ted before the �t, whi
hare independent of the simulations of errors, and their 
orrelations 1. In order to, avoid1It is worth to mention that the kinemati
ally �tted events for the η → π
+
π
−
π
0 will be further usedin the analysis of the η → π

0
e
+
e
− where the three pion de
ay is used as a normalization 
hannel for theestimations of the bran
hing ratio. In this 
ase kinemati
 �t improves signi�
antly the resolution of the73
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Figure 8.1: Distribution of di�eren
es for (left) X and (right) Y variable between values afterand before the kinemati
al �t. Red histogram stands for the experimental data and green for theMonte Carlo simulations. The simulated distributions were normalized to the experimental data.the large un
ertainties of the energy and polar angle for 
harged pions, at the edges of thea

eptan
e, for the determination of the asymmetry parameters, we a

ept only pions withkineti
 energy greater than 50 MeV and with s
attering angle greater than 35o.In order to estimate the resolution of the re
onstru
tion of the X and Y we have takensimulated data, and for ea
h event 
ompared generated values with values re
onstru
tedafter the kinemati
al �tting:
∆Xres = XKFit −Xgen, (8.3)
∆Yres = YKFit − Ygen, (8.4)where the subs
ript gen stands for the value 
al
ulated from generated four momentumve
tors, and KFit denotes the values 
al
ulated from momentum ve
tors re
onstru
tedafter the kinemati
al �t. The resulting distributions of ∆Xres and ∆Yres were �tted withthe Gauss fun
tions. The pro
edure is illustrated with the spe
tra shown in Fig. 8.2.Obtained resolution for the determination of X is equal to σX = 0.061, and for Y is

σY = 0.055. Therefore, the binning of the Dalitz plot histogram was 
hosen to be inintervals of 0.2, whi
h are roughly equal to about three standard deviations.invariant mass distribution, and and in turn it improves also the identi�
ation of the de
ay 
hannel andallows for the more e�e
tive ba
kground suppression.
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Figure 8.2: The distributions of ∆Xres (left) and ∆Yres (right) obtained from simulations. Thesuperimposed lines indi
ate the result of �t with the Gaussian fun
tion.8.2 Dalitz PlotThe �nal data sample used to determine the Dalitz plot 
ontains predominantly onlyevents from sear
hed pp → ppη → ppπ0π+π− pro
ess. The ba
kground whi
h is left inmajority originates from the dire
t produ
tion of three pions. In order to plot the Dalitzdistribution this ba
kground has to be subtra
ted bin by bin.To remove the ba
kground one 
ould use the Monte Carlo simulations, but for beamenergy in range of 1.4 GeV neither total nor di�erential 
ross se
tions for the three pionprodu
tion are known, thus it is not possible to des
ribe the mass distribution of the
π+π−π0 in a reliable way. Therefore, we will subtra
t the ba
kground using the method ofpolynomial �t outside the peak region. We apply the formula of a fourth order polynomialfun
tion, whi
h reads [119℄:

f(mm,a, b, c, d, e) = a+ b ·mm+ c ·mm2 + d ·mm3 + e ·mm4 (8.5)
where a, b, c, d, e are free parameters varied during the �t.
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Figure 8.3: Experimental distributions of the missing mass determined for three exemplary binsof the Dalitz plot: (upper panel) before the ba
kground subtra
tion, and (lower panel) afterthe ba
kground subtra
tion using a polynomial �t. The �tted fun
tion is shown as a red solid line.Verti
al dashed lines indi
ates the region in whi
h the number of signal events were 
ounted.The upper panel of Fig 8.3 presents exemplary missing mass for three bins of the Dalitzplot. The superimposed red lines denote the result of the �t with the fun
tion de�ned inEq. 8.5. The polynomial was �tted to the data outside the maximum 
orresponding tothe signal. For ea
h presented in Fig. 8.3 missing mass spe
trum, a very 
lear peak 
anbe seen at the mass of the η meson, above a 
ontinues almost �at ba
kground. One 
analso see that the �tted fun
tion is in a good agreement with the shape of the ba
kground.After subtra
tion of ba
kground we 
ounted the number of events in the intervals markedby the dashed lines.Figure 8.4 (left) shows measured Dalitz plot for the η → π+π−π0 de
ay before ba
k-ground subtra
tion. One 
an see that part of the events is outside the kinemati
al bound-aries of the Dalitz plot. Therefore for further analysis we will 
onsider only event in binswhi
h 
enters are fully inside the kinemati
al boundaries. The distribution on the rightshows the result obtained after the ba
kground subtra
tion, performed separately for ea
hbin.In the next step the experimental distributions have to be 
orre
ted for the dete
tionand re
onstru
tion e�
ien
y to 
ompare to the model expe
tations. The overall e�
ien
ywas determined in Se
 7.5 and it was de�ned as a fra
tion of number initially simulated
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Figure 8.4: Experimental distributions of the Dalitz plot: before ba
kground subtra
tion (left),and after ba
kground subtra
tion (right). The bla
k solid line indi
ates the kinemati
al boundaryof the Dalitz plot. In the right panel number of events in ea
h interval is indi
ated.events to the number of re
onstru
ted events after the applied analysis. In order to be ableto draw a 
on
lusion as mu
h model independent as possible the e�
ien
y 
orre
tion has tobe determined separately for ea
h interval of the distribution of interest. Therefore, for theDalitz plot the 
orre
tion has been done using the two-dimensional e�
ien
y distributionderived for ea
h bin. This method enables to be independent of the model used for thedes
ription of the de
ay amplitude in the simulations. The only dependen
e may o

urdue to the �nite bin size, but anyhow this in�uen
e is only due to the non-linearity ofthe distribution within the bin limits and this in our 
ase is negligible. To determine thee�
ien
y we have simulated a sample of events assigning a weight to ea
h event a

ording tothe ChPT Leading Order predi
tions [34,35℄ (see Tab. 2.1). The relation for the e�
ien
yis given by:
ǫ(X,Y ) =

∑

j w
rec
j (X,Y )

∑

iw
gen
i (X,Y )

, (8.6)where wrec
j and wgen

i denotes the weights of the events and the summation is done overre
onstru
ted and generated events within given X,Y interval of the Dalitz plot.The Dalitz plot for model generated events is presented in Fig. 8.5 (left). Generatedfour momentum ve
tors of all parti
les were used in the Monte Carlo simulations of theresponse of the dete
tor. Next, all events were subje
t to the same analysis 
hain as theexperimental data. The resulting spe
trum for re
onstru
ted events is shown in Fig. 8.5(middle). The two dimensional e�
ien
y determined as a fun
tion of ea
h bin of the Dalitzplot is shown in the right panel of Fig. 8.5. The maximum e�
ien
y was found for valuesof Y 
lose to -0.5 and X values 
lose to 0. Figure 8.6 shows the e�
ien
y 
orre
ted Dalitzplot for the η → π+π−π0 system. The population is de
reasing with in
reasing values of
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Figure 8.5: Dalitz plot distribution for: (left) all generated events weighted with the ChPTLeading Order predi
tions, (middle) re
onstru
ted events after passing whole analysis 
hain.(right) The e�
ien
y determined as a fun
tion of the Dalitz plot.
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Figure 8.6: Final Dalitz plot after ba
kground subtra
tion and e�
ien
y 
orre
tion.Y variable whi
h is proportional to the energy of neutral pion.The Dalitz plot density population is expe
ted to be des
ribed by transition amplitude
|M |2 given by Eq. 2.10. Having the ba
kground free and a

eptan
e 
orre
ted Dalitz plotdof a b 
55 -1.039 (�xed) 0.27 (�xed) 0.05± 0.10Table 8.1: Results of the two dimensional �t to the Dalitz plot distribution of the amplitude
|M |2 = A2

0(1 + a · Y + b · Y 2 + c ·X).
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an �t the two dimensional distribution by minimizing the χ2 fun
tion:
χ2(A2

0, c) =
∑

X,Y

(NX,Y − |M |2(A2
0, c))

2

σ2
, (8.7)where N stands for the number of the events 
orresponding to η → π+π−π0 de
ay afterthe ba
kground subtra
tion, and σ2 is the un
ertainty of the a

eptan
e 
orre
ted numberof signal events. The bins indi
ated in white are not in
luded in the �t. We �tted |M |2in
luding terms up to squared X, however we have �xed a and b parameters as predi
ted byChPT Leading Order. Obtained results for �t is given in Tab. 8.1. The 
oe�
ient c whi
hre�e
ts the degree of C-invarian
e violation is 
onsistent with zero. As it will be shown inthe next se
tion this is 
onsistent with the values of the obtained left-right asymmetry.8.3 Determination of asymmetriesThe integrated asymmetries of the Dalitz plot are sensitive for the C violation inthe amplitudes of a given I state, therefore it is important to estimate their values. Thede�nition of all three asymmetries were given in Chapter 2 by equations 2.11, 2.12, 2.13.The left-right asymmetry ALR is sensitive to the C violation averaged over all I states,however the quadrant asymmetry AQ and sextant asymmetry AS 
an test C invarian
e forspe
i�
 I = 1 and I = 0, 2 isospin states of the η → π+π−π0 de
ay, respe
tively.To determine the asymmetry parameters the Dalitz plot was divided into regions as itis shown in Fig. 2.2. Then a

ording to formulas 2.11, 2.12, 2.13 we summed the eventsseparately for odd and even regions of the Dalitz plot. Next for ea
h summed regionwe re
onstru
t the missing mass of the pp → ppη rea
tion as it is shown in Fig. 8.7.Furthermore, to determine the number of events 
orresponding to the η → π+π−π0 de
ayin ea
h region we have subtra
ted the ba
kground using the polynomial �t method, thesame whi
h was applied in previous se
tion a

ording to the formula 8.5. Figure 8.7shows the 
orresponding missing mass distributions. Moreover, inside of ea
h plot the
orresponding spe
trum of the missing mass after the subtra
tion of the ba
kground isshown. The number of η → π+π−π0 events were 
ounted in the region denoted by dashedlines in Fig. 8.7. The re
onstru
tion e�
ien
y was estimated based on the simulationsof signal rea
tion. The e�
ien
y was estimated separately for ea
h region of the Dalitzplot as ratio of number of re
onstru
ted and generated events. Obtained values of there
onstru
tion e�
ien
y for di�erent regions of the Dalitz plot are 
olle
ted in Tab. 8.2.One 
an see that in all regions the e�
ien
y is almost the same and it is equal to around0.67%The �nal results for the asymmetry parameters are:

ALR = (+0.33± 0.38stat)× 10−2 (8.8)
AQ = (−0.18± 0.38stat)× 10−2 (8.9)
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ayDalitz plot region E�
ien
y ǫ

ǫL 0.6656%
ǫR 0.6659%
ǫ13 0.6719%
ǫ24 0.6721%
ǫ135 0.6731%
ǫ246 0.6709%Table 8.2: E�
ien
y for the di�erent regions of the Dalitz plot 
al
ulated from the simulations ofthe pp→ ppη → ppπ+π−π0 weighted a

ording to the ChPT Leading order predi
tions.

AS = (+0.06 ± 0.39stat)× 10−2 (8.10)where the se
ond number denotes the statisti
al errors. The statisti
al error was 
al
ulateda

ording to the formula for the error propagation whi
h reads:
σ(NLR) =

2

(NR +NL)2

√

N2
R · σ2(NL) +N2

L · σ2(NR), (8.11)where the σ(NL/R) =
√

NL/R +BL/R, the NL/R denotes the number of signal events, and
BL/R stands for the number of ba
kground events under the η meson peak. The evaluationmethod of the systemati
 error will be given in the next se
tion. The formula given byequation 8.11 
an be also generalized for the 
al
ulation of the statisti
al un
ertainties
σ(AQ) and σ(AS). In right panel of Fig. 8.8 the result of this work is 
ompared to previouslydetermined values of asymmetries. The errors shown are the statisti
al and systemati
 forall presented measurements.8.4 Estimation of the systemati
 un
ertaintyBeside the statisti
al un
ertainty of the measured observables one has to investigate thesystemati
 e�e
ts whi
h may 
hange the result. To evaluate the systemati
 un
ertainty ofestablished values of asymmetry parameters, we have used the method des
ribed in [120℄, asthe method whi
h is re
ommended by the WASA-at-COSY 
ollaboration. In this work [120℄the systemati
 un
ertainty ∆sys is 
al
ulated as a di�eren
e between the result obtainedwith 
uts used in the analysis and a result obtained after 
hanges of these 
uts. Next ∆sysis 
ompared to σsys de�ned as:

σsys =
√

σ2changed − σ2original, (8.12)where the σchanged denotes the statisti
al un
ertainty of asymmetry obtained after the
hange of the 
ut, and σoriginal indi
ates un
ertainty of the originally obtained result. Theratio of ∆sys

σsys
is than used as a measure of the signi�
an
e of the determined systemati
error. If this ratio is smaller than one the systemati
 error due to the tested e�e
t isnegligible.
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Figure 8.7: Missing mass distribution for the pp → ppη rea
tion determined to 
al
ulate theasymmetry parameters of the Dalitz plot. From the top in rows: (1) left-right asymmetry, (2)quadrant asymmetry, (3) sextant asymmetry. The red solid line indi
ate the �t of the polynomialfun
tion to subtra
t the ba
kground.
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ording to formulas 2.11, 2.12,and 2.13.



8.4. Estimation of the systemati
 un
ertainty 83Below we will dis
uss the applied 
hanges of the sele
tion 
riteria. Ea
h 
hange wasdone separately for individual 
uts assuming that the sour
es of the systemati
 errors areun
orrelated. After the 
hange of one 
ondition at a time the others were kept as inthe original analysis, and the whole analysis was repeated. The obtained 
hanges of theasymmetries (∆A) due to variation of the 
ondition listed below are presented in Tab. 8.3.1. Identi�
ation of 
harged parti
les in SECThe identi�
ation of 
harged parti
les is based on the 
orrelation between energy de-posit in the ele
tromagneti
 
alorimeter and the momentum determined from the sig-nals measured by drift 
hamber. The 
orresponding distribution is shown in Fig. 7.4.The pair of 
harged parti
les is treated as a π+ and π− if both of them fall into re-gion whi
h is below the 
ut lines. The 
ut lines are parameterized with the followingfun
tion: ∆ESEC = a · |~p| · q+ b. To estimate the systemati
 in�uen
e 
aused by the
harged pion identi�
ation in the 
alorimeter, the red lines shown in Fig. 7.4 separat-ing leptons from pions are moved 
loser to the pion bands by 
hanging the parameterb. We de
reased the allowed area for pions by 5%, and repeated the analysis.2. Identi�
ation of 
harged parti
les in PSBSe
ond method of parti
les identi�
ation for pions is based on the energy depositedin the Plasti
 S
intillator Barrel as a fun
tion of the re
onstru
ted momentum. Themethod is shown in Fig. 7.5. In order to estimate the systemati
 e�e
t, the areamarked on the �gure by the red lines was de
reased by 5%, and analysis was repeated.3. Suppression of the 2π ba
kground via missing mass squared for the pp →
ppπ+π−X rea
tionThis 
ut was dedi
ated to redu
e the large amount of the two pion ba
kgroundoriginating from the dire
t produ
tion. The 
ut 
an be seen in Fig. 7.9 (left). Toestimate the in�uen
e of this 
ut on the �nal results we repeated the analysis redu
ingthe 
ondition by 0.0025 GeV2/
4 towards the lower missing masses.4. Suppression of the 2π ba
kground via missing mass for the pp → π+π−Xrea
tionIn the original analysis to suppress the rest of the two pion ba
kground we have usedthe 
ondition whi
h was presented in Fig. 7.9 (right). To establish it in�uen
e on theobtained result we have 
hange the 
ut by 0.05 GeV/
2 toward the higher missingmasses, and repeated the analysis.5. Ba
kground subtra
tionThe dire
t produ
tion of pions obs
ures the interesting signal if one wants to lookat missing mass distributions. In order, to subtra
t this ba
kground a polynomialfun
tion was �tted to the 
ontinues ba
kground outside the signal peak region. Inorder to 
he
k how the 
hoi
e of the order of the polynomial 
hanges the results we
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0
π
+
π
− de
ayhave �tted the ba
kground with �fth-order polynomial fun
tion instead of originallyused fourth-order.The results of performed systemati
 
he
ks are gathered in Tab. 8.3, where the val-ues of the 
hange of asymmetry parameters ∆A obtained after the 
hange of individual
uts together with the estimated σsys for the 
ut are given. A

ording to the method-1 2 3 4 5 6 7E�e
t A σ Delta A ∆σsys

∆A
∆σsysOryg. ALR 0.0033 0.0038 � � �values AQ 0.0018 0.0038 � � �

AS 0.0006 0.0039 � � �
 0.05 0.10 � � �1. ALR 0.00392 0.00401 0.00062 0.00129 0.48
AQ -0.00241 0.00401 0.00070 0.00128 0.56
AS 0.00101 0.00399 0.00041 0.00084 0.49
 0.072 0.120 0.023 0.067 0.342. ALR 0.00353 0.00391 0.00023 0.00093 0.25
AQ -0.00151 0.00392 0.00029 0.00094 0.31
AS 0.00081 0.00380 0.00021 0.00087 0.24
 0.055 0.110 0.005 0.04701 0.113. ALR 0.00264 0.00361 0.00067 0.00118 0.56
AQ -0.00101 0.00362 0.00079 0.00117 0.67
AS 0.00110 0.00379 0.00050 0.00092 0.54
 0.049 0.099 0.001 0.006 0.144. ALR 0.00370 0.00378 0.00040 0.00039 1.03
AQ -0.00231 0.00377 0.00051 0.00048 1.08
AS 0.00121 0.00386 0.00061 0.00056 1.10
 0.046 0.105 0.004 0.034 0.135. ALR 0.00412 0.00388 0.00082 0.00078 1.04
AQ 0.00274 0.00391 0.00094 0.00092 1.02
AS 0.00140 0.00382 0.00080 0.00079 1.01
 0.060 0.116 0.00941 0.05807 0.16Table 8.3: Results of the studies of systemati
 e�e
ts. First 
olumn indi
ates the number of theinvestigated e�e
t as listed in the text. Third and fourth 
olumns shows the asymmetry valueand its statisti
al un
ertainty as determined in this work. Fifth 
olumn indi
ates the estimated
ontribution to the systemati
 e�e
t (∆A), and sixth 
olumn shows its un
ertainty.ology presented in referen
e [120℄ we 
onsider 
ontributions to the systemati
 error asnon-signi�
ant and hen
e negligible if ∆A

σsys
is less than one. Hen
e, the �nal systemati




8.5. Dis
ussion 85un
ertainties amount to:
σsys(ALR) = 0.09 · 10−2,

σsys(AQ) = 0.11 · 10−2,

σsys(AS) = 0.10 · 10−2,and systemati
 error for the determination of the parameter c is negligible. For the 
om-parison we have also estimated the systemati
 errors more 
onservatively by adding inquadrature all 
ontributions to the systemati
 error. In this 
ase errors amount to:
σsys(ALR) = 0.13 · 10−2,

σsys(AQ) = 0.15 · 10−2,

σsys(AS) = 0.12 · 10−2,and are still mu
h lower than the statisti
al un
ertainty. One also has to note, that besidepresented above sour
es of the systemati
 e�e
ts, there are still another 
he
ks whi
h maybe done in further studies of investigated rea
tion.8.5 Dis
ussionIn the �rst part of this thesis the 
harge 
onjugation has been tested in η → π+π−π0de
ay. As a main result we have obtained three asymmetries: ALR, AA and AS of theDalitz plot sensitive for the C symmetry breaking in di�erent isospin states of the �nalparti
les. The estimated values of the asymmetries are listed below together with thestatisti
al and systemati
 un
ertainties:
ALR = (+0.33 ± 0.38stat ± 0.09sys)× 10−2,

AQ = (−0.18 ± 0.38stat ± 0.11sys)× 10−2,

AS = (+0.06 ± 0.39stat ± 0.10sys)× 10−2.One 
an see that obtained values of all studied parameters are 
onsistent with zero andwith the previous measurements (see Fig.8.8). Therefore, we 
an 
on
lude that the 
harge
onjugation is invariant in strong intera
tion at the level of a
hieved a

ura
y.Moreover, we have �tted the Dalitz plot density a

ording to the phenomenologi
alparameterization of the transition amplitude given by equation 2.10. As expe
ted fromC-invarian
e the c 
oe�
ient is equal to zero within un
ertainty:
c = 0.05± 0.10stat.



86 Chapter 8. Results for the η → π
0
π
+
π
− de
ay



9. Extra
tion of η → π0e+e− de
ayIn order to investigate the 
harge 
onjugation invarian
e in the ele
tromagneti
 inter-a
tions one 
an study the de
ay of the η meson into the π0e+e− system. This rare pro
esstill now has been not observed in any experiment. This de
ay has a similar �nal state as thede
ay η → π+π−π0 whi
h was des
ribed in previous 
hapter. Thus, the re
onstru
tion,presele
tion of tra
ks and proton identi�
ation for both pro
esses are the same. Thesestages of the analysis were shown in 
hapters 5 and 6. Therefore, in next se
tions we willdes
ribe only the sele
tion aiming at identi�
ation of the �nal state with two oppositely
harged leptons e+ and e− and two photons originating from the π0 de
ay.The sear
h for rare de
ays requires a good understanding of a physi
al pro
esses, de-te
tor response, re
onstru
tion methods and ba
kground subtra
tion. Therefore, for thepurpose of the investigation of the η → π0e+e− de
ay we have simulated using Monte Carlomethods several pro
esses whi
h may 
ontribute as a ba
kground to the sear
hed de
ay.Table 9.1 shows the simulated pro
esses together with the number of generated events usedin the simulations. The table is divided into three parts indi
ating (i) signal rea
tion, (ii)ba
kground originating from the de
ay of the η meson, and (iii) ba
kground from the dire
tmulti-pion produ
tion. Rea
tions two and nine possess similar �nal state as signal pro
essNo. Rea
tion Number of generated events1 pp→ ppη → ppe+e−π0 → ppe+e−γγ (signal) 5× 1062 pp→ ppη → ppπ+π−π0 → ppπ+π−γγ 20× 1063 pp→ ppη → ppπ+π−π0 → ppπ+π−e+e−γ 1× 1064 pp→ ppη → ppπ+π−γ 5× 1065 pp→ ppη → ppe+e−γ 20× 1066 pp→ ppη → ppπ0γγ → ppγγγγ 3× 1067 pp→ ppη → ppπ0γγ → ppe+e−γγγ 3× 1068 pp→ ppη → ppγγ 6× 1069 pp→ ppπ+π−π0 → ppπ+π−γγ 20× 10610 pp→ ppπ+π− 58× 10611 pp→ ppπ0π0 → ppγγγγ 18× 10612 pp→ ppπ0π0 → ppe+e−γγγ 8× 106Table 9.1: List of simulated rea
tions whi
h may 
ontribute to the ba
kground in the sear
h forthe η → e+e−π0 de
ay. Right 
olumn indi
ate the numbers of initially generated events.with two 
harge parti
les and two gamma quanta in the �nal state. The misidenti�
ationof the rea
tion 
ould be due to mistaken identi�
ation of the pions as ele
trons. In the 
ase87
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tion of η → π
0
e
+
e
− de
ayof third rea
tion the splitting of signals in the 
alorimeter and misidenti�
ation of pionsas ele
trons, and bending of ele
trons inside the beam pipe may be wrongly re
ognizedas a signal. The fourth, �fth and tenth rea
tion 
an be misidenti�ed as a signal due tobremsstrahlung e�e
t in the 
alorimeter. Rea
tions six, eight and eleven have two or morephotons in the �nal state, and these 
an 
ause the external 
onversion of gamma quantaon the beam pipe, resulting in produ
tion of ele
tron-positron pair. In the rea
tion sevenand twelve merging of 
lusters in the 
alorimeter may lead to wrong identi�
ation of theserea
tions as a signal.In the next se
tion we will des
ribe the sele
tion 
riteria, established based on the sim-ulations, aming at suppression of ba
kground and the identi�
ation of the signal rea
tion.9.1 Identi�
ation of π0 meson and leptons e±The �nal state of η → π0e+e− de
ay 
onsists from two photons originating from thede
ay of the neutral pion and two oppositely 
harged leptons. As a �rst step in identi�
a-tion of the desired de
ay one has to re
ognize all �nal state parti
les. The re
onstru
tionof the π0 meson is based on the identi�
ation of two photons in the 
alorimeter. From theanalysis we a

ept only these events for whi
h two or more 
lusters were re
onstru
ted.However, part of identi�ed 
lusters are due to splitting and bremsstrahlung of the 
hargedparti
les. Thus, from the data sample one has to 
hoose only events whi
h 
ontain twogamma quanta originating from the de
ay of the π0 meson. To this end, we will use the

]2Invariant mass [GeV/c

0 0.05 0.1 0.15 0.2 0.25

C
ou

nt
s/

 3
 M

eV

0

50

100

150

200

250

300

310×

Figure 9.1: Experimental invariant mass spe
trum for two gamma quanta registered in the
alorimeter. In the 
ase of three photon 
andidates only these pairs were taken into a

ount forwhi
h the χ2 de�ned in eq. 7.2 was minimal. The superimposed verti
al solid lines at 90 MeV/
2and 180 MeV/
2 indi
ate invariant mass region a

epted for the further analysis.
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hi-square test a

ording to the equation 7.2 and 
al
ulate for ea
h γiγj pair an invariantmass using formula 7.3. For the further analysis we will a

ept only these photon 
andi-dates for whi
h the χ2

ij is minimal. To suppress splitting e�e
ts we restri
ted the openingangle between two 
lusters to be greater than 20o. The distribution of the invariant massof a

epted photon pairs is shown in Fig. 9.1. Furthermore, we have restri
ted the valuesof the invariant mass of two photons to be in the range from 90 MeV/
2 to 180 MeV/
2.This 
ondition is indi
ated as a red solid line in Fig. 9.1.Before the identi�
ation of ele
trons and positrons one has to deal with a large ba
k-ground 
oming from the other 
harged parti
les, mostly pions originating from dire
t pro-du
tion rea
tions and the η meson de
ays. In order to redu
e this ba
kground we willuse the invariant mass distribution for two oppositely 
harged parti
les dete
ted in 
entraldete
tor. In 
ase of e+e− pair the invariant mass due to small mass of the ele
tron andpositron, the fa
t that they originate from the virtual photon, and the form fa
tor massdependen
e, the spe
trum should be peaked near zero [121, 122℄. While for the pions thedistribution should be shifted towards mu
h higher invariant masses. The situation is il-lustrated in Fig. 9.2 where on the left panel simulations are shown for signal (η → π0e+e−)and ba
kground rea
tions. It is worth to noti
e that in Fig. 9.2 we present only 
hannelswith pions in the �nal state, as this 
ut are used to suppress multi-pion ba
kground. In theright panel of Fig. 9.2 the 
orresponding experimental distribution of the invariant massis presented. To suppress the pion ba
kground we a

ept only these events for whi
h the
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Figure 9.2: Invariant mass distributions of two oppositely 
harged parti
les registered in 
entraldete
tor. (left) Distribution of simulated events for η → π0e+e− signal de
ay (solid bla
k line)and ba
kground rea
tions with pions as indi
ated inside the �gure. (right) The experimentaldistribution of invariant mass. The superimposed verti
al solid line indi
ates the 
ut used fora

epting only events with invariant masses smaller than 40 MeV/
2.invariant mass of two 
harge parti
les is smaller than 40 MeV/
2. The applied 
ondition



90 Chapter 9. Extra
tion of η → π
0
e
+
e
− de
ayis indi
ated as a solid red line in Fig. 9.2. It redu
es the pion ba
kground almost by the99%, de
reasing the e�
ien
y of the signal re
onstru
tion by 24% only.After redu
tion of the pion ba
kground one 
an pro
ess with the identi�
ation of ele
-trons and positrons emerged into the ele
tromagneti
 
alorimeter using the∆E−|~p|method(the detailed des
ription of this method was given in Se
.7.1). Charged parti
les s
atteredinto the 
alorimeter deposit their total kineti
 energy whi
h at given momentum is largerfor ele
trons than pions. This situation 
an be observed in the left panel of Fig.7.3 wheredeposited energy in the 
alorimeter by 
harged parti
les as a fun
tion of their absolutemomentum for simulated η → π+π−π0(π0 → e+e−γ) de
ay is shown. The four 
learlyseparated bands 
an be seen. The experimental distribution after applying previous 
utsis shown in Fig. 9.3. In this �gure only bands 
oming from ele
trons and positrons are
learly visible sin
e pions are strongly redu
ed due to appli
ation of 
ut on the invariantmass of 
harged parti
les des
ribed previously (see Fig. 9.2). However, still a small fra
tionof pions 
an be seen in the regions bellow the e+ and e− bands. Therefore, in order toimprove the sele
tion of ele
trons and positrons, we imposed an identi�
ation 
onditiongiven by an inequality: ∆ESEC > 1.05 · |~p| · q − 0.06, whi
h is indi
ated as a solid red linein Fig. 9.3.
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Figure 9.3: Experimental∆E−|~p| spe
trum used for ele
tron and positron identi�
ation. The∆E
orresponds to energy deposited in the ele
tromagneti
 
alorimeter and the |~p| was re
onstru
tedbased on the bending of the traje
tory in the magneti
 �eld. The superimposed lines indi
ate a
ut used to sele
t 
andidates for ele
trons and positrons.



9.2. Suppression of split-o� and 
onversion ba
kground 919.2 Suppression of split-o� and 
onversionba
kgroundSeveral rea
tions 
an obs
ure signal of sear
hed de
ay due to split-o� e�e
t 
aused bythe Bremsstrahlung of a 
harge parti
les in the 
alorimeter. The bremsstrahlung results inemission of an additional photon when a 
harge parti
le is passing 
lose to the nu
lei. Insu
h a 
ase the resulting photon emerges with a small opening angle to the parent parti
leand with small kineti
 energy. Therefore, for example in 
ase of the de
ay η → e+e−γone additional gamma quantum arising from the bremsstrahlung 
an imitate the signal
hannel. In order to suppress this type of ba
kground we will restri
t the smallest invariantmass of a 
harged and neutral parti
le pairs to the values larger than 120 MeV/
2. Thesmallest invariant mass was taken as a lowest value of the mass 
al
ulated for all the
ombinations of pairs of 
harged and neutral parti
les 
andidates. In 
ase of the signalrea
tion (η → π0e+e− → γγe+e−) an average relative momentum between γ quanta andleptons are mu
h larger than it is in the 
ase of wrongly identi�ed splitted 
lusters. The
orresponding spe
trum of invariant mass obtained from simulations for signal and severalba
kground 
hannels is shown in Fig. 9.4 (left). Results of simulations are shown for theserea
tions whi
h may be misidenti�ed as signal due to the splitting e�e
ts in ele
tromagneti

alorimeter. One 
an see that in 
ase of the split-o� rea
tion the invariant mass is peaked
lose to zero due to small opening angle and small energy of photon relative to the 
hargedparti
le. For the signal de
ay the invariant mass distribution is mu
h broader and shiftedtowards higher invariant masses. The experimental distribution of the minimal invariant
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Figure 9.4: The smallest invariant mass of pairs of 
harged and neutral parti
le 
andidates: (left)obtained from the simulation, and (right) from the experimental sample. The solid red line denotesthe 
ut used in order to suppress events with the bremsstrahlung e�e
t.



92 Chapter 9. Extra
tion of η → π
0
e
+
e
− de
ay

IP

e+

e-

IP

Pe-

Pe+

e+

e-

g
IP

Pe+
Pe-

Figure 9.5: (left) Illustration of a primary vertex originating e.g from the η → e+e−γ de
ayo

urring in the intera
tion point (IP). (right) Diagram of an external 
onversion of a photon inthe material of a beam pipe resulting in produ
tion of an ele
tron-positron pair.mass of a 
harged and neutral parti
les is presented in Fig. 9.4 (right). To suppress eventswith bremsstrahlung photons we a

ept only events for whi
h the invariant mass is largerthan 120 MeV/
2.Another important e�e
t whi
h has to be studied when 
onsidering rare de
ays of the
η meson 
ontaining ele
trons is the external 
onversion of photons in the dete
tor material(see also Se
. 7.1). The γ quanta emerged from the intera
tion point before rea
hing theele
tromagneti
 
alorimeter have to pass through a Beryllium beam pipe with a thi
knessof 1.2 mm. However, when a photon passes through the material it 
an intera
t with thenu
lei, and 
onvert into e+e− pair, whi
h in spe
i�
 
ases 
an obs
ure the signal from the
η → π0e+e− rea
tion. In 
ase of ele
tron and positron emerging from the intera
tionpoint (IP) their momentum ve
tors 
al
ulated under the assumption that they originatefrom the beam pipe, will have �wrong� dire
tions due to the 
urvature of the tra
ks inthe magneti
 �eld (see Fig. 9.5 (left)). As a result, the invariant mass 
al
ulated basedon these ve
tors will be larger than the mass of e+e− pair emitted from the beam piperegion. In 
ontrary, for the 
ase of e+e− pair originating form the γ 
onversion at thebeam pipe the momentum ve
tors at the beam pipe will be almost parallel to ea
h other(see Fig. 9.5 (right)), thus resulting invariant mass will be relatively small. Therefore, tosuppress the ba
kground from pair 
reation one 
an use the 
orrelation of the distan
ebetween 
enter of the intera
tion region and the point of the 
losest approa
h of twoheli
es re
onstru
ted (RCA) and the invariant mass of a lepton pair 
al
ulated under theassumption that they were 
reated in the beam pipe. The 
orresponding experimentaldistribution of the RCA as a fun
tion of the invariant mass of the e+e− pair is presentedin Fig. 9.6. One 
an see two regions populated on the plot. One whi
h is lo
ated at smallvalues of invariant mass and radius above 30 mm, and se
ond around invariant mass valuesof 20 MeV/
2 and radius below 10 mm. First mentioned region 
orresponds to the external
onversion of γ quanta and, the se
ond region to the rea
tions where η meson de
ayed inthe intera
tion region (IP) into 
hannel with e+e− pair in the �nal state. However, the



9.3. Further ba
kground redu
tion 93

]2[GeV/c-e+Invariant mass e

0 0.01 0.02 0.03 0.04

 [m
m

]
C

A
R

0

10

20

30

40

50

60

70

0

2

4

6

8

10

12

14

16

18

20

22

24

Figure 9.6: Experimental distribution of the distan
e RCA between the intera
tion point andre
onstru
ted e+e− vertex as a fun
tion of invariant mass of lepton pair 
al
ulated assuming thatthis pair originates from the beam pipe. The red solid line indi
ate the 
ut applied in order tosuppress the external 
onversion.
onversion region is not so enhan
ed as it was seen in Se
. 7.1. This is be
ause on thisstage of the analysis we have already strongly suppressed events with photons whi
h might
ause the 
onversion by restri
tion on the minimal invariant mass on 
harged parti
le andneutral parti
le 
andidate. To suppress the 
onversion ba
kground we applied a 
ut whi
his indi
ated as a solid red line in Fig. 9.6. The 
ondition results in reje
tion of nearly 100%of all 
onversion events.9.3 Further ba
kground redu
tionAt this stage of the analysis one has 
omplete rea
tion 
hain identi�ed: pp → ppη →
e+e−π0 → e+e−γγ with all the parti
les in the �nal state. However, to extra
t events
orresponding to the interesting de
ay one has to further suppress ba
kground originatingfrom several rea
tions. For that purpose one 
an use the missing mass of two protons andthe invariant mass of de
ay produ
ts. In this se
tion we will introdu
e further sele
tion
riteria aiming at the ba
kground suppression.First we will strongly restri
t invariant mass of two photons identi�ed as originatingfrom the neutral pion. This 
ondition will allow to redu
e the remaining ba
kgroundfrom the misidenti�ed rea
tions like: η → π0γγ → e+e−γγγ with additional gammaquanta. Figure 9.7 (left) presents the invariant mass of two registered photons for simulatedba
kground and signal pro
esses. To limit this ba
kground we a

ept only masses in the
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Figure 9.7: Invariant mass of two gamma quanta for: (left) simulations, and (right) measureddata. The red solid line indi
ate region of invariant masses from 120 MeV/
2 to 150 MeV/
2 usedto sele
t 
andidates for the signal rea
tion.region from 120 MeV/
2 to 150 MeV/
2 whi
h 
orresponds to the FWHM of the simulatedsignal distribution. The spe
trum of the invariant mass from experimental data 
an beseen in Fig. 9.7 (right). The solid red lines indi
ate applied 
ut.The missing mass distribution of two protons for events remaining after all previous
uts is still 
ontaminated with ba
kground originating from the η meson de
ay into pionsand also dire
t two and three pion produ
tion (see Fig. 9.8). As the bran
hing ratio isunknown for sear
hed de
ay and also the total 
ross se
tion for the dire
t three pion pro-du
tion remains unmeasured at the investigated beam energy it is not possible to estimatethe absolute 
ontribution from ba
kground. However, to remove as mu
h ba
kground aspossible we will restri
t missing mass of two protons only to the narrow range aroundthe η meson mass from 544 MeV/
2 to 552 MeV/
2 (this range 
orresponds to the valueof the FWHM of the resolution of missing mass distribution). The events whi
h ful�llthis 
ondition will be 
onsidered further for the analysis. The simulated missing mass oftwo protons for ba
kground rea
tions and the signal is presented in Fig. 9.8 (left). Theanalogous distribution for the experimental data is presented in Fig. 9.8 (right).Finally, one 
an plot the invariant mass of parti
les in the �nal state: π0e+e−, andsele
t the range 
orresponding the signal rea
tion. Figure 9.9 (left) presents simulatedsignal and ba
kground rea
tions remained after all previous sele
tion 
onditions. One 
ansee that the ba
kground rea
tions populate the lower invariant masses, and the signal ispronoun
ed around the mass of the η meson. Therefore, to suppress the ba
kground wesele
t invariant mass region from 555 MeV/
2 to 650 MeV/
2. This redu
es the ba
kgroundnearly by 99%, de
reasing the signal only by 53%. Later on this sele
tion 
ondition willbe further optimized. The experimental distribution of 
orresponding invariant mass is
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Figure 9.8: Distribution of the missing mass of two protons: (left) from simulations, and (right)measured data. The red solid line indi
ates sele
ted region 
lose to the η mass in the range from544 MeV/
2 to 552 MeV/
2.
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Figure 9.9: Invariant mass of parti
les identi�ed as π0e+e− from: (left) simulations, and (right)measured data. The red solid line indi
ates the region of invariant masses from 555 MeV/
2 to650 MeV/
2 used to sele
t 
andidates for the signal rea
tion.shown in Fig. 9.9 (right). The summary of all applied sele
tion 
riteria with the number ofexperimental events remaining after the 
uts and with the sele
tion e�
ien
y of the signalobtained from the simulation are shown in Tab. 9.2.After appli
ation of all above des
ribed 
onditions to the experimental data numberof event 
andidates for η → π0e+e− de
ay is equal to N exp = 10 ± 3stat. However, theestimated number of N exp may a

ount not only for events 
orresponding to the sear
hed
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tion of η → π
0
e
+
e
− de
ayCut Cut des
ription ǫS DataPRESEL Presele
tion of two protons in FD, two 13% 7485153oppositely 
harged parti
les in CD andtwo or more neutral 
lusters in SEC.

IM(γγ) Sele
tion of two photons originating from 90% 4952520the de
ay of π0 meson with invariantmass in the range from 90 - 180 MeV/
2
IM(l+l−) Restri
tion on invariant mass of two parti
les 76% 1154086measured in MDC to be less than 40 MeV/
2SEC Parti
le identi�
ation in the 56% 432813S
intillating Ele
tromagneti
 Calorimeter.Split-o� Suppression of events with the bremsstrahlung 79% 44668e�e
t for 
harged parti
les.Conversion BP Suppression of external 
onversion of photons 43% 11617on the beam pipe.
IM(γγ) Additional restri
tion on mass of π0 69% 8129meson from 120 - 150 MeV/
2.MM(pp) Missing mass of two protons with the 47% 583restri
tion of 544 - 552 MeV/
2.IM(e+e−π0) Invariant mass of �nal state parti
les with 47% 10restri
tion from 555 - 650 MeV/
2.TOTAL Total e�
ien
y for signal sele
tion 0.26% 10and �nal number of sele
ted events.Table 9.2: The list of 
onditions used for sele
ting the η → e+e−π0 de
ay. Third 
olumn in-
lude the e�
ien
y re
onstru
tion for the signal determined from the simulations. Fourth 
olumnindi
ates the number of experimental events left after appli
ation of subsequent 
uts.de
ay η → π0e+e− but it may also be due to the misidenti�
ation of the ba
kgroundrea
tions. In order to estimate the number of ba
kground events we have performed thesame analysis of the simulated samples of ba
kground rea
tions (see Tab. 9.3).After appli
ation of sele
tion 
riteria to the simulated ba
kground rea
tions, and af-ter taking into a

ount the 
ross se
tion and bran
hing ratios values the only ba
kground
hannel left is pp → ppπ0π0 → ppe+e−γγγ rea
tion whi
h amounts to NB = 13 ± 4stat.Therefore the number of re
onstru
ted events in the measured data is 
onsistent statisti-
ally with the estimated amount of ba
kground. Thus we state that in the measured datasample of pp → ppη rea
tion we did not observe a signal from the sear
hed η → π0e+e−de
ay. In the next 
hapter we will estimate the upper limit for the bran
hing ratio ofinvestigated de
ay 
hannel.



9.3. Further ba
kground redu
tion 97

No. Rea
tion Number of Number of Number ofgenerated re
onstru- expe
tedevents 
ted events events1 pp→ ppη → ppπ0e+e− → ppe+e−γγ (signal) 5× 106 9208 ?2 pp→ ppη → ppπ+π−π0 → ppπ+π−γγ 20× 106 0 03 pp→ ppη → ppπ+π−π0 → ppπ+π−e+e−γ 1× 106 0 04 pp→ ppη → ppπ+π−γ 5× 106 0 05 pp→ ppη → ppe+e−γ 20× 106 2 06 pp→ ppη → ppπ0γγ → ppγγγγ 3× 106 0 07 pp→ ppη → ppπ0γγ → ppe+e−γγγ 3× 106 13 08 pp→ ppη → ppγγ 6× 106 0 09 pp→ ppπ+π−π0 → ppπ+π−γγ 20× 106 0 010 pp→ ppπ+π− 58× 106 0 011 pp→ ppπ0π0 → ppγγγγ 18× 106 0 012 pp→ ppπ0π0 → ppe+e−γγγ 8× 106 7 13Table 9.3: List of simulated rea
tions. Third 
olumn in
ludes the number of initially generatedevents, and fourth 
olumn indi
ates the number of events left after all sele
tion 
onditions. Last
olumn indi
ates number of events expe
ted to ful�ll all sele
tion 
riteria after taking into a

ounta 
ross se
tion and bran
hing ratio.
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10. Results for the η → π0e+e− de
ayIn this thesis we aim at establishing the unknown bran
hing ratio for the η → π0e+e−de
ay whi
h might violate 
harge 
onjugation invarian
e. However, as it was shown inprevious se
tion as a result of the 
ondu
ted analysis of an experimental data for the pp→
ppη rea
tion we did not observe a statisti
ally signi�
ant signal over the ba
kground. The�nal number of 
andidates events for the η → π0e+e− pro
ess sele
ted from experimentalevents is equal toN exp = 10±3stat, and the expe
ted number of ba
kground events obtainedfrom the simulations is equal to NB = 13±4stat. In su
h 
ase, where the expe
ted numberof signal events is equal to zero, it is impossible to 
al
ulate the value of the bran
hingratio, and only an upper limit 
an be estimated.In order to 
al
ulate the upper limit for the bran
hing ratio one has to know thenumber of expe
ted: (i) signal, (ii) ba
kground, (iii) normalization 
hannel events, (iv)sele
tion e�
ien
y, and (v) the bran
hing ratio for the normalization 
hannel. In 
ase ofthis thesis for the normalization we 
hoose the η → π+π−π0 de
ay. This 
hannel has thesame topology of the �nal state, as the signal rea
tion, thus the systemati
 e�e
ts shoulda�e
t both pro
esses nearly in the same way. Therefore, this will allow to 
an
el out manyof the systemati
 un
ertainties.10.1 The upper limit for the bran
hing ratio

BR(η → π0e+e−)The number of the signal events 
an be given by the following formula:
NS = L · ση ·BRη→π0e+e− · ǫS, (10.1)and for the normalization 
hannel:

Nnorm = L · ση · BRη→π+π−π0 · ǫnorm, (10.2)where L denotes the integrated luminosity, the ση is the total 
ross se
tion for produ
tion ofthe η meson, NS andNnorm stands for the number of events for the signal and normalization
hannel, ǫS and ǫnorm denotes the dete
tion e�
ien
y for the signal and normalizationrea
tion, respe
tively. Therefore, the formula for the investigated bran
hing ratio obtainedfrom the two above given equations will take following form:
BRη→π0e+e− =

NS ·BRη→π+π−π0 · ǫnorm
Nnorm · ǫS

. (10.3)99



100 Chapter 10. Results for the η → π
0
e
+
e
− de
ayThe bran
hing ratio for the normalization 
hannel η → π+π−π0 is equal to BR(η →

π+π−π0) = (22.74 ± 0.34)% [12℄. The signal for the sear
hed de
ay η → π0e+e− was notobserved in the investigated data sample, and therefore the equation (10.3) will take formof an inequality:
BRUL

η→π0e+e− <
NUL

S ·BRη→π+π−π0 · ǫnorm
Nnorm · ǫS

, (10.4)where the NUL
S denotes the number of expe
ted signal events at a given 
on�den
e level.However, to test and optimize the last sele
tion 
ondition on the invariant mass ofthe π0e+e− we have varied this 
ut and for ea
h 
ase we 
ounted the number of eventsfor measured and simulated data. The result of these tests are presented in Tab. 10.1,together with e�
ien
y 
al
ulated for the signal. The 
ut dis
ussed in Se
tion 9.3 is shownas no. 2 in Tab. 10.1. One 
an see that by narrowing the 
ondition on the invariant massNo. IM(π0e+e−) N exp ǫS N expected

B ρ = ǫS
Nexpected

B1. 550 - 650 MeV/
2 12 0.28% 17 1.642. 555 - 650 MeV/
2 10 0.26% 13 1.963. 560 - 650 MeV/
2 7 0.20% 11 1.824. 580 - 650 MeV/
2 3 0.05% 4 1.25Table 10.1: Table showing the number of events obtained from the measured data and fromsimulations of the ba
kground 
hannel pp → ppπ0π0 → ppe+e−γγγ for di�erent values of the 
uton the invariant mass of the π0e+e− system.the number of events is de
reasing both for experimental data and simulated ba
kground.Also the e�
ien
y of the signal re
onstru
tion de
reases. As an 
riterion for 
hoosing thebest 
ut range we de�ned the signi�
an
e parameter as:
ρ =

ǫS

N expected
B

. (10.5)The ρ parameter is in
reasing with the higher e�
ien
y of the signal re
onstru
tion andde
reasing with number of ba
kground events. Thus as an optimum 
ut we have 
hosen
ut number 2 listed in Tab. 10.1 for whi
h the ρ 
oe�
ient was the highest.After the 
ut optimization one 
an estimate the upper limit for the sear
hed bran
hingratio. The overall dete
tion and re
onstru
tion e�
ien
ies for the signal and normalization
hannels were determined based on the simulations and they are equal to: ǫnorm = 0.89%and ǫS = 0.26%, respe
tively. From the Tab. 10.1 one 
an see that we have measured 10events in experimental data and expe
t based on the simulations 13 ba
kground events.Thus, the value of the upper limit of the expe
ted signal is equal to NUL
S = 3.95 [123℄,at the 
on�den
e level of 90%. The �nal result for the upper limit of the bran
hing ratioequals to:

BRUL
η→π0e+e− <

3.95 · 0.2274 · 0.89%
82725 · 0.26% , (10.6)
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BRUL

η→π0e+e− < 3.7 · 10−5 (CL = 90%). (10.7)Dis
ussion of obtained result will follow in the next se
tion.10.2 Dis
ussionPresented analysis for sear
h of the η → π0e+e− de
ay is the �rst from the WASA-at-COSY data where the η meson was produ
ed in proton-proton 
ollisions. Obtainedresult is smaller than presently known upper limit given by the PDG group [12℄ based onprevious results [47℄. This result, 
onstitutes a next step in the sear
h for rare de
ay of the
η meson by means of the WASA-at-COSY dete
tor. Previously this de
ay was investigatedby WASA-at-COSY in pd →3 Heη rea
tion where obtained value of the upper limit forthe bran
hing ratio was BR(η → π0e+e−) < 9 · 10−5 [124℄. The result obtained in thiswork is 
ompared to previous results and the theoreti
al predi
tion in Fig. 10.1.
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Figure 10.1: Comparison of obtained value of the upper limit for the bran
hing ratio of the de
ay
η → π0e+e− with previous measurements and the PDG �tted value. The red dashed line indi
atesthe limit of the Standard Model predi
tions.In previous 
hapter, we have shown that analysis 
ondu
ted in the framework of thisthesis revealed no observe signal from the η → π0e+e− de
ay. The experimentally obtainednumber of signal 
andidate events was the same as the number of estimated ba
kgroundevents, with respe
t to the statisti
al un
ertainty. Therefore, we determined an upper limitfor the bran
hing ratio for this de
ay. In 
ase of small statisti
al signal there are manyapproa
hes whi
h 
an be used for the estimation of the upper limits [125℄. However, as aresult of this thesis we will take the upper limit estimated in previous se
tion a

ording
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0
e
+
e
− de
ayto the pres
ription given by Feldman and Cousins [123℄, assuming the Poisson distributionof the variables where the limit estimations on the physi
al quantities are based on thelikelihood ratios.



11. Summary and perspe
tivesThe main motivation of this dissertation was the test of the 
harge 
onjugation C inthe strong and ele
tromagneti
 intera
tions. For this purpose we studied the η → π+π−π0and η → π0e+e− de
ays, where the η meson was produ
ed via pp→ ppη rea
tion near thekinemati
al threshold. One of the goals was to determine the three asymmetries in theDalitz plot population (ALR, AQ, AS) for the strong isospin violating de
ay η → π+π−π0in order to learn about the C invarian
e in di�erent isospin states of the π+π−π0 system.The se
ond goal was to study the bran
hing ratio for the η → π0e+e− de
ay whi
h 
anbreak the C symmetry in ele
tromagneti
 intera
tions, when o

urring by forbidden �rstorder transition.The measurement des
ribed in this thesis was performed in the Resear
h Center Jüli
hin Germany by means of the WASA-at-COSY dete
tor installed at the Cooler Syn
hrotronCOSY. The initial pp → ppη rea
tion was indu
ed by the 
ollision of a proton beamwith the momentum of 2.14 GeV/
 on a proton pellet target. Nu
leons emerged from theintera
tion have been registered in the WASA forward dete
tor, whereas the de
ay produ
tsof the η meson were dete
ted in the 
entral dete
tor. For the identi�
ation of the η mesonthe missing and invariant mass te
hniques were applied. The ba
kground originating fromthe dire
t two pion produ
tion and other η meson de
ays has been redu
ed to negligiblelevel by applying the momentum and energy 
onservation lows, and by using the missingand invariant mass distributions, as well as by performing a kinemati
 �t method. Forthe η → π+π−π0 de
ay the remaining physi
al ba
kground originating from the dire
tprodu
tion of three pions via pp→ ppπ+π−π0 was subtra
ted for ea
h studied phase spa
einterval separately.The three asymmetry parameters for the η → π+π−π0 de
ay, sensitive to the violationof the 
harge 
onjugation invarian
e were determined for the �rst time from the WASA-at-COSY data where the η meson was produ
ed in proton-proton rea
tion. The �nal sample
ontained about 105 events whi
h enabled to estimate the following values of the left-right,quadrant, and sextant asymmetry parameters:
ALR = 0.0033 ± 0.0038stat ± 0.0009sys,

AQ = −0.0018 ± 0.0038stat ± 0.0011sys,

AS = 0.0006 ± 0.0039stat ± 0.0010sys.Established values of the asymmetry parameters are 
onsistent with zero within the rangeof the statisti
al and systemati
 un
ertainty, whi
h allows to 
on
lude that the 
harge
onjugation symmetry C is 
onserved in strong intera
tions on the level of the a
hieved103



104 Chapter 11. Summary and perspe
tivesa

ura
y. Obtained result is also in agreement with previously measured values [26,26,39℄and the average of the Parti
le Data Group [39℄.Furthermore the Dalitz plot distribution was analyzed. The Dalitz plot was representedin the X and Y variables proportional to the di�eren
e of the π+ and π− energies, and
π0 energy, respe
tively. The distribution was 
orre
ted for ea
h bin for the geometri
ala

eptan
e of the WASA-at-COSY apparatus as well as, the re
onstru
tion e�
ien
y andwas determined free from the ba
kground of the multi-pion produ
tion. The obtaineddensity distribution was �tted with the phenomenologi
al model. As a result of the �twe have obtained 
oe�
ients c = 0.05 ± 0.10 whi
h is standing in the odd powers of Xvariable, and it is sensitive for C violation. Obtained result is 
onsistent with zero withinestimated un
ertainty.In se
ond part of the thesis the investigation of the η → π0e+e− de
ay is presented.Based on analyzed experimental data N exp = 10± 3stat event 
andidates have been iden-ti�ed from the two weeks of data taking. The ba
kground originating from the other ηmeson de
ays was suppressed to a negligible level. The only remaining ba
kground whi
hwas left in the signal region is originating from the pp → ppπ0π0 → ppe+e−γγγ rea
tion.Next, we have estimated that the expe
ted number of ba
kground events in the signalregion should be equal to NB = 13 ± 4stat. Based on given number of measured events,number of obtained ba
kground, and the estimated un
ertainty we 
on
lude that no signalwas observed and therefore we have established the upper limit for the bran
hing ratio ofthe η → π0e+e− de
ay:

BR(η → π0e+e−) < 3.7 · 10−5 (90% C.L.)Obtained result is slightly better than presently know value of this bran
hing ratio fromthe �t of the PDG group [12℄.Results presented in this thesis were based on the data sample of about 5·107 η mesons.As a perspe
tive for further improvement of the results on both de
ays: η → π+π−π0 and
η → π0e+e−, it would be interesting to use full statisti
 sample, sin
e the WASA-at-COSY
urrently has 
olle
ted around 109 η mesons in proton-proton 
ollisions, whi
h is one of theworld's largest data sample for the η meson. Therefore, the investigations presented in thisthesis will be 
ontinued. Su
h statisti
s should enable to lower the statisti
al un
ertaintiesfor the determination of the asymmetry parameters whi
h were investigated in this thesisby a fa
tor of ten. For the η → π0e+e− de
ay it would be possible to lower the sensitivityof the bran
hing ratio determination about an order of magnitude.



"Anyone who has never made a mistakehas never tried anything new."(Albert Einstein)
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