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AbstratThe COSY-11 ollaboration measured the pp → ppη and pp → ppη′ reations inorder to perform omparative studies of the interations within the proton-proton-mesonsystem.This thesis presents in detail the analysis of the pp → ppη′ reation whih was measuredat the proton beam momentum of 3.260 GeV/.The elaboration results in di�erential distributions of squared invariant proton-proton (spp)and proton-η′ (spη′) masses, as well as in angular distributions and the total ross setionat an exess energy of 16.4 MeV.The di�erential distributions spp and spη′ are ompared to theoretial preditions and tothe analogous spetra determined for the pp→ ppη reation.The omparison of the results for the η and η′ meson prodution rather exludes the hy-pothesis that the enhanement observed in the invariant mass distributions is due to themeson-proton interation.Further, the shapes of the distributions do not favour any of the postulated theoretialmodels.
StreszzenieW ramah grupy badawzej COSY-11 wykonano pomiary reakji pp → ppη oraz

pp → ppη′ w elu przeprowadzenia studiów porównawzyh oddziaªywania w ukªadzieproton-proton-mezon.W rozprawie doktorskiej zaprezentowano analiz� danyh z pomiaru reakji pp → ppη′wykonanego z wykorzystaniem wi¡zki protonowej o p�dzie 3.260 GeV/.Wynikiem analizy przedstawionej w niniejszej pray s¡ ró»nizkowe przekroje zynne wfunkji mas niezmiennizyh proton-proton (spp) i proton-η′ (spη′), rozkªady k¡towe orazaªkowity przekrój zynny dla energii wzbudzenia Q = 16.4 MeV.Rozkªady ró»nizkowe spp oraz spη′ zostaªy porównane z przewidywaniami teoretyznymioraz analogiznymi widmami otrzymanymi dla reakji pp→ ppη.Porównanie rezultatów otrzymanyh dla produkji mezonów η i η′ pozwala na wykluzeniehipotezy, »e wzmonienie obserwowane w widmah mas niezmiennizyh jest powodowaneoddziaªywaniem mezonu z protonem.Co wi�ej, na podstawie ksztaªtu otrzymanyh dystrybuji nie da si� rozstrzygn¡¢ pomi�dzypoprawno±i¡ zaªo»e« w postulowanyh modelah teoretyznyh.
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1. IntrodutionThe knowledge of the meson-nuleon interation at the hadroni level is one of the ma-jor goals in nulear physis, nowadays. Also, studies of meson struture and produtionmehanisms onstitute a huge interest of nulear and partile physiists. During the lastdeades many measurements produed interesting results [1℄, but various questions are stillopen.In the SU(3)-�avour sheme the η and η′ mesons belong to the nonet meson family ofpseudosalar mesons. The η and η′ mesons onstitute a mixture of states: singlet-η1 andotet-η8.It is important to stress that the strength of the pη and pη′ interation depends on thestruture of the η and η′ mesons and is diretly related to the singlet-η1 and otet-η8 on-tributions in the wave funtions of these mesons [2�4℄.Taking into aount the mixing angle the resulting ontribution of the various quark�avours in the η and η′ wave funtion is almost the same. However, in spite of the postu-lated similar quark struture the η and η′ mesons owe unexpetedly di�erent features.The most drasti ones are:� η and η′ mesons possess di�erent masses, the η(547) meson is almost two times lighterthan the η′(958) meson [5℄.� The branhing ratios of B and Ds mesons for the deays into the η′ meson are higherthan for the deays into the η meson, and deviate strongly from model preditions[6, 7℄.� There is no experimental evidene for baryoni resonane whih deays by the emis-sion of an η′ meson [5, 8℄ while e.g. the resonanes N(1535) and N(1650) deay viathe emission of the η meson with a signi�ant probability [5℄.These di�erent features ould imply a possible di�erene in the interation of η and η′mesons with elementary partiles, and indiate that also the prodution mehanism ofboth mesons in elementary partile ollisions might vary.Due to the short life-time of the �avour neutral pseudosalar mesons, experiments withmeson beams or targets are di�ult or hardly feasible. Therefore, the nuleon-meson in-teration an be studied only via its in�uene on the ross setions of the reations duringwhih they are produed (e.g. NN → NN Meson) [1℄.Quantitative information about the interation an be gained from the shape of the exi-tation funtions for the pp → ppη and pp → ppη′ reations as well as from a omparisonof those to the ppπ0 system. 11



12 Chapter 1.Up to now, only the proton interation with pions and the η-meson [1℄ was studiedmore exhaustively due to muh more higher total ross setions in omparison to the rosssetion for the pp→ ppη′ reation.Besides the exitation funtion also di�erential distributions of invariant proton-protonand proton-meson masses onstitute a sensitive tool for studies of the interation withinthe meson-nuleon system. The distribution of the proton-η invariant mass showed alear enhanement in the region of small proton-η relative momenta [9℄. The observede�et ould be explained by the non negligible role of the proton-η interation in the �nalstate [10, 11℄, the admixture of higher partial waves during the η prodution [12℄, or theenergy dependene of the prodution amplitude [13℄. Using only the pp → ppη data, it ishowever not possible to justify or falsify any of the above mentioned hypothesis.The endeavour to explain the observed enhanement motivated the experiment and theanalysis of the pp → ppη′ reation whih is presented in this thesis. This experiment wasperformed using the COSY-11 detetor setup [14�16℄, installed at the ooler synhrotronCOSY [17℄ at the Researh Centre Jülih in Germany. It was onduted in an energy rangelose to the kinematial threshold for the η′ meson prodution, where the relative veloitiesof the produed partiles are small.The analysis and results of the pp → ppη′ reation measurement, onduted in order todetermine the distribution of events over the phase spae for an exess energy range equalto the one measured before for the pp → ppη reation are presented in this thesis. Themeasurement was performed at the nominal beam momentum of 3.257 GeV/ orrespond-ing to the nominal exess energy for the ppη′ reation equal to 15.5 MeV. The analysis ofthe ppη′ data was performed in a similar way as it has been done for the ppη system.The omparison of the di�erential distributions for the proton-proton and for the proton-meson invariant masses in the η and η′ prodution ould help to judge about the validityof postulated theories onerning the observed enhanement and allows for a quantitativeestimation of the relative strength of the proton-η and the proton-η′ interations, providedthat the e�et is aused by the proton-meson interation.In the following hapter the urrent status of the pp → ppη and pp → ppη′ total rosssetion measurements is presented. Furthermore, the possibility of proton-η and proton-η′interation studies is disussed and the desription of the observables used in the analysisdesribed in this thesis is given. The results ahieved for the pp → ppη measurement aswell as the available theoretial desriptions of the results are presented.Chapter 3 is devoted to the presentation of the experimental faility used to perform the
pp → ppη′ measurement. In the next hapter, the methods used for the alibration of theCOSY-11 detetors and their relative geometrial settings are presented. The time-spaerelation of the drift hambers and the proedure for the time-of-�ight alibration is de-sribed. Also, the proedure used for the monitoring of the relative beam-target setting isdisussed.



Introdution 13In hapter 5 the method of the pp → ppη′ reation identi�ation will be depited and themethod of identifying measured and also unobserved partiles will be given.Further on, the proedure of the luminosity (L) determination will be presented in hapter6, and in the onseutive hapters it will be shown how the absolute value and the spread ofthe beam momentum was extrated, and the method for the determination of the positionof the drift hambers relative to the COSY-11 dipole will be explained.Chapter 9 omprises the evaluation proedure of the di�erential distributions. First, thekinematial �t proedure and then the bakground subtration due to the multi-pion pro-dution will be disussed.The �nal results onerning the total ross setion and di�erential distributions are pre-sented in hapter 10. The aeptane orretions are disussed and the ahieved experi-mental results are ompared to theoretial preditions.The onlusions are presented in hapter 11.In the appendies at the end of the dissertation some issues disussed in the thesis areexplained in more detail. In the �rst one the struture of the pseudosalar meson nonet,meson masses and quark struture are presented. The seond one is devoted to the desrip-tion of the parameterization of the on-shell proton-proton interation. General remarksabout the ombined analysis of the η′ meson formalism in photo- and hadro-produtionare presented in the third addendum, and the linear energy dependene of the produtionamplitude is disussed in the last one.



14 Chapter 1.



2. Low energy interation within a proton-proton-mesonsystemThe interation of hadrons is the re�etion of the strong fore between the quarks, andprovides information about the hadron struture and the strong interation itself [1℄. Inthe framework of the optial model, the interation between hadrons an be expressed interms of phase-shifts, whih in the zero energy limit are desribed by the sattering lengthand e�etive range parameters [1℄. These variables are quite well established for the (low-energy) nuleon-nuleon interation [18, 19℄, but they are poorly known for the nuleon-meson or meson-meson interations. The estimated real part of the sattering length ofthe η-proton potential, depending on the method of the analysis and studied region, is 3to 10 times [1℄ larger than for the π0-proton sattering (apπ0 = 0.13 fm) [20,21℄, while forthe η′ meson only an upper limit is known of 0.8 fm [22℄.The interation of mesons (e.g. pseudosalar mesons1: π,K, η, η′) with nuleons ould bededued from the experiments realized by means of meson beams, but suh experiments arenot feasible in ase of the �avour neutral mesons due to their short lifetime [1,5℄. However,the study of their interation with hadrons is ertainly aessible via their in�uene onthe ross setion of reations like NN → NN Meson in whih they are produed [1℄. Insuh a ase, the interation within the �nal meson�nuleon system will modify the shapeof the exitation funtion and of the di�erential distributions of invariant masses of thenuleon-nuleon-meson systems.2.1 Exitation funtions for pp → ppη and pp → ppη
′ reationsNear the kinematial threshold measurements of nuleon-nuleon ollisions allow to studythe partile prodution with a dominant ontribution from one partial wave only. In thisenergy range, the dependene of the total ross setion as a funtion of the entre-of-mass exess energy is predominantly determined by the available phase spae and theinteration between the exit partiles. The exitation funtions for the pp → ppη′ [23�28℄and pp → ppη [28�33℄ reations are presented in �gure 2.1. Comparing the data to thearbitrarily normalized phase-spae integral reveals that proton-proton FSI enhanes thetotal ross setion by more than one order of magnitude for low energies. In ase of the

η′ meson prodution one reognizes that the data are desribed well assuming that theon-shell proton-proton amplitude exlusively determines the phase-spae population.1The features of the pseudosalar meson nonet are desribed in appendix A.15
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Figure 2.1: The pp→ ppη and pp→ ppη′ exitation funtions [23�33℄. The dashed lines indiatearbitrarily normalized funtions obtained under the assumption of the homogeneous phase spaeoupation. Solid lines orrespond to alulations of the phase spae weighted by the proton-protonon-shell sattering amplitude [22℄.This indiates that the proton-η′ interation is too small to manifest itself in the exitationfuntion within the presently ahieved statistial unertainty. However, for the η mesonprodution the enhanement is by about a fator of two larger than in ase of the η′ mesonand annot be desribed by the pp-FSI only.2.2 Comparison of η, η
′ and π

0 meson interation with protonsThe strength of the interation dedued from the omparison of the data and the lines in�gure 2.1 depends on the model of the proton-proton interation used in the alulationsfor the ppη and ppη′ systems [22℄. Therefore, in order to estimate a relative strength be-tween the pη and pη′ interations in a model independent way one an ompare the shapeof the exitation funtion of the pp→ ppη and pp→ ppη′ reations. Moreover, one an gainsome quantitative information about these interations by a omparison of these shapes tothe ppπ0 system [1℄, sine the π0-proton sattering length is well known and amounts to0.13 fm [20, 21℄.
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Figure 2.2: The ratios |Mη
0
|/|Mπ

0
| (left) and |Mη′

0
|/|Mπ

0
| (right) extrated from data alulat-ing the pp-FSI aording to the formulas from referene [22℄, and negleting the proton-mesoninteration [1℄. The ratio is shown as a funtion of the phase spae volume [22℄.For that purpose, one an ompare only the dependene of the prodution amplitudes

|M0| derived from the data taking into aount the pp-FSI only.The dependene of |Mη
0 | and |Mη′

0 | as a funtion of the phase spae volumes normalizedto |Mπ
0 | are presented in �gure 2.2. The |M0| for the η, η′ and π0 mesons were extratedfrom data, disregarding any proton-meson interation. When the negleted η(η′)-protoninteration would have been the same as the one for proton-π0, the points in the plotsshould have been onsitent with unity as an be seen for the pp → ppη′ reation, whenreally the interation shows its weakness, independently of the presription used for theproton-proton �nal state interation [22℄. In the ase of the η′ meson prodution its weakinteration with nuleons at the low-energy range is expeted due to the lak of any bary-oni resonanes whih ould deay into a Nη′ system [1, 8℄2.Statistial unertainties allowed to get only a very onservative upper limit for the realpart of the sattering length of the proton-η′ potential resulting in:

|Re apη′ | < 0.8 fm [1, 26℄.Thus, independent of the model used for the presription of the pp-FSI, from a omparisonof the energy dependene of the prodution amplitudes for the pp → ppη, pp → ppη′ and
pp→ ppπ0 reations, it was onluded that the interation within the proton-η′ system ismuh weaker than the interation between the proton and the η meson.Another possibility of learning about interations within nuleon-nuleon-meson systems2Reent alulations of K. Nakayama, Y. Oh and H. Haberzettl predit also resonane state ontribu-tions for the photo- and hadro-produtions [34℄.



18 Chapter 2.is given by the di�erential distributions of the invariant masses. This is why the presentanalysis of the ppη′ system has been performed in a similar way as it has been done earlier [9℄for the ppη system. The determined pp and p-meson invariant mass distributions will beused for a omparative study of the interation within the proton-meson system.In the next setion the de�nitions of the studied observables whih will be used in thefurther analysis are presented.2.3 De�nitions of observablesTo desribe the studied three partile (ppη′) system one needs only �ve independent vari-ables in the entre-of-mass system. In this frame, due to energy and momentum onserva-tion, momentum vetors of protons and η′ lie in one plane, alled reation plane. In thatplane (shown shematially in �gure 2.3) the relative momenta of partiles are desribedby only two variables. These quantities may be hosen as square of the proton-proton in-variant mass spp and square of the proton-η′ invariant mass spη′ . Invariant masses dependon the relative veloity of the partiles and are therefore well suited for a desription ofthe interations between these partiles. Besides the relative movement of partiles on thereation plane three other variables have to be de�ned for �xing the orientation of thereation plane in the oordinate system.

Figure 2.3: Shemati de�nitions of the entre-of-mass kinematial variables used for the desrip-tion of the ppη′ system. In the entre-of-mass frame the momentum vetors of the three outgoingpartiles are loated within the reation plane. In this plane the relative motion of the ejetiles is�xed by the square of the invariant masses spp and spη′ . Three remaining variables the φ∗η′ , θ∗η′and ψ angles are used to de�ne the orientation of the emission plane in spae.In this thesis, by analogy to the evaluation of the ppη system [9℄, the azimuthal and polarangles of the η′ meson momentum vetor relative to the beam diretion, denoted as φ∗η′and θ∗η′ are used, respetively, and the ψ angle desribing the rotation of the reation plane



Low energy interation within a proton-proton-meson system 19around the diretion of the momentum vetor of the η′ meson.The interation between �nal state partiles does not alter the orientation of the reationplane [9℄. Therefore, it will manifest itself only in the distribution of the invariant masses
spp or spη′ , or generally in the population of the Dalitz plot (spp vs. spη′).In the ase of non-interating partiles in the �nal state these distributions should or-respond to a homogeneously populated phase spae. Therefore, their interation shouldshow up as a deviation from these expetation.2.4 pp and p − meson invariant mass distributionsOnly two invariant masses of three subsystems are independent and therefore the wholeaessible information about the �nal state interation an be shown in the Dalitz plot.One an also use the projetion of the phase-spae distribution onto the invariant massesof proton-proton or proton-meson subsystems [9℄.The qualitative phenomenologial analysis of the determined di�erential invariant proton-proton and proton-η mass distributions revealed an enhanement of the population densityat the kinematial region orresponding to a small proton-η momentum. The proton-protonand proton-η invariant mass distributions determined for the pp→ ppη reation at an ex-ess energy of 15.5 MeV are presented in �gure 2.43. The dashed lines in both panelsof the �gure depit the results of alulations where only the on-shell amplitude of theproton-proton interation has been taken into aount.In those alulations the enhanement fator has been estimated as the square ofthe on-shell proton-proton sattering amplitude derived using the modi�ed Cini-Fubini-Stanghellini formula inluding the Wong-Noyes Coulomb orretions [22℄.One an easily see that the mentioned e�et is too large to be desribed by the on-shellinlusion of the proton-proton FSI.In fat a better desription is ahieved when ontributions from higher partial wavesor o�-shell e�ets of the proton-proton potential are taken into aount. These alula-tions ompared to the experimentally determined di�erential proton-proton invariant massdistribution are presented in �gure 2.5. In the left panel of this �gure the experimentallydetermined di�erential ross setion as a funtion of the squared invariant proton-protonmass is ompared to the alulations of V. Baru and ollaborators [39℄ under the assump-tion of a 3P0 →1S0s transition aording to the models desribed in [39℄, depited as thesolid line.Dashed and dotted lines on the left panel of �gure 2.5 represent the alulations ofK. Nakayama and his group [12℄. The authors laim that the ontribution of the S-wavealone is unable to explain the observed enhanement in the squared proton-proton invariant3A similar enhanement has been observed for several measurements performed at exess energies of4.5 MeV [9℄, 10 MeV [35,36℄, 15 and 41 MeV [37℄, and 72 MeV [38℄.
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Low energy interation within a proton-proton-meson system 21mass distribution. Seeking for the better desription they postulate that the shape of theenhanement an be reprodued by folding the relative momentum of the proton-protonsubsystem with the available phase spae [12℄ suggesting that the enhanement ould bethe onsequene of the pp P-wave in the �nal state.Calulations assuming a 3P0 →1S0s transition orrespond to the dashed urve and theresult of alulations with the inlusion of the 1S0 →3 P0s ontribution is depited bythe dotted line. Although the dotted line orresponding to alulations based on thestronger P-wave ontribution is in quite good agreement to the experimental determineddi�erential distribution of the proton-proton invariant mass, it underestimates the to-tal ross setion data taken for the pp → ppη reation near the kinematial threshold(Q lower than 30 MeV) [1℄.On the other hand, the disussed e�et an in priniple be assigned to hanges of theprodution amplitude, sine in alulations by V. Baru et al. [39℄, and by K. Nakayamaand ollaborators [12℄ the prodution amplitude was nearly onstant.An analysis guided by the assumption of a linear energy dependene of the prodution am-plitude was performed by A. Delo� [13℄. The squared invariant mass distributions spp and
spη determined for the pp→ ppη reation measured at an exess energy of Q = 15.5 MeVare ompared to alulations performed by A. Delo� in �gure 2.6.
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Figure 2.6: Distributions of the square of the proton-proton (spp) (left) and proton-η (spη) (right)invariant masses determined experimentally for the pp → ppη reation (losed squares). Theexperimental data are ompared to alulations performed assuming the linear energy dependeneof the prodution amplitude as proposed by A. Delo� [13℄ depited by solid lines.The squared invariant mass distributions ould be quite well reprodued by lifting thestandard on-shell approximation in the enhanement fator and allowing for a linear energy



22 Chapter 2.dependene in the leading 3P0 →1S0s partial wave amplitude [13℄. Those alulations arein ontradition to the suggestion of Nakayama [12℄, giving evidene that higher partialwaves play only a marginal role.At this point, the observed enhanement ould be explained by three di�erent hypothe-ses:i) a signi�ant role of proton-η interation in the �nal state,ii) an admixture of higher partial waves oriii) an energy dependene of the prodution amplitude.Based on the pp → ppη data only, it is not possible to verify any of those models. Theseontingenies motivated the work presented in this thesis whih is an analysis of a highstatistis pp→ ppη′ reation measurement in order to determine the distribution of eventsover the phase spae for an exess energy of Q = 15.5 MeV the same one as seleted beforefor the pp→ ppη reation. The omparison of the di�erential distributions for the proton-proton and proton-meson invariant masses in the η and η′ prodution ould help to judgebetween postulated explanations of the observed e�et and may allow for a quantitativeestimation of the proton-η and proton-η′ interation.The experimental faility, the method of the analysis, and ahieved results for the pp→ ppη′reation will be presented in the following hapters.



3. Experimental failityThe measurement of the pp → ppη′ reation was onduted using the ooler synhrotronCOSY and the COSY-11 detetor setup. Both failities will be desribed in this hapter.
3.1 Cooler Synhrotron COSYThe COoler SYnhrotron (COSY) [17℄ is loated at the Institute of Nulear Physis of theResearh Centre Jülih in Germany. The faility was designed to aelerate polarized andunpolarized proton and deuteron beams in the momentum range from 0.3 GeV/ up to3.7 GeV/. The sketh of the whole aelerator omplex is presented in �gure 3.1. Thetotal length of the synhrotron ring is 184 meter. There are two straight 40 meter setions,and two bending setions with 24 dipole magnets.The experimental installations at the synhrotron an be lassi�ed as two groups;a) the detetors installed inside the COSY ring: WASA [40,41℄, COSY-11 [14�16℄, PISA [42℄,EDDA [43℄, COSY-13 [44℄, and ANKE [45℄ andb) outside of the COSY ring at external beam lines: COSY-TOF [46℄, JESSICA [47℄,NESSI [48℄, GEM [49℄, MOMO [50℄, and HIRES [51℄.Some of those experiments are already ompleted and no longer in operation (labelled inblak) and the others are still in operation (labelled in green) in �gure 3.1.The COSY synhrotron is equipped with eletron and stohasti ooling devies whihare used to derease the momentum and spatial spread of the beam [52℄.In the ase of eletron ooling, the eletrons with veloities equal to the nominal protonbeam veloity are injeted at a straight setion of the synhrotron. This operation ausesthat faster protons are deelerated and slower ones are aelerated.Stohasti ooling uses an eletromagneti devie, the so alled pik-up unit, whih mea-sures the beam deviation from the nominal position at one point of the aelerator andorrets it by transmitting a orretion signal through the shortest way to the kikerunit at the other side of the beam pipe. It auses not only a shift to the nominal beamorbit, but also dereases the spread of the transversal and longitudinal momentum om-ponents [53, 54℄. 23
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Figure 3.1: Shemati view of the �oor plan of the COSY synhrotron. Marked in violet areinternal-beam [14, 40, 42�45℄ and external-beam [46�51℄ detetor setups. Failities COSY-TOF,WASA and ANKE labelled in green are presently still in operation. The positions of eletron andstohasti ooling devies are indiated and the stohasti ooling signal lines are presented by thelight-blue dashed lines.



Experimental faility 253.2 COSY-11 detetor setupThe measurement of the pp→ ppη′ reation is based on the registration of the two outgoingprotons and reonstrution of their momenta. The η′ meson is identi�ed using the missingmass tehnique.

S2

Si

Figure 3.2: Shemati view of the COSY-11 detetion faility [14℄. Note, that only those detetorswhih were used during the measurement of the pp → ppX reation are presented. Protonsoriginating from the pp → ppX reation are bent in the dipole magneti �eld, and leave thevauum hamber through the exit window. Afterwards they are deteted in the two drift hambersD1 and D2, in the sintillator hodosopes S1 and S2, and in the sintillator wall S3. The sintillationdetetor S4 and the silion pad detetor Si are used in oinidene with the D1, D2 and S1 detetorsfor the registration of the elastially sattered protons.



26 Chapter 3.The COSY-11 faility is one of the internal detetor setups installed inside the COSYsynhrotron tunnel at a bending setion of the ring. It is mounted next to one of thedipole magnets, and bene�ts from the dipole magneti �eld whih is used for the partileseparation from the beam.A shemati view of the COSY-11 apparatus is presented in �gure 3.2. The �gureillustrates also shematially the traks of protons outgoing from the pp → ppX reation.Two outgoing protons possessing smaller momenta than the beam momentum, are bent inthe dipole magneti �eld towards the detetor system. They leave the vauum hamberthroughout the exit window made out of a 30 µm layer of aluminum and 300 µm of aarbon �ber arrier material with an averaged density of 2.1 g/m3 [14℄ and are detetedusing the drift hambers D1 and D2, the sintillator hodosopes S1 and S2, and the sin-tillation wall S31.The target2 used during the experiment, was realized as a beam of H2 moleulesgrouped inside lusters of up to about 106 atoms. The average density of the targetwas around 5 · 1013 atoms/m2 [63℄. It was installed in front of the dipole magnet as it anbe seen shematially in �gure 3.2.The drift hambers D1 and D2 were used for the determination of the partiles traje-tories. Those two planar drift hamber staks are spaed by 70 m [14, 64℄. Their ativearea is 1680 mm wide and 433 mm high. Drift hamber D1 (standing loser to the bendingmagnet) onsists of six detetion planes. The �rst two with vertial wires, two with wiresinlined by +31o and two inlined by −31o. The D2 drift hamber is built in the samesheme, but it is extended by two additional planes with vertial wires.The wires in adjaent planes of eah pair are shifted by half of the ell width to resolvethe left-right position ambiguity with respet to the sense wire. The hosen on�gurationof the detetion planes allows to perform the measurement of the horizontal and vertialoordinates and enables a unique multi-hit event identi�ation [64℄.A harged partile rossing the drift hambers produes gas ionization inside the driftells, �lled with a gas mixture of one to one argon and ethane at atmospheri pressure.The eletron drift time to the sense wire is a measure of the distane between the passingpartile trak and the sense wire (see setion 4.1). In the ase of partile traks orientedperpendiular to the detetion planes, the maximum drift time orresponding to the max-imum drift path of 20 mm equals to 400 ns.1In the measurement of the meson prodution in the quasi-free pd→ pnpspectatorX reation dediatedneutron [55�58℄ and spetator [59�61℄ detetors were installed in addition. They were however not usedfor the measurement desribed in this thesis.2The H2 luster target spei�ations are desribed in the referenes [62, 63℄. The dimensions of theluster target used during the measurement are desribed in details in hapter 7.



Experimental faility 27Determined partile trajetories in the data analysis are traed through the magneti�eld of the dipole bak to the target. Therefore, it is possible to reonstrut the momentumvetors of outgoing partiles at the reation point. The reonstrution of the momentumvetors of the registered partiles ombined with the information about the time-of-�ightbetween the S1 and the S3 detetors allows for the alulation of the partile mass and bythis the partile type identi�ation.The S1 sintillating hodosope is built out of sixteen idential, vertially arrangedmodules, read out from both sides (top and bottom) by photomultipliers. The moduleswith 45× 10× 0.4 m3 dimensions are arranged with small vertial overlap (1 mm [14,65℄)in order to avoid "not overed" spae in the geometrial aeptane. The S1 detetor isused as the "start" for the time-of-�ight measurement.The S2 sintillating hodosope, similar as S1, onsists of sixteen sintillation moduleswith the dimension of 45 × 1.3 × 0.2 m3 [14℄.The S3 sintillating detetor delivers the "stop" information for the time-of-�ight mea-surement. It is built from one non-segmented sintillating wall with the dimension of
220 × 100 × 5 m3. It is viewed by a matrix of 217 photomultipliers [14,66,67℄, oupyingthe edges of equilateral triangles with the sides of 11.5 m.The S4 sintillation ounter together with the silion pad detetor (depited in �gure 3.2as Si) are used for registration of the reoil protons from the proton-proton elasti sattering[14℄. The silion pad detetor [14℄ onsists of 144 pads with dimensions of 22.0 × 4.5 ×
0.28 mm3. Eah pad is read out separately.3.3 Trigger logiIn the experiment two independent trigger branhes were used, in order to detet the
pp → ppη′ and pp → pp reations.The main trigger used for the pp → ppη′ reation was based on the following onditions:

Tpp→ppη′ = (S1µ≥2 ∨ S1µ=1,high ∨ S2µ≥2 ∨ S2µ=1,high) ∧ S3µ≥2, (3.1)where µ denotes the multipliity of segments in the S1 and S2 sintillation hodosopes, andthe number of photomultipliers whih have �red in the S3 detetor. The subsript highstands for a high amplitude signal in the S1 and S2 detetors whih was implemented fortriggering events when two partiles ross the same segment [67℄. The hardware thresholdfor the high amplitude was set high enough to redue the number of single partile eventsonsiderably, and low enough to aept most events (almost 100 %) with two protonspassing through one segment of S1 [67℄.The trigger used for the seletion of elasti sattering reations was based on the oinidene



28 Chapter 3.between signals from the S1 and S4 detetors:
Tpp→pp = S1µ=1 ∧ S4, (3.2)where the S1 hodosope was used for the registration of forward sattered protons and theS4 sintillation detetor was registering reoil protons.The detetors were positioned to over a large part of the kinematis of the pp → ppelasti sattering. Due to the high rate of the pp → pp reation only every 128'th eventwas registered for the further analysis. The number of the elasti sattering events waslater used for the luminosity determination (see hapter 6).



4. Calibration of the detetor setupIn this hapter the method used to alibrate the COSY-11 detetors and their relativesettings will be presented. In partiular, the time-spae relation of the drift hambers andthe proedure of time-of-�ight alibration will be desribed. In addition, the proedure ofmonitoring the relative beam-target setting will be disussed.4.1 Spae-time relation for drift hambersThe drift hambers D1 and D2 onsist of 6 and 8 planes of wires, respetively. They providethe information about the drift time of eletrons (to the sense wires) produed along thetrajetory of harged partiles passing through the hambers. In order to reonstrut thosetrajetories one needs to establish a relation between drift time and distane between thepartile trak and the sense wire (Fig. 4.1 (left)).
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Figure 4.1: (Left panel) Time-spae alibration - relation between the distane from the sensewire and the drift time. (Right panel) Corretions of the time-spae relation, where the middlehistogram represents the mean value of ∆X , the upper and lower histograms visualize one standarddeviation (σ) of the ∆X distribution. See the text for the explanation of ∆X .Due to the sensitivity of the drift veloity to the atmospheri pressure, humidity andgas mixture hanges [68℄, the data used for the alibration proedure were divided intotime intervals of about 3-8 hours, with a similar number of olleted events. The al-ibration funtion was determined for eah interval applying the proedure of iterativeimprovements [67℄. Starting with an approximated funtion of the spae-time relation, thedistane X from the partile trajetory to the sense wire has been alulated. Then, a29



30 Chapter 4.straight line to the obtained points was �tted and further on, assuming that it orrespondsto the real partile trak, the deviation ∆X , between the measured distane of the partiletrak from the sense wire and the one from the �tting proedure was alulated. Next,having a ertain amount of data, one ould determine a mean value of ∆X as a funtionof the drift time (presented in �gure 4.1 (right)). The ∆XMEAN was subsequently usedfor a orretion of the time-spae relation. Next, the improved funtion has been used forthe trak reonstrution similarly as in the �rst step. The whole proedure was repeateduntil the orretions were smaller than the statistial unertainty of the ∆XMEAN .The averaged spatial resolution of the drift hambers ahieved in the experiment disussedin this thesis amounted to 250 µm (rms).4.2 Time-of-�ight alibration of sintillator detetorsThe sintillator detetors S1 and S3 "start" and "stop", respetively, are used for the time-of-�ight measurement. S1 onsists of 16 sintillator plates with photomultiplier readoutfrom both sides, and S3 is a sintillator wall read out by a 217 photomultipliers matrix.In order to obtain the proper information about the time-of-�ight between both detetors,one needs to determine time "o�sets" for all photomultipliers i.e. the relative di�erenesin transition time of the signal from the photomultiplier to the TDC unit.Let us denote tS1 as the real time when a partile rosses the S1 detetor and tS3 when itrosses S3. Then, the time-of-�ight an be alulated as follows: tofS1−S3 = tS3 − tS1.The measured TDC values for a single photomultiplier in S1 and S3 detetors read:
TDCS1 = tS1 + ty + tS1

walk(PM) + tS1
offset(PM) − ttrigger, (4.1)

TDCS3 = tS3 + tpos + tS3
walk(PM) + tS3

offset(PM) − ttrigger. (4.2)In both equations the time stamp ttrigger (denoting the time of the trigger signal) is iden-tial. The index y orresponds to the distane between hit position and the edge of thesintillator lose to the given photomultiplier in the S1 detetor and pos stands for thedistane between the hit position and the photomultiplier in the S3 detetor. The ab-breviation twalk denotes the orretions for the time − walk e�et, i.e. the signal timedependene on the signal amplitude [69℄. Any dependene of ty is anelled by taking theaverage between the times measured by the upper and lower photomultipliers [67℄ and thisan be alulated from the known trajetories. Thus, the only unknown variables are thetime o�sets toffset for both detetors. For a �rst approximation, the time di�erene inthe S1 detetor an be ahieved by taking into aount signals from the partiles ross-ing the overlapping parts of the modules. Next, for the S3 detetor the time o�set anbe extrated from the omparison between tofS1−S3 = tS3 − tS1 and the time-of-�ightalulated from the partile momentum reonstruted via urvature in the magneti �eld



Calibration of the detetor setup 31(tofrec). Then, iteratively, using the obtained S3 o�set one an determine the time o�-sets for the S1 detetor. After two iterations, the time o�sets for both detetors an beestablished. As an example, the distribution ∆t(PMS3
ID) determined as

∆t(PMS3
ID) = tofS1−S3(PM

S3
ID) − tofrecfor a group of photomultipliers of the S3 detetor are presented in �gure 4.2.
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Figure 4.2: Distribution of the time di�erene between the time tofrec alulated from the re-onstruted partile momentum and the measured time tofS1−S3 between the S1 detetor and apartiular photomultiplier in the S3 detetor, as a funtion of the photomultiplier ID in the S3detetor. As ahieved after seond iteration, the �gure depits only a fration of PM's of the S3detetor (75-112).The time o�sets for the photomultipliers in the S3 detetor are obtained on the basis of thetime di�erenes between tofS1−S3 and tofrec presented in �gure 4.2. They were adjustedsuh that this di�erene is equal to zero.4.3 Monitoring of relative beam-target settingsPossible hanges of the position where the beam rosses the target ould have signi�antlyin�uened the momentum reonstrution and as a onsequene ould worsen the determi-nation of the mass of the undeteted partile. Therefore, it is important to monitor theposition of the beam and target overlap. The enter of the beam-target overlap an bedetermined from the momentum distribution of the elastially sattered protons [70℄.
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Figure 4.3: The distribution of the perpendiular p⊥ versus parallel p‖ momentum omponents for
pp→ pp elasti sattering events at a beam momentum of 3.260 GeV/. The solid line orrespondsto the kinematial ellipse. Changes of the event density along the kinematial ellipse re�et theangular dependene of the ross setion for the pp→ pp reation.The mean value of the distane between the expeted kinematial ellipse and the exper-imental points (shown in �gure 4.3) may be used as a measure for the deviation of theenter of the interation region from its nominal position (∆center). A pitorial de�nitionof ∆center is presented in �gure 4.4 and the beam-target geometrial onditions are de-pited in �gure 4.5. By assuming a wrong interation enter the reonstrution results ina wrong momentum determination and the pp → pp events are not entered around theexpeted kinematial ellipse.

Figure 4.4: Pitorial de�nition of the deviation of the enter of the interation region from itsnominal position (∆center).



Calibration of the detetor setup 33

Figure 4.5: Shemati view of the relative target and beam settings. Left panel depits the viewfrom above, right presents a side view. σX and σY denote the horizontal and vertial standarddeviations of the assumed Gaussian distributions of the proton beam density, respetively. ∆Xbtdenotes the distane between the enters of the proton target and beam. The �gure is adaptedfrom [70℄.In the left panel of �gure 4.6 the mean distane of experimental pp → pp events from theexpeted kinematial ellipse is shown as a funtion of ∆center assumed in the analysis. Asan be seen, the enter of the interation region di�ers by 0.45 m from the nominal one.
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Figure 4.6: (Left panel) The distane between the expeted ellipse and the enter of experimentaldistribution on the (p⊥,p‖) plot (�gure 4.3) versus the deviation of the enter of the interationregion from its nominal position (∆center). (Right panel) The deviation of the distane from thekinematial ellipse as a funtion of the time of the measurement. The mean value of the distanefrom the ellipse has been plotted for 13 hours intervals. In the analysis the value of ∆center wasset to 0.45 m.In the right panel of �gure 4.6 it is demonstrated that the beam-target onditions werestable during the ourse of the experiment. Flutuations seen in the �gure are within the



34 Chapter 4.statistial error in the determination of the mean value of the distane from the ellipse.The variations are at a level of 10−3 and, as an be inferred from the plot presented in theleft panel of �gure 4.6, orrespond to shifts of the interation enter by less than 0.01 mm.Thus, the variations of the enter of the interation region an be safely negleted in thefurther analysis.



5. Identi�ation of the pp → ppη
′ reationIn the following hapter the method of identifying the pp→ ppη′ reation will be desribed.5.1 Identi�ation of protonsThe measurement was based on the registration of two outgoing protons originating fromthe pp→ ppX reation.
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Figure 5.1: Distribution of the squared invariant mass of the registered partiles. (Note thelogarithmi sale on vertial axis.) Signals from measured pions, protons, and deuterons are easilydistinguished.After hoosing only two-trak events, the protons were identi�ed by the determination oftheir rest masses. The partile mass was alulated aording to the following formula:
m2 =

~p 2(1 − β2)

β2
, (5.1)where ~p and β are denoting the momenta and veloities of partiles, respetively, whihwere determined in an independent way (~p from the urvature of the trajetory in the35



36 Chapter 5.dipole and β from the time of �ight between S1 and S3). The distribution of the squaredmasses of the partiles is shown in �gure 5.1. Clearly visible are signals from pions, protonsand deuterons.For the further analysis, partiles with reonstruted masses in the range from 0.2 to1.5 GeV2/4 were assumed to be protons.5.2 Identi�ation of the η
′ mesonIn the present experiment the deay produts of the η′ meson were not measured, thereforeit was impossible to identify its prodution on an event-by-event basis. Even in experimentsdeteting all deay produts an unambiguous identi�ation of a single "η′ prodution event"is not possible, but the bakground would be muh smaller.
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Figure 5.2: Missing mass spetrum for the pp → ppX reation measured at a beam momentumof PB = 3.260 GeV/. The peak originating from the pp → ppη′ reation is learly seen on topof a multi-pion prodution bakground. The dashed line orresponds to a �t with a seond orderpolynomial to the data outside the signal from the η′ meson.The number of pp → ppη′ events was determined using the missing mass tehnique. Thismethod is based on the knowledge of the protons four-momenta before and after the re-ation. Denoting: Pb = (Eb, ~pb), Pt = (Et, 0), P1 = (E1, ~p1) and P2 = (E2, ~p2) as the



Identi�ation of the pp→ ppη′ reation 37four-momenta of the proton beam, proton target, and �rst and seond outgoing proton,respetively, one an use the following formula, in the ase of the pp → ppX reation, toalulate the mass mX of the unregistered partile:
m2
X = E2

X − ~p 2
X = (Pb+Pt−P1−P2)

2 =

= (Eb + Et − E1 −E2)
2 − (~pb + ~pt − ~p1 − ~p2)

2. (5.2)In �gure 5.2 the missing mass spetrum determined experimentally for the pp → ppXreation for the whole data sample is presented. The spetrum inludes a broad distribu-tion from multi-meson prodution and the well de�ned peak originating from the η′ mesonprodution.The smooth behaviour of the experimental multi-pion prodution bakground, whih ouldbe veri�ed by Monte Carlo simulations studies (see setion 9.2), allows for a simple poly-nomial �t. The knowledge of the smooth behaviour of the ross setion [60, 71℄, assuresthat in the range of the signal, the multi-pion bakground should be �at.The dashed line in �gure 5.2 orresponds to a seond order polynomial �tted to the ex-perimental bakground. Indeed, it an be seen that the �t reprodues the shape of thebakground satisfatory well.
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Figure 5.3: Result of the bakground subtration using the seond order polynomial �t presentedin �gure 5.2 as a dashed line.



38 Chapter 5.In �gure 5.3 the experimental missing mass spetrum after the bakground subtration ispresented. The bakground was approximated by a seond order polynomial �t as depitedin �gure 5.2 by a dashed line. The total number of registered and reonstruted pp→ ppη′reations amounts to about 15000.Here, the statistis ahieved in the measurement is only illustrated and the possibility ofthe bakground determination is shown. A detailed disussion of the subtration of themulti-pion prodution bakground for di�erential ross setions will be omprehensivelydesribed in setion 9.2.



6. Luminosity determinationIn order to determine the absolute values of the di�erential ross setions, the luminosity(L) integrated over the measurement time has to be established. For that purpose, theanalysis of the pp → pp reation, in order to establish the number of elasti satteringevents was performed.A shemati view of the COSY-11 detetor setup with superimposed traks of elastiallysattered protons is shown in �gure 6.1.
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40 Chapter 6.One an evaluate the luminosity (L) aording to the formula:
∆N(θ∗2)

∆Ω∗(θ∗2)
=

dσ∗

dΩ∗
(θ∗2) · L, (6.1)where dσ∗

dΩ∗ (θ∗2) denotes the known di�erential ross setion [72℄ and ∆N(θ∗2) indiates thenumber of elastially sattered protons at a solid angle ∆Ω∗ around the proton emissionangle θ∗2 in the entre-of-mass system. In the further analysis, the available range of the
θ∗2 angle (44o to 66o) was divided into 11 bins with a width of 2o. The traks of elastiallysattered protons resulting in signals in the S1 detetor with a oinident signal in S4 fromthe seond proton overs the horizontal axis of the S1 detetor, marked in �gure 6.1 as
xS1, from 40 m to 75 m, whih orresponds to a θ∗2 angle range from 44o to 66o.
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Figure 6.2: Projetion of the event distribution along the kinematial ellipse for a entre-of-massproton sattering angle of θ∗
2
in the range from 48o to 50o, orresponding to the range in the S1detetor from xS1 = 67.0 cm to xS1 = 70.0 cm.As an example, the distribution of elastially sattered protons at the θ∗2 angular rangefrom 48o to 50o is presented in �gure 6.2. This distribution shows the projetion of theexperimental data along the kinematial ellipse. The number of events (redued by thebakground indiated by the dashed line) is used for the alulation of the luminosity.The signal from elastially sattered protons an be learly separated from the �at multi-pion sattering bakground. The solid angle ∆Ω∗ or the ertain angular bin, is alulated



Luminosity determination 41using the Monte-Carlo method, as follows:
∆Ω∗ =

4π Naccepted

2 N0
[sr], (6.2)where N0 stands for the number of proton-proton elasti sattering events in the orre-sponding angular range and Naccepted onstitutes the number of events in the onsideredbin of the θ∗2 angle, whih ould be registered and identi�ed. In partiular, the analysis inthe following manner was done. First, N0 = 2 · 107 events has been generated, alulatingthe response of the COSY-11 detetors, and then those events have been analysed usingproedures applied for the experimental data evaluation in order to determine the numberof Naccepted events for eah θ∗2 angle interval.
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Figure 6.3: Di�erential ross setion for the proton-proton elasti sattering. The result of thisthesis (losed irles) measured at a beam momentum of PB = 3.260 GeV/ was saled in amplitudeto the ross setion measured by the EDDA ollaboration shown by open squares [72℄.Figure 6.3 indiates the angular distribution of the di�erential ross setion for elastiproton-proton sattering obtained in the experiment (losed irles). The amplitude ofthat distribution was �tted to the data of the EDDA experiment inluding only one freeparameter being the integrated luminosity (see eq. 6.1). The extrated integrated lumi-nosity for the experiment desribed in this thesis amounts to L = (5.859 ± 0.055) pb−1.



42 Chapter 6.The knowledge of the luminosity value will allow for the overall normalization of thederived di�erential ross setion as a funtion of the spp and spη′ invariant masses, angulardistributions and total ross setion whih will be disussed in hapter 10.



7. Determination of the spread and the absolute value of thebeam momentumIn order to perform realisti simulations of the studied reations, in partiular to determinethe aeptane and to alulate the ovariane matrix, it is mandatory to know the absolutevalue and the spread of the beam momentum. The disussed measurement of the pp→ ppη′reation was nominally performed at the same value of exess energy Q as the pp → ppreation measurement with Q = 15.5 MeV whih orresponds to a nominal proton beammomentum of PB = 3.257 GeV/.The preision of the absolute beam momentum adjustment of the COSY synhrotron isabout 10−3 [52℄ whih in this ase orresponds to ∼3 MeV/.The beam momentum dependene of the mean value of the missing mass distributionpresented in �gure 5.3, was studied in order to determine the atual value of the beammomentum more aurate.The beam momentum was alulated using the formula:
mX =

√
s− 2mp =

(

2m2
p + 2mp

√

P 2
B +m2

p

)1/2
− 2mp, (7.1)where √

s denotes the total energy in the entre-of-mass frame, PB stands for the protonbeam momentum, and mp orresponds to the proton mass.The beam momentum of PB = 3.260 GeV/ has been determined by adjusting the PBsuh that the mean value of the missing mass peak is equal to the η′ meson mass. Thedetermined value of the beam momentum di�ers by 0.003 GeV/ from the nominal one.This deviation is in agreement with results of analogous analysis performed in previousmeasurements [67℄.The determined value of the exess energy amounts to (Q = 16.39 ± 0.01 ± 0.4) MeV,where the errors indiate statistial and systemati unertainty, respetively. The domi-nating systemati unertainty was established in [9℄ and the statisti unertainty of theexess energy was determined using the following formula:
∆Q =

√

(

dQ

dPB

)2

· (∆PB)2, (7.2)where ∆PB was obtained from the linear relation to the missing mass as desribed in [67℄.43
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Figure 7.1: Spetrum of the beam momentum distribution integrated over the whole measurementtime. The value of ∆PB = 0 orresponds to a beam momentum of 3.260 GeV/. The dashed linesmark the beam momentum dispersion for the extended 9 millimeter target used in this experiment.After the determination of the real value of the absolute beam momentum, now its spreadwill be determined. One an alulate the beam momentum spetrum from the frequenyspetrum of the COSY beam (Shotky spetrum measured during the experiment) usingthe below formula [73℄:
∆f

f
= ηB · ∆PB

PB
, (7.3)where f and PB denote beam frequeny and beam momentum, respetively, ηB is a pa-rameter whih depends on the beam optis, i.e. the eletri and magneti �elds in the syn-hrotron. During the experiment, the ηB parameter was established to be ηB = 0.12 [74℄.The spetrum of the beam momentum obtained during the experiment is shown in �g-ure 7.1.The dispersion of the beam momentum depends on the magneti �eld along the ring. Pro-tons on the outer routes have a "longer way" than those on the inner side of the beam,and the trajetories are di�erent from the nominal value. When at a ertain point thepartile position deviates by ∆x from the nominal (x0) position and possesses the relativemomentum deviation ∆PB/PB , one an relate this value by means of the known dispersion



Determination of the spread and the absolute value of the beam momentum 45(D) using the following formula:
∆x = D · ∆PB

PB
, (7.4)where D = β ·Dmod with Dmod = 14 m [74,75℄ and the partile veloity β. Applying in theupper formulas the value of the beam momentum PB = 3.260 GeV/, β = 0.961, andusing a 9 millimeter wide target, one obtains ∆PB = 1.1 MeV/. This value is depitedin �gure 7.1 as the area between the dashed lines. Thus, the maximum beam momentumspread in the interation point is ∆PB = ± 1.1 MeV/.
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8. Fine tunning of the relative dipole-hamber settingsIn setion 4.1 a spae-time alibration of the drift hambers was desribed. In this haptera proedure for the determination of their position relative to the COSY-11 dipole willbe shown. For this purpose, the missing mass method for the pp → ppX and the kine-matial ellipse for the pp→ pp reation, as desribed in the previous hapters, will be used.The proper knowledge about the position of the drift hambers is needed in order toahieve the optimal resolution for the momentum reonstrution. In the horizontal planethe position of the drift hambers stak an be de�ned by two variables: the horizontalshift of the hambers ∆x and their inlination ∆α.
Δx

Δα

Figure 8.1: Shemati view (from top) with the pitorial de�nitions of the horizontal shift of thehambers ∆x and their inlination ∆α. These parameters were used in the analysis to determinethe proper arrangement of the D1 and D2 drift hambers relative to the COSY-11 dipole.The parameters ∆x and ∆α in�uene the reonstrution of partile momenta and furthermore indiretly in�uene the missing mass resolution. In order to �x these parameters,an analysis of the proton elasti sattering events was performed, sine the distribution ofthe perpendiular p⊥ versus parallel p‖ momentum omponents for the pp → pp reationis sensitive to hanges of the position of the drift hambers. The distribution of the p⊥versus p‖ momentum omponents for the pp→ pp elasti sattering determined at a beammomentum of 3.260 GeV/, presented earlier in hapter 4.3, is shown in �gure 8.2. In theleft panel, the situation when the parameters are properly adjusted is presented. In theright panel the situation is shown when the inlination ∆α was hanged by ∼ 0.9o. Studieswith a variation of ∆α in the range from −0.9o to 0.9o and of ∆x ranging from 0.0 m to
1.0 m were performed, where simultaneously the p⊥ versus p‖ spetrum and the hangesof the width of the η′ peak in the missing mass spetra were ontrolled.47
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Figure 8.2: Distributions of the perpendiular p⊥ versus the parallel p‖ momentum omponents ofmeasured protons for pp→ pp elasti sattering events at a beam momentum of 3.260 GeV/. Thesolid line orresponds to the kinematial ellipse where the elastially sattered events are expeted.The distribution is shown for ∆α = 0.04o (left), and for ∆α = − 0.9o (right), respetively.The lowest width of the missing mass peak (see Fig. 5.2) and the best �t of the eventdistribution to the kinematial ellipse for the pp → pp elasti sattering distribution (seeleft panel of �gure 8.2) has been found for the values of ∆x = 0.45 m and ∆α = 0.04o.A omparison of the left and right histograms in �gure 8.2 shows the sensitivity of thisdistribution to the parameter ∆α, whih ould be determined within an auray of betterthan 0.01o.



9. Evaluation of the di�erential distributions9.1 Kinematial �tIn order to searh for small e�ets like proton-meson interation on the population densityof the phase-spae, it is of importane to aount for any possible hanges of the measureddistributions due to the �nite resolution of the detetor system, whih may alter the shapeof the spetrum espeially lose to the kinematial limit. Therefore, one must inlude theexperimental resolution in the theoretial alulations and in order to improve the e�etof the resolution a kinematial �tting of the data was performed. Both proedures requirethe knowledge of the ovariane matrix.In order to alulate the ovarianes and varianes between eah ombination of theregistered proton momentum omponents, 2 · 107 reations of the type pp → ppη′ havebeen generated inluding all arrangements and onditions from the experiment. Then, thewhole simulated sample of events has been analysed with the same proedures as used forthe experimental data. In this step for eah simulated event the pair of the real (gen-erated) protons momenta ~P1,gen, ~P2,gen and the pair of momenta reonstruted from thesimulated response of the detetors: ~P1,rec, ~P2,rec are aessible. The available kinematialinformation about an event may be expressed in form of the six dimensional momentumvetor: P = [p1x, p1y, p1z, p2x, p2y, p2z] inluding the omponents of the reonstruted mo-menta of both protons P1,rec = [p1x, p1y, p1z ] and P2,rec = [p2x, p2y, p2z]. The ovarianebetween the ith and jth omponents of P was determined as the average of the produt ofdeviations between the reonstruted and generated values. The formula used to establishthe ovariane matrix elements, reads as follows:
cov(i, j) =

1

N

N
∑

n=1

(Pni,gen − Pni,recon)(P
n
j,gen − Pnj,recon), (9.1)where Pni,gen and Pni,recon stand for the generated and reonstruted values of the ith om-ponent of the vetor P from the nth event.Due to the inherent symmetries of the ovariane matrix (cov(i, j) = cov(j, i)) and sinethe measured protons are indistinguishable, there are only 12 independent values whihdetermine the 6 × 6 error matrix unambiguously [9℄.The ovariane matrix (in units of MeV2/4) determined for the pp→ ppη′ reation looksas follows:
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p1x

p1y

p1z

p2x

p2y

p2zAs it was already pointed out in the previous paragraph, 6 variables (2 times 3 omponentsof the momentum vetors of the two protons) have been measured in the experiment. Itwas assumed in the analysis, that an event with the missing mass equal to the mass of the η′meson (within the experimental resolution) orresponds to the pp→ ppη′ reation. Underthis assumption only �ve of the kinematial variables are independent ompared to sixmeasured variables. Therefore, a kinematial �tting proedure an be applied to improvethe e�et of the limiting resolution. Hene, the protons momenta were varied demandingthat the missing mass of the unregistered partile is exatly equal to the known mass ofthe η′ meson and there has been hosen the momentum vetor whih was the losest tothe vetor determined from the experiment. The inverse of the ovariane matrix was usedas a metri for the distane alulation. The kinematial �t learly improves the e�etiveresolution, what an be seen in �gure 9.1.
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Figure 9.1: Spetrum of the di�erene between the simulated and reonstruted proton momen-tum. The dashed line denotes the spetrum before kinematial �t and the solid line orrespondsto the situation after the �tting proedure.



Evaluation of the di�erential distributions 51After the kinematial �t was performed for eah event aside from the experimentally de-termined momentum vetor: P exp = [pexp1x , p
exp
1y , p

exp
1z , p

exp
2x , p

exp
2y , p

exp
2z ],the kinematially �tted momenta: P fit = [pfit1x , p

fit
1y , p

fit
1z , p

fit
2x , p

fit
2y , p

fit
2z ] were obtained.The P fit vetors are more preise and assure that the determined distributions do notspread beyond the kinematial boundaries.For the further analysis of events orresponding to the η′ prodution, the distribution ofthe χ2 from the kinematial �t proedure was heked. In �gure 9.2 the χ2 distributionas a funtion of the missing mass determined for the experimental momentum vetors ispresented. Having eah event desribed by the two vetors P exp and P fit and the χ2of the kinematial �t, the variables spp, spη′ , ψ and |cosθ∗η′ | were evaluated by using thekinematially �tted vetors P fit if the χ2�value of the �t for the event was lower than1.5. However, if the χ2 was larger than this limitation, P exp were used, sine those eventsorrespond to the bakground with a missing mass lower or higher than the η′ meson mass.For the multi-pion prodution bakground the kinematial �t proedure is not justi�ed.
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Figure 9.2: The χ2 distribution as a funtion of the missing mass. The dashed line at χ2 = 1.5visualizes the ut used in the analysis for the separation between kinematially �tted events (P fit)and events without the �t (P exp).The evaluation of the di�erential distributions requires only events orresponding to the
pp→ ppη′ reation. In order to selet the number of those events from the multi-pion pro-dution reations, a missing mass spetrum for eah studied interval of the variables: spp,
spη′ , ψ and |cosθ∗η′ | was determined. In the next setion, the proedure of the bakground



52 Chapter 9.subtration applied in the analysis will be disussed.9.2 Bakground subtrationIn the following setion the method of the multi-pion bakground subtration is presentedas used in the analysis.For the bakground free determination of the di�erential spp, spη′ , ψ and |cosθ∗η′ | distribu-tions, �rst the distribution of the onsidered variable has been divided into a reasonablenumber of bins, and then for eah bin a missing mass spetrum was produed and thenumber of the pp→ ppη′ events was alulated for eah interval of spp, spη′ , ψ and |cosθ∗η′ |separately.The missing mass distributions inlude a smooth multi-pion prodution below and abovethe produed η′ meson mass whih allows to estimate the bakground orresponding to themulti-pion reation in the range of the η′ meson signal using a polynomial �tting funtion,as it was already shown in setion 5.2. In �gure 9.3, examples of missing mass spetra fortwo intervals of the invariant proton-proton mass spp are presented.
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Figure 9.3: Examples of experimental missing mass spetra for two hosen intervals of spp. Thedotted lines indiate the seond order polynomial aording to the formula 9.2 whereas the dashedlines show the result of the �t of two Gaussian distributions desribed by the formula 9.3.In both panels of �gure 9.3 the dotted lines orrespond to the polynomial �ts desribedby the mathematial funtion:
P (mm,a, b, c) = a+ b ·mm + c ·mm2, (9.2)where mm denotes the missing mass and a, b and c are the free parameters varied duringthe �t. Sine not only a seond order polynomial an be used as a good approximation of



Evaluation of the di�erential distributions 53the bakground also a �t by the sum of two Gaussian distributions was performed. Thedashed lines in both panels of �gure 9.3 orrespond to the �t with the funtion G desribedby the following formula:
G(mm,A1, B1, C1, A2, B2, C2) = G1 (mm,A1, B1, C1) + G2 (mm,A2, B2, C2), (9.3)where the terms G1 and G2 denote Gaussian distributions depending on the parameters

A1, B1, C1, A2, B2 and C2 varied freely during the �t and mm stands for the missingmass. The �ts were performed using the funtions of the missing mass (9.2 and 9.3) inthe whole range of missing mass outside of the pp → ppη′ signal. As it is seen, the �ttedfuntions reprodue the bakground very well.The smooth behaviour of the multi-pion bakground was veri�ed by Monte Carlo sim-ulations. But in order to use these Monte Carlo distributions as a reasonable desriptionfor the bakground an extensive time onsuming simulation studies would be neessary.Therefore, a smooth funtion adjusted to the regions beside the η′ peak was used instead.The sum of two Gaussian distributions was applied in the analysis. It should be stressedthat the alternative desription with the seond order polynomial is in rather good agree-ment with the result obtained using formula 9.3.The situation is more ompliated for missing mass spetra with the signal lose to thekinematial limit (see e.g. Fig. 9.4). In this ase the shape of the bakground on the rightside of the peak annot be easily predited. Suh spetra are obtained for kinematialregions of higher squared invariant proton-proton masses spp and relatively low squaredinvariant proton-η′ masses spη′ . In order to desribe the shape of the bakground in thoseregions, the pp → pp2πη, pp → pp3π and pp → pp4π reations1 have been simulated andthe simulated events were analysed in the same way as it was done for the experimentaldata. The result of these simulations is ompared to the experimental data in �gure 9.4.The simulations of the di�erent reations hannels were performed with phase spae dis-tribution inluding the proton-proton �nal state interation [22, 60℄.The simulated missing mass spetra were �tted to the data using the formula:
S(mm,α, β, γ) = α · fpp→pp2πη(mm) + β · fpp→pp3π(mm) + γ · fpp→pp4π(mm), (9.4)where α, β and γ denote the free parameters varied during the �t proedure. The fun-tions fpp→pp2πη, fpp→pp3π and fpp→pp4π orrespond to the simulated missing massdistributions for the pp→ pp2πη, pp→ pp3π and pp→ pp4π reations.1Those bakground reation hannels were hosen as a representation of possible multi-pion produtionbakground. Sine, the pp → pp5π and pp → pp6π reations simulations an be negleted and the

pp → pp2π missing mass of two protons spetrum has similar shape as those for 3π and 4π [71℄, onlysimulations for listed reations were performed.



54 Chapter 9.In �gure 9.4, examples of missing mass spetra for squared invariant proton-protonmasses spp ∈ [3.577; 3.580] GeV2/4 (left panel) and squared invariant proton-η′ masses
spη′ ∈ [3.602; 3.605] GeV2/4 (right panel) are presented.
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Figure 9.4: Examples of missing mass spetra determined experimentally for the pp→ ppX rea-tion (solid lines) with superimposed Monte-Carlo simulations (dashed lines) inluding pp→ pp2πη,
pp → pp3π and pp → pp4π reations, �tted in amplitude to the experimental data. Missing massspetra for squared invariant proton-proton mass spp ∈ [3.577; 3.580] GeV2/4 (left panel) andsquared invariant proton-η′ mass spη′ ∈ [3.602; 3.605] GeV2/4 (right panel). The dotted lines inboth panels orrespond to the �t of the formula 9.5.In both examples, it is learly seen that the simulations are in a good agreement with theexperimental bakground distributions below the η′ peak. Moreover the behaviour of thesimulated bakground �ts well to the kinematial limit of the missing mass distributions.Close to the kinematial boundary, the interation in the �nal state is dominated by theproton-proton interation [60℄ and this interation in�uenes strongly the shape of theobserved missing mass spetra. Therefore, it was taken into aount in the alulationsaording to the formulas of referene [22℄ presented in details in appendix B.For the dynamis of the pion prodution it had been assumed, that pions are produedhomogeneously over the phase spae. As it was desribed in referene [60℄, the shape ofthe missing mass spetrum does not hange signi�antly at the edge of the kinematiallimit if one assumes resonant or diret pion prodution.In order to raise the on�dene to the estimation of the bakground behaviour near thekinematial boundary, those distributions were desribed in an independent way with aseond order polynomial divided by the Fermi funtion for the desription of the rapid



Evaluation of the di�erential distributions 55slope at the end of the distributions. To this end the following formula was applied:
F (mm,a, b, c, d, g) = (a + b ·mm + c ·mm2)/(1 + e(mm − d)/g), (9.5)where a, b, c, d and g are the free parameters varied during the �t proedure.The results are presented in �gure 9.4 as dotted lines. It is seen that under the η′ peakthe result of formula 9.5 agrees well with the bakground determined from the simulationsand that both reprodue the shape of the slope quite well.In order to perform a further hek of the bakground estimation, examples of themissing mass distributions for the regions of the squared invariant masses of proton-protonand proton-meson where the η′ is not produed are presented. The missing mass distribu-tions are shown in �gure 9.5 and represent the regions of low squared invariant masses ofthe proton-meson subsystem (left) and high squared invariant masses of the proton-protonsubsystem (right). For suh values of spp or spη′ the prodution of the η′ meson is notpossible beause spη′ < (mp +mη′)

2 and spp is too large leaving not enough energy for the
η′ meson reation.The �tted simulations reprodue the bakground very well.

0

200

400

0.94 0.95 0.96 0.97

missing mass [ GeV/c2 ]

ev
en

ts
 / 

0.
5 

M
eV

/c
2

3.590 < spη´ < 3.593

0

100

200

0.94 0.95 0.96 0.97

missing mass [ GeV/c2 ]

ev
en

ts
 / 

0.
5 

M
eV

/c
2

3.586 < spp < 3.589

Figure 9.5: Missing mass spetra for low values of spη′ ∈ [3.590; 3.593] GeV2/4 (left) and highvalues of spp ∈ [3.586; 3.589] GeV2/4 (right). The dashed lines orrespond to the simulationsof the pp → pp2πη, pp → pp3π and pp → pp4π reations �tted to the experimental distributions(solid lines) using only the amplitudes as free parameters.
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Figure 9.6: Examples of missing mass spetra determined for the �rst and fourth bin of the ψangle with a width of 0.3 radian. The dashed lines orrespond to �ts using the funtion desribedby formula 9.3.
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Figure 9.7: Examples of missing mass spetra determined for the seventh and tenth bin of the
ψ angle with a width of 0.3 radian. The dashed lines orrespond to �ts employing the funtiondesribed by formula 9.3.
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Figure 9.8: Examples of missing mass spetra determined for the �rst and fourth bin of |cosθ∗η′ |with a width orresponding to ∆|cosθ∗η′ | = 0.1. The dashed lines orrespond to �ts aording tothe funtion desribed by formula 9.3.

0

250

500

750

1000

0.94 0.95 0.96 0.97
missing mass [ GeV/c2 ]

ev
en

ts
 / 

0.
5 

M
eV

/c
2

0.6 < |cosΘ*η´| < 0.7

0

1000

2000

3000

0.94 0.95 0.96 0.97

missing mass [ GeV/c2 ]

ev
en

ts
 / 

0.
5 

M
eV

/c
2

0.9 < |cosΘ*η´| < 1.
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58 Chapter 9.to note that the width of the peak is due to the experimental resolution and sine thebakground is smooth on both sides, no strutures are being expeted below the peak asit is veri�ed by the simulation studies inluding relevant bakground hannels.Missing mass distributions for every third bin of ψ and |cosθ∗η′ | are presnted in �gures 9.6,9.7, 9.8 and 9.9, respetively, using formula 9.3 for �tting to the bakground.9.3 Systemati errors of bakground estimationThe main ontribution of the systemati unertainty of the di�erential ross setion deter-mination omes from the unertainty of the estimation of the yield of the η′ events whihin turn is due to the assumption of the shape of the bakground. In order to estimate thoseerrors, the numbers of bakground events extrated under two di�erent assumptions wereompared. For the missing mass spetra with the signal far from the kinematial limitthe bakground determined by Gaussian distributions with the bakground estimated bya seond order polynomial were ompared. Whereas, for the spetra lose to the kinemat-ial limit a omparison of the bakground determination by Monte-Carlo simulations witha seond order polynomial divided by the Fermi distribution was performed. The rela-tive di�erene between determined numbers of events NA
back (two Gaussian distributionsor Monte-Carlo simulations �t, respetively) and NB

back (polynomial �t) was used as anestimation for the systemati unertainty of the di�erential ross setions evaluation.The relative systemati errors, expressed in per ent were alulated in the following way:
∆back =

NA
back −NB

back

NA
back +NB

back

· 100%. (9.6)The averaged value of the systemati deviations in the various applied �t proedures al-ulated aording to formula 9.6 are below 3%.The systemati unertainty of the di�erential ross setions evaluation was alulated usingthe formula:
∆sys

(dσ

df
(f)

)

=
dσ

df
(f) · Nback(f)

Nη′(f)
· 0.03, (9.7)where f stands for both the squared invariant proton-proton mass spp and the squaredinvariant proton-η′ mass spη′ . Nback and Nη′ orrespond to the average numbers of bak-ground and η′ reation events, respetively. The averaged values of the systemati errorsfor the di�erential ross setions, alulated aording to formula 9.7, are in the order of0.32 µb/(GeV2/4) and will be presented in details in the next hapter.



10. Cross setionsThis hapter is devoted to the derivation of the �nal results.
10.1 Aeptane orretionsThe COSY-11 detetor setup does not over the full 4π solid angle in the entre-of-masssystem of the pp → ppη′ reation at the proton beam momentum of PB = 3.260 GeV/.Therefore, in order to study the di�erential ross setions, one has to perform aeptaneorretions for the measured distributions.In general, the aeptane orretions should be done in the �ve dimensional phase spaeof e.g. spp, spη′ , φ, ψ and cosθ∗η′ (as depited in hapter 2.3).But one an safely assume that the dependene on the φ∗η′ angle, the entre-of-mass az-imuthal angle of the η′ meson momentum, is isotropi beause of the axial symmetry ofthe initial unpolarized state. In addition, the idential partiles in the initial state implythat the distribution of cosθ∗η′ should be symmetrial around 90o. This limits the variablesfor the di�erential aeptane to spp, spη′ , ψ and |cosθ∗η′ |.To determine the distributions of squared invariant masses spp and spη′ , the available rangewas divided into 22 bins. Number and width of the bins were hosen as a ompromise be-tween statistis and the experimental resolution. The width of the bins was hosen for thevariables spp and spη′ to be 0.003 GeV2/4.In the ase of angular distributions, the |cosθ∗η′ | range was divided into 10 bins with a binwidth of 0.1, and the ψ range into 11 bins of 0.3 radian.The aeptane orretion of the data will be performed iteratively. First, it was assumedthat the distributions are determined by a homogeneous phase spae oupation modulatedby the pp-FSI. Under this assumption the aeptane was alulated and the di�erentialross setion for the variables spp, spη′ , ψ and |cosθ∗η′ | was extrated. Next, using thederived distributions the aeptane was alulated and the whole proedure was repeateduntil the di�erential distributions remain unaltered.In order to alulate the di�erential aeptane it was assumed that the distribution overthe ψ angle is isotropi like it was experimentally determined for the pp→ ppρ, pp→ ppωand pp→ ppφ reations [76, 77℄.The geometrial aeptane as a funtion of spp and spη′ is presented in the left and rightpanel of �gure 10.1, respetively. In �gure 10.2, the aeptane dependene for the |cosθ∗η′ |and the ψ angular distributions is shown. 59
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Figure 10.1: Geometrial aeptane of the COSY-11 detetion setup determined for the
pp → ppη′ reation, simulated for a beam momentum PB = 3.260 GeV/, as a funtion of thesquared invariant mass of the proton-proton subsystem (left), and the squared invariant mass ofthe proton-η′ subsystem (right).
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Figure 10.2: The COSY-11 detetion aeptane as a funtion of the polar angle of the η′ mesonmomentum vetor |cosθ∗η′ | (left), and for the ψ angle desribing the rotation of the reation planearound the diretion of the η′ meson momentum (right).After performing the luminosity determination and having alulated the geometrialaeptane, one an evaluate angular distributions. In �gure 10.3 the di�erential distri-



Cross setions 61bution of the osine of the θ∗η′ polar angle is presented. The distribution has an isotropiharater within the statistial errors.
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Figure 10.3: Distribution of |cosθ∗η′ | of the η′ meson momentum vetor in the entre-of-massframe. The shown result was evaluated under the assumption that dσ
dψ

is isotropi.Then, the angular distribution of the ψ angle was alulated. Unexpetedly, but similar tothe situation observed for suh a distribution for the pp→ ppη reation [9℄ measured at theexess energy of 15.5 MeV, a signi�ant anisotropi behaviour of the ψ angle distributionis observed. The dσ
dψ distribution determined experimentally is presented in �gure 10.4.Suh a shape annot be explained by any bakground behaviour sine dσ

dψ was extrated foreah bin separately, as it was mentioned earlier in setion 9.2, and in fat the distributionshown in �gure 10.4 is bakground-free. Systemati errors in the bakground subtrationare expeted to be muh smaller and an also not ause suh an anisotropy. The missingmass spetra used for the bakground subtration ould satisfatorily well be reproduedfor eah bin in the phase spae. For example see �gures 9.6 and 9.7 in setion 9.2.Due to the anisotropi behaviour of the dσ
dψ the full proedure of aeptane orretionfor the |cosθ∗η′ |, spp and spη′ distributions was performed one again with the workingassumption that the distribution dσ

dψ is as it was determined from the data. The proedurewas repeated three times. After all, it was observed that the output distributions are ingood agreement with the input values.It was also heked that the shape of the ψ distribution assumed in the alulations of theaeptane does not in�uene the shape of spp, spη′ and |cosθ∗η′ | distributions.
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dψ
(ψ) = dσ

dψ
(ψ + π) was taken, only the range of ψ from 0 to π ispresented.

0

0.01

0.02

0.03

0.04

0 0.2 0.4 0.6 0.8 1

|cosΘ*η´|

dσ
/d

Ω
 [ 

µb
/s

r 
]

second iteration
third iteration

Figure 10.5: Distribution of the |cosθ∗η′ | of the η′ meson momentum vetor in the entre-of-massframe. The distributions after the seond (losed squares) and third (open squares) iterations areompared (for details see text). The distributions are nearly idential and therefore the points anbe hardly distinguished.



Cross setions 63

0

1

2

3

4

5

6

3.52 3.54 3.56 3.58

spp [ GeV2/c4 ]

dσ
/d

s pp
 [ 

µb
/(

G
eV

2 /c
4 ) 

] second iteration

third iteration

Figure 10.6: Comparison of the invariant mass spp distributions after the seond (showed as losedsquares) and third (presented as open squares) iterations assuming di�erent assumption about the
ψ distribution.

0

1

2

3

4

5

6

3.58 3.6 3.62 3.64 3.66

spη´ [ GeV2/c4 ]

dσ
/d

s pη
´ [

 µ
b/

(G
eV

2 /c
4 ) 

] second iteration

third iteration

Figure 10.7: Comparison of the invariant mass spη′ distributions after the seond (showed aslosed squares) and third (presented as open squares) iterations assuming di�erent assumptionabout the ψ distribution.



64 Chapter 10.As an example �gure 10.5 presents the |cosθ∗η′ | spetrum determined assuming a ψdistribution obtained from the seond and the third iteration.Similarly like in ase of the distribution of the ross setion as a funtion of |cosθ∗η′ |, thedi�erential ross setions as a funtion of spp and spη′ were extrated. First, as it was men-tioned, the distributions were determined with the assumption of an isotropi behaviourof the angular distributions of polar and azimuthal angle of the η′ meson momentum ve-tor in the entre-of-mass frame, and also an isotropi behaviour of the ψ angle distribution.Then, again using the experimental parameterization of the distribution of the rosssetion as a funtion of the ψ angle in the entre-of-mass frame, the invariant mass spp and
spη′ distributions were determined. Results of the seond and third iterations are shownin �gures 10.6 and 10.7.Again, it an be observed that the shapes of the distributions after the seond and thirditerations are in agreement.10.2 Total and di�erential ross setionsIn this setion, the results of the total ross setion and di�erential ross setions deter-mined for the pp→ ppη′ reation are presented.The total ross setion for the pp → ppη′ reation, determined at an exess energy ofQ = 16.4 MeV, is presented in �gure 10.8 and amounts to: 139 ± 3 nb. In the alulationsthe �nal distribution of the spp, spη′ , ψ and |cosθ∗η′ | were taken into aount.Though, the shapes of distributions spp, spη′ and |cosθ∗η′ | are independent of the ψ dis-tribution, the total ross setion depends quite signi�antly on the shape of dσ

dψ [9℄ whihis assumed for the aeptane alulations. The obtained value agrees within the errorsto the previously determined ross setion values, however, it is slightly higher than theformer data. This is due to the fat that in the previous analyses [25�27℄ the aeptanewas alulated only approximately disregarding the di�erential distributions of the ψ anglewhih was not established due to lak of statistis. A similar e�et of an inrease in theross setion values after taking into aount the di�erential distribution of ψ was obtainedin the ase of the η meson [9℄.The systemati error of the total ross setion ontains a systemati error of the luminositydetermination whih amounts to 3% as it was evaluated in [1℄ and the unertainty fromthe dσ
dψ distribution, sine varying the parameters of the funtion dσ

dψ = a + b · |sin(ψ)|(within their unertainties), they hange the total ross setion by 2.5 nb. The averagedsystemati error of the bakground subtration (like pointed out in setion 9.3) amountsto 5 nb.
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Figure 10.8: Exitation funtion for the pp → ppη′ reation. The earlier measurements [23�28℄are presented as open squares, the losed blak square depits the total ross setion determinedfor the exess energy Q = 16.4 MeV (the result of this thesis). The error bars denote the totalunertainty (statistial and systemati).Thus, the systemati error of the total ross setion adds up to 12 nb. Summarizing, thetotal ross setion for the pp→ ppη′ reation determined at the exess energy of 16.4 MeVis equal to σ = (139 ± 3 ± 12) nb where the indiated errors are statistial and system-ati, respetively.In the following tables and �gures, the values of the di�erential ross setions as fun-tions of the observables |cosθ∗η′ |, ψ, spp, and spη′ de�ned earlier in setion 2.3 are presented.In all tables and �gures statistial and systemati errors are inluded.The distribution of the polar angle is listed in table 10.1 and presented in �gure 10.9.The distribution of the ψ angle is listed in table 10.2 and presented in �gure 10.10.In tables 10.3 and 10.4, the results for the di�erential ross setions of the invariant masses
pp and pη′ are presented, respetively. The listed values of both distributions are shownin �gure 10.11.
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|cosθ∗η′ | dσ

dΩ (|cosθ∗η′ |) [µb/sr]0.05 0.0270 ± 0.0034stat ± 0.0045sys0.15 0.0184 ± 0.0025stat ± 0.0026sys0.25 0.0222 ± 0.0027stat ± 0.0029sys0.35 0.0202 ± 0.0028stat ± 0.0037sys0.45 0.0207 ± 0.0030stat ± 0.0046sys0.55 0.0189 ± 0.0026stat ± 0.0038sys0.65 0.0223 ± 0.0027stat ± 0.0043sys0.75 0.0205 ± 0.0023stat ± 0.0038sys0.85 0.0274 ± 0.0023stat ± 0.0048sys0.95 0.0230 ± 0.0014stat ± 0.0039sysTable 10.1: The di�erential ross setions as a funtion of |cosθ∗η′ | for the pp → ppη′ reationmeasured at Q = 16.4 MeV.
ψ [rad] dσ

dψ [µb/rad]0.15 0.0118 ± 0.0009stat ± 0.0023sys0.45 0.0193 ± 0.0017stat ± 0.0029sys0.75 0.0177 ± 0.0025stat ± 0.0030sys1.05 0.0276 ± 0.0036stat ± 0.0040sys1.35 0.0276 ± 0.0043stat ± 0.0046sys1.65 0.0200 ± 0.0042stat ± 0.0044sys1.95 0.0251 ± 0.0042stat ± 0.0050sys2.25 0.0215 ± 0.0031stat ± 0.0036sys2.55 0.0286 ± 0.0026stat ± 0.0046sys2.85 0.0202 ± 0.0016stat ± 0.0042sys3.15 0.0117 ± 0.0009stat ± 0.0024sysTable 10.2: Di�erential ross setions as a funtion of the ψ angle determined for the pp→ ppη′reation measured at Q = 16.4 MeV. Sine, dσ
dψ

(ψ) = dσ
dψ

(ψ + π), the full range for ψ angle isassumed from 0 to π.
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Figure 10.9: Distribution of the polar angle of the η′ meson emission in the entre-of-mass system.The error bars represent statistial and total (statistial + systemati) unertainties.
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Figure 10.10: Di�erential ross setion as a funtion of the ψ angle obtained after the last itera-tion. The error bars represent statistial and total (statistial + systemati) unertainties.
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spp [GeV 2/c4] dσ

dspp
[µb/GeV2/4]3.5215 1.01 ± 0.11stat ± 0.12sys3.5245 4.28 ± 0.25stat ± 0.56sys3.5275 4.06 ± 0.26stat ± 0.59sys3.5305 3.78 ± 0.26stat ± 0.55sys3.5335 3.52 ± 0.26stat ± 0.52sys3.5365 2.74 ± 0.25stat ± 0.46sys3.5395 1.99 ± 0.23stat ± 0.40sys3.5425 2.75 ± 0.25stat ± 0.40sys3.5455 2.23 ± 0.23stat ± 0.37sys3.5485 2.66 ± 0.25stat ± 0.39sys3.5515 1.96 ± 0.21stat ± 0.30sys3.5545 2.18 ± 0.23stat ± 0.34sys3.5575 1.93 ± 0.22stat ± 0.31sys3.5605 1.62 ± 0.22stat ± 0.33sys3.5635 1.76 ± 0.20stat ± 0.26sys3.5665 1.66 ± 0.19stat ± 0.24sys3.5695 1.76 ± 0.19stat ± 0.26sys3.5725 1.39 ± 0.16stat ± 0.22sys3.5755 1.12 ± 0.14stat ± 0.19sys3.5785 1.07 ± 0.11stat ± 0.11sys3.5815 0.72 ± 0.09stat ± 0.09sys3.5845 0.013 ± 0.004stat ± 0.002sysTable 10.3: Distribution of the squared invariant mass of the proton-proton system (spp), deter-mined for the pp→ ppη′ reation measured at Q = 16.4 MeV.
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spη′ [GeV 2/c4] dσ

dspη′
[µb/GeV2/4]3.5945 0.14 ± 0.02stat ± 0.02sys3.5975 0.76 ± 0.06stat ± 0.09sys3.6005 1.25 ± 0.09stat ± 0.14sys3.6035 1.32 ± 0.10stat ± 0.17sys3.6065 1.62 ± 0.12stat ± 0.24sys3.6095 1.28 ± 0.13stat ± 0.28sys3.6125 1.69 ± 0.15stat ± 0.33sys3.6155 1.91 ± 0.16stat ± 0.37sys3.6185 1.87 ± 0.15stat ± 0.36sys3.6215 1.94 ± 0.15stat ± 0.38sys3.6245 2.62 ± 0.18stat ± 0.44sys3.6275 2.33 ± 0.18stat ± 0.48sys3.6305 3.37 ± 0.19stat ± 0.51sys3.6335 4.96 ± 0.22stat ± 0.54sys3.6365 3.93 ± 0.21stat ± 0.45sys3.6395 2.21 ± 0.17stat ± 0.40sys3.6425 2.93 ± 0.16stat ± 0.32sys3.6455 3.34 ± 0.18stat ± 0.48sys3.6485 2.96 ± 0.15stat ± 0.38sys3.6515 2.30 ± 0.13stat ± 0.35sys3.6545 1.27 ± 0.08stat ± 0.22sys3.6575 0.22 ± 0.03stat ± 0.04sysTable 10.4: Distribution of the squared invariant mass of the proton-η′ system (spη′), determinedfor the pp→ ppη′ reation measured at Q = 16.4 MeV.
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Figure 10.11: Distributions of the squared proton-proton (spp) and proton-η′ (spη′ ) invariantmasses, determined experimentally for the pp→ ppη′ reation at the exess energy of Q = 16.4 MeV(losed squares). The experimental data are ompared to the expetation under the assumptionof a homogeneously populated phase spae whih is presented as solid lines. The integrals of thephase spae weighted by the proton-proton sattering amplitude - FSIpp are marked as dottedhistograms. The results of the simulations were normalized to the data in amplitude.In �gure 10.11 experimentally determined distributions are ompared to the expeta-tion under the assumption of a homogeneously populated phase spae, presented in the�gure as solid lines. One an see that, for both distributions the data do not agree withthe alulations. In the same �gure the experimental spetra are ompared also to theintegrals of the phase spae weighted by the proton-proton sattering amplitude - FSIppwhih are depited as dotted histograms. Also the alulations inluding only the FSIppdo not �t to the data satisfatorily. One an see that the omparison depends on the wayof normalization whih will be disussed later.10.3 Comparison with results for the η meson produtionThe omparison of the distributions of the square of the proton-proton (spp) and proton-meson (sp−meson) invariant masses between the pp → ppη′ and the pp → ppη reations ispresented in �gure 10.12. For the proton-meson system the omparison was performed forthe kineti energy of the proton-meson system (√sp−meson − mp − mmeson) and not as afuntion of sp−meson beause the range of the spη and spη′ are di�erent due to the di�erentmasses of the η and η′ mesons. But the range of (√sp−meson − mp − mmeson) is the samesine the measurements for the η and η′ prodution were by purpose performed at about



Cross setions 71the same exess energy. The di�erential distributions as a funtion of spp are ompareddiretly, beause we ompare the same system at the same energy range.
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Figure 10.12: The omparison of the distributions of the square of the proton-proton invariantmass (spp) (left panel) and of proton-meson kineti energy (√sp−meson − mp − mmeson) (rightpanel). The distributions for the pp → ppη′ reation (losed squares) were normalized to thedistributions for the pp→ ppη reation (open squares) with respet to the total ross setion.In both panels it is seen that the experimental points indiating the pp → ppη mea-surement (open squares) are in agreement with those from the pp→ ppη′ reation (losedsquares) within the error bars. It is unexpeted that the shapes do not di�er, showing thesame enhanement at the same values of the square of the proton-proton (spp) invariantmass.The total ross setions as a funtion of exess energy for the pp → ppη and pp → ppη′reations and the omparison of the ratios of the prodution amplitudes for both reationsand the prodution amplitude for the pp → ppπ0 reation showed that the interationwithin the proton-η should have been stronger than the proton-η′ system interation.Therefore, if indeed the η′-proton interation is muh smaller than the η-proton as inferredfrom the exitation funtion, then the spetra presented here rather exlude the hypothesisthat the enhanement (see �gures and disussion in setion 2.4) is due to the interationof the meson and the proton. Moreover, based on those distributions it is not possible todisentangle between the hypothesis of the admixture of higher partial waves during the ηprodution or the energy dependene of the prodution amplitude.



72 Chapter 10.10.4 spp and spη′ distributions in view of theoretial preditionsThe interation should manifest itself in the regions where partiles possess small relativeveloities as it was mentioned in previous setions.In �gure 10.13 the omparison of the experimentally determined ross setions as a funtionof the squared invariant mass of the proton-proton system (spp) to theoretial alulationsis presented. One an see the strong deviation of the experimental spetrum from thephase spae preditions (solid lines), normalized in amplitude. It an be also seen that theinlusion of the FSIpp [22℄ improves the agreement but still there is a signi�ant disrep-any between the data and the alulations1. Here, it is also presented that two di�erentpossible normalizations of the model alulations do not agree with the shape of the exper-imental distribution. The left panel shows the �t to the lower values of the proton-protoninvariant mass. The right one depits the �tting to the high energy region of spp.
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Figure 10.13: Distribution of the square of the proton-proton (spp) invariant mass determinedexperimentally for the pp → ppη′ reation (losed squares). The integrals of the phase spaeweighted by a square of the proton-proton on-shell sattering amplitude (dotted lines)-FSIpp havebeen normalized arbitrarily to the lower values of spp in the left panel and to the higher valuesof spp in the right panel. The expetations under the assumption of a homogeneously populatedphase spae are shown as solid lines.These di�erent normalizations are presented for the invariant mass of the proton-η′subsystem in �gure 10.14.1A detailed desription of the proton-proton FSI parameterization based on the proton-proton on-shellamplitude is presented in appendix B
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Figure 10.14: Distribution of the square of the proton-η′ (spη′) invariant mass determined exper-imentally for the pp → ppη′ reation (losed squares). The integrals of the phase spae weightedby a square of the proton-proton on-shell sattering amplitude (dotted lines)-FSIpp normalizedarbitrarily to the lower values of spη′ in the left panel and to the higher values of spη′ in the rightpanel. The expetations under the assumption of the homogeneously populated phase spae areshown as solid lines.

Inspeting �gures 10.13 and 10.14, one an onlude that similarly to the ase of the
pp → ppη reation, the proton-proton on-shell interation is not su�ient to explain theenhanement seen in both distributions, independent of the applied normalization.A better desription is obtained when instead of the on-shell proton-proton amplitudethe proton-proton FSI is parameterized by the Jost funtion [1, 78℄.The experimental distributions of spp and spη′ are ompared to the theoretial model pro-posed by V. Baru and ollaborators [39℄ in �gure 10.15.The model is based on alulations in whih the overall transition matrix element anbe fatorized into the primary prodution and the proton-proton �nal state interationexpressed as the inverse of the Jost funtion derived from the Bonn potential [1, 39, 79℄.The prodution amplitude is alulated using the one boson exhange model (OBE) andis nearly onstant in the alulations. One an see that the model normalized to thetotal ross setion, hardly �t to the experimental data at the range of lower and higher
spp values. On the other hand, the spη′ distribution is rather well reprodued by the model.
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Figure 10.15: (Left) Distribution of the squared proton-proton (spp) invariant mass determinedexperimentally for the pp → ppη′ reation at the exess energy Q = 16.4 MeV (losed squares).(Right) Distribution of the squared proton-η′ (spη′) invariant mass determined experimentally forthe pp→ ppη′ reation at the exess energy of 16.4 MeV (losed squares). The experimental dataare ompared to the alulations under the assumption of the 3P0 →1S0s transition aording tothe model of V. Baru et al., as desribed in text and in [39, 79℄.

A better agreement with the experimental data an be ahieved by the implementationof ontributions from the higher partial waves in the theoretial alulations. In �gure10.16 the distributions of the squared masses of proton-proton (spp) and proton-η′ (spη′)subsystems are ompared to the alulations of K. Nakayama et al. [12℄.The alulations result from a ombined analysis (based on the e�etive Lagrangian ap-proah) of the prodution of η and η′ mesons in photo- and hadro-indued reations2[12, 34, 80, 81℄. The authors assumed in the alulations that the 1S0 →3P0s transitionontributes beside the 3P0 →1S0s transition at the exess energy of 16.4 MeV.Interestingly, the authors laim that for the pp → ppη′ reation the dominant produtionmehanism for the NN → NNη′ reation is due to the exitation of the intermediate
S11 resonane [34℄. Figure 10.16 shows that both distributions are well reprodued by thetheoretial alulations.

2The general overview of the alulations proposed by K. Nakayama and group is disussed in ap-pendix C.
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Figure 10.16: (Left) Distribution of the squared proton-proton (spp) invariant mass determinedexperimentally for the pp → ppη′ reation at the exess energy Q = 16.4 MeV (losed squares).(Right) Distribution of the squared proton-η′ (spη′) invariant mass determined experimentally forthe pp → ppη′ reation at the exess energy of 16.4 MeV (losed squares). The experimentaldistributions are ompared to the alulations based on the assumption that S and P partial wavesan ontribute as it is desribed by K. Nakayama et al. in [12, 34, 80, 81℄.

On the other hand, as proposed by A. Delo�, one an explain the enhanement seen inthe distributions by an energy dependent prodution amplitude, whih in the alulationsof V. Baru et al. [39, 79℄ and of K. Nakayama et al. [12, 34, 80, 81℄ was onstant.In �gure 10.17 the experimentally determined spetra of the squared proton-proton in-variant mass (spp) and proton-η′ (spη′) system is presented and ompared to alulationsby A. Delo� [13, 82℄. The alulations are based on the assumption that the produtionamplitude hanges linearly with energy3. The alulations based on the standard on-shellapproximation were modi�ed allowing the linear energy dependene of the 3P0 →1 S0spartial wave amplitude. Other partial wave transitions were negleted in the model.
3The phenomenologial model of the di�erential ross setion parameterization assuming the linearenergy dependene of the prodution amplitude is presented in general in appendix D.
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Figure 10.17: (Left) Distribution of the squared proton-proton (spp) invariant mass determinedexperimentally for the pp → ppη′ reation at the exess energy Q = 16.4 MeV (losed squares).(Right) Distribution of the squared proton-η′ (spη′) invariant mass determined experimentally forthe pp→ ppη′ reation at the exess energy of 16.4 MeV (losed squares). The experimental dataare ompared to the alulations performed assuming a linear energy dependene of the produtionamplitude as proposed by A. Delo� [13,82℄.In onlusion to this hapter one has to stress that from the above presented onsidera-tions, the determined invariant mass distributions (spp and spη′) strongly deviate from thepreditions based on the homogeneous population of events over the phase spae. Also,the parameterization of the proton-proton on-shell interation is not su�ient to explainthe enhanement seen in the determined distributions.Furthermore, one an see that both alulations assuming a signi�ant ontribution ofP-wave in the �nal state (K. Nakayama), or the model assuming a linear energy dependeneof the prodution amplitude by A. Delo�, reprodue the data within the error bars quitewell. Therefore, on the basis of the presented invariant mass distributions, it is impossibleto disentangle whih of the disussed models is more appropriate.On the other hand, it is learly seen that the alulations assuming only 3P0 →1 S0stransition, independent of the energy, underestimate the experimental data at the highervalues and overestimate them at the lower values of spp as it is presented in �gure 10.15.Moreover, independently from the theoretial alulations, one an onlude from theomparison of spp and √

sp−meson presented in �gure 10.12 that the observed enhanementis not aused by a proton-meson interation, sine the strength of proton-η and proton-η′interation is di�erent but the enhanement in both ases is the same.



11. SummaryDi�erential distributions of the squared proton-proton (spp) and proton-η′ (spη′) invariantmasses, as well as angular distributions for the pp→ ppη′ reation have been evaluated atan exess energy of Q = 16.4 MeV. The data were measured by the COSY-11 ollaborationat the aelerator COSY.The theoretial framework aiming to explain the unexpeted enhanement observed inthe invariant mass distributions determined for the pp→ ppη reation was presented and itwas tried to verify one of the three hallenging theories desribing the observed behaviourby: � a signi�ant role of proton-η interation in the �nal state,� an admixture of higher partial waves in the produedproton-proton-meson system,� an energy dependene of the prodution amplitude.On a basis of only pp → ppη data, it was impossible to judge whih model ould desribethe e�ets. Therefore, in order to verify those hypotheses by a omparison of the invariantmass spetra for the prodution of two di�erent mesons, the analysis of the pp → ppη′reation, presented in detail in this thesis, was performed.The reation was measured using the COSY-11 detetor setup designed espeially for loseto threshold measurements. The experiment was performed at a beam momentum of
PB = 3.260 GeV/, whih orresponds to an exess energy of Q = 16.4 MeV.A short desription of the synhrotron COSY together with a loser look at the detetorsof the COSY-11 apparatus used for the measurement was presented and its alibration andadjustment was desribed at length.In the analysed experiment two harged partiles were registered. Their identi�ation asprotons was based on the independent evaluation of their veloities and momenta. Thedeay produts of the η′ meson were not measured, therefore the number of pp → ppη′events was determined using the missing mass tehnique.For the �rst time ever high statistis invariant mass spp and spη′ spetra and angulardistributions, determined in the lose to kinematial threshold region for the pp → ppη′reation were presented. The distributions were orreted for the geometrial aeptaneof the COSY-11 apparatus and were determined free from the bakground of the multi-pion prodution. Besides the di�erential distributions also the total ross setion for the
pp→ ppη′ reation has been established, determined at an exess energy of Q = 16.4 MeVto be: σ = (139 ± 3 ± 12) nb. 77



78 Chapter 11.The evaluated invariant mass distributions were similar to those determined forthe η meson prodution. This result together with the shape of the exitationfuntions for the pp→ ppη and pp→ ppη′ reations, exludes the hypothesis pos-tulating that the observed enhanement is aused by the interation betweenproton and meson.Furthermore, the determined spp and spη′ di�erential distributions do not allow to judgebetween the proposed theoretial models. Both, the hypothesis that an admixtureof higher partial waves in the produed proton-proton-meson system and theproposal that an energy dependene of the prodution amplitude leads to theobserved shape of the spp and spη′ distributions are onsistent with the data atthe ahieved level of auray.The results presented in this thesis may be useful for the veri�ation of other reentlypublished theoretial models applied for the proton-proton-meson interation, for examplethe alulations proposed by S. Cei et al. in [83, 84℄.In order to disentangle the possible explanations for the observed di�erential distribu-tions more experimental data are required. The data base ould be extended by studyingthe exess energy dependene of the shape of the spp and spη′ distributions, as it was donefor the pp→ ppη reation. Suh studies would allow for a diret omparison of the di�er-ential distributions behaviour for the η′ prodution with already determined quantities forthe pp→ ppη reation, in a similar manner as desribed in this thesis.A more sensitive test, whether higher partial waves are indeed important for the stud-ied reations, ould be gained from polarization observables. Therefore, measurement ofanalysing powers and spin orrelation oe�ients would be desirable for a better under-standing of the dynamis and interation in the ppη and ppη′ systems.



A. Pseudosalar mesonsMesons are bound states built from a quark q and an antiquark q̄′ aording to the QuantumChromodynamis, abbreviated as QCD. The quarks q and q̄′ an be of the same or adi�erent �avour. Sine quarks possess the spin 1/2, they an build a singlet state with thetotal spin J = 0 or triplet states with the total spin J = 1.A positive parity is assigned to the quarks whereas a negative parity is assigned to theantiquarks. Using that onvention for the bound state of qq̄′ and denoting by L the orbitalangular momentum of the system, the parity of the meson built out of the quark pairs is
P = (−1)L+1.From the three lighter quarks u, d and s nine possible qq̄′ ombinations an be built.This allows to built a meson nonet aording to the SU(3) frame inluding the otet andthe singlet state:

3 ⊗ 3̄ = 8 ⊕ 1. (A.1)The assumption that these qq̄′ systems are the ground state ombinations of the quark-antiquark pairs with the angular momentum L = 0 implies, that the parity P of the on-struted mesons should be equal to P = −1. With that onditions (L = 0 and P = −1)mesons with the internal spin J = 1 are alled vetor mesons, whereas mesons with theinternal spin J = 0 are alled pseudosalar mesons.The ground states of the pseudosalar meson nonet is presented in �gure A.1.

Figure A.1: The ground states of the pseudosalar mesons (JP = 0−). The strangeness S of themesons is plotted versus the third omponent of the isospin I3.79



80 Appendix AThe quark struture and masses of the ground states of the pseudosalar mesons arelisted in table A.1.Pseudosalar meson Quark struture Mass [ MeV ℄
π0 1/

√
2(uū− dd̄) 134.98

π+ ud̄ 139.57
π− dū 139.57
K+ us̄ 493.68
K− ūs 493.68
K0 ds̄ 497.61
K̄0 d̄s 497.61
η A(dd̄ + uū) +B(ss̄) 547.85
η′ a(dd̄+ uū) + b(ss̄) 957.66Table A.1: List of the pseudosalar mesons as the quark-antiquark ombinations. Meson massesare taken from referene [5℄.



B. Parameterization of the proton-proton Final StateInterationThe total transition amplitude for the pp → ppX proess an be written (in the Watson-Migdaª approximation [85℄) as [86℄:
|Mpp→ppX|2 = |M0|2 · |MFSI |2 · ISI, (B.1)where M0 denotes the total prodution amplitude, MFSI refers to the elasti interationamong partiles in the exit hannel, and ISI stands for the redution fator in the initialhannel of the olliding protons.The element |MFSI | is predominantly due to the pp-FSI (Mpp→pp), whih an be alulatedas [87℄:
Mpp→pp =

eδpp(1S0) · sinδpp(1S0)

C · k , (B.2)where C2 = 2πηc

e2πηc−1
is the Coulomb penetration fator [88℄, ηc is the relativisti Coulombparameter.The phase shift δpp(1S0) is alulated using the Cini-Fubini-Stanghellini formula with theWong-Noyes Coulomb orretion [18, 19, 89℄:

C2 p ctgδpp + 2p ηc h(ηc) = − 1

app
+
bpp p

2

2
− Ppp p

4

1 +Qpp p2
, (B.3)where h(ηc) = −ln(ηc) − 0.57721 + η2

c

∑∞
n=1

1
n(n2+η2c )

[90℄,
app = − 7.83 fm,and bpp = 2.8 fm stand for sattering length and e�etive range, respetively [19℄.The parameters Ppp = 0.73 fm3, and Qpp = 3.35 fm2 are related to the shape of nulearpotential derived from one-pion-exhange model [19℄.
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C. Formalism of a ombined analysis of photo- andhadro-prodution of the η
′ mesonInvestigations of the η and η′ meson prodution are performed for the following reationhannels:

γ +N → N +M,

π +N → N +M,

N +N → N +N +M, (C.1)based on a relativisti meson-exhange approah, where M = η, η′.Aording to the model desribed in [91, 92℄ the transition amplitude M [91℄for the pp→ ppη′ reation is given by:
M = (1 + TfGf )J(1 + TiGi), (C.2)where Ti,f denotes the NN T -matrix interation in the initial (i) or �nal (f) state,and Gi,f is the orresponding two-nuleon propagator [91℄.

J sums all basi η′ prodution mehanisms depited in �gure C.1.
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84 Appendix CThe free parameters of the model � i.e. resonane parameters and the NNM ouplingonstant � are �xed to reprodue the available data for photo- and hadron-indued rea-tions listed in equation C.1.



D. Linear energy dependene of the prodution amplitudeThe following onsiderations and notation are adopted from referene [13℄.The ross setion for the pp→ ppη′ reation an be expressed in the following manner:
dσ

dLips
= |C(k)|2[a+ b P2(p̂ · q̂)] + C0 (η)[d ReC(k) + e ImC(k)]P2(p̂ · k̂) (D.1)where in the standard notation dLips stands for the invariant three body phase spae ele-ment, p denotes the initial momentum of the proton, k stands for the relative momentum ofthe two protons in the exit hannel, and q orresponds to the relative momentum betweenmeson and proton-proton pair in the �nal state. C(k) and C0(η) denote enhanementfator and Coulomb penetration fator, respetively.The a parameter denotes the modulus of the sole squared prodution amplitude whihsurvives at threshold and is assoiated with the 3P0 →1S0s transition. The parameter bstands for the interferene term between the latter amplitude and the 3P0 →2S0d ampli-tude. Parameters d and e orrespond to the interferene with a 3P2 →1D2s amplitude.The whole set of parameters depend on the �nal state momenta.Looking at the threshold behaviour, one an see that the a parameter turns to beonstant, the b parameter is proportional to q2 and either d or e are of the order of k2.In suh a situation the a parameter has to be expanded to the same order by setting:

a = a0 + a1q
2 where a0 and a1 are two unknown parameters. The a0 parameter an beabsorbed in the normalization proess and the ultimate expression for the ross setionreads as:

dσ

dLips
∝ |C(k)|2

(

1+
q2

q2max
[x+y P2(p̂ · q̂)]

)

+
k2

k2
max

C0(η)
[

zr ReC(k)+ zi ImC(k)
]

P2(p̂ · k̂)(D.2)where x, y, zr and zi are the dimensionless parameters to be determined. The x parameterstands for the orretion of the order of q2 to the dominant transition and the y, zr and ziparameters are the measure of the D-waves admixture.
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