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Abstrat
One of the objetives of the vast physis programme of the reently omissioned WASA-at-COSY faility is the study of fundamental symmetries via the measurements of the ηand η′ mesons deays. Espeially interesting are isospin violating hadroni preesses ofthese mesons into 3π systems driven by the term of QCD Lagrangian whih depends onthe mass di�erene of the u and d quarks.When an η or an η′ meson is reated in the hadroni reation signals from suh de-ays may be signi�antly obsured by the prompt prodution of π mesons. In this thesiswe present the estimation of the upper limit of the bakground due to prompt pion pro-dution for the η′ → 3π0 and η′ → π+π−π0 deays. Using the data from proton-protonollisions measured by the COSY-11 group we have extrated di�erential ross setions forthe multimeson prodution with the invariant mass orresponding to the mass of the η′meson. Based on these results and on parametrizations of the total ross setions for the

η′ meson as well as parametrization of the upper limit for the prompt π+π−π0 produtionin the ollisions of protons we disuss in details the feasibility of a measurement of the η′meson deay into 3π hannels with the WASA-at-COSY faility. Based on the hiral uni-tary approah the value of the branhing ratio BR(η′ → π+π−π0) was reently preditedto be about 1%. We show that the WASA-at-COSY has a potential to verify this resultempirially.Furthermore, we disuss the possible usage of the time signals and of the energy lossmeasurement in the forward part of the WASA-at-COSY detetor for the determination ofthe energy of the forward sattered harged partiles. We brie�y desribe the detetors tobe used for this purpose and introdue the omputational algorithm whih was developedto be applied with this tehnique.
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Thomas Alva Edison (1847 � 1931)
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1. IntrodutionThe Standard Model is nowadays a well known and established theory desribing thepartiles and theirs strong, eletromagneti and weak interations. Therefore, tests of theappliability of this model are very important and are arried out in many partile physislaboratories. In partiular partile physiists endeavour to disover phenomena whih theStandard Model does not desribe. One of suh laboratory is WASA-at-COSY [1℄ wherewe investigate the limits of appliability of the Standard Model by studying produtionand deays of pseudosalar mesons like η and η′. The examination of these meson produ-tion and their deays give us a hane to probe fundamental symmetries like C (hargeonjugation), P (parity), T (time reversal) and their ombinations and to determine theparameters of the Standard Model like for example the quark masses.The masses of the light quarks (up -u, down - d, strange - s) are known only approx-imately due to the fat that quarks are on�ned inside hadrons and annot be observeddiretly as physial partiles. But there are several indiret possibilities of establishingthese masses by measuring the mass di�erenes and mass ratios. The mass di�erene oflight quarks may be derived from the partial widths of the deay of the η and η′ mesons into
π+π−π0 and theirs total widths. The possibility of determining of the di�erene betweenthe mass of the light quarks motivates us for studing these deays.Detailed studies of η → π+π−π0 deay was onduted by the WASA/CELSIUS ollab-oration [2℄, but so far the deay η′ → π+π−π0 has never been observed. In both of theseproesses the isospin onservation is violated [3℄. But despite this fat in ase of the ηmeson the branhing ratio for the η → πππ deay is in the order of 50%. However, for the
η′ meson the situation is quite di�erent the branhing ratio for the π0π0π0 is at the permillevel and for the π+π−π0 system so far only an upper limit of 5% was established [4℄.For the deay of both η and η′ mesons there exists a physial bakground from thediret prodution of three pions via the pp → ppπ+π−π0 reation hannel. In ase of the
η meson the signal to bakground ratio is large, amounting to about 10 for tagging bymeans of the missing mass tehnique with a resolution of a few MeV, and permits a learidenti�ation of the η → π+π−π0 deay. However, this ratio is expeted to be worse bymore than three orders of magnitude for the η′ meson making the investigations muhmore hallenging experimentally, espeially sine the hadroni prodution ross setion isby about a fator of thirty smaller for the η′ meson in omparison to the η (ση ≈ 30ση′)meson at the same exess energy.The main aim of this thesis is the determination of the optimum beam momentumfor the measurement of the branhing ratio for the η′ → π+π−π0 deay hannel via the
pp → ppη′ → ppπ+π−π0 → ppπ+π−γγ reation hain. The measurement is planned to bearried out in the near future and its result will be used for the derivation of the light quarks9



10 Chapter 1. Introdutionmass di�erene (md−md). The experiment will take plae at the Researh Centre Jülih inGermany and will be onduted by the WASA-at-COSY ollaboration. The identi�ationof the reation is based on seleting events where the π+π−π0 system was produed. Forthis subsample of data the frations orresponding to the diret π+π−π0 prodution and tothe deay of the η′ meson will be extrated based on the missing mass of the two outgoingprotons registered in the Forward Detetor of the WASA-at-COSY system.To alulate the number of expeted η′ events we have parametrized the total rosssetion for the η′ meson prodution and have etablished a parametrization for an upperlimit of the bakground prodution. Further on we have parametrized a missing massresolution taking into aount e�ets whih are related with the energy resolution of theforward detetor and the beam and target spread. In the ase of the η′ meson the missingmass resolution is at present not satisfatory for studies of rare deays due to the highenergies of the protons. Therefore, we have proposed the usage of the time-of-�ight method(TOF) for the identi�ation of harged partiles emitted in forward diretion based on timesignals from the sintillator detetors.In the next hapter of this work we will outline di�ulties of the mass determination forlight quarks. We will quote the idea of an indiret determination of quark masses proposedby D. Gross , B. Treiman and F. Wilzek [5℄, and by H. Leutwyler [6℄.The measurment and identi�ation method of the deay η′ → π+π−π0 as well as theWASA-at-COSY detetor setup will be presented in Chapter 3.The �rst setion of Chapter 4 desribes how the total ross setion for the produtionof the η′ meson depends on the exess energy near the kinematial threshold. Further on inthis hapter the method of estimating an upper limit of the bakground under the η′ peakin the missing mass distribution will be given [7℄. Next, applying the parametrization ofthe energy resolution of the detetor, the auray of the branhing ratio determination asa funtion of exess energy and time will be shown. For the alulation we onsider a rangeof values for the upper limit of 5% down to a value lower by one order of magniude (0.5%).In hapter 5 we will propose a method of partile energy reonstrution by measuringthe time in the Forward Detetor. For the purpose of this thesis we will onsider only thinsintillators, but in the future the reonstrution will be based on time signals form alldetetors. First we will show results of simulations for an energy resolution based on TOFmeasurements and desribe how passive material of the detetor in�uenes the preisionof the TOF determination. As a result of the simulations the missing mass distributionsalulated based on the TOF measurment will be shown. In the last setion of this hapterwe will desribe the omputational algorithm whih was developed to reonstrut theenergy of partiles based on the time signals from sintillators and energy losses in the �veindependent layers of the range hodosope.Chapter 6 summarises the whole thesis and brings the onlusions and remarks regard-ing the beam momentum and the duration of the planned measurement of the η′ → π+π−π0deay.



11The work is supplemented with Appendis where setion A introdues basi informa-tions about the η′ meson and the SU(3) symmetry. Appendix B desribes the missing masstehnique used for tagging the η′ meson prodution. Setion C provides an analytial alu-lation of the frational momentum resolution as a funtion of the frational time resolution.In appendix D the parametrization of the total ross setion for the π+π−π0 produtionwill be shown. Setion E introdues the parametrization of the Final State Interation(FSI) and prodution dynami of the multipion system. The next setion presents simula-tions of the 3π prodution in proton-proton ollisions using models desribed in setion E.The last appendix shows shemes of programs used for the simulations.



12 Chapter 1. Introdution



2. Relation between the partial width Γη′→π+π−π0and the u and d quark massThe determination of the light quark masses is one of the important goals of hadronphysis experiments, and we intend to ontribute to their estimations by determining thequark mass di�erene md − mu whih indues an isospin breaking. Studing the isospin-violating deays η(η′) → π+π−π0 and η(η′) → π0π0π0 was pointed out as an aurate wayof extrating the quark mass di�erene [5, 6℄.The quark masses are one of the Standard Model parameters and their values dependon how they are de�ned. The �eld theory whih desribes the strong interation betweengluons and quarks is the Quantum Chromodynamis (QCD). A general QCD Lagrangianfor N �avors reads:
LQCD =

N
∑

k=1

q̄k(iD − mk)qk − 1

4
GµνGµν , (2.1)where mk denotes the quark masses, D indiates the gauge onvariant derivative and Gµνrepresents the gluon �eld strength.In the low energy regime where the strong oupling onstant αs is large, the perturbativeapproah of QCD annot be applied in the same way as for high energies. Thus othermethods must be applied in low energy hadron physis. One of these approahes is ane�etive �eld theory of QCD at low energies - the Chiral Perturbation Theory (ChPT).It is based on the observation that, in the low energy region, the relevant and e�etivedegress of freedom of strong interations are hadrons omposed of on�ned quarks andgluons. This leads to the e�etive Lagrangian whih is formulated in terms of the e�etivedegrees of freedom:

L
eff
QCD = L0 + Lm. (2.2)We an use this e�etive Lagrangian instead of the formula (2.1). The L0 term is the partof �avor symmetry of QCD and Lm ontains a ontribution:

− 1

2
(md − mu)(ūu − d̄d) (2.3)responsible for the isospin hanging in QCD (∆I = 1). One an identify the degrees offreedom as eight Goldstone bosons whih are π, K and η mesons from the pseudosalarmeson nonet. This e�etive Lagrangian breakes down spontaneously the hiral symmetry

SU(3)L × SU(3)R to SU(3)V . It is believed that this violation of the hiral symmetryonstitutes the soure of the mass generation in QCD. The standard ChPT provides anaurate desription of the strong and eletroweak interations of the pseudosalar mesonsat low energies. 13



14 Chapter 2. Relation between the partial width Γη′→π+π−π0and the u and d quark massThe η and η′ mesons are members of the pseudosalar nonet, and play an importantrole in the understanding of the low energy QCD. Due to the mixing of the η and η′ �eldsthe η treatment in the standard ChPT is ompliated. The η′ meson is related with theaxial U(1) anomaly. This anomaly in QCD prevents the η′ meson from being a Goldstonboson whih is manifested in its large mass (mη′ = 958 MeV), a mass whih is muh largerthan the masses of other members of pseudosalar nonet (see. App. A). Hene the η′meson is not inluded expliitly in the onventional SU(3) ChPT, albeit its e�ets arehidden in oupling onstants. A reent extension of ChPT methods has provided toolswhih enable to inlude η′ in a onsistent way and perform reliable alulations. One ofthese tools is a hiral unitary approah, whih is based on the hiral perturbation theoryand the unitarization using the Bethe-Salpeter equation.Conernig hadroni deays of the η and η′ mesons into three pion systems, we anertify that 3π an be in isospin 0 state only if a two pion subsystem is in I = 1 state.In ase of the π0π0π0 system the two pion an have I2π = 0, 1, 2 but oupling with theremaining pion to I3π = 0 is only possible if I2π = 1. However, the (π0π0)I=1 dose notexist (a orresponding Clebsh-Gordan oe�ient is equal to zero [8℄) and as a onseqenethe deay η(η′) → π0π0π0 has to violate isospin.In the ase of the η(η′) → π+π−π0 deay taking into aount the Clebsh-Gordanoe�ients [8℄ one an write [9℄:
(3π)I=0 =

√

1

3

[

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

, (2.4)where:
(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 funtion for the 3π system reads:
(3π)I=0 =

√

1

6

[

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

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

. (2.5)This wave funtion is antisymmetri against any exhange of pions: π0 ↔ π+, π− ↔ π+and π0 ↔ π−. In partiular, by applying harge onjugation we have:
C(3π)I=0 = −(3π)I=0. (2.6)This is in ontradition with C = +1 for η(η′). Therefore the deay η(η′) → π+π−π0should violate C or I.



15On the other hand there exist a G operator whih is onstruted from the C parity andisospin I2 operators in the following way:
G = CeiπI2. (2.7)The eigenvalue of this operator is given by λG = (−1)IλC , thus λG = −1 for pions and

λG = +1 for the η mesons. Therefore the deay η(η′) → πππ does not onserve G.Historially these deays were onsidered as eletromagneti proesses with partialwidths smaller than the seond order eletromagneti deay η(η′) → γγ. But it appearsthat the eletromagneti ontribution is small [10, 11℄ and instead the proess is expetedto be dominated by the isospin-violating term in the strong interation. Due to this fatwe an neglet the eletromagneti terms, and thus the deay amplitudes of the η(η′) → 3πdeay beomes diretly proportional to the quark mass di�erene (md−mu) [6℄. The lowest
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(η′) (η′) (η′)(a) (b) ()Figure 2.1: Isospin violation in η(η′) → 3π deay. Lowest order e�etive lagrangian ontribution(ourtesy of A. Kup±¢ [9℄).order ontribution to the deay mehanism is given by the Current Algebra (CA). Figure 2.1shows graphs onsisting of a ombination of the η− π0 mixing (a,b) and rossed graph ()of the elementary low energy QCD proesses - sattering of two pseudosalar mesons. Thepartial width of the η → π+π−π0 deay alulated using Current Algebra is 66 MeV [12℄,whih is muh below the experimental value of 294±16 MeV [8℄. Gasser and Leutwyler hadorreted this value to 160 eV [13℄ using the seond order in the low energy expansion ofthe e�etive QCD Lagrangian. This hange implies the importane of the ππ interationin the �nal state and involving higher loop alulations should improve this value sinethey give a better desription of the ππ �nal state interation. An other approah whihinludes a pion-pion interation up to higher orders uses the dispersion relation, whihonnets the imaginary part of the deay amplitude with the amplitude itself. There aretwo estimations based on this method [14, 15℄ but using di�erent formalisms. They leadonsistently to an enhanement of the deay rate by about 14%.It was suggested by H. Leutwyler that the deay width of the η(η′) → π+π−π0 issensitive to the mass di�erene of the light quarks following the relation [6℄:

Γη′→π+π−π0 ∝ Γ0(md − mu)2. (2.8)More expliitly the deay width an be written in a onvenient form as:
Γη(η′)→π+π−π0 = Γ0

(

QD

Q

)4 (2.9)



16 Chapter 2. Relation between the partial width Γη′→π+π−π0and the u and d quark masswhere the dependene of the d and u quarks mass di�erene is ontained in the Q term:
1

Q2
=

m2
d − m2

u

m2
s − 1

4(md + mu)2
, (2.10)and QD is given by a relation:

Q2
D =

m2
K

m2
π

m2
K − m2

π

m2
K0 − m2

K+m2
π+ − m2

π0

. (2.11)
QD and Γ0 orrespond to Q and Γ alulated in the Dashen limit [16℄ where the quarkmasses are onstrained by the assumption that the eletromagneti mass di�erene forkaons and pions are equal. Using the leading order expression of masses of the pseudosalarmesons and applying the Dashem theorem, it was numerially alulated that QD = 24.1.The deay width Γ is very sensitive to the exat value of Q and thus provides the preiseonstraints for the light quark mass ratios. Q determines the major axis of the ellipse ofthe light quark mass ratios whih is given by the formula:

(

mu

md

)2

+
1

Q2

(

ms

md

)2

= 1. (2.12)The ellipse is shown in Fig. 2.2.

Figure 2.2: Ellipse whih haraterises the quark mass ratios (for the desription see text). The�gure is adapted from [6℄.For the determination of Q we an use Γ0 together with the experimantal value of Γ.Reently Q value of 22.8 was derived by means of the dispersion relation approah frompreliminary KLOE data on the η → π+π−π0 deay [17℄. In Fig. 2.2, the quark mass ratio



17is indiated by the shaded unertainity ellipse. The upper and lower sides of the ellipseis bound by two dashed lines orresponding to Q=22.7 ± 0.8. From the left it touhesthe hathed region, exluded by the bound ∆M > 0, alulated in the leading term in theexpansion of powers 1/Nc and extended to �rst non-leading order. Other bounds are givenby the limits of the branhning ratios R = ΓΨ′→Ψπ0/ΓΨ′→Ψη. The dot orresponds toWeinberg's value, and the ross represents the estimations desribed in the referene [18℄.The Weinberg ratio orresponds to ∆M = 0, and is loated at the boundary of this region.In partiular this implies mu/md > 1
2 and exludes a massless u quark.The Γ0 fator an be alulated in the hiral limit where the mass of quarks tendstoward zero mu = md = 0. Estimations of the deay width by the Chiral PerturbationTheory are based on the leading term of the expansion in the quark masses and the preisealulations of Γ0 in the isospin limit. In ase of this method the normalization for thedeay width must be obtained from other experminents with the eletroprodution of the

η′ meson.Gross, Treiman and Wilzek [5℄ have proposed another method of establishing thelight quark mass di�erene by �nding the ratio of partial widths for the isospin violating
η′ → π+π−π0 deay to the isospin onserving proess of η′ → ηπ+π−:

r =
Γη′→π+π−π0

Γη′→ηπ+π−

≈ (16.8)
3

16

(

md − mu

ms

)2

, (2.13)where the fator 16.8 denotes the ratio of phase-spae volumes. Formula (2.13) was laimedto be true under two assumptions: that the amplitudes for both deays are onstant overthe phase spae, and the amplitudes are related via [5℄:
A(η′ → π+π−π0) = sin θ A(η′ → ηπ+π−), (2.14)where sin θ indiates the π0 − η mixing angle:

sin θ =

√
3

4

md − mu

ms
. (2.15)The seond assumption diretly implies that the deay η′ → π+π−π0 proeeds entirelythrough the hannel η′ → ηπ+π− followed by π0 − η mixing.From equation (2.13) one an see that the measurement of the ratio does not requirethe information from other experiments for normalization of the partial deay width. Addi-tionally with the simultaneous measurement of these deays, due to the similar �nal state,many systematial unertainties will anel.But reently Borasoy et al. [19℄ laimed that the light quark masses an not be extratedfrom the ratio (2.13). They studied the two assumptions whih were mentioned above usingthe U(3) hiral unitary framework whih is in good agreement with η′ data as regardingwidths and spetral shapes. They showed that results from the hiral unitary approah arein disagreement with these two assumptions. Conluding that on the theoretial side a still



18 Chapter 2. Relation between the partial width Γη′→π+π−π0and the u and d quark massmore sophistiated treatment inluding the �nal state interation is required for univoalstatements about the quark masses [20℄.In our experiment we intend to establish the ratio Γη′→π+π−π0/Γη′→π+π−η hoping thatthe near future progress on the theory side will permit us to determine univoally fromthis ratio the light quark mass di�erene md − mu. Further more, in ombination withexperiments determining values of quark mass ratios ms/md and mu/md, it would bepossible to obtain the absolut values of the u and d quark masses.



3. Measurement method of the Γη′→π+π−π0The partial width Γη′→π+π−π0 may be determined from the branhing ratio of the η′ →
π+π−π0 deay and the total width of the η′ meson. In the WASA-at-COSY experimentthe η′ meson will be reated in two proton ollisions via the pp → ppη′ reation. Themeasurement have to be performed at best possible onditions, beause the η′ → π+π−π0deay hannel is very rare. So far the η′ → π+π−π0 deay was never observed and onlyan upper limit of 5% for the branhing ratio has been established [4℄. Reent theoretialalulations, based on a hiral unitary approah, predit the branhing ratio of about1% [19℄.3.1 Branhing ratio BR(η′ → π+π−π0)The branhing ratio is a quantity whih informs about the probability of the partiledeay into a spei� hannel. It is de�ned as:

BRi =
Γi

Γtot
, (3.1)where Γi and Γtot denote the partial and total (natural) width of the partile, respetively.Index i indiates a deay hannel. From (3.1) we an see that the determination of partialwidths will rely on the preise determination of branhing ratio and of the total width.For the η′ → π+π−π0 deay the branhing ratio an be expliitly expressed as:

BR(η′ → π+π−π0) =
Γη′→π+π−π0

Γtot
η′

, (3.2)where Γη′→π+π−π0 is the searhed observable. The Γtot
η′ is known from the Partile DataGroup (PDG) estimations to be Γtot

η′ = 0.202 ± 0.016 MeV/2 [8℄1, and BR(η′ → π+π−π0)still remains to be established experimentally. With the WASA-at-COSY faility we planto determine this branhing ratio as the ratio of the number of events where η′ deays intothe π+π−π0 system (Nη′→π+π−π0) to the number of all produed η′ mesons (N tot
η′ ):

BR(η′ → π+π−π0) =
Nη′→π+π−π0

N tot
η′

. (3.3)For this purpose the η′ mesons will be produed in ollisions of the proton beam withthe hydrogen pellet target via the pp → ppη′ reation. The outgoing protons and the1 The COSY-11 ollaboration is working on a more preise estimation of this value with a dediatedmeasurement of the η′ mass distributions by using the missing mass tehniques applied to the pp→ ppXreation very lose to the kinematial threshold [21℄.19



20 Chapter 3. Measurement method of the Γη′→π+π−π0produts of the deay of the η′ meson will be deteted and identi�ed using the WASA-at-COSY detetion system. More details of the measurement tehniques will be given in thefollowing setions.3.2 Desription of the WASA-at-COSY detetor failityThe COoler SYnhrotron (COSY) is a storage ring operating at the Researh Cen-tre Jülih (Germany) sine 1993 [22℄. It delivers unpolarized and polarized proton anddeuteron [23℄ beams in the momentum range between 300 and 3700 MeV/. The �rst stepof the partile aeleration takes plae in the isohronous ylotron (JULIC). Next thebeam is injeted into the 184 m long COSY ring (see Fig. 3.1) where the partiles experi-ene further aeleration and at present may be used for experiments with the WASA [1℄,ANKE [24℄ and TOF (external beam) [25℄ detetion setups where the energy of the beamallows for prodution of all basi pseudosalar and vetor mesons.

Figure 3.1: Shemati view of the COoler SYnhrotron ring in the Researh Centre Jülih.The presently used detetor systems: WASA [1℄ and ANKE [24℄ and ompleted experimentsCOSY-11 [26℄ and PISA [27℄ are shown.The COSY aelerator is equipped with two types of beam ooling systems: an eletronand stohasti ooling used for low and high energies, respetively [28℄. Both oolingsystems allow to derease the momentum and geometrial spread of the beam. The wholeproess for the beam preparation from injetion till �nal state of aeleration takes a fewseonds. The ring an be �lled with up to 1011 partiles, and the life time of the irulatingbeam ranges from minutes to hours depending on the thikness of the used target.In 2006 the WASA detetor [29℄ has been transferred from the CELSIUS [30℄ faility inUppsala to the COSY ring [22℄ in Jülih where it was suessfully installed and brought intooperation. The WASA-at-COSY, shown shematially in Fig. 3.2, is a large aeptanedetetor whih onsists of three main parts: the Central Detetor (CD), the ForwardDetetor (FD) and the pellet target system [31�33℄.The Central Detetor (CD) [34℄ is used for detetion and identi�ation of harged and
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FRH4 5FRH1 2 3
Figure 3.2: Cross setion of the WASA-at-COSY detetor with new FRH4 and FRH5 layers,mounted in August 2006 [43℄ and newly assambled two layers of the FWC [37℄. Names of thedetetors are explained in the text.neutral partiles (γ, π+, π−, e+, e−) whih are the deay produts of short lived mesons like
π0, η and η′. It overs sattering angles between 20o and 169o. The most outer part of theCD onstitutes an eletromagneti alorimeter (SEC) built out of 1012 CsI sintillatingrystals positioned around the interation point [35℄. The rystals are ordered in 24 ringsbetween the iron yoke and super-onduting solenoid whih provides an axial magneti�eld enabling the determination of the momenta of harged partiles by measuring theirtraks with the Mini Drift Chamber (MDC) [36℄. The MDC is mounted around the beampipe inside of the solenoid. It is a ylinder whih onsists of 17 layers of straw tubes. Eahstraw is made out of thin mylar foil tube, with a gold plated sensing wire in its enter.The drift hamber is surrounded with the Plasti Sintillator Barrel (PSB) [36℄ used fortrigger purposes and for the determination of the energy loss for harged partiles. PSBtogether with SEC and MDC permits the identi�ation of harged partiles by means ofthe energy loss method (∆E).The forward part of the WASA detetor is built out of thirteen sintillating layers andfour layers of straw drift hambers. The forward detetor was designed for the detetionand identi�ation of protons, deutrons and He nulei. The detetor losest to the satteringhamber - Forward Window Counter (FWC) - overs the onial exit window of the axiallysymmetri sattering hamber towards the Forward Detetor assembly [37℄. Presently itis used for trigger purposes, but in the future it will also serve as a start detetor for thetime-of-�ight determination.For the trak reonstrution the Forward Proportional Chamber (FPC) [38℄ is used. Itprovides information about partile sattering angles with a preision better than 0.2o [39℄.



22 Chapter 3. Measurement method of the Γη′→π+π−π0The FPC planes are rotated by 45o with respet to eah other. Diretly behind the strawdetetor the three layer Forward Trigger Hodosope (FTH) [40, 41℄ is plaed. It onsistsout of 96 individual plasti sintillator elements arranged in three layers: two layers withmodules in the form of Arhimedean spiral and one layer with ake-piee shaped modules.The FTH provides information about harged partile multipliities in the FD used forthe �rst level trigger, as well as in the o�ine trak reonstrution [42℄. Future triggerdevelopments aim at a omplete real time sattering angle reonstrution of individualtraks. This information, ombined with the information of deposited energy in suessivedetetor layers, will allow to determine the missing mass of forward going partiles on thetrigger level, and thus will provide a very e�ient meson tagging [42℄. The FTH detetoran also be used to deliver the time information and it is thus helpful for the appliationof the TOF tehnique.The next �ve thik planes are alled Forword Range Hodosope (FRH) and are madeout of ake-piee shaped plasti sintillator modules (see Fig. 3.3). This detetor enablesidenti�ation of harged partiles from the absolute value and the pattern of energy de-posited in di�erent layers. Among the seond and third layer of the FRH the Forward

Figure 3.3: View of the Forward Range Hodosope build out of the ake-pieed sintillaitingmodules arranged in �ve layers [43℄.Range Interleaving hodosope (FRI) [44℄ is mounted. It is omposed of two interleavingplanes of 32 plasti sintillators bars aligned horizontally and vertially. The main funtionof the FRI is the measurement of the hit position of the harged partiles improving theresolution for the vertex reonstrution. In addition, the FRI delivers also time informationwhih an be used in the future appliation of the time-of-�ight method.The Forward Veto Hodosope (FVH) [45℄ is the last detetion layer. It onsists of 12horizontally plaed plasti sintillator modules equipped with the photomultiplayers onboth sides. The FVH gives the position of partile hits, reonstruted from time signalsdetermined on two side of the module. It is important to note that this detetor an also beused to deliver time information (tstop) for the TOF tehnique. It is also worth mentioning



3.3. Identi�ation of the pp→ ppη′
→ ppπ+π−π0

→ ppπ+π−γγ reation hain 23that in the near future it is planned to extend the FVH by a seond layer of vertiallyarranged sintillators [46℄.Finally, depending on the studied reation, a passive absorber (FRA) made of iron anbe positioned in front of the FVH, enabling to disantangle between slow and fast partiles.The thikness of the material an be hoosen from 5 mm up to 100 mm.From the beginning of its operation at CELSIUS and COSY the WASA detetor isequipped with a pellet target system [31�33℄, providing a stream of frozen hydrogen dropletswith a diameter of about 35 µm. Pellets are passing to the interation region through athin 2 m long pipe. Usage of this type of target enables to ahieve densities of up to 1015atoms/m2 resulting in luminosities of up to 1032m−2s−1 when ombined with the COSYbeam of 1011 partiles stored in the ring.3.3 Identi�ation of the pp → ppη′ → ppπ+π−π0 → ppπ+π−γγ reationhainThe proposed experiment aiming at the determination of the branhing ratio for the
η′ → π+π−π0 deay will be based on the prodution of the η′ meson in proton-protonollisions and registration of its deay produts. The omplete reation hain whih needsto be identi�ed (prodution and deay) reads:

pp → ppη′ → ppπ+π−π0 → ppπ+π−γγ.The measurement relay on the registration of all partiles in the �nal state and on thedetermination of their four-momenta:
{Pp1

, Pp2
, Pπ+, Pπ− , Pγ1

, Pγ2
}.In order to measure the energy of the two forward sattered protons the FRH1-5 planesin the Forward Detetor are used whih provide information of the energy losses. Todetermine the diretion ~r of these two protons we use the straw hambers of the FPC andthe FRI detetor. Charged pions sattered under angles larger then 18o will be registeredin the Central Detetor. The MDC will provide information about the diretion ~r(θ, φ)and the SEC will allow to measure the energy losses. In the ase when the harged pionwill be sattered forward (angular range of 2.5o - 18o) it will be deteted by the ForwardDetetor in the same way as the protons. The two gamma quanta originating from the π0deay will be reorded in the SEC from whih we will reeive the information about theirenergy and diretion.3.4 Invariant and missing mass tehniquesAt the �rst stage of the data analysis we have to selet from the full data sampleonly these events where π+π−π0 were produed and in the seond step using a missing



24 Chapter 3. Measurement method of the Γη′→π+π−π0mass tehnique we will determine frations of seleted events orresponding to the diretprodution and to the deays of η′ meson.In order to identify signals from the π0 mesons, we will reonstrut the invariant massof two gamma quanta:
mγ1γ2

=
√

P2
γ1

+ P2
γ2

, (3.4)whih should be equal to the mass of the neutral pion within the expeted resolution. Nextwe identify the harged pions on the basis of the energy measured in the SEC (Eπ±) andtheir momenta (~pπ±) derived from the urvature of the traks reonstruted from signalsmeasured with the MDC. In the ase of the π± the energy and momenta should ful�ll(within the expeted resolution) the relation:
mπ± =

√

E2
π± − ~p2

π± , (3.5)where mπ± denotes the mass of a harged pion.Further on, from measuring the energy loss in the �ve sintillator layers of the FDand traks in the FPC (in the future also from the time-of-�ight) we reonstrut the four-momentum vetor of the forward emitted protons [47℄. Next in order to hek whether theidenti�ed pions originate from the deay of the η′ meson, we alulate a missing mass ofthe pp → ppX reation aording to the equation (see Appendix B):
mX =

√

(Ebeam + mtarget − Ep1
− Ep2

)2 − (~pbeam − ~p1 − ~p2)2, (3.6)where mX orresponds to the mass of an unobserved partile, Ebeam, ~pbeam denote theenergy and momentum of the beam respetively, and Ep1
, Ep2

, ~p1, ~p2 represent energiesand momenta of two registered protons. At present the experiment is still in preparationtherefore as an example of the reonstruted missing mass distribution in Fig. 3.4 we showdata derived from the COSY-11 measurement arried out at an exess energy of Q=15.5MeV above the threshold for the η′ meson prodution [48℄. The number of events whihorrespond to the prodution of the η′ meson is marked by the letter S, and the �eld ofthe slie under the η′ peak orrespond to the number of the bakground events markedby B. The bakground originates from the diret two, three and more pions prodution.It maybe treated as the upper limit for the expeted bakground of the pp → ppπ+π−π0reation. In the WASA-at-COSY experiment we expet a similar spetrum for the missingmass of the pp → pp(X = π+π−π0) events. However, the signal to bakground ratioould be di�erent due to the di�erent mass resolution of the WASA-at-COSY detetor.Additionally it will vary with the exess energy2. Thereforee, in order to �nd an optimumbeam momentum for the BR(η′ → π+π−π0) determination the energy dependene (i) ofthe signal (pp → ppη′ → ppπ+π−π0), (ii) of the bakground (pp → ppπ+π−π0), (iii) ofthe missing mass resolution and (iv) of the detetion e�ieny has to be established. Theupper limit of number of bakground events may be obtained from results ahieved by the2Exess energy Q is a kineti energy available in the reation exit hannel in the enter-of-mass system.
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S

B

Figure 3.4: Example of the missing mass distribution for the reation pp → ppX from theCOSY-11 measurements at the exess energy Q = 15.5 MeV [48℄. S denotes the signal originatingfrom the η′ prodution and B indiates the bakground under the peak.COSY-11 experiment (where one spetrum is shown in Fig. 3.4). A detailed desription ofthe derivation of the dependene of S(Q) and B(Q) will be given in the next hapter.
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4. Conditions for the determination of the BR(η′ → π+π−π0)via the pp → ppη′ → ppπ+π−π0 reation hainThe number for all produed η′ mesons N tot
η′ (see eq. 3.3) an be determined from theknown total ross setion for the pp → ppη′ reation [49�54℄ and the luminosity whih willbe established by the measurement of the reation with the well known ross setion e.g.from elasti sattering of protons (pp → pp) [55℄.When we assume that the relative statistial error of N tot

η′ an be negleted due to largenumber of measured pp → pp or pp → ppη′ events the formula for the relative error of thebranhing ratio is redued to:
σ(BR)

BR
=

σ(Nη′→π+π−π0)

Nη′→π+π−π0

, (4.1)where σ(Nη′→π+π−π0) denotes the statistial unertainty of the signal. Assuming that theshape of the bakground is known the statistial error of the signal an be approximatedas:
σ(Nη′→π+π−π0) ≈

√

Nη′→π+π−π0 + NB , (4.2)where NB indiates the number of all bakground events under the signal. Equation 4.2was obtained under the assumption that the statistial errors propagate aording to theformula [56℄:
σ(Y (x1, ..., xn)) =

√

√

√

√

n
∑

i=1

(

∂Y

∂xi
σ(xi)

)2

, (4.3)where the variables x1, ..., xn are independent and σ(xi) denotes their unertainty. Thusthe relative auray of the branhing ratio an be expressed as:
σ(BR)

BR
=

√

Nη′→π+π−π0 + NB

Nη′→π+π−π0

. (4.4)The number of events where η′ deayed into three pions whih we expet to register withthe WASA-at-COSY faility, an be expressed by the formula:
NS(Q) ≡ Nη′→π+π−π0(Q) = σtot

η′ (Q) · BR(η′ → π+π−π0) · A(Q)

∆t�
0

L · dt, (4.5)where L is the luminosity whih is expeted to be around 1032 m−2s−1, σtot
η′ denotes thetotal ross setion for the η′ meson prodution whih depends on the exess energy Q,

BR is the supposed branhing ratio for that deay, ∆t indiates the measurement time27



28 Chapter 4. Conditions for the determination of the BR(η′
→ π+π−π0)via the pp→ ppη′

→ ppπ+π−π0 reation hainand A(Q) representes the aeptane of the WASA-at-COSY detetor for the measuredreation.In the following setion we will estimate the unertainty of the branhing ratio deter-mination as a funtion of the exess energy and measurement time taking into aount theenergy resolution of the forward part of the WASA detetor. To this end, in the followingwe will parametrize the energy dependene of the total ross setion for the η′ meson andfor the multimeson prodution. Presented estimations of the multimeson prodution willallow to estimate an upper limit of the bakground for the η′ → π+π−π0 deay. This isbeause it will be based on the missing mass distributions whih inludes also other pionhannels like e.g. pp → pp2π, pp → pp4π, pp → pp2πη.4.1 Parametrization of the total ross setion for the η′ mesonprodutionIn order to estimate the expeted prodution rate of the η′ meson given by formula(4.5) it is mandatory to know the total ross setion for the prodution of this meson.From measurements of the COSY-11, DISTO and SPESIII [50�54℄ ollaborations we haveseveral experimental data points for the exess energy range from 1.3 MeV up to 150 MeV.The data are shown in Fig. 4.1, where it is learly seen that near the threshold produtionof the η′ meson depends strongly on the exess energy and hene this dependene must betaken into aount.
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Figure 4.1: Experimental data points of total ross setion for the pp → ppη′ reation de-rived from the COSY-11, DISTO and SPESIII measurements [50�54℄. The solid line denotesparametrization of the ross setion using formula (4.7). The �gure was adapted form refer-enes [48, 60℄.



4.2. Di�erential ross setion dσ
dm

˛

˛

m=mη′

for multimeson prodution 29Generally the prodution ross setion an be desribed as an integral of the square ofthe prodution amplitude |M|2 over the phase spae volume Vps using formula:
σtot

η′ (Q) =
1

F

�
dVps|M |2, (4.6)where F denotes the �ux fator of the olliding partiles. This energy dependene ofthe ross setion an be written in a losed analitial form using the Fäldt and Wilkinmodel [57, 58℄ whih takes into aount the proton-proton Final State Interation (FSI):

σtot
η′ (Q) = C1

Vps

F

1

1 +
√

1 + Q
ǫ

= C2
Q2

√

λ(s,m2
1,m

2
2)

1

1 +
√

1 + Q
ǫ

, (4.7)where C1 and C2 denotes the normalization onstant, ǫ stands for the binding energy[57, 58℄, and the λ(s,m2
1,m

2
2) is the triangle funtion [59℄, de�ned as:

λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz. (4.8)The free parameters ǫ and C2 have to be established by �tting the funtion (4.7) to the ex-perimental data. The estimation of these parameters and the �t was done in referene [60℄,and the obtained values amount to [48℄:
ǫ = 0.62 ± 0.13 MeV
C2 = 84 ± 14 mb.Knowing the parametrization from (4.7) and having the values of the parameters we anompute the ross setion for the η′ meson prodution for exess energies near threshold.The result of the �t together with the experimental data is shown in Fig. 4.1.4.2 Di�erential ross setion dσ

dm

∣

∣

m=mη′
for multimeson produtionFor the estimation of the bakground from the diret π+π−π0 prodution in the miss-ing mass spetrum of the pp → pp(X = π+π−π0) reation, expeted to be observed bythe WASA-at-COSY detetor, we need to alulate the dσ(pp→ppπ+π−π0)

dmx

∣

∣

∣

mx=mη′

and themissing mass resolution (∆w) of the WASA detetor setup.To our knowledge there are no data available on the invariant mass distributions or evenon the total ross setion for the π+π−π0 prodution in the proton-proton reation near thekinematial threshold of the η′ meson prodution1. Therefore, in order to estimate at leastan upper limit of the di�erential ross setion for the π+π−π0 prodution we have taken themissing mass spetra of the pp → ppX reation determined by the COSY-11 ollaborationfor several beam energies near threshold for the η′ meson prodution [49�52℄ (see e.g. Fig.1 The total ross setion of the pp → ppπ+π−π0 reation has been established experimentally only atthree proton beam energis [61�63℄ (see App. D).



30 Chapter 4. Conditions for the determination of the BR(η′
→ π+π−π0)via the pp→ ppη′

→ ppπ+π−π0 reation hain3.4). The di�erential ross setion for the bakground was alulated aording to theformula:
dσB

dm
=

NB(Q)

NS(Q)

σtot
η′ (Q)

∆m
, (4.9)whih was obtained by dividing NS(Q) and NB(Q) as given below.The number of all measured pp → ppη′ events an be expressed as:

NS(Q) = σtot
η′ (Q) · A(Q)

∆t�
0

L · dt, (4.10)and the number of the measured bakground events an be approximated by:
NB(Q) ≈ dσB

dm
· ∆m · A(Q)

∆t�
0

L · dt, (4.11)where A denotes the aeptane of the COSY-11 detetor, whih in a very good approxi-mation depends only on the mass of the produed system and on the exess energy Q [64℄,
L indiates the luminosity, ∆t is the time of the measurement and ∆m denotes the rangeof the missing mass values around the η′ signal whih is approximated by:

∆m ≈ 2Γ ≈ 4.7σstd. (4.12)Figure 4.2 and Tab. 4.1 show values of the dσ
dmx

∣

∣

∣

mx=mη′

extrated from the experimentaldata [50�52℄ by means of formula 4.9.
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Figure 4.2: Inlusive di�erential ross setion for multimeson prodution derived from theCOSY-11 data [50�52℄. The superimposed line shows the funtion dσ
dmx

= α · Qβ �tted to theCOSY-11 data, treating α and β as free parameters.



4.3. Energy resolution of the Forward Detetor 31Q dσ
dmx

∣

∣

∣

mx=mη′

∆stat ∆syst

[MeV ]
[

nb
MeV

] [

nb
MeV

] [

nb
MeV

]1.53 1.04 0.14 0.164.10 7.0 1.1 1.15.80 13.4 1.2 2.07.60 18.2 1.6 2.89.42 32.3 3.6 4.910.98 32.7 3.2 4.914.21 60 11 9.015.50 85 2.4 1323.64 117 17 1746.60 322 16 48Table 4.1: Di�erential ross setion dσ
dmx

∣

∣

∣

mx=mη′

for multimeson prodution in proton-protonollisions extrated from the COSY-11 data [50�52℄. The systematial error amounts to 15% asestablished in referene [52℄.A good desription of the data was obtained by the funtion of the form:
dσ

dmx

∣

∣

∣

∣

mx=mη′

(Q) = α · Qβ, (4.13)where α and β are free parameters whih, for Q expressed in units of MeV, were estimatedto be α = 0.64 ± 0.14 nb/MeV and β = 1.662 ± 0.081 [7, 73℄. Therefore, onservativelythe signal to bakground ratio for the WASA-at-COSY detetor an be alulated usingformula 4.9 by replaing ∆m by the WASA missing mass resolution, and by replaing theross setion σtot
η′ by the produt σtot

η′ × BR(η′ → π+π−π0).In order to understand the prodution mehanism of the π+π−π0 system more preisestudies are needed, beause till now it did not reeive a proper attention neither experi-mentally nor theoretially [7℄. Therefore, we have onduted investigations by simulatingthe dσ
dm

distributions for several prodution mehanisms and ompared the results to thevalues of dσ
dmx

∣

∣

∣

mx=mη′

extrated from the experimental data. A more detailed desriptionof these studies is presented in appendix F.4.3 Energy resolution of the Forward DetetorThe last parameter needed to be alulated for the estimation of the bakgroundexpeted to be observed with WASA-at-COSY is the missing mass resolution ∆mw whihdepends on the energy resolution of the Forward Detetor.



32 Chapter 4. Conditions for the determination of the BR(η′
→ π+π−π0)via the pp→ ppη′

→ ppπ+π−π0 reation hainThe Forward Detetor was previously used for studies of the protons from the pp → ppηreation. It onsists of plasti sintillator layers whih measure the energy losses, and ontheir basis the kineti energy of the partiles an be reonstruted. The thikness of thedetetor was optimized for a measurement of protons with kineti energies in the rangefrom 100 to 550 MeV.
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Figure 4.3: Relative energy resolution as a funtion of the proton kineti energy T ahieved usingdi�erent numbers of FRH planes of the WASA-at-COSY detetion setup (ourtesy of H. Calén [66℄).In order to study the prodution and deays of the η′ meson an upgrade of the ForwardRange Hodosope was neessary, due to the higher bakground to signal ratio and higherenergies of outgoing protons from the pp → ppη′ reation (kineti energy ranges from 300 to800 MeV). The extension was done by removing one 11 m thik layer and instead addingtwo new layers of 15 m thikness eah built out of ake-piee shaped plasti sintillatorswith a photomultiplier tube attahed at the end [43℄. At present the total thikness ofFRH detetor amounts to 63 m, whih enables to stop protons with kineti energies up to360 MeV. Thanks to the new layers the auray of the determination of proton energieswas improved by about 25%. Fig. 4.3 shows the relative energy resolution of protons fordi�erent number of FRH planes. The auray of the energy reonstrution is a ruialpoint in the analysis. The systematial and statistial errors in the evaluations of branhingratios for the studied deay hannels will strongly depend on the preision of the missingmass reonstrution, whih in turn will depend on the preision of the reonstrution ofthe momenta of the forward emitted protons. The e�etive energy resolution of the newlyassembled Forward Range Hodosope is estimated to be about σ = 3% for protons from
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Figure 4.4: (left) Auray of the missing mass reonstrution as a funtion of frational kinetienergy resolution simulated for a beam momentum of Pbeam=3.35 GeV/. The ∆p

p
denotes thebeam momentum resolution and the 'Std vtx' indiates the standart vertex resolution. (right)Simulation assuming ∆p

p
= 0.1% and standard vertex resolution, for three beam momenta asindiated in the �gure (ourtesy of A. Kup±¢ [9℄).the pp → ppη′ reation, at a beam momentum of 3.35 GeV/.In order to investigate the missing mass resolution for the pp → ppX reation weassumed that the COSY beam momentum spread is ∆p/p ≈ 10−3, perpendiular beampro�les: horizontaly σX=2 mm, vertial σY =5 mm [67℄ and the pellets are passing throughthe interation point distributed homogeneously in a ylinder with a diameter of 2.5 mm.The result is presented in Fig. 4.4, where the width of the missing mass peak is plotted asa funtion of the relative resolution of the kineti energy. It is seen that even in the aseof a perfet energy resolution of the FRH the missing mass resolution amounts to about4 MeV/2. If we further assume a perfet interation point (vertex) determination theontribution from the beam momentum spread is seen to be at the order of 1 MeV/2. Inthe right panel of Fig. 4.4 the dependenies were plotted for three di�erent beam energies:3.24, 3.35 and 3.5 GeV/ from the near threshold η′ prodution region. The broadeningof the signal with inreasing beam momentum is a kinematial e�et due to the errorpropagation disussed in detail e.g. in referene [68℄.Taking into aount all e�ets whih we mentioned above, the missing mass resolutionan be parametrized as a funtion of exess energy and the kineti energy resolution offorward detetor by the following formula [69℄:

Γ = (0.87
√

Q + 1.25)(0.48 +
dT

T
0.17). (4.14)This relation will be useful in the next setion where the auray of the branhing ratio
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Figure 4.5: Aeptane of the WASA-at-COSY detetor as a funtion of the exess energy:(left) for the pp → ppη′ → ppπ+π−π0 and (right) for the pp → ppπ+π−π0 reation. Solid lineindiates aeptane alulated assuming a homogeneous phase spae distribution, and the dashedline denotes the aeptane where additionally a proton-proton FSI was taken into aount.determination as a funtion of exess energy will be alulated.Additionally we have inluded the aeptane of the WASA-at-COSY apparatus fordeteting the pp → ppη′ → ppπ+π−π0 and pp → ppπ+π−π0 hannels. We have takeninto aount the geometrial aeptane of the entral and the forward detetor whih fordeteting the protons and pions overs the following ranges of the polar angle: 2.5o 6 θ 6

18o, and 20o 6 θ 6 169o. Furthermore the Final State Interation (FSI) between outgoingprotons was inluded using the square of the on-shell proton-proton sattering amplitudealulated aording to the Cini-Fubini-Stanghellini formula inluding the Wong-NoyesCoulumb orretions [70�72℄ (for details see appendix E). Fig. 4.5 indiates the exessenergy dependene of the aeptane assuming that the phase spae is homogeneouslypopulated (solid line) and inluding the FSI between protons (dashed line).4.4 Auray of the branhing ratio determinationThe diret three pion prodution and the η′ → π+π−π0 deay will be disentangled byusing the missing mass of the two outgoing protons measured in the forward detetor. It isworth noting that in order to distinguish (on the base of a statistially signi�ant sampleof events) the diret and resonant multi-pion prodution it is mandatory �rst to selet asample of events with the studied �nal state hannel (e.g. π+π−π0) and then only forthis seleted sample to onstrut a distribution of the missing mass to the proton-protonsystem.To estimate the auray of the BR(η′ → π+π−π0) determination we have parametrized



4.4. Auray of the branhing ratio determination 35the total ross setion for the η′ meson prodution (eq. 4.7) and have etablished a parametriza-tion for an upper limit of the bakground prodution (eq. 4.13). Further on, the missingmass resolution taking into aount e�ets whih are related to the energy resolution ofthe forward detetor and the beam and target spread (eq. 4.14) has been parametrized.
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Figure 4.6: The relative auray of the determination of the BR(η′ → π+π−π0) as a funtionof the exess energy Q for the pp → ppη′ reation. One week of data taking with WASA-at-COSYwith luminosity L = 1032 m−2 s−1 is assumed for the alulations.Applying these parametrizations and assuming �ve values of the BR(η′ → π+π−π0):5%, 2%, 1%, 0.75% and 0.5% we have made alulations for the relative auray of thebranhing ratio determination. For the alulations we onsidered the range of valuesfrom the established upper limit of 5% down to 0.5%. Assuming for example that themeasurement will last one week with a luminosity of L=1032m−2s−1, we obtained theresult shown in Fig. 4.6 where the relative error of the branhing ratio is plotted as afuntion of the exess energy Q. We an see that the relative statistial error sales nearlywith the value of the assumed branhing ratio, and that the optimum auray is ahievedfor exess energies between 60 and 90 MeV independently of the BR magnitude. Relation(4.4) implies that the relative statistial error of the branhing ratio determination willimprove with time as 1/
√

t, as it is shown in Fig. 4.7 (left) for a beam momentum of
Pbeam = 3.45 GeV/ orresponding to an exess energy of Q = 75 MeV. The plot showsthat if the branhing ratio was equal to 0.5% a relative auray of 10% would require twomonths of data taking [65℄.Additionaly, for the ase if the BR(η′ → π+π−η) is to small to be observed we haveestimated the upper limit at a on�dene level of 90% as a funtion of measurement time.
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→ ppπ+π−π0 reation hainThe estimated upper limit of the branhing ratio as a funtion of measurement time isshown in Fig. 4.7 (right).
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Figure 4.7: (left) The relative auray of the BR(η′ → π+π−π0) determination as a funtionof measurement time for three assumed values of the branhing ratio and a beam momentum of
pb = 3.45 GeV/. (right) Upper limit of determination of the BR(η′ → π+π−π0) for a on�denelevel of 90% versus the time of the experiment. Estimations are performed assuming a luminosityof L = 1032 m−2 s−1 and beam momentum of Pb = 3.45 GeV/.We an see that e.g. a sensitivity of 0.001 an be reahed after few weeks of data takingwith the WASA-at-COSY detetor. As it was pointed out the theoretial alulation basedon the hiral unitary approah predits the branhing ratio af about 1% [19℄. From theright panel of Fig. 4.7 we may infer that this predition an be falsi�ed or on�rmed withina few days of beam time using the WASA-at-COSY detetion setup.It is worth to mention that an additional soure of bakground, not disussed here,omes form other deays of the η′ meson involving similar partiles: η′ → π+π−η and
η′ → ωγ. This bakground annot be suppressed using the missing mass method, yet itan be identi�ed using reonstruted invariant masses of the deay produts.



5. The Time-of-Flight methodIn order to study rare deays of the η and η′ mesons produed in the reation
pp → ppη(η′) using the WASA-at-COSY detetion setup, one has to determine the four-momentum vetors of the deay produts and of the forward sattered protons. At presentthe protons four-momentum vetors are derived only taking into aount the energy lossmeasured in the Forward Detetor. In this hapter we will present a possible future im-provement of the momentum reonstrution using the time information from the sintil-lators of the Forward Detetor [74, 75℄. We will also desribe the alghorithm whih anbe implemented to reonstrut the momentum of partiles rossing the Forward Detetorusing time information obtained from the rossed detetion layers.5.1 Proposal of using the Forward Detetor for a TOF methodIn order to measure time-of-�ight (TOF) of harged partiles emitted in forward dire-tion we an use all sintillator detetors whih are plaed in the forward part of the WASAsetup. But for the purpose of this thesis we will onsider only the thin plasti sintillatordetetors: Forward Window Counter, FWC (2×3 mm), Forward Trigger Hodosope, FTH(3×5 mm), Forward Range Intermediate Hodosope, FRI (2×5 mm), and the ForwardVeto Hodosope, FVH (20 mm). The �ve layer Forward Range Hodosope an also beused to determine time, but it is made of sintillators whih thikness ranges from 11 to15 m, and more preise studies of the light signal generation and propagation would beneessary for the usage of the time information.Using only thin detetors, enables us to measure time in eight points on a distane ofabout 2.0 meters. But in pratie one an ombine the individual times measured in layersof eah detetor to obtain one time value per detetor. Additionally the information aboutthe trajetory of partiles is needed to reontrut the time in the FWC, FTH and FRIounters, due to one side readout of the sintillating modules (only one photomultiplier).The diretion of partiles will be obtained from measuring traks in the straw hambers(FPC). The FPC hambers are plaed between the �rst two sintillator detetors - FWCand FTH. The material whih they are made of is very thin, therefore we an neglet thepartile energy losses in these layers.The �ve layers of the Forward Range Hodosope, FRH, are plaed between FTH andFVH. Their total thikness amounts to 63 m, therefore partiles whih travels throughthe FRH will be signi�antly slowed down. However, the deposited energy in the FRHlayers is measured with good auray in the order of few per ent, and by ombining theTOF information and the deposited energy one an reonstrut the initial veloity of thepartile at the interation point. Additionally the time signals will be measured by the37
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ll1 l2 l3 l4Figure 5.1: Shemati view of detetors used for future TOF determination with the distane toeah other given in meters. The FVH2 is the seond veto layer whih is planned to be build in thenear future [76℄.FRI detetor whih is plaed between the seond and third layer of the range hodosope.Generally, taking into aount the time information from thin sintillators and theenergy loss from thik sintillators we an write that all information whih will be measuredis olleted in eight independent values of time and �ve energy losses:
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5 .(5.1)Using Monte-Carlo methods we an simulate the same quantities as from the experiment:
(t,∆E)mc ≡ tmc
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5 .(5.2)Therefore, in order to reonstrut the orret partile energy (whih the partile had atthe interation point), we have to assume di�erent true partile energies, and omparethe Monte-Carlo predited times and energy losses for eah assumption with the measuredqunatities until we �nd the optimum (most probable) value for the kineti energy of thepartile. A �gure of merit in omparing this two samples ould be a χ2 riterion. A moredetailed desription of the algorithm is given in setion 5.6.5.2 Desription of the detetors used for the time measurementIn this setion we will brie�y desribe the detetors relevant for the time measurement.The �rst detetor whih delivers time information on the way of the forward satteredpartiles is the Forward Window Counter (FWC) [37℄. The light olletion in the detetor



5.2. Desription of the detetors used for the time measurement 39is optimized to keep the detetion e�ieny as homogeneous as possible over the fullhodosope area. The detetor is 48-fold segmented and is omposed of two layers á 24elements made out of 3 mm plasti sintillator. The �rst layer is of onial shape whereasthe elements of the seond layer are assembled in a plane. The elements of the seond planeare rotated by one half of a module (7.5o) with respet to the �rst layer. This geometryprovides a omplete overage of the forward area without holes. In addition the 48-foldgranularity oinides with the 48-fold granularity of the FTH. We expet to ahieve a time

Figure 5.2: Shemati view (left) of the Forward Window Counter (FWC) [76℄ whih is the�start� ounter for TOF measurement (t1, t2), and (right) of the Forward Trigger Hodosope(FTH) (t3, t4, t5).resolution for eah layer in the order of σ (FWC) ≈ 200 ps. A shemati view of FWC isshown in the left panel of Fig. 5.2.The next detetor yielding time information on the way of the forward �ying partilesis the Forward Trigger Hodosope (FTH). It onsists of three sintillating layers whihwere renewed in the last year [42,77℄. Setup has a highly homogeneous detetion e�ienyand shows a fairly uniform behavior [42℄. In ase of using the FTH detetor to measuretime it is expeted to ahieve a resolution of about σ(FTH) ≈ 200 ps for eah layer. Thefront view of the FTH detetor is shown in the right panel of Fig. 5.2.FRI is a thin sintillator hodosope, designed to provide fast spatial and time informa-tion from inbetween the FRH. It onsists of two layers of horizontal and vertial sintillatorbars of 5 mm thikness eah, and a maximum length of 1405 mm. Eah bar is read out onone side via small and fast photomultiplier with light guides of �shtail type. The expetedtime resolution of the FRI is about σ(FTH) ≈ 300 ps. Shemati view of the FRI is shownon left panel of Fig. 5.3.The last thin detetor in the pathway of a forward sattered partile is the ForwardVeto Hodosope (FVH). The FVH is a veto detetor build out of 12 horizontal sintillatorbars whih are read out on both sides (right panel of Fig. 5.3). The auray of a time



40 Chapter 5. The Time-of-Flight methodmeasurement amounts to about σ ≈ 150 ps. In future it is planned to build a seondveto detetor with 20 modules plaed vertially and readout by photomultipliyers on bothsides. This detetor will be optimized for the TOF measurment, and it will be plaedabout 80 m down stream with respet to the �rst FVH [46℄.

Figure 5.3: Shemati view of the: (left) Forward Interleaving Hodosope(FRI) (t6, t7), and(right) the Forward Veto Hodosope (FVH) whih will be the �stop� ounter (t8, t9).By ombining the time-of-�ight method and presently used energy loss tehnique weexpet to inrease the momentum determination by a fator of about 1.5 and inreaseorrespondingly the auray of partile identi�ation. In order to estimate an expetedimprovement we have onduted Monte Carlo simulations of the pp → ppη′ reation inthe range of few tens of MeV above the threshold where the veloity of outgoing protonsis around β ≈ 0.75. The determination of the kineti energy of protons from energy losswill at best be possible with a frational resolution of σ(T )
T

=3%, whih is equivalent to arelative momentum resolution of (see App. C):
σ(p)

p
=

T + m

T + 2m

σ(T )

T
≈ 2.4% (5.3)The determination of the time-of-�ight in vauum would lead to a frational resolution ofthe momentum reonstrution expressed by the following formula:

σ(p)

p
=

1

1 − β2

σ(tof)

tof
. (5.4)Thus, from the above antiipated resolution of about 150 ps for FWC and FVH ounterseven with this two detetors, one ould obtain a frational momentum resolution of σ(p)

p
=3%. But this is only a onservative limit of the expeted improvement sine the partileswill be slowed down in the FRH and the time will be measured by more detetors.5.3 Frational energy resolution from the TOF measurementTo hek the posibility of energy reonstrution from the time-of-�ight method wehave performed studies of frational energy resolution as a funtion of the kineti energy



5.3. Frational energy resolution from the TOF measurement 41and kineti energy as a funtion of time-of-�ight between start and stop detetors. Wehave simulated homogeneously in the phase spae the pp → ppη′ reation using the GEN-BOD [78℄ proedure with a nominal beam momentum of pbeam = 3.35 GeV/ withouttaking into aount any beam spread.
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Figure 5.4: The time-of-�ight between the FWC and FVH detetors as a funtion of the protonkineti energy. For the alulations the energy losses in the sintillators of the Forward Detetorwere taken into aount.To aluluate the kineti energy as a funtion of the time-of-�ight we used only twodetetors here: the FWC as start ounter and the FVH as stop ounter, whih are about2 m apart (see Fig 5.1). The energy loss in the detetor material of FD was alulatedusing the Bethe-Bloh formula [79℄, whih for plasti sintillators and protons in the kinetienergy range from 200 to 830 an be approximated by [8℄:
− dE

dx
= onst · β−

5

3 , (5.5)where the fator onst = 1.76 was alulated [69℄ from the experimental data [80℄.The time-of-�ight between the start and stop detetors was alulated iteratively usingnumerial Monte-Carlo tehniques. Tehnially for eah proton �ying through the detetorthe time-of-�ight was derived by summing very small time intervals for passing a distaneon whih the hanges of the ionization power (dE/dx) an be negleted:TOF =

d�
0

dx
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E(d)�
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dE

β(E)dE
dx
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(5.6)



42 Chapter 5. The Time-of-Flight methodThe plot in Fig. 5.4 shows the time-of-�ight alulated as a funtion of the protonkineti energy. We an see that with dereasing energy the time-of-�ight between the startand stop outers inreases. And for partiles whih have an energy smaller then 360 MeVthe time-of-�ight annot be established beause they do not reah the stop ounter.
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Figure 5.5: (left) Frational kineti energy resolution estimated for three onsidered tehniques- energy loss, DIRC and TOF. (right) Distribution of kineti energy of protons emitted from
pp → ppη′ reation simulated for a beam momentum of 3.35 GeV/.Another possible improvement of the energy measurement of the forward emitted par-tiles assumes the installation of a DIRC detetor whih would enable to determine theveloity of protons [81, 82℄. Therefore, in the following we will ompare the missing massresolution obtained using the energy loss method with the resolution expeted when us-ing the time-of-�ight method and also with the resolution ahievable when using a DIRCounter.For the omparison we expressed the properties of time-of-�ight tehnique, DIRC andenergy loss method in terms of frational kineti energy resolution. The result is shown inthe left panel of Fig. 5.5, it indiates that both DIRC and time-of-�ight an yield betterresolution than that obtained from energy loss only. However, for the estimation of themissing mass resolution it must be taken into aount that the TOF method an be usedfor protons whih passed the whole detetor with an energy T > 360 MeV, whereas theDIRC an deliver signals only for protons above the Cerenkov threshold whih orrespondsto 500 MeV [81℄. This implies that only a fration of protons (see right panel of Fig. 5.5)an be reonstruted by means of these two methods. The right panel of Fig. 5.5 illustratesthat the energy of both protons an be reonstruted for only about 20% of events usingthe DIRC detetor, and for about 70% of events using time-of-�ight method. In other asesthe energy of either one or both protons must be determineted using energy loss tehnique.



5.4. Auray of the missing mass reonstrution 435.4 Auray of the missing mass reonstrutionFor a rough estimation of a missing mass auray we have assumed that we willmeasure the time only with the FWC and FVH but to aount for the fat that in realitywe will use muh more detetors we assumed the preision of σ(tof) = 100 ps. Furthermore we have inluded the geometrial aeptane of the WASA Forward Detetor forpartiles emitted in the forward diretion, whih is: 2.5o 6 θ 6 18o. The simulation didnot inlude ontributions due to a �nite interation region and the momentum spread ofthe COSY beam, sine we foused on the omparison of the resolution resulting from thereonstrution of the proton four-momenta by the disussed methods.In order to alulate the missing mass distributions we have simulated proton four-momenta using an event generator based on GENBOD [78℄, whih produes partile four-momenta in the CM-frame homogeneously distriuted in phase spae. These partile four-momenta were then boosted into the lab-system by means of a Lorentz transformation. Toreprodue the missing mass as measured in the experiment we then smeared the kinetienergy of the simulated protons applying the known energy resolutions for eah of thestudies reonstrution methods. Next using the alulated four-momenta of protons themass of an unobserved partile was alulated aording to the equation:
mX =

√

(Ebeam + mtarget − Ep1
− Ep2

)2 − (~pbeam − ~p1 − ~p2)2, (5.7)In Fig. 5.6 the missing mass distributions for eah method are shown. The left plotshows the result obtained using energy loss tehnique, middle plot orresponds to the DIRCtehnique and right to the time-of-�ight method.
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Figure 5.6: Missing mass distribution to the pp → ppX reation reonstruted under the as-sumption that the resolution of kineti energy determination of protons will be as expeted fromenergy loss measurement (left plot), DIRC (middle plot), TOF with σ(TOF ) = 100 ps (right plot).The simulations for the time-of-�ight method and DIRC detetor shows that the reso-lution of the missing mass reonstrution an be signi�antly improved in omparison tothe results obtained when using only energy loss information.



44 Chapter 5. The Time-of-Flight method5.5 In�uene of the passive material on a preision of the energydeterminationNew layers of the Forward Range Hodosope (FRH 4 and 5) are plaed in thin 8 mmplexi glass shield, to keep all sintillators modules in the orret position and to protetthem against any mehanial damage. This material is not used in the measurement andwe do not have information about the energy loss in this layers. We expet that in the 32mm (4 × 8mm) of the dead material the average energy loss will be about 10 MeV, and thatthe spread of this energy loss will be in order of 1 MeV or less. In order to estimate the saleof the e�et we have onduted a simulations of a kineti energy dependene of protons�ying trought the Forward Detetor as a funtion of the time-of-�ight. In alulationswe assumed a four di�erent values for the error in alulating energy losses in the passivematerial: ∆Eplexi = 1 MeV, 2 MeV, 4 MeV, 10 MeV. The proton energy as a funtion ofthe time-of-�ight for the assumed error is plotted in Fig. 5.7, where it is ompared to thenominal dependene. We expet an error to be less then 1 MeV, however for the bettervisualization of the e�et a muh larger range was studied.
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Figure 5.7: The kineti energy of protons as a funtion of the time-of-�ight. The lines indiatesdi�erent assumption of the error for the alulations of the energy losses in the four passive layersof plexi.One an see from Fig. 5.7 that the inauray of the energy loss determination of about1 MeV will ause the error of kineti energy determination in the order of fration of MeV.



5.6. Computational algorithm for the reonstrution of partile momenta based on timesignals in the Forward Detetor 45Therefore we an neglet this in�uene of the passive material on energy reonstrution.5.6 Computational algorithm for the reonstrution of partilemomenta based on time signals in the Forward DetetorIn this setion we will present the sheme of the algorithm developed for the reon-strution of partile energy whih is based on time and energy losses measured in theForward Detetor. For the sake of simpliity further on we will onsider only average timesmeasured in eah detetor, and we will assume for simpliity that energy loss ∆E oursin one solid blok of sintillating material between the FTH and FRI and another blokbetween FRI and FVH detetors, as shown in Fig. 5.8. The simpli�ation is made havingin mind that in general every detetion plane an be treated as a separate detetion unit,and that the derived equations an be easily generalized for more detetion planes.In suh ase eah event is haraterized by a set of two values of energy loss measuredin the FRH sintillation layers, namely:
∆Eexp = (∆Eexp

1 ,∆Eexp
2 ) (5.8)and time information from four thin sintillators (FWC, FTH, FRI, FVH):
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Figure 5.8: Shemati view of detetors used for the explanation of the algorithm to reonstrutprotons energy based on time and energy loss information.The measured times an be expressed as a funtion of three parameters:
ti = ti−1 + f(Ei−1,∆l,∆E), (5.10)



46 Chapter 5. The Time-of-Flight methodwhere Ei denotes the partile energy after i-th detetor, ∆l denotes the length of thepartile trajetory between the two detetors, and ∆E indiates the energy loss between(i-1)-th and i-th time ounter.Therefore we an alulate for eah event a time using following equations:
tmc
1 =

l1
β(E0)

, (5.11)
tmc
2 = tmc

1 +
l2 − l1
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, (5.12)
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β(E3 − ∆E(d5))
, (5.14)where β(E0) denotes the initial veloity of the partile.Having ∆E measured we an alulate the time in whih partiles pass a thik detetor

∆t(d) numerially. E.g. for the ∆t(d2) the formula reads:
∆t(d) =

E2−∆E(d2)�
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β(E)dE
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(E)
. (5.15)In order to reonstrut the true partile energy E0 whih it had at the interation pointwe ompare simulated times tmc

i with the measured times texp
i . For the omparison we anonstrut the χ2 aording to the method of least squares:
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)2 (5.16)where, σt
i indiates the resolution of the time mesurement in the i-th ounter. One an,treat E0 as a free parameter, and determine the value of the partile energy when χ2(E0)reahes a minimum. To optimize the algorithm we may in pratie san the value of E0in the range of unertainty around the value established based on the energy loss methodonly, and using one of the minimalizing methods as e.g. the bisetion method.The proposed method of partile identi�ation using time signals, an be generalizedfor usage with real number of sintillator layers of the WASA-at-COSY detetion setup.



6. Summary and onlusionsThis thesis aimed at the estimation of the feasibility to study the branhing ratio forthe η′ → π+π−π0 deay with the WASA-at-COSY detetor. By measuring this isospinviolating deay it is possible to derive the mass di�erene between the u and d quarks.This in ombination with the ratios of the light quarks masses, an be used to derive theabsolute value of quark masses, whih annot be observed diretly.In order to established the optimum beam momentum for onduting the experimentswith WASA-at-COSY setup we performed Monte-Carlo simulations taking into aount theenergy dependene of the signal and the bakground as well as the missing mass resolutionand the detetion e�ieny. For the alulations we onsidered a range of values from theestablished upper limit of 5% down to a value by one order of magnitude lower (0.5%). As aresult we found that the best auray for the measurement of the BR(η′ → π+π−π0) withthe WASA-at-COSY detetor is ahieved when the η′ meson is produed with an exessenergy in the range between 60 and 90 MeV orresponding to beam momenta ranging from3.4 - 3.55 GeV/.Further on we investigated the branhing ratio unertainty as a funtion of measurementtime for one value of exess energy (Q = 75 MeV). As a result we an onlude that if theBR(η′ → π+π−π0) was equal to 1% as predited based on the hiral unitary approuh [19℄we would need �ve weeks of beamtime with a luminosity of 1032 m−2 s−1 in order todetermine the branhing ratio with an auray of 5%. We have established also thesensitivity for the estimation of the upper limit of the BR(η′ → π+π−π0) in the ase ofno signal. We found that an upper limit on the branhing ratio of 0.001 an be set on aon�dene level of 90% after one month of beam time.Beause there are no available data on the π+π−π0 prodution in ollisions of protonsnear the kinematial threshold for the η′ meson prodution, we have used the COSY-11 data on the pp → ppX reation and established an upper limit for the bakground,expeted to be observed with WASA-at-COSY detetor. Using the missing mass spetrafor the pp → ppX reation for several exess energies, the di�erential ross setions forthe multimeson prodution was alulated. For further usage the exitation funtion wasparametrized as a α · Qβ. By that means we an ompute the values of the expetedbakground as a funtion of the exess energy near the η′ meson threshold.In the seond part of the thesis we have proposed a possible improvement of the energyreonstrution of forward sattered protons using the time measured in the sintillatorounters of the forward part of the WASA-at-COSY detetor.The missing mass resolution based on a time-of-�ight measurement was investigatedand it was presented that it is similar to the resolution ahievable with the energy lossmethod. Thus, ombining this two independent tehniques we expet to improve the47



48 Chapter 6. Summary and onlusionsmissing mass resolution by about a fator of 1.5. We also have presented the basi oneptof an algorithm whih will enable to determine the energy of partiles based on the time-of-�ight tehnique. In the near future we plan to implement the established algorithm inthe WASA analysis software.



A. η′ as a member of the SU(3) pseudosalar meson nonetAording to the quark model eah (pseudosalar) meson is a state of a quark andantiquark system. The three lightes quarks u, d and s, give nine possible qq̄ ombinations.In terms of the SU(3) symmetry we an write this as:
3 ⊗ 3̄ = 8 ⊕ 1, (A.1)whih inludes an otet and a singlet. All possible meson states an be presented as amultiplet on a plot where the horizontal axis denotes the third omponent of the isospin -

I3 and on the vertial axis the strangness - S is shown. Figure A.1 presents a multiplet ofthe pseudosalar mesons.
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Figure A.1: Pseudosalar meson nonet of the SU(3) symmetry group.In this piture we have pions: π+, π0, π−, kaons: K+,K0 and K−,K̄0 and η1 and η8.The η and η′ meson are not pure states of the SU(3) pseudosalar nonet but a ombi-nation of a singlet η1 and otet η8. The quark model give as wave funtions for the purestates:
η1 =

1√
3
(uū + dd̄ + ss̄) (A.2)

η8 =
1√
6
(uū + dd̄ − 2ss̄) (A.3)and from them the wave funtions for physialy observed states are onstruted as:

η = η8 cos θ − η1 sin θ (A.4)49



50 Appendix A. η′ as a member of the SU(3) pseudosalar meson nonet
η′ = η8 cos θ + η1 sin θ (A.5)where θ ≈ −15.5o±1.3o [83℄ denotes the mixing angle whih was established experimentally.Using equation (A.4), (A.5) and the value of the mixing angle we obtain [84℄:

η = 0.77
1√
2
(uū + dd̄) − 0.63ss̄, . (A.6)

η′ = 0.63
1√
2
(uū + dd̄) − 0.77ss̄ (A.7)Both wave funtions above are very similar and therefore the mass of these two mesonsshould in pratie be also similar. However, the empirial mass of the η′ meson is abouttwo times larger than the mass of the η meson.



B. The missing mass tehniqueThe missing mass tehnique is used to identify the partiles whih annot be registeredby the detetors due to short life time. We study the prodution of the η′ meson via the
pp → ppX reation where X denotes the unobserved partile. If we determine the four-momenta of all protons before and after the ollision, the four-momentum onservationgives the relation:

Pbeam + Ptarget = P1 + P2 + PX , (B.1)where PX orresponds to the four-momentum of the unobserved partile.The mass an be alulated from (B.1) as:
m2

X = |PX |2 = |Pbeam + Ptarget − P1 − P2|2, (B.2)with P ≡ (E, ~p) we an write:
m2

X = (Ebeam + Etarget − E1 − E2)
2 − (~pbeam + ~ptarget − ~p1 − ~p2)

2. (B.3)Using the formula above we an alulate the mass of the unobserved partile assumingthat we an determine the four-momenta for all other partiles partiipating in the reation.In the laboratory where the proton beam ollides with the hadrogen target the momen-tum of target is ptarget = 0 and energy is equal to the mass. Therefore in the laboratorysystem relation (B.3) an be written as:
m2

X = (Ebeam + mtarget − E1 − E2)
2 − (~pbeam − ~p1 − ~p2)

2. (B.4)

51
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C. Relation between the frational momentum resolutionand the frational time-of-�ight aurayTo alulate the frational momentum resolution related to the time-of-�ight frationalresolution we use the formula for the momentum:
p = mγβ =⇒ p2 = m2γ2β2, (C.1)where γ denots the relativisti Lorentz fator

γ =
1

√

1 − β2
(C.2)and β indiates the veloity of the partile:

β =
l

t
, (C.3)with l being the distane for the time-of-�ight measurement. Inserting the (C.2) and (C.3)to (C.1) we get:

p2 =
m2l2

t2 − l2
. (C.4)The standard deviation of the momentum distribution as a funtion of time resolutionan be obtained by di�erentiating equation (C.4):

σ(p2) =
2m2l2t

(t2 − l2)2
σ(t). (C.5)Applaying the relations t = l

β
, and σ(p2) = 2pσ(p) in eq. (C.5) we obtain a relationbetween the frational momentum resolution and the frational time-of-�ight auray:

σ(p)

p
=

1

1 − β2

σ(t)

t
. (C.6)Further on, we will derive the relation between the frational momentum resolutionand the frational energy resolution. By di�erentiating p2 = E2 − m2 we obtain:

2pσ(p) = 2Eσ(E), (C.7)and thus we an write:
σ(p)

p
=

E2

p2

σ(E)

E
=

1

β2

σ(E)

E
. (C.8)From formula (C.8) we an also estimate the relation of the frational momentumresolution as a funtion of the frational kineti energy resolution. The total energy is53



54 Appendix C. Relation between the frational momentum resolutionand the frational time-of-�ight auraygiven by E = T + m and by di�erentiating we an write: σ(E) = σ(T ), due to onstantmass. Therefore we have:
σ(p)

p
=

E2

p2

T

E

σ(T )

T
(C.9)By further transformations we obtain:

σ(p)

p
=

ET

p2

σ(T )

T
=

ET

E2 − m2

σ(T )

T
=

ET

(T + m)2 − m2

σ(T )

T
, (C.10)

σ(p)

p
=

ET

T 2 + 2mT

σ(T )

T
=

E

T + 2m

σ(T )

T
. (C.11)Finally the frational momentum resolution as a funtion of frational kineti energy res-olution reads:

σ(p)

p
=

T + m

T + 2m

σ(T )

T
. (C.12)



D. Parametrization of the pp → ppπ+π−π0 total ross setionThe prodution proess of three pions is not well known. Only a few experimentaldata points exist for the pp → ppπππ total ross setion and the dynamis of the proessis still not well understood [7℄. Therefore, for the estimation of the exitation funtion wehave used a parametrization proposed by J. Bystriky [85℄ whih is based on the expansionof the total ross setion in a base of the generalized Laguerre polynomials.One an expressed the total ross setion using the e�etive amplitude:
σpp→ppπ+π−π0 = |F (x)|2, (D.1)where the amplitude F (x) an be expanded into series of orthonormal funtions Lα

n(x):
F (x) =

∞
∑

n=0

anLα
n(x), (D.2)with

Lα
n(x) = e−

x
2 x

α
2 Lα

n, (D.3)
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Figure D.1: (left) The parametrization of the total ross setion for pp → ppπ+π−π0 andexperimental data points from [61�63℄. (right) Cross setions of the pp → ppη′ reation [51�54℄ompared to the total ross setion for the pp → ppπ+π−π0 proess (solid line).55



56 Appendix D. Parametrization of the pp→ ppπ+π−π0 total ross setionwhere Lα
n denote the generealized Laguerre polynomials:

Lα
n(x) =

n
∑

m=0

(

n + α

n − m

)

(−x)m

m!
. (D.4)We put

x = ck ln

(

T

Tk

) (D.5)where Tk is the beam kineti energy at the reation threshold, and ck is a onstant, deter-mining the sale of T .One an see that the parametrization of the total ross setion is in good agreementwith the available experimental ponits for the three pion prodution. Considering now theprodution of the η, η′ mesons we an see that in the ase of the η′ meson the total rosssetion for the diret prodution of three pions inreases by a fator of about 700 whengoing form η to η′ prodution threshold.The diret three pion prodution will onstitute the major ingredient of the bakground.We have plotted the total ross setion of the three pion prodution using the introduedparametrization and ompared it to the experimental points with a parametrization of thetotal ross setion for the η′ meson prodution. One an see that the ross setion forthe bakground prodution is three orders of magnitude larger then the ross setion forthe prodution of the investigated meson, making the study of the η′ → π+π−π0 deayexperimentally hallenging.



E. Parametrization of the proton-proton Final StateInterationThis appendix was prepared on the basis of referenes [86℄. The �nal state interationbetween two protons in the exit hannel of the reation pp → ppX is a well known fat,and had ahieved a good theoretial desription. In order to inlude this interation in ouralulations we had onsidered three possible models of the pp-FSI enhanement fatorsdesribed in [86℄.The �rst model uses the square of the on-shell proton-proton sattering amplitude,whih for the relative angular momentum l = 0 reads [87℄:
Mpp→pp =

eiδpp · sin(δpp)

C · p (E.1)where p indiates the momentum of both proton in the enter of mass system of the ollidingpartiles, δpp denotes the phase shift, C is the Coulomb penetration fator whih inludesthe Coulomb interation between two protons. This fator an be de�ned as [88, 89℄:
C =

2πηc

e2piηc − 1
, (E.2)where ηc = α

v
indiates the relativisti Coulomb parameter, with α being the �ne strutureonstant and v the proton veloity in the rest system of other proton.The phase shift δpp is alulated using the Cini-Fubini-Stanghellini formula, inludingthe Wong-Noyes Coulomb orretions [71℄:

C2 · p · ctg(δpp) + 2 · p · ηc · h(ηc) = − 1

app
+

1

2
· bpp · p2 − Ppp · p4

1 + Qpp · p2
, (E.3)where [88℄:

h(ηc) = −ln(ηc) − 0.57721 + ηc ·
∞

∑

n=1

1

n · (n2 + η2
c )

, (E.4)
app = −7.8 fm denotes the sattering length and bpp = 2.8 fm is the e�etive range. Theparameters Ppp = 0.74 fm3 and Qpp = 3.35 fm2 are related to the shape of the nulearpotential, and were alulated from the pion-nuleon oupling onstant [70℄. Finally, thesquare of the proton-proton sattering amplitude an be expressed as:

|Mpp→pp|2 =
1

C4 · p2 +
(

− 1
app

+ 1
2 · bpp · p2 − Ppp·p4

1+Qpp·p2 − 2 · p · ηc · h(ηc)
)2 (E.5)As a seond possibility, for the pp-FSI parametrization we have approximated theenhanement fator by the inverse of the squared Jost funtion [90℄:

M = Mon
0 J−1(−p), (E.6)57



58 Appendix E. Parametrization of the proton-proton Final State Interationwhere for a short ranged interation, by applaying the e�etive range expansion to order
p2 we have:

1

J(−p)
=

bpp(p
2 + α2)

2( 1
app

+ 1
2bpp · p2 − i · p)

, (E.7)with
α =

1 +
√

1 + 2
bpp

app

bpp
. (E.8)Equation E.7 is true in presene of the long-ranged Coulumb fore.To inlude the possible dynamis of the three pion prodution along with the theoretialpredition, we had assumed that the prodution an proeed via the exitation of ∆ and

N∗ resonanes aording o the reation hain:
pp → ∆N∗ → ppπππ,where ∆ deays into pπ and N∗ into pππ. A orresponding Feynman diagram ouldthen have a form as shown in �gure E.1. The mehanism had been applied by using the

N∗

∆

pp pp
π

π

π

FSI
Figure E.1: Feynman diagram of a possible prodution of three pion by exitation of ∆ and N∗resonanes.relativisti Breite-Wigner form for the probability of the auring of the mπp invariantmass:

a2(mpπ) =
m2 · Γ2

(m2 − m2
pπ)2 + m2 · Γ2

(E.9)where the Γ and m denote the width and mass of the ∆ resonane, respetively, and the
mpπ indiates the invariant mass of the proton-pion subsystem. An analogous formula wasused for the mpππ and N∗ resonane.



F. Dynamis of the π+π−π0 prodution in proton-protoninterationWith a 4π failities suh as WASA, aiming at measurements of deays of η and η′ pro-dued in pp interations, the understanding of the pp → pp3π reation dynamis beomesvery important as they onstitute a severe bakground for studies of η and η′ deays intothree pions. However, for more than fourty years there were only three experimental datapoints available for the ross setion of pp → ppπ+π−π0 and pp → pnπ+π+π− reations, alloming from bubble hamber experiments [61�63℄. Only reently the data base has beenextended by measurements of the pp → ppπ+π−π0 and pp → ppπ0π0π0 reations rosssetions near the threshold by the CELSIUS/WASA ollaboration [2℄. For the remainingreations there are no data in that energy region. As a onsequanee the understandingof the mehanism of the 3π prodution is by far not satisfatory [7℄. Therefore, in orderto gain more information of the dynamis of this proess we have ompared the empirial
dσB

dm

∣

∣

∣

mη′

energy dependene with results of simulations onduted under various assump-tions as regarding the interation among the �nal state partiles. The diret produtionshould proeed by an exitation of one or two baryon resonanes followed by the subse-quent deays [91℄. Therefore we have tested two possibilities assuming for the primaryprodution a pure phase spae distribution and as a seond possibility we onsidered theresonant prodution via the pp → ∆N∗ → pp3π reation hain. The result of the simu-lations are onfronted with the data in �gure F.1. Assuming the Watson-Migdal ansatz,we fatorize the proton-proton FSI and the prodution amplitude. We have onsideredthree possible parametrizations of the pp-FSI enhanement fators whih are desribed indetail in referene [86℄ and in the appendix E of this thesis. As a �rst possibility for theproton-proton enhanement fator we use the square of the on-shell proton-proton sat-tering amplitude alulated aording to the Cini-Fubini-Stanghellini formula inludingthe Wong-Noyes Coulomb orretions [70�72℄. As a seond possibility, we approximatedthe enhanement fator by the inverse of the squared Jost funtion (JostD) derived byDruzhinin et al [90℄, and �nally we used also the inverse of the squared Jost funtion(JostG), alulated aording to the formulae of Goldberger and Watson [92℄. Figure F.1indiates that the exess energy dependene of dσB

dm

∣

∣

∣

mη′

an be reprodued equally wellassuming that the phase spae is homegeneously populated or assuming that the reationproeeds via resonanes: pp → ∆N∗ → pp3π. However, it is evident from the �gure thatinlusion of the FSI inhanement fators as derived for the three body �nal state worsenssigni�antly the onsisteny with the data.
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Figure F.1: Di�erential ross setion ( dσB
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∣

∣
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) for the pp → pp3π prodution with the invariantmass of pions equal to the mass of the η′ meson as a funtion of the exess energy above the η′threshold. Simulations for the pp → pp3π reation are ompared to the multimeson produtionextrated from the COSY-11 experiments (see Table 4.1 and Figure 4.2). For better visalizationthe simulated values have been arbirarily normalized suh that the point at the lowest energy (forQ = 1.53 MeV) di�er from the data by subsequent powers of ten. The data points are positionedin the middle of the �gure. The results of simulations were obtained assuming that the proess isgoverned by (from top to bottom):(i) Phase Spae ⊕ ∆∆ ⊕ FSIJostG - empty stars(ii) Phase Spae ⊕ ∆∆ ⊕ FSIJostD - empty triangles(iii) Phase Spae ⊕ ∆∆ ⊕ FSIon−shell - empty squares(iv) Phase Spae ⊕ ∆∆ - empty irles(v) Phase Spae - data points(vi) Phase Spae - full irles(vii) Phase Spae ⊕ FSIon−shell - full squares(viii) Phase Spae ⊕ FSIJostD - full triangles(ix) Phase Spae ⊕ FSIJostG - full stars



G. Desription of omputer programs used for simulationsSimulations were performed using the FORTRAN and C language programs withadditional libraries from the CERNLIB pakage. Here only a brief desription of theprograms is shown without details.All programs were using GENBOD phase spae generator subroutines [78℄, whih onbasis of the total energy in the enter of mass of two olliding partiles and the masses ofthe outgoing partiles, returns the four-momenta of all partiles in the exit hannel. Eahgenerated event is weighted with the WT0 parameter whih ensures that the partiles arehomogeneneously distributed in the phase spae. The output four-momenta are given inthe enter of mass system, thus it is needed to transform them to the laboratory refereneframe using the Lorentz transformation.In most ases the input parameters (beam momentum, total energy in the CM frame,number of outgoing partiles, mass of partiles) for all programs were read from a speialinput �le. This method prevented from ompiling the ode eah time, when the values ofparameters hanged.In order to hek whether the generated events ful�ll the detetion onditions we haveimplemented onstrains of geometrial aeptane of the detetor setup.The interation of protons in the �nal state (FSI) and the prodution dynamis wasinluded aording to formulae introdued in appendix E. To take into aount thesee�ets we have weighted eah generated event by the sqaure of the proton-proton elastisattering amplitude or a square of the Breit-Wigner amplitude (A2):
WT = WT0 · A2. (G.1)As output of the programs in most ases an .hbook and an ASCI �les was produed. The�rst one ontains histograms whih an be diretly ploted by PAW analyzing program [93℄and the seond type of �le an be used in further analysis, for example as an imput �le toanother program.
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�I never did a day's work in my life. It was all fun.�Thomas Alva Edison (1847 � 1931)
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