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AbstratThe present thesis is dediated to the study of the pd Breakup re-ation. The study is part of a projet, realized at the COSY storagering, �nalized to map pd breakup spin observables in a kinematialregion where measurements are limited altough strongly neessary to�x important onstraints for investigating the role of the three-nuleonfores via the Chiral Perturbation Theory.In the �rst part of the work, I developed an analysis hain to determinewhether a detetion system based on Silion Traking Telesope, origi-nally oneived to identify pd elasti events, was apable to identify theproduts of the pd Breakup reation. This feasibility study has beensuessfully applied to an existing data sample taken at the COSY ringin Febrauary 2008, with a vertially polarized proton beam of 49.3 MeVkineti energy impinging on a Deuterium luster target. In a followingphase, the identi�ed pd Breakup events have been employed to tunean algorithm to measure the analysing power in pd Breakup reationusing the neutron asymmetries. This observable represents one of theprobes to onstrain Chiral Perturbation Theory. The analysis of theavailable data sample has allowed to outline the experimental ondi-tions required for an exhaustive investigation of the spin observables inpd breakup reation. On the other side, the low statistis and the notoptimal working onditions of the detetion system made not possibleto �nalize the result on the existing data sample. At present the de-veloped analysis is being exploited on a new sample of data aquiredduring 2011 beam-time.In parallel, I arried out a study of a new apparatus devoted to thepd Breakup investigation. In partiular double spin asymmetries inpd Breakup o�er a rih laboratory where to test Chiral PerturbationTheory. For aessing these observables, an experiment where boththe proton beam and the deuterium target are polarized would be re-iii



iv Abstratquired. In addition a detetion system providing a large azimuthal andlongitudinal phase-spae overage would be needed.For this reason, I implemented the analysis software, developed in the�rst stage of my work, for the haraterization and the optimizationof this dediated detetion system on the basis of Monte Carlo gen-erated data. The results of the analysis served as a guidane for thedetetor design and have been inluded in a proposal[1℄ submitted andsuessfully reviewed from the PAC of COSY.



RiassuntoQuesto lavoro di tesi è dediato allo studio della reazione di fram-mentazione del Deutone indotta da un fasio di protoni, pd Breakup.Questo studio ostituise parte di un progetto di riera, realizzatopresso l'anello di aumulazione COSY, �nalizzato alla misura delleosservabili di polarizzazione della reazione di pd Breakup, in una re-gione inematia in ui le misure esistenti sono limitate sebbene indis-pensabili per �ssare vinoli utili per investigare il ruolo delle forze heagisono tra tre nuleoni 3NF attraverso la Chiral Perturbation The-ory.Nella prima parte del lavoro, ho sviluppato una atena di analisi perstabilire se un sistema di rivelazione basato su sensori di siliio, on-epiti originariamente per identi�are gli eventi del anale pd elas-tio, fosse in grado di identi�are anhe i prodotti della reazione dipd breakup.Questo studio di fattibilità è stato appliato on suesso ad un am-pione di dati aquisiti presso l'aeleratore COSY nel Febbraio 2008,in ui sono state indotte ollisioni tra un fasio di protoni polariz-zato ad un'energia inetia di 49.3 MeV e un bersaglio di Deuterio.Nella fase suessiva, gli eventi di pd Breakup identi�ati sono statiutilizzati per mettere a punto un algoritmo per determinare l'analysingpower della reazione di pd Breakup usando le asimmetrie del neutrone.Questa osservabile rappresenta un test hiave per vinolare la ChiralPerturbation Theory. L'analisi del ampione di dati a disposizione haonsentito di delineare le ondizioni sperimentali ideali per studiarein maniera esaustiva le osservabili di polarizzazione della reazione pdBreakup. Tuttavia a ausa della statistia limitata e delle ondizionidi lavoro non ottimali del sistema di rivelazione, non è stato possibile�nalizzare un risultato per il ampione di dati esistente. Al momentola atena di analisi sviluppata viene impiegata per studiare un nuovov



vi Riassuntoampione di dati aquisiti durante una presa dati nel 2011.In parallelo, ho sviluppato l'analisi di un nuovo apparato espliitamentedediato allo studio del anale pd Breakup. Le double spin asymmetriesnel anale di pd Breakup ostituisono un rio laboratorio dove testarela Chiral Perturbation Theory. Per aedere a queste osservabili, è ne-essario realizzare un esperimento in ui il fasio di protoni e il bersagliodi Deuterio siano entrambi polarizzati e il sistema di rivelazione siaaratterizzato da una estesa opertura longitudinale e azimutale dellospazio delle fasi.A questo sopo, ho implementato il software di analisi sviluppato perla prima parte del lavoro di tesi, al �ne di aratterizzare e ottimizzare ilsistema di rivelazione dediato utilizzando dati Monte Carlo. I risultatidi questa analisi sono serviti ome guida per il design del sistema dirivelazione e sono stati inlusi in un proposal[1℄ he è stato sottomessoe approvato on suesso dal PAC di COSY.
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IntrodutionOne of the main issues in nulear physis is determining the natureof the interations between the nuleons whih is ruial for investigat-ing the properties of nulei. In general observables at the energy rele-vant to nulear physis are well desribed by a nuleon-nuleon (NN)potential. Altough muh has been learned about the NN interation,it is of interest to �nd out whether these fores an also be involved insystems where more than two nuleons interat.In a three-nuleon system it is important to investigate how the inter-ation between two nuleons is in�uened by the presene of a thirdnuleon. This extra e�et is related to a fore whih is beyond thetwo-nuleon interation and is known as three-nuleon fore (3NF).At present, few-nuleon systems an be studied using phenomenolog-ial models that, despite some remarkable suesses in desribing ex-perimental data, leave some open problems, among whih is the looseonnetion to QCD.The drawbaks of phenomenologial models are overome by employ-ing the modern theory of nulear fore Chiral Perturbation Theory(ChPT). ChPT is an e�etive �eld theory (EFT), that allows a sys-temati approah to studying low-energy hadron dynamis adhering tothe symmetries of QCD.To provide a better understanding of 3NFs e�ets, di�erential rosssetions and polarization observables have been measured in nuleon-deuteron sattering. In a three-nuleon (3N) ontinuum the experimen-tal data and the theoretial preditions reveal both very good agree-ment and signi�ant disagreement.An alternative to Nd sattering, spin observables in pd→ppn deuteronbreakup reations, due to the riher kinematis, o�er a fertile labora-tory where studying the 3NFs.In order to ahieve a onlusive experimental desription of three-3



4 Introdutionnuleon interations and in partiular their spin dependene, a majorityof possible observables need to be measured with high auray, sine3NFs e�ets are in general very small in the three-nuleon system. Inpartiular the energy range between 30 and 50 MeV is an ideal rangewhere the 3NF e�ets are expeted to appear and be signi�ant and atthe same time it is a suitable range to test the preditive power of hiralEFT. In this range previous measurements are sare and limited andit would be very interesting to have at disposal a omplete database.The reaserh of this thesis has been performed in the framework of thePAX Collaboration that aims at the prodution of the �rst polarizedantiproton beam. In partiular, in the past three years, the PAX Col-laboration has performed a series of tests on protons at COSY aimedat investigating spin-�ltering and spin-�ip as possible mehanisms topolarize a stored beam of protons. In this environment a dediated po-larimeter to measure the stored beam polarization has been installedin the COSY ring. The polarimeter has been implemented by means ofa ouple of Silion-Traking Telesopes that serve to detet deuteronsoming from pd elasti sattering.The �rst part of my work has been devoted to a feasibility study of theuse of the same polarimeter to identify deuteron breakup events, whihonstituted part of the bakground with respet to the elasti satter-ing. To this purpose, I analyzed the data taken during a dediatedbeamtime in 2008 and I developed a hain of seletion riteria to arryout the pd Breakup events identi�ation. After a lean identi�ationof the deuteron breakup events, I investigated the possibility to aessthe neutron analyzing power by the two outgoing protons deteted inthe polarimeter.This analysis proedure of pd breakup events forms part of the feasib-bility studies for an aepted experiment proposal submitted by thePAX ollaboration [1℄ to be performed at COSY. The objetive ofthe planned experiment is to provide a means of testing the predi-tive power of hiral EFT, inluding the e�ets of three-nuleon foresin few-nuleon systems. Most of the spin orrelation parameters andthe vetor and tensor analysing powers in pd breakup reations at 30-50 MeV proton beam energy will be measured with large phase spaeoverage.To this aim a dediated detetion system is being developed that willalso serve as polarimeter for the other planned experimental ativities



5at the newly installed PAX setup at COSY. This detetor developmentwas the objet of the seond part of my thesis. In partiular I analyzedMonte Carlo data for the haraterization and the optimization of thisdetetion system. The results of the simulation analysis were adoptedin the proposal[1℄.The thesis is organized as follows: Chapter 1 reports the motivationssupporting the neessity of additional measurements in the three nu-leon setor; in Chapter 2 the experimental setup used to realize thefeasibility study for pd-breakup is presented; Chapter 3 is devoted tothe proedure of breakup identi�ation and analysis; in Chapter 4 theresults of Monte Carlo studies for the future dediated detetor areshown.





Chapter 1Physis MotivationOne of the main issues in Nulear Physis is the role of the foresating between nulear onstituents and few-nuleon systems representthe ideal laboratories where these fores an be investigated. In par-tiular it is important to study the dynamis related to the preseneof a third nuleon, whih is ruial to understand the ontributions ofthree-nuleon fores (3NFs).Even if the theory of 3NFs was developed in the 30's of the last entury[2℄, still many problems remain open. Presently, the spin struture ofthe three-nuleon ontinuum exhibits disparate results when ompar-ing experimental data to theoretial preditions based on two-nuleonpotentials either with or without the inlusion of three-nuleon inter-ations. A detailed review of the urrent status of the researh on therole of the three-nuleon fores an be found in [3℄. The rih kinemati-al region in proton-deuteron breakup reations at low to intermediateenergy o�ers a good testing ground for the hiral e�etive �eld theory(EFT), the modern theory of nulear fores in the low-energy regime.In partiular, in the energy range between 30 and 50 MeV, that is ofinterest for the experiments presented in this thesis, very sare po-larized experimental data exist. This is an ideal range where the pre-ditive power of hiral EFT in three-nuleon ontinuum an be testedby measuring analysing powers and double spin observables with highpreision over large areas of the phase-spae.The hapter is organized as follow: setion 1 introdues a survey ofthe main approahes developed to study the ontribution of the three-nuleon fores (3NFs) in nulear systems, setion 2 provides a reviewon how nulear fores emerge from low-energy QCD via EFT.7



8 Physis Motivation1.1 Conventional approahes to the Nulear ForeproblemSine the typial energy sale in Nulear Physis is in the orderof nulear binding energies, the N-body problem an be desribed bythe non-relativisti Shrödinger equation. In a �rst approximation, ob-servables in this energy range are well desribed by a nuleon-nuleon(NN) potential. The onventional way to desribe the nulear fore is

Figure 1.1: The entral nuleon-nuleon (NN) potential is displayed. The longest rangeontribution orresponds to the 1-π exhange, the intermediate range attration is de-sribed by 2-π exhanges and other shorter range ontributions. At shorter distanes, theNN interation is strongly repulsive. This �gure is taken from Ref. [4℄.based on the meson-exhange piture as proposed by Yukawa[5℄. Thisapproah enrihed by meson �eld theory and dispersion relations (em-ployed to onstrut the two-pion exhange ontribution) brought to thedevelopment of high preision semi-phenomenologial nuleon-nuleon(NN) potential models like AV18[6℄, CDBonn[7, 8, 9℄, Nijmegen I andII[10℄. These models desribe the long-range tail of the nulear foredue to eletromagneti interation and the one-pion exhange poten-tial and parametrize the medium- and short-range ontributions. Thesepotentials an reprodue a large sample of proton-proton and neutron-proton sattering data oberservables up to the pion prodution thresh-old with a χ2/datum ∼1 and provide an aurate representation ofmost deuteron properties. In Nd sattering di�erential ross setion,analysing powers and spin-transfer oe�ients are well desribed atlow inident beam energy using solely two-nuleon fores (2NFs), but



1.1 Conventional approahes to the Nulear Fore problem 9a disrepany with data is observed as the energy inreases (for theanalysing power this disrepany is known as Ay-puzzle[11℄).The di�erene between alulations inluding solely 2NFs and data isusually interpreted as an indiation of the existene of three-nuleonfores (3NFs). 3NFs are many-body interations that have to be in-luded beyond pair fores to desribe nulei and nulear reations prop-erly. Systemati studies of the dynamis of systems involving three orfour nuleons allow preise tests of the role and the struture of the3NFs.The Urbana-Argonne group[12℄ showed that three-nuleon fores haveto be inluded to desribe the nulear binding energies whih are knownto be underestimated by two-nuleon potentials.The extension of Yukawa theory to 3NF is due to Fujita and Miyazawa[13℄,who implemented the meson exhange idea by sandwihing the pion-nuleon sattering amplitude between nuleon lines, thus originatingthe 3NF of longest range.The desribed approah is frequently used in nulear struture and re-ation alulations but reveals some de�ienies like the absene of away to assign a theoretial error, the di�ulty to implement gauge andhiral symmetries, the inonsisteny between three-nuleon fores andthe nuleon-nuleon interation models and a very loose onnetion toQuantum Chromo Dynamis (QCD).These de�ienies an be overome in hiral E�etive Field Theory(EFT), an approah to study the low-energy hadron onsistent withthe QCD. Chiral EFT is linked to QCD via its symmetries and allowsto treat the low-energy properties of hadroni systems in a ontrolledway. When this method is applied to a system of three nuleons, graphsinluding 3NFs appear naturally in a omplete agreement with the hi-ral NN interations, as desribed in the next setion.The experimental data and the theoretial preditions for reations in-luding three nuleons at low and intermediate energies are today atvariane. In some parts of the phase spae for some observables, the in-lusion of the 3NF in the models lead to a good agreement between dataand theory, while in other parts the agreement is worsened[14, 15, 16℄.This ambiguity requires a omplete and high preision database.The Deuteron breakup o�ers, with respet to the elasti hannel, ariher kinematis to study observables in the three nuleon ontinuumthat is ruial to investigate the struture of the nulear fore and to



10 Physis Motivationdemonstrate the possibile evidene of the 3NFs.1.2 The Chiral Perturbation TheoryChiral Perturbation Theory (ChPT) is the e�etive theory of Quan-tum ChromoDynamis (QCD) formulated by Weinberg[17℄ and devel-oped into a systemati tool for studying the properties of hadroni sys-tems at low energies in a model-independent framework. It is based onthe spontaneously broken hiral symmetry of QCD, providing a methodto improve the results by onsidering higher orders in a perturbativeexpansion. Weinberg attempted a generalization of this method to thefew-nuleon setor, faing a non-perturbative problem sine one has todeal with the strong nuleon-nuleon interation.In the framework of ChPT two kind of interations emerge: long-rangepion exhanges and ontat interations, with the assoiated low-energyonstants (LEC). Due to hiral symmetry, a power ounting an be usedto estimate the ontribution of individual graphs to the NN interation.Weinberg proposed to apply hiral perturbation theory to the e�etivepotential, de�ned as the sum of all the ontributions of irreduible di-agrams, instead of applying it to the sattering amplitude, obtainedby solving the orrisponding dynamial equation. In this way, only a�nite number of diagrams ontributes at a given order and the nonper-turbativity of nulear systems is taken into aount.In this framework, one an onsider the most general e�etive La-grangian LEFF for pions and nuleons onsistent with the symmetries ofQCD. Nulear fores an be determined from LEFF perturbatively viaan expansion in powers of Q/Λ, where Q refers to a typial momentumof the nuleons or the pion mass and Λ is the hiral symmetry-breakingsale of ≈ 1 GeV.The importane of a partiular ontribution to the nulear potentialis �xed by the power ν of the expansion parameter Q/Λ, providingthe auray at order ν. In this sense, the theory an be alulatedat any auray and has a preditive power. The nulear fore an beespressed by:
V =

∑

ν

V ν = V 0 + V 1 + V 2 + .... (1.1)The struture of the nulear fore at lowest orders of the hiral expan-sion is shown in Fig.1.2.



1.2 The Chiral Perturbation Theory 11Chiral power ounting explains the dominane of the 2NF ontributionthat starts at ν=0.
• ν=0: at this leading order (LO), the 2NF is provided two nuleon-nuleon ontat interations without derivates, represented in Fig.1.2by the four-nuleon-leg graph with a small-dot vertex, and byone pion exhange, seond diagram in the �rst row of Fig.1.2.The oupling ostants linked to NN ontat interation at this andhigher orders an be derived from the low-energy nuleon-nuleondata.

Figure 1.2: The Hierarhy of nulear fores in ChPT is shown. Solid lines arenuleons and dashed lines are pions. Solid dots, �lled/open squares and irlesdepit verties from LEFF . Figure taken from ref.[4℄.
• ν=1: The parity onservation preludes any ontributions at thisorder.
• ν=2: The �rst orretions at next-to-leading order (NLO) arisefrom two-pion exhange, without new parameters and ontatinterations quadrati in the momenta or pion mass.



12 Physis Motivation
• ν=3: at next-to-next-to-leading order (N2L0), two-pion exhangeontributions together with one insertion of the subleading ππNNverties has to be onsidered. The related low-energy onstants
c1,3,4 are determined by πN sattering. At this level the �rstontribution to the 3NF from diagrams appears[18℄. Two-pionexhange part involves no new parameters, whereas the two othertopologies depend on one unknown onstant eah, whih an be�xed from three- or more-nuleon observables.

• ν=4: at next-to-next-to-next-to-leading order (N3LO), furtherorretions to the 2NF has to be inluded, onsidering the sub-leading two-pion exhange, the leading three-pion exhange termsand the onneted ontat terms; at this order the four-nuleonfore (4NF) originates.In the framework of EFT it is natural to de�ne a qualitative expla-nation of the observed hierarhy of two-, three-, more-nuleon fores:
V2N ≫ V3N ≫ V4N .By far, the 2NF has been worked out and applied to N3LO in the NNsystem, while the results for three- or more-nuleon systems are avail-able up to N2LO[19℄.The Low Energy Constants (LECs) D and E entering the expression of3NF are determined by �tting the 3H and 4He binding energy[20℄ andeither the nd sattering lenght[21℄ or the properties of the nulei[22℄.One D and E are �xed, the resulting nulear Hamiltonian an be em-ployed to desribe the dynamis of few-nuleon systems. This methodhas the advantage, with respet to the other approahes, of estimatingunertainties of the obtained preditions.3N sattering observables and in partiular the breakup reation isa fertile testing ground for the hiral fores. The deuteron breakupreation has been reently measured at the intermediate energy of
EN=65 MeV (EN refers to kineti energy of the inident nuleon beam)and some data, onerning ross setions, in kinematial on�gurationsas the �nal state interation, symmetri spae star and quasi-free sat-tering1 are available in the range below 20 MeV.No systemati data exist in the energy range between 30 and 50 MeV.This energy range is extremely suitable to �nd relevant ontributions1In the �nal state interation FSI, two nuleons leave the interation region with equalmomenta; in the symmetri star on�guration, the three nuleons have equal energies; inthe quasi-free sattering, one nuleon in the �nal state is at rest in the laboratoty system



1.2 The Chiral Perturbation Theory 13due to 3NF and at the same time the energies are low enough to o�erpreise theoretial preditions based on hiral EFT. Data in this en-ergy range will provide an independent soure for a determination ofthe LECs D and E and thus will allow a onsisteny hek of the theo-retial approah. Moreover, preise data in this range will be relevantto explore e�ets of the new strutures whih appear in the 3NF at
N3LO without any additional unknown parameters. This is the energyrange where the planned pd breakup double-polarized experiment willtake plae at the COSY-faility, see the beam proposal submitted tothe COSY Program Advisory Program[1℄. To map out 3N, preisionmeasurements of some relevant observables as well as a large phasespae overage are required; these onditions are ful�lled using bothpolarized beam and target and a large azimuthal overage detetionsystem. Appendix A is devoted to the desription of the analysis toolSampling method, that provides a diret omparison between experi-ment and theory and will be applied for the future measurements. Inpartiular the spin observables that an be aessed in a double po-larized pd breakup experiment are reported. In Chapter 4 the futuredediated pd breakup experimental setup is desribed.





Chapter 2Experimental SetupThe experimental data analyzed in this thesis have been taken in a�xed-target experiment performed at the COoler SYnhrotron COSYof the Forshungszentrum Julih (FZJ). In these experiments a verti-ally polarized proton beam of 49 MeV kineti energy satters on anunpolarized deuterium target. In the sattering proess both pd elastiand pd breakup events an take plae. These two reations are identi-�ed by the Silion Traking Telesope (STT) detetion system, whih isalso part of the beam polarimeter. In this hapter a tehnial overviewof the various omponents of the experimental setup is presented.
2.1 The COSY failityThe COoler SYnhroton (COSY) at the Institut for Nulear Physis(IKP) of the Researh Centre of Juelih (FZJ) is an aelarator whihprovides proton and deuteron beams (∆p/p=10−4-10−3) in the momen-tum range from 300 MeV/ (550 MeV/ in the deuterons ase) up to 3.7GeV/. The phase spae ooling of the stored beam is provided to aneletron ooler (up to a momentum of 600 MeV/) and ompleted by astohasti ooling that overs the momentum range above 1.5 GeV/.Unpolarized and polarized beams originate from external or internalexperiments. Polarized beams are produed by a polarized ion sourewhih provides a vetor polarized proton beam and deuteron beamswith all possible ombinations of vetor and tensor polarization. Thetypial ahieved �lling (number of partiles stored in the aelerator)15



16 Experimental Setup

Figure 2.1: The COSY-faility with the injetion and extration line; the main internaland external esperiments are indiated.for a transversely polarized proton beam is 1010 partiles (3 · 1010 fordeuterons) with 70% of polarization (70% vetor and 50% tensor po-larization for deuterons). An overview of the COSY-ring is shown inFig.2.1 indiating the main experiments and in partiular the targetpoint for the Polarized Antiprotons eXperiments (PAX).



2.2 PAX beam polarimeter 172.1.1 Eletron CoolerThe COSY eletron ooler has been optimized for eletron energiesup to 100 keV, enabling phase spae ooling up to 183.6 MeV protonenergy. Its basi appliation is reduing the large emittane and thelarge momentum spread due to the injetion stripping proess beforethe ion beam is aelerated to the requested energy[23℄. The eletronbeam is extrated from a thermioni athode and eletrostatially a-elerated up to the veloity ion beam. The eletron beam is drivenby the longitudinal magneti �eld provided by toroids and solenoidsthrough the region of interation with the ion beam and, after energyreovering by eletrostati deelaration, it enters the olletor. Twosolenoids with reversed longitudinal �eld up- and downstream of theooler devie hinder oupling between horizontal and vertial phasespae plane and distortion of the ion spin diretion in the COSY ring.Steerer magnets balane the orbit distortion indued by the toroidsand enable the math between the ion beam and the eletron beam inposition and in angle. When the optimum setting is found, the eletronbeam an be tilted by steering oils on the drift solenoid and it slightlyredued its ooling fore.2.2 PAX beam polarimeterThe beam polarization is measured using the Silion Traking Tele-sopes (STTs) detetion system, plaed at the ANKE interation point,see Fig.2.1. As desribed in detail in setion 3, the beam polarizationan be determined exploiting the left-right asymmetry of the seleteddeuterons from proton-deuteron elasti sattering, where the deuteriumis delivered from the ANKE Deuterium luster target[24℄.2.2.1 Deuterium luster targetA Deuterium luster target is plaed at the internal target positionof the ANKE experiment. It provides a target density of 1013-1015atoms/cm2 and a target beam of 10 mm diameter, entailing a smallbeam target overlap. Clusters of 103-104 atoms are delireved from aLaval-nozzle, where pure hydrogen or alternatively deuterium gas isooled down to a the temperature range of 20-30 K. At the pressure
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Figure 2.2: A shemati view of the Deuterium Cluster Target is shown. The lustersoure plaed above the COSY beam provides a well-de�ned target beam of hydrogen ordeuterium lusters. The olletor setion keeps the vauum below 10
−7 mbar.range of 15-20 bar, the gas is fored into the vauum of the skimmerhamber using the Laval-nozzle of 20 µm opening diameter. Oneinside the skimmer hamber, the gas expands adiabatially and it oolsdown. In oversaturated gas onditions, the ondensation of atoms intolusters takes plae. There are about 103 atoms lose to the triple pointper luster. The skimmer provides the separation of the luster beamfrom the residual gas whih is the main omponent of the total gasload into the skimmer hamber. The target setion alled olletor,see Fig.2.2 hosts a di�erential pumping system (three ryo-pumps plusone turbomoleolar pump) whih limits the gas load into the targethamber, keeping the vauum below 10−7 mbar.After having rossed the aelerator beam, the luster beam enters theolletor stage, plaed below the target hamber, see Fig.2.3.
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Figure 2.3: The two Silion Traking Telesopes plaed olse to the beam-target overlapregion in the target hamber is shown. The polarized proton beam (red line) enters thehamber and hits the deuterium luster target (yellow line), injeted from the top.2.2.2 SILICON TRACKING TELESCOPESThe detetion system onsists of two groups of silion strip detetorsarranged in a telesope layout around the beam target overlap region.A Silion Traking Telesope is made by three double-sided mirostripdetetors of di�erent thikness; the �rst layer an be of 65µm or 300µmthikness, the seond layer of 300 µm thikness and the third layer isa 5100 µm sensor to maximize the number of stopped partiles.This system is able to full�ll the following tasks:
• Identi�ation of stopped partiles by the∆E/E method, providingin partiular the proton identi�ation in the kineti energy range
2.5− 40 MeV with a resolution of 150 keV.

• Partile traking over a large energy range, from 2.5 MeV up tominimum ionizing partiles (MIP); vertex resolution of 1 mm.
• Self-triggering apabilities realized by a fast ampli�er with a peak-ing time of 75 ns by means of whih a partile passage is registredfast and provide a trigger; in this way the system behaves like astand-alone detetor.
• High rate apability and high modularity.



20 Experimental SetupThe partile identi�ation, ruial for the polarization measurement, isrealized using the ∆E/E method analysing the orrelation between theenergy loss in di�erent layers, as desribed in setion 3.The detetors used for the �rst two layers of the STTs are the BaBarIV detetors and have been originally designed by the ompany MironLtd [25℄ for the BaBar experiment [26, 27, 28, 29, 30℄ at the SLAC PEP-II B fatory. The size of their ative area is 51mm × 62mm and thestrip pith is of 400 µm.The p-doped side has 1023 strips, whereas the n-doped side has 631strips. In order to inrease the e�etive strip pith up to 400 µm,the strips are arranged into groups that are onneted to segments onthe kapton �at able used to onnet the detetor and the front-endeletronis (see Fig.2.4 for the onnetion sheme).A vauum-feedthrough for eah segment is not appliable beause ofthe large number of the readout hannels, one per segment, so thefront-end eletronis is used in vauum.The thik Lithium drifted Silion detetors Si(Li)[31℄ used for the thirdlayer has an ative area of 64 mm × 64 mm and a strip pith of 666
µm (96 strips per side). They have been developed in the detetorlaboratory of the Institut für Kernphysik (IKP) of FZJ. They allow tostop partiles up to an energy of about 32 MeV for protons and 43 MeVfor deuterons.2.2.3 Front-end eletronisThe signals oming from the silion sensors are transported to thein-vauum front-end eletronis by kapton �at ables. The VA32TA2hips are used. The hip provides a low trigger threshold of 100 keV;two boards 90 mm×90 mm (one per detetor side) with 5 hips areutilized. The front-end eletronis onsists of 32 hannels logiallyseparated into an amplitude and a trigger part. In the preampli�erstage, a harge signal in the input pad of the hannel is ampli�edand then split into the two branhes. The pre-proessed signals aredriven by additional kapton �at ables to the vauum feedthroughonnetors. The onnetors are plaed on the eletronis to favour thedismounting of the kapton �at ables in order to ful�ll the modularityrequest.A single front-end eletronis board is ontrolled outside of the vauumvia one interfae ard whih provides power supplies, ontrol signals,
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Figure 2.4: The onnetion sheme of the p-doped side (a) and n-doped side (b) of theBaBar IV detetor.trigger pattern threshold and alibration pulse amplitudes. The totalread-out hain ontributes to a total dead time of less than 50 µs.2.2.4 Geometry and TriggerThe displaement of the STTs has been optimized to measure thebeam polarization in proton-deuteron elasti ollisions aording toMonte Carlo simulations.The geometry of the setup has to meet these requirements:
• the beam polarization has to be measured with a small statistialerror.



22 Experimental Setup

Figure 2.5: The in-vauum front-end eletroni board is shown, with the input/outputonnetors and the front-end hips indiated.

Figure 2.6: In the left piture one silion-detetor with the front-end eletroni boardsand kapton plat ables is shown; in the right piture the �nal assembly for one detetorinluding the ooling plate for the eletroni board is displayed. Figures taken from [42℄.
• the setup has to be arranged in an azimuthal symmetry (left-right) in φ to use the double-ratio method for the asymmetrymeasurements, that serve to alulate the beam polarization andanalysing powers, see Chapter 3.
• events with proton and deuteron traks should be in the detetor



2.2 PAX beam polarimeter 23aeptane to allow for the setup alignment.

Figure 2.7: Shemati view of the zx plane of the detetor (the beam is along the zdiretion). Target position and distanes bewteen layers are indiated.The beam polarization P is determined using the left-right asymmetry
ǫ of the sattered deuterons. This asymmetry is proportional to theanalysing power Ay of the pd elasti sattering through the relation:

ǫ = P ·Ay. (2.1)The STT is plaed in the region where the pd elasti Figure Of Merit(FOM) de�ned by:
FoM =

dσ

dΩ(θcm)
· (Ay(θ))

2, (2.2)exhibits the maximum value.Aording to experimental data at Tp = 46.3 MeV, see Fig.2.8, it istaken in onsideration the FOM value at θpcm=110o (that in the labo-ratory is θplab = 80o), sine the �rst peak orresponds to angles in theforward sattering region where it is not possible to plae the STT.To optimize the FOM the STT was plaed 12 mm downstream alongthe beam diretion. The �rst layer is plaed at 28 mm from the enterof the beam pipe to protet the detetor; the distane between �rstand seond layer is 20 mm. The distane between seond and thirdlayer is 13.5 mm. The trigger signal was produed when at least onetrak was generated in the detetion system and this orresponds to aoinidene between both sides of every seond layer.
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Figure 2.8: In the upper panels the pd elasti di�erential roos setion is rep-resented in the enter of mass and laboratory system. In the lower panels theAnalysing power Ay and the Figure of Merit FoM of the pd elasti sattering in theenter of mass system are displayed.

Figure 2.9: The omplete setup of a Silion Traking Telesope is shown. The threesilion mirostrips sensors are indiated as well as the kapton �at ables that link thedetetor to the the front-end eletroni boards, and the vauum feedthrough.



Chapter 3Deuteron Breakup eventsanalysisThe pd → ppn Deuteron Breakup hannel has been studied usingMonte Carlo and experimental data.The ultimate goal of the analysis is the seletion of pd Breakup and inpartiular the identi�ation of the neutron. The identi�ed pd Breakupevents are used to develop a method for alulating the analysing pow-ers Ay of pd Breakup with respet to the neutron.The presented data had been taken during the February 2008 beamtime, when an experiment to test the possibility of using unpolarizedeletrons to depolarize an initially polarized proton beam was per-formed at the COSY-ring. A polarized proton beam was stored inCOSY and the eletrons of the eletron-ooler have been employed asfree eletron target. The depolarization of the beam ,aused by theinterations with the eletrons, was monitored measuring the beampolarization by means of the proton-deuteron elasti sattering eventsindued at the deuteron luster target [32℄.In these experimental onditions, proton-deuteron ollisions an giverise to Deuteron Breakup events. Sine the experimental setup is ableto identify this reation, Deuteron Breakup hannel an be studied asa omplete independent Physis ase.In this hapter the data analysis proedure to reonstrut DeuteronBreakup events, in simulated and experimental data, and in partiularthe seletion riteria developed to tag this reation are desribed. Theidenti�ed deuteron breakup events are employed in the method devel-opment for the measurement of the analysing power Ay of pd Breakup25



26 Deuteron Breakup events analysiswith respet to the neutron.3.1 pd Breakup vs pd elastiWhen a proton beam of 49.3 MeV kineti energy impinges on adeuterium target, two hannels an be aessible: pd elasti sattering
pd → pd and Deuteron Breakup pd → ppn. In the experimental datathese two hannels are present together and need to be separated.While the phase spae of the pd elasti hannel is well de�ned, the pd

Breakup, being a three-body �nal state reation, oupies a broaderphase spae whih overlaps to the elasti one. The basi idea to isolatethe pd Breakup hannel is to exlude the pd elasti hannel from thephase-spae and get all the infomations from the two outgoing protons.This seond requirement is neessary sine the neutron is invisible forthe used detetion system and pd Breakup ould be identi�ed whenthe two outgoing protons stop inside the detetor aeptane. Onethe two protons are stopped, using the four momentum onservation,the omplete kinemati an be determined. The four-momentum of themissing neutron is given by:
nµ = pµBeam + dµTarget − pµ1,T elescope − pµ2,T elescope, (3.1)in whih pµBeam is the four-momentum of the inoming proton, dµTargetthe four-momentum of the deuteron target (it is a �xed target, so itoinides with the deuteron mass), pµ1,T elescope and pµ2,T elescope the four-momentum of two outgoing protons deteted and stopped in the tele-sopes.In order to maximize the number of stopped protons, a third thikersilion layer was installed to inrease the stopping power.



3.1 pd Breakup vs pd elasti 27One the protons from pd Breakup events are seleted, the MissingMass:
Mmissing =

√

(Ep
Beam +md − Ep1 − Ep2)2 − (−→p p

Beam −−→p p1 −
−→p p2)

2(3.2)is used as a ontrol riteria to tag the reation and it should peak atthe Neutron mass 939.57 MeV/c2. In equation 3.2, Ep
Beam and −→p p

Beamare the total energy and 3-momenta of the inoming proton, md thedeuteron mass, 1875.61 MeV/c2, Ep1,Ep2 are the total energies of thetwo outgoing protons, −→p p1 and −→p p2 are the 3-momenta of the twooutgoing protons.3.1.1 Kinematis of pd → ppnIn general in a reation A+B → 1+2+3 with two initial partilesand three partiles in the �nal state, 3× (2 + 3) momenta omponentshave to be de�ned. The momentum-energy onservation laws �x fourrelations between momenta omponents of the partiles in the initialand �nal state; moreover if the enter of mass system is used, one ande�ne three onditions for the initial state derived by:
−→p c.m.

A +−→p c.m.
B = 0, (3.3)and three onditions for the �nal state:

−→p c.m.
1 +−→p c.m.

2 +−→p c.m.
3 = 0. (3.4)Therefore a three-�nal state hannel an be desribed by means of

3× (2 + 3)− 4− 3− 3 = 5 independent variables.

In the ase of pd Breakup reation the �ve independent variablesan be: θp,θq,φp and φq, whih are the polar and azimuthal angles of



28 Deuteron Breakup events analysisthe jaobi momenta p and q, and the exitation energy of the protonpair Epp de�ned as:
Epp =

√

(Ep1 + Ep2)2 − (−→p p1 +
−→p p2)

2 − 2mp, (3.5)where Ep1,Ep2,−→p p1 and −→p p2 are the total energies and the 3-momentaof the two outgoing protons and mp is the proton mass.

Figure 3.1: Jaobi momenta of pd → ppn in the enter-of-mass system. p=1/2(p1+p2)and q=-(p1+p2).3.2 Simulations and DataThe data analysis is divided in two stages: one onerning MonteCarlo simulations and the other experimental data.In order to estimate the expeted detetor performanes and in parti-ular to study the reonstrution e�ieny for pd Breakup events andthe pd elasti ontamination, di�erent samples of simulated pd Breakupand pd elasti events have been analyzed, implementing the February2008 detetor on�guration.The pd elasti sattering is generated based experimental data[33℄. Thelow energy pd Breakup is generated in the framework of the pure phase-spae GENBOD model with the proton beam kineti energy of 49.3MeV. The GEANT pakage [34℄ was used for the detetor response.The output of the simulations onsists of a list of events ontaininghits informations like spatial oordinates, angles and deposited ener-gies.The Monte Carlo data study allowed the tuning of the seletion riteriathat serve to optimize the pd Breakup identi�ation e�ieny.



3.2 Simulations and Data 29Simulated hannel Number of generated eventspd→ pd 10
6, Tp =49 MeVpd→ ppn 10
6, Tp=49 MeVTable 3.1: This table displays Monte Carlo informations onerning the hannel simu-lated and the number of generated events for eah hannel.Conerning experimental data, the exeution of the primary dataanalysis, energy alibration orretion, hits and traking analysis isontrolled by the Rootsorter framework software developed at IKP[35℄.The output is arranged in a list of events with omplete event identi-�ation data (i.e. time, beam polarization index, target polarization,et.) and hits informations. Eah hit ontains the information aboutthe energy loss of the partile and its position in the detetor. In thenext setion the trak reonstrution and the pd Breakup identi�ationtehniques (used either in Monte Carlo or data) are desribed.3.2.1 RUN SELECTIONThe data taking was performed with 108 stored protons. For thisanalysis seven runs have been analyzed. During eah run the protonbeam polarization was alternated between state UP (↑), DOWN (↓)and unpolarized (0). The geometry is represented in Fig.3.2. Duringthe beam time the third layer in one telesope was not working.Date RUN Start Stop EventsFeb 03,2008 260 16:49 17:00 1360305Feb 03,2008 262 17:06 17:16 1364067Feb 03,2008 264 17:16 17:26 1362196Feb 03,2008 266 17:26 17:36 1350207Feb 03,2008 267 17:36 17:58 1368407Feb 03,2008 270 18:15 18:27 1352119Feb 03,2008 272 18:36 18:50 1174226Table 3.2: This table ontains some informations on the runs of February 2008 analysedfor this thesis. The start and stop time and the number of stored events are indiated.
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Figure 3.2: In the upper �gure, the zx plane of the detetor is shown. The proton beamis direted along the positive side of the z axis. The proton beam polarization is diretedalong y-axis. The indiated angles show the geometrial aeptane of the polar anglewhen a sattered partile impinges on the �rst two layers. In the lower �gure, the yxplane, looking in the beam diretion, is shown.3.3 Trak ReonstrutionA trak is de�ned as a straight line between two orrelated hitsin the �rst two layers. Firstly ontiguous signals (within a radius of1 mm) in the silion strips are merged together into the so-alled sili-on hits. Only events with at least two hits in the �rst layers and onehit in the seond layer of the detetor are onsidered. Seondly theandidate traks are reonstruted from one hit in the �rst and one hitin the seond silion layer if they are separated by less than 6 degrees



3.3 Trak Reonstrution 31in azimuthal angle.A hit in the third silion layer is linked to the reonstruted trak if itsdistane from the extrapolated point of the trak is less than 1 m.In events where two traks are traed, the method of distane of losestapproah is applied to reonstrut the interation vertex. Whereas inevents in whih only one trak is traed, the method of distane of los-est approah is applied between the trak and the beam line to loalizethe vertex point; after that the seond trak is traed onneting thevertex point to the oordinates of any untraed hit in the �rst layer.Three trak typologies are onsidered: trak "1", if the partile stopsinto the �rst layer, trak "2" and "3", if the partile stops into theseond or the third layer respetively, see Fig.3.3.

Figure 3.3: Shemati view of the zx detetor plane in whih trak 1,2 and 3 are repre-sented.In Monte Carlo, pd elasti and pd Breakup hannels an be swithedon separately, whereas in data they are present together; the �rst partof the analysis is dediated to the identi�ation and separation of thetwo reations.The request to suppress the elasti hannel to negligible ontributionis realized applying a o-planarity ut, shown in Fig.3.4. This ut,in addition to the request of having no deuterons in the �nal state,provides the elasti and breakup hannel separation.
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Figure 3.4: Monte Carlo: the o-planarity ut. The relation between the polar anglesof the 2-outgoing partiles versus their azimuthal angle is displayed. The left panel showsthe phase spae of the pd elasti hannel in simulations, the middle panel shows the phasespae of the pd elasti (red) and pd Breakup hannel (blue) together, the right paneldisplays the phase spae of pd Breakup in whih the ellypse-like area of pd elasti hasbeen exluded; in this way the main onentration of pd Breakup remains.3.3.1 Partile Identi�ationThe energy loss information arried by hits provides the seletion ofthe harged partiles by the ∆E/E and Partile IDenti�ation (PID)methods. These two methods are developed ombining the energy lossdeteted in the Silion Traking Telesope and the energy loss of par-tiles in matter, as desribed by the Bethe-Blok formula:
−
dE

dx
=

4πnz2

mev2
· (

e2

4πǫ0
)2 · ln

2mev
2

I
, (3.6)where v is the veloity of the inoming partile, ǫ0 the vauum per-mittivity, me the eletron mass, n the eletron density, z the atominumber and I the average ionization energy.Showing E1, the deposited energy in the �rst layer, as funtion of E2the deposited energy in the seond layer, one an see that di�erent par-tiles populate di�erent regions of the phase-spae (∆E/E method).The borderline of these regions is broad sine the partiles pass throughmore or less detetor material depending on the inident angles.To simplify proton/deuteron separation, the PID method an be ap-plied; in this ase the energy loss are parametrized by the so-alled parameter de�ned as follow:

c = (E1 + E2)
1.62 −E1.62

2 . (3.7)
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Figure 3.5: Monte Carlo pd elasti and pd Breakup together. In the left panel the∆E/Eplot is shown. In Monte Carlo a �ag tags partiles as protons (blue points) or deuterons(red points); protons and deuterons populate di�erent loi of the phase spae. Lookingat the deuterons (same is for protons), the upper band orresponds to partiles stoppedin the 2
nd layer aeptane and the lower band orresponds to deuterons having enoughenergy to pass through the 2

nd layer. Here deuterons an miss the 3
rd layer or an enterthe 3rd layer and stop beause of its thikness. In this region deuterons lay on the stoppedprotons band. If these deuterons enter the 3

rd layer, they an be separated from protons,otherwise the separation between protons and deuterons is not appliable. In the rigthpanel the PID ut is shown. Using an energy parametrization it is possible to onvert theleft plot in the right one in whih the protons-deuterons separation is realized applying ahorizontal ut.

Figure 3.6: Experimental data. In the left panel the ∆E/E plot is shown, a �ag indi-ating protons or deuterons is no longer available. The seletion of protons and deuteronsan be arried out with a linear ut (magenta line) whih divides the plane in protons anddeuterons loi. The same onsiderations for the overlapping protons-deuterons regions areapplied here. In the rigth panel the PID ut is shown, the separation is realized using ahorizontal ut (magenta line).



34 Deuteron Breakup events analysisA ut around the horizontal band (see Fig.3.6) allows the separationbetween protons and deuterons.After having separated the two hannels, the further step of the analysisis aimed to identify the traks with two protons stopped in the detetor.3.3.2 Trak "1" reonstrutionWhen a partile stops in the �rst layer is labelled as trak "1". Trak"1" is seleted by means of a geometrial ut in whih the partile issupposed to have one hit in the �rst layer and its trak, originating fromthe target region, is projeted in the forward diretion to hek if itinterepts the seond layer aeptane. Sine the partile identi�ationis not appliable in the �rst layer, to eliminate the high bakgroundfrom deuterons stopped in the �rst layer, a o-planarity ut is required.

Figure 3.7: Seletion of proton trak "1". YZ plane of the seond layer. The yan pointsrefers to the nominal position of the 2
nd layer; the pink points are projetions of trakswith one hit in the 1

rst layer that miss the 2
nd layer aeptane. If a projetion belongsto the 2

nd layer aeptane and no orrelated hit is found then it is labelled as trak "1".3.3.3 Trak "2" reonstrutionTrak "2" refers to partiles stopped in the seond layer of the de-tetor. Stopped partiles are seleted using ∆E/E and Partile IDen-



3.3 Trak Reonstrution 35ti�ation (PID) methods. Partiles displayed in Fig.3.6 are those thatpass the �rst layer and give rise to a signal in the seond layer. Par-tiles with the highest energy loss in the �rst layer have a low energyloss in the seond; as the energy of the partile inreases, the energyloss in the seond layer inreases and the deposited energy in the �rstlayer dereases, sine the energy loss is proportional to 1/v2. The upper

Figure 3.8: Experimental data. In the left panel the ∆E/E plot and in the rightpanel the PID plot are displayed in both ases without the deuterons loi; here the mainonentration of pd Breakup has been identi�ed. Protons stopped in the seond layer areisolated seleting the band bounded by the pink lines.bands are populated by deuterons and protons respetively stopped inthe seond layer and their initial kineti energy is determined by thesum of the deposited energy in the �rst two layers. The lower bandsare populated by protons and deuterons that pass through the seondlayer aeptane and an enter the third layer. Restriting our analy-sis to protons, the seletion of a trak "2" proton is arried out withthese requirements: �rst two layers �red, the partile should lay on thestopped protons regions (see Fig.3.8) and no hits on the third layer.3.3.4 Third layer CalibrationBefore disussing the reonstrution of Trak "3", it is here pre-sented the alibration proedure of the third layer. The thikness ofthe third layer required the use of apaitors to aomplish the atten-uation of the input signal, therefore the deposited energies have to bealibrated to get the orret value. At this aim, the ∆E/E plots (2nd



36 Deuteron Breakup events analysisversus 3rd layer) in Monte Carlo and experimental data have been om-pared in order to make them oinide.The results of this alibration has the e�et of shifting the peak of theMissing Mass distribution to the orret value, as reported in Fig.3.11.

Figure 3.9: The ∆E/E plot displaying the energy loss in 2
nd layer versus energy loss in

3
rd layer is shown for Monte Carlo (left panel) and experimental data (right panels). Themiddle panel shows experimental data without the alibration, the right panel representsexperimental data after the energy alibration. The alibration has been realized makingthe energy losses shown in the �rst and seond panel oinide.3.3.5 Trak "3" reonstrutionA trak labelled as "3" is originated by a partile stopped in thethird layer and is seleted using the plot representing E2, the energyloss in the seond layer, as a funtion of E3, the energy loss in thethird layer. The upper band refers to deuterons entering the thirdlayer. Deuterons that reah the third layer, due to its thikness, arehere stopped. The lower band in the ∆E/E plot refers to protons.Also in this ase a parametrization of the deposited energies an beused to disantangle protons and deuterons and to identify the stoppedpartiles:

c3 = (E1 + E2 + E3)
1.7 − E1.7

3 (3.8)The seletion of a "3" trak proton is made looking for 3-hits traks inthe proper region of the phase spae of protons stopped in the thirdlayer, as indiated in Fig.3.10.
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Figure 3.10: Experimental data. In the upper box the ∆E/E plot (left panel) for 2
ndand 3

rd layer and its parametrization PID plot (right panel) are shown, onsidering pdelasti and pd Breakup. Applying the ut identi�ed by the pink line, one an seletprotons or deuterons. In the lower panel ∆E/E plot and PID plot without pd elasti.Protons labelled as trak "3" are isolated applying the ut indiated by the pink lines,whih selets the protons stopped in the 3
rd layer.

Figure 3.11: Experimental data: run 260. The Missing Mass distribution is shownbefore and after the alibration of the third layer.



38 Deuteron Breakup events analysis3.4 Deuteron Breakup samplesThe ombination of two stopped-protons traks (1,2 or 3) generates�ve event samples labelled 2-1, 2-2, 3-1, 3-2, 3-3 referring to the numberof hits in eah trak. These event samples are investigated separatelyas they populate di�erent loi of the phase spae. Every sample isidenti�ed by means of a ombination of the seletion riteria desribedabove.
• 2-1 sample: This ategory is identi�ed applying the  param-eter ut and the trak "1" geometrial ut. In addition theo-planarity ut is applied beause of the high bakground ofdeuterons stopped in the 1rst layer.

Figure 3.12: 2-1 sample. Upper panels: Monte Carlo. The left panel shows the seletionto identify the protons stopped in the 2
nd layer, the middle panel shows the geometrialut on the projetion of the trak to identify protons stopped in the 1

rst layer. Theright panel displays the Missing Mass distributions: the red one refers to reonstrutedevents (21s events that enter the geometrial aeptane but not neessarily stopped), thegreen one refers to generated stopped events (21s events that are stopped aording tosimulations), the blue one refers to the events stopped using the seletion riteria. Lowerpanels: DATA. Starting from the left the seletions to identify stopped protons in the 2ndand 1
rst layer are shown. In the right panel the Missing Mass for reonstruted (red) andstopped (blue) 21s events.



3.4 Deuteron Breakup samples 39
• 2-2 sample: This ategory is identi�ed applying the  parameterand the o-planarity ut.
• 3-1 sample: This sample is identi�ed applying the 3 parameter(eq.3.8) and the trak "1" geometrial ut; the o-planarity ut isapplied for the reason already mentioned for the 2-1 sample.
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Figure 3.13: 3-1 sample: in the upper panels: Monte Carlo. The left panel shows theseletion to identify the protons stopped in the 3
rd layer. In the middle panel, the utfor protons stopped in the �rst layer is represented. The right panel displays the MissingMass distributions: the red one refers to reonstruted events, the green one refers togenerated stopped events, the blue one refers to the events stopped using the seletionriteria. Lower panels: DATA. Same plots as mentioned above but displayed for data. Inthe right panel the Missing Mass for reonstruted (red) and stopped (blue) 31s events.

• 3-2 sample: This sample is identi�ed applying the 3 parameter(eq.3.8) and the  parameter (eq.3.7) seletion; the request of theoinidene of two stopped protons makes the o-planarity utnot neessary in this sample.



40 Deuteron Breakup events analysis3.5 E�ieny of Breakup identi�ationThe Missing Mass of the di�erent samples are shown for MonteCarlo, see Fig.3.14 and data, see Fig.3.15. The Missing Mass is appliedas a ontrol riteria to tag a breakup event. The number of eventsidenti�ed for eah run is displayed in Table 3.2.

Figure 3.14: Monte Carlo. The Missing Mass distribution is shown for the Breakup eventsamples invidually and together (bottom right). RED: the Missing Mass for reonstrutedevents (events not neessary stopped inside the detetor aeptane), GREEN: the MissingMass for generated stopped events (events in whih generated and reontruted energyoinides), BLUE: the Missing Mass for stopped events (events identi�ed with seletionriteria).
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Figure 3.15: Experimental data: The Missing Mass distribution is shown for theBreakup event samples invidually and together (bottom right) for a single run. Thesedistributions refer to stopped events (events identi�ed with seletion riteria).



42 Deuteron Breakup events analysisMONTE CARLOMonte Carlo 21 22 31 32 ALLReonstruted 26280 3765 30131 10122 74595Truly Geant Stopped 3518 417 6823 2511 17141Stopped 2361 419 4870 2612 14280Table 3.3: Monte Carlo statistis: this table ontains the number of reonstruted events(events that enter the detetor aeptane but nit neessarily stopped), truly geant stoppedevents (events in whih generated and reonstruted energies oinide) and stopped events(events that ful�ll the seletion riteria). The ounts are reported for eah sample and alltogether. DATARUN 21 22 31 32 ALL260 4299 188 5785 10730 21002262 4073 162 5843 10780 20858264 4178 145 5795 10741 20859266 4015 189 5771 10409 20384267 3821 174 5701 10305 20001270 3489 165 4948 9265 17867272 3178 131 4841 9055 17205Table 3.4: Number of identi�ed deuteron breakup events for eah sample and for allsamples onsidered together in experimental data. The presene of the third layer of 5mminreases the stopping e�eny by a fator 3 with respet to the stopping e�ieny of the�rst two layers. The 3-3 sample is not onsidered sine one of the third layer was notworking during the whole beam time.3.6 Phase Spae CoverageThe identi�ed Breakup samples populate di�erent regions of thephase spae. The jaobi momenta of the identi�ed samples are dis-played in Fig.3.16, 3.17, 3.18, 3.20, 3.21, 3.22, 3.23 to show the phasespae overage.
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Figure 3.16: Experimental data: Jaobi momenta p and q for 2-1 and 2-2 samples. Inpartiular, q represents the neutron in the enter of mass system.
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Figure 3.17: Experimental data: Jaobi momenta p and q for 3-1 and 3-2 samples. Inpartiular, q represents the neutron in the enter of mass system.
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Figure 3.18: Experimental data: Polar and azimuthal angles of p and q for 2-1 and 2-2samples.
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Figure 3.19: Experimental data: Polar and azimuthal angles of p and q for 3-1 and 3-2samples.



3.6 Phase Spae Coverage 45

deg
-150 -100 -50 0 50 100 150

0

10

20

30

40

50

60

70

80

 sample 21
PQ

φ∆

MeV
5 10 15 20 25 30 35 40

0

50

100

150

200

250

300

Epp sample 21

deg
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0

10

20

30

40

50

60

70

Tmin/Tmax sample 21

MeV
5 10 15 20 25 30 35 40

de
g

0

50

100

150

200

250

300

350

| vs Epp sample 212Φ-1Φ|

Figure 3.20: Experimental data: 2-1 sample. ∆φpq and the exitation energy Epp areshown in the upper panels. In the lower left panel the ratio between the kineti energiesof the two outgoing protons is shown, Tmin (max) refers to the kineti energy of the less(more) energeti proton. In the lower right panel it is shown the relation between therelative outgoing diretion of the two protons and the exitation energy. In this samplethere are events in whih both protons are impinging on the same telesope and populatethe phase spae region in whih the absolute value of the di�erene of the two azimuthalangles is lose to 0 and 360 degrees. The onentration of events around 180o refers toprotons direted towards di�erent telesopes.
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Figure 3.21: Experimental data: 2-2 sample. ∆φpq and the exitation energy Epp areshown in the upper panels. In the lower left panel the ratio between the kineti energiesof the two outgoing protons is shown. In the lower right panel it is shown the relationbetween the relative outgoing diretion of the two protons and the exitation energy. Inthis sample the two outgoing protons have the same energy and are emitted simmetriallywith respet to the interation point. For this reason they populate the region around180o.
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Figure 3.22: Experimental data: 3-1 sample. ∆φpq and the exitation energy Epp areshown in the upper panels. In the lower left panel the ratio between the kineti energiesof the two outgoing protons is shown. In the lower right panel it is shown the relationbetween the relative outgoing diretion of the two protons and the exitation energy. Inthis sample there are events in whih both protons are impinging on the same telesopeand populate the phase spae region in whih the absolute value of the di�erene of thetwo azimuthal angles is lose to 0 and 360 degrees. The onentration of events around180o refers to protons direted towards di�erent telesopes.
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Figure 3.23: Experimental data: 3-2 sample. ∆φpq and the exitation energy Epp areshown in the upper panels. In the lower left panel the ratio between the kineti energiesof the two outgoing protons is shown, Tmin (max) refers to the kineti energy of the less(more) energeti proton. As in the 2-2 sample ase, the two outgoing protons are emittedtowards di�erent telesopes.
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Ay in pd→ppnIn this setion the algorithm to alulate the analysing power in pdbreakup with respet to the neutron is presented.The notation to de�ne the analysing power is reported here. The spindependent di�erential ross setion for a spin 1/2 beam impinging onan unpolarized target is:
dσ

dΩ
(Θ, φ) =

dσ0

dΩ
(Θ) · [1 + P · Ay · cos(φ)], (3.9)where P is the beam polarization, dσ0

dΩ
(Θ) the unpolarized ross setion,

Θ the sattering angle in the laboratory frame, φ the azimuthal angleand Ay the analysing power. The sattering angle is measured from theoutgoing beam diretion and the azimuthal angle φ from the horizontaldiretion, see Fig.3.24.

Figure 3.24: Sattering plane.
STEP 1: Beam polarization alulationThe �rst stage of the algorithm onsists in the alulation of thebeam polarization P. P is aluted using the deuteron asymmetry ofthe pd elasti hannel. The number of reorded ounts in a detetor



50 Deuteron Breakup events analysisN(Θ,φ)[38℄ is:
N(Θ, φ)L,R = n · dt ·∆t ·∆ΩL,R ·EffL,R ·

dσ

dΩ
(3.10)Here n is the number of partiles inident on the target, dt is thetarget areal density, ∆t is the measurement time, ∆ΩL,R is the solidangle overed by the left (L) and the right (R) detetor, E�L,R are thedetetor e�ienies and dσ

dΩ
is the di�erential ross setion de�ned ineqn.3.9. This ount number is reorded for the left L (φ = 0) and theright R (φ = π) detetors and for runs with polarization state up anddown (↑ ↓) resulting in the four quantities: NL↑,NR↑,NL↓,NR↓.One an de�ne the relation:

δ =

√

NL↑ ·NR↓

NL↓ ·NR↑

=
1 + P · Ay(Θ)

1− P · Ay(Θ)
(3.11)where ∆Ω and the integrated luminosity (n · dt · ∆t) anel out. Thedeteted asymmetry is de�ned as:

ǫ =
δ − 1

δ + 1
= P ·Ay (3.12)Equation 3.12 is the ross-ratio method[39℄. The ross-ratio allows themeasurement of P in a way indepedent of relative detetor e�ienies,of solid angles, of a target thikness variation and of the di�erene ofthe luminosities for up and down polarized beams at �rst order.The error on ǫ is given by:

∆ǫ =

√

2 · (NL↓ ·NR↑ ·NL↑ ·NR↓)

(
√

NL↑ ·NR↓ +
√

NL↓ ·NR↑)2
(3.13)If one onsiders the dependene of the analysing power on the azimuthalangle, the Eqn.3.12 has to be orreted for the average of the azimuthaloverage of the detetor and an be expressed by:

ǫ = P · Ay· < cosφ > (3.14)To measure the beam polarization P from equation 3.14, the pd elas-ti hannel has been taken into aount sine its analysing power isknown at 49.3 MeV[46℄. The deuterons asymmetry has been onsid-ered (deuterons seletion has been realized using the PID method, seeFig.3.10).



3.7 Method development for the analysing power
Ay in pd→ppn 51A �t to the original data points of Ay (pd elasti)[46℄, has been aom-plished aording to the parabola:

Ay(θ) = a(θ − θ0) · [1 + b(θ − θ0)] (3.15)where a,b,θ0 are the �t parameter. The experimental original data withthe �tted urve is reported in Fig.3.25. Combining equations 3.14 and

Figure 3.25: The experimental data vs the deuteron sattering angle θd from [46℄ �ttedby the urve3.15. This �gure taken from[41℄.3.15 for pd elasti hannel, the measured deuterons asymmetry ǫ anexpressed by:
ǫ = P ·Ael

y · < cosφ >= P · a(θ− θ0) · [1 + b(θ− θ0)]· < cosφ > (3.16)The beam polarization P has been measured by a χ2 �t of the mea-sured asymmetry, perfomed with MINUIT, using as a �t funtion theparabola of equation 3.16 where P is the only free parameter. Theresulting weighted average of the beam polarization for the analysedruns has been determined to be:
P = 0.476± 0.032 (3.17)The ross-ratio method employed to alulate the asymmetry an-els out any di�erenes in luminosity, e�ieny and aeptane of the



52 Deuteron Breakup events analysistwo detetors, so ontibutions to systematis are exluded. In additiondead-time e�ets are negligible as the total system has a dead-time of< 100 µs and the ount-rate was always well below 500/s.A possible soure of systemati unertainty an be due to a fake asym-metry from moving beam target overlap that an ause a hange of thebeam-target overlap leading to a hange of the measured asymmetry;nevertheless a systemati shift of the beam-target overlap between twodi�erent spin states, is idential to a di�erent geometrial aeptaneand anels in �rst order by the used double ratio method and for thismeasurement an be ignored in systematis determination.STEP 2: Ay alulation in pd breakupEquation 3.14 an be spei�ed for the neutron ase and inverted toobtain Ay:
Ay =

ǫNEU

P · < cosφ >
. (3.18)In this equation the beam polarization P is known from 3.17 and ǫ is theup/down asymmetry alulated with respet to the neutron aordingto:

ǫ =
UP −DOWN

UP +DOWN
, (3.19)where UP refers to the number of identi�ed neutrons when the polar-ization state is UP and DOWN is the number of identi�ed neutronswhen the polarization state is DOWN. The quantity < cosφ > is in-tergrated over the aeptane and taken to be equal 1.As already pointed out in the previous setions, the pd→ppn DeuteronBreakup is a reation involving three partiles in the �nal state whihan be kinematially desribed by 5 independent variables. These anbe hoosen among the jaobi momenta and angles: p, q, θp, φp, θq,

φq, ∆φpq and the exitation energy Epp, where in partiular q repre-sents the momentum of the neutron in the enter of mass system.The analysing power Ay of the reation an be determined with respetto one of these variables and integrating over the others. Fot the ur-rent analysis, the measurement of the Analysing power of pd→ppn hasbeen arried out as a funtion of Φq, as shown in Fig.3.26.
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Figure 3.26: Ay of pd breakup alulated with respet to the neutron as a funtion of φq.For this plot all the identi�ed pd breakup samples 2-1,2-2,3-1,3-2 have been employed. Theblak points are experimental data obtained by seleting θq between 0 and 150 degrees.The error bars inlude statistial unertainties and the beam polarization unertainties.The red line represents the theory predition aording N2LO inluding 3N fores. It isobtained using the sampling method on a grid provided by A. Nogga; the hiral EFT atthe basis of the grids is developed by E. Epelbaum and oworkers. Figure by P.Thörngren.3.7.1 ConsiderationsAs shown in Fig.3.26, the trend of Ay for experimental data andtheroretial predition is qualitatively onsistent. However the limitedstatistis of experimental data and the di�ulty to ontrol systematiunertainties due to the not optimal experimental onditions, do notallow for a more quantitative omparison.This plot shows the need of more statistial preision at very small andvery large angles. This an be ahieved using a detetion system witha large azimuthal and longitudinal phase spae overage.At present this analysis method is being applied on experimental dataaquired at COSY during a beam time perfomed in September 2011,under improved experimental onditions.





Chapter 4Future plans: Dediated setupfor pd Breakup studiesExploiting the experiene and the results obtained with experimen-tal data desribed in the previuos setions, the PAX ollaborationis planning to perform systemati studies of spin observables in pdBreakup by means of a dediated setup.The studies are foreseen in the energy range between 30 and 50 MeVat the PAX setup at COSY-ring. As pointed out in hapter 1, this isan energy range with sare measurements available in literature anda omplete data set of spin observables is required to fully investigatethe role of the three-nuleon fores.This setion is dediated to the desription of the future experimentalequipment suitable to measure pd Breakup spin observables, suh asanalysing powers and spin- orrelation oe�ients. When investigatingspin-orrelation oe�ients, one needs to analyse the angular distribu-tion of the sattered partiles and to this aim it is neessary to employa detetor with a large azimuthal aeptane. The detetor should alsohas a large overage along the beam diretion to be ompatible with ahigh density target, whih is realized using a storage ell.4.1 PAX Experimental SetupThe pd Breakup setup[1℄ will be installed at the newly PAX low-
β setion and interation point (PAX-IP) in the COSY-ring, and willemploy the same experimental setup designed for the PAX spin-�ltering55



56 Future plans: Dediated setup for pd Breakup studiesexperiments at COSY[57℄1.

Figure 4.1: Layout of the COSY synhrotron aelator with the new low-β setion, theABS is plaed above target hamber.4.1.1 The COSY beamIn a ooled vertially polarized COSY beam, the maximum num-ber of stored protons is 4 · 109 at 30 MeV and 5 · 109 at 45 MeV;with the eletron ooler in operation these values are halved. In aseof longitudinally polarized protons, injetion losses aused by phasespae ouplings with the solenoid �elds redue the intensity to 6.7 · 108at 30 MeV and 8.3 · 108 at 45 MeV. The lean identi�ation of pd -elasti hannel and the measured asymmetries at 30 MeV[43, 44, 45℄and at 49 MeV[46, 47℄ used in the ross-ratio method[48℄ will providethe beam polarization. One of the required kineti proton beam energyis 30 MeV. The beam has to be deelerated sine the COSY injetionenergy is 45 MeV and the design of the ring is meant to operate at en-ergies above 45 MeV, thus magneti �elds and power supplies are notdesigned for lower energies. Neverthless it is expeted that the beam1Some of the parameters that will follow in the desription of the experimental setupare in fat onstrained by spin-�ltering requirements.



4.1 PAX Experimental Setup 57an be deelerated without a signi�ative loss despite the redued sta-bility of the power supplies and redued quality of the magneti �elds.During the deeleration phase, the adiabati expansion of the beambeing proportional to βγ auses a beam loss of 20%; this loss an besmaller or even negligigle in ase of ooled beam. In view of the pro-posed experiment, a ommissioning of the ooling system and the PAXlow β-setion setting will be performed to test the possibility of having30 MeV ooled beams in COSY.

Figure 4.2: The PAX target setion at COSY. The ABS is installed on the top of thetarget hamber. The proton beam passes through the target from behind. On the leftside it is plaed the BRP whih is fed by small fration of the beam extrated from thestorage ell.4.1.2 Polarized Internal TargetThe PAX target is a polarized internal target (PIT) onsisting ofan atomi beam soure (ABS)[54, 55℄ feeding a storage ell whih is40 m long and has a diameter of 1 m, and a Breit-Rabi polarimeter(BRP). The setup is shown in Fig.4.2.Storage ells have been suessfully employed at HERA (DESY)[50℄, atthe TSR-ring (Heidelberg)[49℄, at Indiana University Cylotron setup[51℄and at ANKE-COSY[52, 53℄.The use of a storage ell is requested to inrease target density withrespet to that of a free jet and allows to reah a luminosity in a rangeompatible with the experimental investigation. In partiular, targetdensities up to 1014 atoms/m2 ontibute to reah the required lumi-



58 Future plans: Dediated setup for pd Breakup studiesnosity of about 1028 m−2s−1. Hydrogen or Deuterium atoms in a singlehyper�ne-state are prepared in the ABS and injeted into the storageell. A small fration of the target gas is extrated from the ell

Figure 4.3: Breit Rabi diagram for deuterium. Energy eigenvalues for the hyper�nesplitting of deuterium atom in an external magneti �eld. E/ED
HFS is the hyper�nesplitting energy. B/BD

c is the ratio between external �eld and the ritial magneti �eldof the deuterium, BD
c =11.7 mT.

Figure 4.4: Figure taken from ref[56℄



4.2 PAX Multipurpose Detetion System 59and enters the BRP where the atomi polarization measurement takesplae. The sampled gas is also driven inside the Target Gas Analyzer(TGA) to determine the ratio of atoms to moleules in the gas.The orientation of the quantisation axis for the atoms in the targetalong the horizontal (x), vertial (y), longitudinal (z) diretions is de-�ned by Helmholtz oils whih reate the weak magneti holding �eldsof about 10 G surrounding the storage ell.Both vetor and tensor deuteron polarization will be neessary for thebreakup experiment in order to have aess to a larger number of spinobservables.4.2 PAX Multipurpose Detetion SystemTo identify the pd Breakup reation produts, a dediated detetordesign has been developing. This detetor will be employed in spin-�ltering experiments as well. This multipurpose detetion system hasto ful�ll these requirements:1. providing large aeptane along the ell to over the 40 m longinteration volume;2. providing large azimuthal aeptane to allow spin orrelationoe�ients measurements;3. working in vauum to trak low-momentum partiles in the kinetirange from a few to a few tens of MeV;4. measuring the spin dependent ross setions in pd, pp and pp̄elasti satterings and to be used as polarimeter for the plannedmeasurements at COSY and AD (CERN).The detetor onsists of three layers of double-sided silion strip sensorsof large area (99×99 mm2). The �rst two layers have a thikness of 300
µm. The third layer of 1.5 mm is introdued to inrease the stoppingpower for the two outgoing protons and maximize the identi�ation ofpd Breakup events.The system will be arranged in a up-down-left-right geometry rotatedby 45 (barrel-like on�guration) and will onsist of 36 double-sidedsensors (12 per quadrant). In eah quadrant three layers are grouped



60 Future plans: Dediated setup for pd Breakup studiesin three modules along the beam diretion, as shown in Fig.4.5.

Figure 4.5: The PAX detetor system. The silion detetors (represented with kap-ton onnetion to the front-end eletronis) surround the storage ell indiated in red isrepresented.The strip pith of 0.7 mm provides a vertex resolution of less than1 mm. The 20 mm radial distane between silion layers has beenhoosen to maximize azimuthal aeptane and to preserve the vertexresolution. See Appendix B for a desription of the read-out eletron-is.In the early design onept, the detetion system onsisted of the �rsttwo 300 µm layers solely. In order to maximize the identi�ation ofbreakup events a third thiker layer is needed. At this aim I stud-ied the possibility to add a third layer to over the phase-spae regionwhere the maximum onentration of breakup events is expeted. Twodi�erent thiknesses of the third layer have been implemented in sim-ulations: 1 mm and 1.5 mm at two proton inident beam energies:30 and 49 MeV. The results of this study are reported in a Letter ofIntent[58℄ and have been published in [59℄. The ollaboration eventu-ally deided to employ the 1.5 mm third layers sine these are the only



4.3 pd Breakup event generation 61available on the market for the required dimensions.4.3 pd Breakup event generationIn the range 30-50 MeV a proton beam on deuteron target givesrise to pd -elasti and pd Breakup. Di�erent samples of pd -elasti andpd Breakup Monte Carlo data have been investigated to tune the de-tetor design to maximize the pd Breakup detetion performane. Thesimulations tasks are:
• to optimize the detetor geometry and positioning to maximizethe geometrial aeptane and to minimize the unertainties ofmeasurement of kinematial variables;
• to estimate the expeted detetor performane depending on thekineti proton beam energy (30,40 and 49 MeV) and on the impatof a third layer (1.5 mm).For aeptane and event seletion study the GENBOD event gen-erator was employed. GEANT simulations were produed to studythe detetor response. The omplete set of analysed Monte Carlo datais summarized in Table 4.1. The geometry implemented is shown inFig.4.6. Channel Tp 3

rd layer thiknesspd-elasti 10
6 eventspd-BUP 10

6 events 30 MeV 1.5 mmpd-elasti 10
6 eventspd-BUP 10

6 events 40 MeV 1.5 mmpd-elasti 10
6 eventspd-BUP 10

6 events 49 MeV 1.5 mmTable 4.1: The �rst olumn indiates the simulated hannels (106 events per hannel),the seond indiates the proton beam kineti energy and the third olumn the thiknessof the third layer.4.4 pd Breakup events identi�ationThe traks reonsrution proedure is the same as desribed inChapter 3. Depending on where the outgoing proton stops, one an
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Figure 4.6: Shemati drawings of the detetor setup front view (left) and side view ofthe �rst two layers (top right) and third layer (bottom right). Dimensions are expressedin mm. The dashed line represents the position of the detetor along the z-axis respetto the target ell enter. The thikenesses of the �rst two layers are 300 µm. The storageell is 40 m long made by 5 µm te�on.selet trak "1", "2" or "3"; as a onsequene the two outgoing protonsgive rise to 5 events samples 2-1, 2-2, 3-1, 3-2, 3-3 that are onsideredand studied separately. The �rst step to separate pd -elasti and pdBreakup is to exlude the overlap between pd -elasti and pd Breakupphae spae loi using a o-planarity ut.

Figure 4.7: Monte Carlo: pd -elasti and pd Breakup events onsidered together. In theleft panel the two hannels are diplayed in the ∆E/E plot, the deuteron band is indiatedin red, while the proton band in blue. To rule out pd -elasti, one asks for 2-trak events inwhih both partiles should belong to the proton loi and full�ll a o-planarity ut whihexploits angular orrelations between the sattered partiles (right box). Right box: inthe �rst panel only pd -elasti events are onsidered to evidene that they populate a wellde�ned region of the phase-spae; in the middle the pd Breakup phase spae is shown.Breakup events populate a larger phase-spae; in the left panel BreakUP phase-spae inwhih the orresponding main onentration of pd -elasti has been exluded.



4.4 pd Breakup events identi�ation 634.4.1 Stopped protons: trak "1"The andidate stopped protons in the �rst layer have to satisfy twoonditions: �rst layer �red by one hit and the projetion of the trakmust be inside the seond layer aeptane, see Fig.4.8.

Figure 4.8: In the left panel the yx plane is shown. The blak arrow indiates a partilethat hits the �rst layer but misses the seond layer aeptane so it is impossible to seletit as stopped or not. The geometrial ut for trak "1" is shown in the right panel.The blue points indiate the nominal position of the seond layer, the red points are theprojetion of traks with one hit in the �rst layer that miss the seond layer aeptane.The ambiguity of one-hit traks to be stopped or not is solved by requiring the projetionsto be inside the seond layer aeptane.4.4.2 Stopped protons: trak "2" and "3"Stopped protons in seond (trak "2") and third (trak "3") layerare identi�ed by a parametrization of the deposited energy. The sele-tion riteria is presented for trak "2", same proedure is applied fortrak "3".In the ∆E/E plot, protons "truly" stopped in the seond layer layerare identi�ed by requiring that reonstruted and generated energiesoinide, in Fig.4.9 they are highlighted in yan. The region in red ev-idenes the overlapping between stopped and no stopped protons. Toallow the seletion of stopped protons, the following proedure is used:



64 Future plans: Dediated setup for pd Breakup studiesStep 1:The "truly" stopped protons populate a urve that it is �tted byan hyperbola:
y =

a

x+ b
(4.1)y is the energy deposited into the �rst layer E1 and x is the depositedenergy into the seond layer E2. The values of free parameters a andb enter the funtion:

f(E1, E2) =
E1

a

E2 + b
(4.2)

Figure 4.9: pd Breakup hannel: Energy deposited in �rst layer E1 versus energy de-posited in seond layer E2. In Blue are represented protons that enter the seond layeraeptane after passing the �rst layer. In Cyan are indiated "truly" stopped protons.The red urve shows the region where stopped and no stopped protons overlap.Step 2:The orrelation E1
a

E2+b
vsE2 is represented in a sattered plot, seeFig.4.10. With this parametrization, a linear ut an be applied (ma-genta line) to separate the loi in whih stopped and no stopped protonsare mixed.The same parametrization is applied to E2 (energy deposited in theseond layer) and E3 (energy deposited in the third layer) to seletpartiles stopped in the third layer. The result of this parametrizationf(E2,E3) is shown in Fig.4.11.Finally an e�ieny/ontamination study is arried out to optimizethese seletions.



4.5 pd Breakup reonstrution e�ieny 65

Figure 4.10: E1

a

E2+b
vsE2. In this plot it easier to selet the expeted stopped protons (inyan) with respet to the no stopped ones (in blue) applying a linear ut (magenta line).

Figure 4.11: The energy parametrization to selet stopped protons in the 3
rd layer isshown. In the left panel the ∆E/E plot is shown for partiles entering the third layer:in light pink are indiated protons "truly" stopped in third layer. In blak the overlapregion of stopped and no stopped protons is indiated. In the right panel the parametrizedenergy plot is shown. The seletion of stopped protons is realized with a linear ut (blueline).4.5 pd Breakup reonstrution e�ienyThe seletion riteria have been worked out for the di�erent MonteCarlo data sets. The �ve pd Breakup event samples have been identi�ed



66 Future plans: Dediated setup for pd Breakup studiesfor eah beam energy using these seletion riteria and the MissingMass has been alulated; an example of the Missing Mass spetraat 30 MeV is displayed in Fig.4.12. The number of entries for eahspetra is used for estimating the expeted reonstrution e�ieny,whose results are shown in Table 4.4.
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Figure 4.12: The Missing Mass distribution is shown for all event samples individuallyand together (bottom right panel). In eah panel the Missing Mass distribution is displayedfor (i) reonstruted events (seleted events not neessary stopped) in red, (ii) for "truly"stopped events (seleted events in whih generated and reonstruted energy oinide) ingreen, (iii) for stopped events (events satisfying the seletion riteria) in blue. The numberof entries for eah distribution is reported in the boxes next to the Missing Mass spetra.



4.6 Phase spae overage 674.6 Phase spae overageTo study the three-nuleon ontinuum is mandatory to have a largeoverage of the phase-spae.The individual study of the Breakup samples 2-1, 2-2, 3-1, 3-2, 3-3gives aess to di�erent regions of the phase-spae. As an example,the jaobi momenta of samples 2-1 and 3-2 are shown for 30 MeV and49 MeV proton beam kineti energy.
• JACOBI MOMENTA at Tp=30 MeV

Figure 4.13: Sample 2-1 at Tp=30MeV: the left panel shows q, the momentum of theneutron in the entre of mass system, in the middle θq is displayed, in the right panel theexitation energy of the two outgoing protons is shown. Low exitation energies orrespondto the ase when the two sattered protons hit the same detetor.

Figure 4.14: Sample 3-2 at Tp=30MeV: the left panel shows q, the momentum of theneutron in the entre of mass system, in the middle θq is displayed, in the right panelthe exitation energy of the two outgoing protons is shown. In this sample the twosattered protons are more energeti with respet to the 2-1 ase and the ase when traksare emitted in a symmetri on�guration is privileged. As a onsequene the exitationenergy of the two sattered protons peaks at higher values with respet to the 2-1 ase.
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• JACOBI MOMENTA at Tp=49 MeV

Figure 4.15: Sample 2-1 at Tp=49MeV: the left panel displays q, the momentum of theneutron in the entre of mass system, in the middle θq is represented, in the right panelthe exitation energy of the two outgoing protons is shown.

Figure 4.16: Sample 3-2 at Tp=49MeV: the left panel shows q, the momentum of theneutron in the entre of mass system, in the middle θq is displayed, in the right panel theexitation energy of the two outgoing protons is shown.



4.6 Phase spae overage 69STATISTICS AT Tp=30 MeVSAMPLE RECONSTRUCTED TRULY STOPPED STOPPED21 25235 13241 1113022 99567 6435 661031 41702 35069 2893132 23732 21432 2190933 7048 6956 7099ALL 107684 (11%) 83133 (8%) 75679 (8%)Table 4.2: Statistis for reonstruted events, GEANT "truly" stopped events andstopped by seletion riteria events for 30 MeV is reported. The last row refersto the sum of all breakup samples. Left brakets: perentage of reonstrutedevents with respet to the total number of breakup events that enter the detetoraeptane; middle: perentage of "truly stopped" events with respet to the totalnumber of breakup events that enter the detetor aeptane; right: perentageof stopped events using the seletion riteria with respet to the total number ofbreakup events that enter the detetor aeptane. The impat of the third layerinreases by a fator 3 the stopping e�ieny with respet to the ase in whihsolely the �rst two layers are taken into aount.STATISTICS AT Tp=40 MeVSAMPLE RECONSTRUCTED GEANT STOPPED STOPPED21 22522 6464 578922 9905 4817 463331 57160 29432 2445632 32326 18828 1839933 25528 22843 21254ALL 147441 (15%) 82384 (8%) 74516 (7%)Table 4.3: Statistis for reonstruted events, GEANT "truly" stopped events andstopped by seletion riteria events for 40 MeV is reported. The last row refersto the sum of all breakup samples. Left brakets: perentage of reonstrutedevents with respet to the total number of breakup events that enter the detetoraeptane; middle: perentage of "truly stopped" events with respet to the totalnumber of breakup events that enter the detetor aeptane; right: perentageof stopped events using the seletion riteria with respet to the total number ofbreakup events that enter the detetor aeptane. The presene of the third layerinreases by a fator 6 the stopping e�ieny with respet to the ase in whihsolely the �rst two layers are taken into aount.



70 Future plans: Dediated setup for pd Breakup studiesSTATISTICS AT Tp=49 MeVSAMPLE RECONSTRUCTED TRULY STOPPED STOPPED21 20045 3739 361722 8112 2701 267431 64194 18739 1654432 36063 13146 1294233 40141 16784 16236ALL 168555 (17%) 55109 (6%) 52013 (5%)Table 4.4: Statistis for reonstruted events, GEANT "truly" stopped events andstopped by seletion riteria events for 49 MeV is reported. The last row refersto the sum of all breakup samples. Left brakets: perentage of reonstrutedevents with respet to the total number of breakup events that enter the detetoraeptane; middle: perentage of "truly stopped" events with respet to the totalnumber of breakup events that enter the detetor aeptane; right: perentageof stopped events using the seletion riteria with respet to the total number ofbreakup events that enter the detetor aeptane. The impat of the third layerinreases by a fator 7 the stopping e�ieny with respet to the ase in whihsolely the �rst two layers are taken into aount.4.6.1 ConsiderationsThe analysis hain developed for the pd breakup events identi�a-tion has been suessfully applied to a sample of Monte Carlo data inwhih the new dediated detetion system on�guration has been im-plemented. This analsyis has been arried out at three di�erent protonbeam kineti energies. The stopping e�ieny aluted with respet tothe total number of generated events within the detetor aeptane is8% at Tp=30 MeV, 7% at Tp=40 MeV and 5% at Tp=49 MeV. Theimpat of the third layer of 1.5 mm thikness inreases the stoppinge�ieny with respet to the ase in whih solely the �rst two layers areonsidered, by a fator 3 at Tp=30 MeV, by a fator 6 at Tp=40 MeVand by fator 7 at Tp=49 MeV.



ConlusionsThe present work has been dediated to the study of the pd Breakupreation. The study onstitutes a part of a projet persued at theCOSY storage ring. This projet is �nalized to map pd breakup spinobservables in a kinematial region where measurements are sare al-tough strongly needed to �x important onstraints for extending thepresent knowledge of the three-nuleon fores via the Chiral Perturba-tion Theory.In the �rst part of the work, I developed an analysis hain to inves-tigate whether a detetion system based on Silion Traking Telesope,originally oneived to identify pd elasti events, was apable to iden-tify the produts of the pd Breakup reation. This feasibility studyhas been suessfully applied to an existing data sample taken at theCOSY ring in Febrauary 2008, with a vertially polarized proton beamof 49.3 MeV kineti energy impinging on a Deuterium luster target. Ina following phase, the identi�ed pd Breakup events have been employedto tune an algorithm to measure the analysing power in pd Breakup re-ation using the neutron asymmetries. This observable represents oneof the probes to onstrain Chiral Perturbation Theory. The analysis ofthe available data sample has allowed to outline the experimental on-ditions required for an exhaustive investigation of the spin observablesin pd breakup reation. On the other side, the low statistis and thenot optimal working onditions of the detetion system made not pos-sible to �nalize the result on the existing data sample. At present thedeveloped analysis is being adopted on a new sample of data aquiredduring 2011 beam-time, under better experimental onditions.In parallel, I arried out a study of a new apparatus espliitly dedi-ated to the pd Breakup investigation. In partiular double spin asym-71



72 Conlusionsmetries in pd Breakup o�er a rih laboratory where testing Chiral Per-turbation Theory. An ideal enviroment for aessing these observableswould be an experiment where both the proton beam and the deuteriumtarget are polarized. In addition a detetion system providing a largeazimuthal and longitudinal phase-spae overage would be needed.For this reason, I implemented the analysis software for the hara-terization and the optimization of this dediated detetion system onMonte Carlo generated data. This detetion system is simmetriallyarranged around the interation point equipped with the storage ellto inrease the density of the polarized target and onsists of 12 tele-sopes.36 silion detetors, 9 per quadrant (3 layers of 3 adjaent mod-ules). In detail, I investigated the optimization of the geometry alongthe beam diretion and the impat of an additional thiker layer tomaximize the stopping e�ieny. This study shows that the detetionsystem equipped by a the third layer of 1.5 mm thikness, inreases thestopping e�ieny, with respet to the ase in whih solely the �rst twolayers are employed, up to a fator 7 at Tp=49 MeV. The results of theanalysis have been inluded in a proposal[1℄ submitted and suessfullyreviewed from the PAC of COSY.



Appendix A
A systemati approah to the three-partile phasespae : The Sampling MethodThis setion is dediated to the desription of the Sampling Method,see ref.[60℄, a tehnique developed for the analysis of the breakup ob-servables; this method will be used and further developed for the in-vestigation of pd breakup observables for the foreseen experiment atCOSY.The pd breakup observables analysis has been limited by the onstraintthat the omparison to theory was ommonly performed over a re-strited phase spae region, the S-urve, de�ned as the kinematiallyallowed region in the plane of the two deteted nuleons[61℄.This restrition is overome making use of the Sampling Method2, whihis a tool developed to fully exploit the large overage of phase spae bydetetion systems and make use of a kinematially omplete knowledgeof the �nal state of the reations. This method an be applied to any�nal state populated by three partiles. This method an provide thetheoretial predition of a spei� observable one the omplete kine-matial information of an event is determined. To realize a ompletekinematial desription of a three-partile �nal state, one needs �ve pa-rameters, that an be hoosen to be: p,θp,φp,θq,φq, being the momentap and q de�ned as:

p =
1

2
(p1 − p2) (3)

q = −(p1 + p2) (4)2Original idea by Prof.H.O.Meyer, developed by P. Thörgren Engblom and J.Kuroś-Zoªnierzuk 73



74 Appendix A
p1 and p2 are the momenta of the two outgoing protons alulated inthe enter mass system and satisfying the ondition p1 > p2, thereforethe polar angle belong to the range [0,90℄ degrees; q is the momentumof the neutron, and the orrispetive polar and azimuthal angle are
θp(q) and φp(q).The alulation of an observable entails the seletion of the indepen-

Figure 17: Jaobi momenta of pd → ppn in the enter-of-mass system. p=1/2(p1+p2)and q=-(p1+p2)dent variable to be used and the seletion of the phase spa1e regionto integrate over.One has to know preisely the aeptane and any e�ieny variation,whih an be ahieved using dediated Monte Carlo simulations.A given set of experimental data (γ), ontaining the phase spae points,is used as the input to a theoretial model alulation that an be om-pared to the theory by taking the mean of the predited values:
Oth =

ΣOth(xi)

N(γ)
=< Oth >, (5)with N(γ) the total number of events. The statistial error of thetheoretial predition deriving from the randomness of the sampling isgivem by the standard deviation.The omparison between alulations with and without 3NF inludedgives the sensitivity of a spei� observable.The sampling method has been implemented for the analysis of axialobservables[64℄ and tensor analyzing powers[65℄ in dp-breakup at EN

= 135 MeV.The sampling method using a grid is used in planning experiments andin handling with omplex data analysis.



75Spin ObservablesThis setion is devoted to the desription of the spin formalism,refering to G.G.Ohlsen, in the most general expression for orrelationparameters of the spin dependent ross setion for spin 1/2 and spin1, together with the vetor and tensor moments, taking into onsider-ation the terms violating parity in elasti sattering. In the traditionaloordinate system used, the beam is along the z-axis, the y-axis istaken positive upwards and the x-axis sideways is �xed in order toomplete a right-handed oordinated system, following the Madisononvention[67℄.Conerning the notation fo the observables and the spin alignment:the vetor and tensor analyzing powers are Ai and Ajk,, where i,j,k =x,y,z respetively; the vetor orrelation parameters are Cij , the ten-sor vetor orrelation parameters are Cik,j (the �rst index ik refers tothe deuteron polarization, the seond j refers to the proton polariza-tion); the proton vetor moments are indiated with px,y,z, while thedeuteron vetor omponents are qx,y,z and the tensor moments are qjk(j,k = x,y,z).The polarized ross setion σ, being σ0 the unpolarized part, is de�nedby:



76 Appendix AVetor and Tensor momentsConerning the notation to de�ne the vetor and tensor moments:the absolute polarization of the proton is indiated with P and thevetor (tensor) polarization of the deuteron with Q (Qt); φp and βpare respetively the azimuthal and the polar angles of the proton spinalignment, φd and βd in ase of the deuteron spin alignment.The vetor moments of the proton spin are given by:
px = Psin(βP )cos(ΦP − φ) (6)
py = Psin(βP )sin(ΦP − φ) (7)

pz = Pcos(βP ) (8)The vetor moments of the deuteron spin are given by:
qx = Qsin(βQ)cos(ΦQ − φ) (9)
qy = Qsin(βQ)sin(ΦQ − φ) (10)

qz = Qcos(βQ) (11)The six tensor moments of the deuteron polarization are de�ned as:
qxx =

1

2
Qt(3(sin(βd))

2(cos(Φd − φ))2 − 1) (12)
qyy =

1

2
Qt(3(sin(βd))

2(sin(Φd − φ))2 − 1) (13)
qzz =

1

2
Qt(3(cos(βd))

2 − 1) (14)
qxy =

3

2
Qt(sin(βd))

2sin(Φd − φ)cos(Φd − φ) (15)
qyz =

3

2
Qtsin(βd)cos(βd)cos(Φd − φ) (16)

qyz =
3

2
Qtsin(βd)cos(βd)sin(Φd − φ) (17)



77Polarization Observables and Theoretial PreditionsThe polarized ross setion and the vetor-tensor moments an belinked to a spei� spin observable one the partiular on�guration ofthe beam-target have been �xed expliiting the value of the polariza-tion alignments of the beam and target partiles in equations de�ning
σ and the moments.In this setion some preditions are shown for the foreseen measuru-ments of pd-breakup with EN=30-50 MeV. The independent observ-ables (7 analysing powers and 15 spin orrelation oe�ients) that anbe aessed via proton deuteron breakup are listed in �g.18 togetherwith the required ombination of spin alignment of the proton beamand deuterium target for eah observable.Theoretial grids based on hiral EFT and N2LO for vetor and ten-sor analysing powers and orrelation oe�ients have been reated toidentify regions in phase spae sensitive to 3N e�ets; the theoretialpreditions are funtions of the jaobi momenta. The input for thesampling is generated isotropially in a phase spae simulation; mul-tidimensional linear interpolation is applied to retrieve the theoretialpredition for eah event.
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Figure 18: Summarized here are the 15 spin observables and 7 analysing powers pos-sible in proton deuteron breakup showing the required polarization alignment diretionsof beam and target and some ombinations thereof. For p (proton) and d (deuteron);Umeans alignment up (vertial), S is sideways (parallell to the x-axis) and A is alongthe beam diretion (longitudinal).The last two olumns refer to the situation when thedeuteron spin alignment axis is at 45 degrees whih an be aomplished by running ur-rent through two guide �eld oils simultaneously. With the longitudinal (± z) and vertial(± y) guide �eld oils on, denoted dAU, and swithed in ± polarity, four diretions areahieved. Another four alignments are obtained with the longitudinal and sideways (± x)ombinations, denoted dAS. There are �ve observables (here marked in bold font) thatare parity forbidden in elasti sattering and goes to zero in breakup reations in oplanarkinematial on�gurations. In the last two olumns also a few observables are inludedrequiring longitudinally polarized beam. The tensor-vetor orrelation oe�ient Cyz,z isaessible only using longitudinally polarized beam and diagonal target spin alignment.



Appendix B
Read-out eletronis for PAX multipurpose detetorThe read-out eletronis for the PAX detetor is based on the onedeveloped for the ANKE detetor. The in-vauum board arries theread-out hips with 11 MeV linear range, time resolution better than1 ns and able to provide a fast signal for triggering. The power sup-plies, ontrol signals, trigger pattern threshold and alibration pulseamplitudes to the front-end hips are provided by the interfae ardoutside vauum. The vertex board (developed in Juelih) omprises asequener together with a 12 bit ADC with 10 Mhz sampling; it allowsommon-mode orretion for hardware zero-suppression regime to min-imize the output �ow to 0.1 MByte per seond with a dead time lessthan 50µs. Sine the dynami range inreases with inreasing depositedenergies by protons, some modi�ations of the hips of the thiker layerare required for allowing the detetion the outgoing stopping protons.The analysis of Monte Carlo onerning the energy loss in the thikerlayer, allowed to de�ne the expeted maximum deposited energy byprotons and thus to de�ne the required dynami range of the hips.
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Figure 19: Monte Carlo: deposited energies by protons in 1.5 mm detetor at 30 MeVproton beam kineti energy (left panel) and 49 MeV (right panel) after passing throughthe �rst two layers of 300 µm displayed in log sale. The maximum value of the depositedenergy, see x-axis, is 17 MeV at proton beam Tp=30 MeV and 30 MeV at proton beamTp=49 MeV.
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