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1
ZusammenfassungAlle bekannte Hadronen k�onnen als System von zwei oder drei Quarks beshriebenwerden. Modelle der Hadronenphysik erlauben zwar Zust�ande, deren Quantenzahlen mannur mit mehr als drei Quarks erkl�aren kann. Solhe Teilhen wurden aber in der Ver-gangenheit niht entdekt. Diakonov, Petrov und Polyakov, die ein Quark-Soliton Modellbenutzten, sagten Pentaquark als shmale Resonanz mit einer Masse von 1530MeV, einerBreite 15MeV und dem Zerfallskanal pKS voraus. Der vorausgesagte Zustand wurde erst-mals im Jahr 2002 durh das LEPS Experiment beobahtet. Mehrere Experimente habendiese Beobahtung best�atigt inklusive des HERMES Experiments. Die Suhe nah demvorausgesagten Teilhen in den HERMES Daten stellen einen Shwerpunkt dieser Arbeitdar. Da eine gute Teilhenidenti�kation f�ur die Analyse erforderlih ist, wurden nurDaten, die in den Jahren 1998, 1999 und 2000 mit dem HERMES Ring Image Cherenkovgemessen wurden, ausgew�ahlt. Aus dem Datensatz werden die Ereignisse ausgew�ahlt,die mindestens drei Hadronenspuren enthalten, davon zwei gegens�atzlih geladene Pionenund ein Proton. Die Auswahlkriterien der Pionen werden so optimiert, dass der Unter-grund im K0S Massenspektrum m�oglihst gering ist. Allerdings d�urfen diese Kriterien keinek�unstlihe Struktur im p�+�� Massenspektrum erzeugen. Deswegen werden Ereignisse, diem�ogliherweise aus einem �(1116)-Zerfall stammen, verworfen. Im resultierendem Spek-trum wird ein Peak der Masse 1528�2:6(stat)�2:1(syst)MeV und eine Breite � = 19MeVbeobahtet. Die Signi�kanz des beobahteten Peak entspriht ungef�ahr 4�, abh�angig davon,welhe Funktion zur Beshreibung des Untergrund benutzt wird.Es wurden drei vershiedene Verfahren benutzt, um den Untergrund besser zuverstehen. Erstens wurde ein Polynom drittes Grades angepasst, zweitens, es wurden dieImpulse des K0S und des Protons aus vershiedenen Ereignisse gemisht. Als letzte Meth-



ZUSAMMENFASSUNG 2ode wurden PYTHIA6 Simulationen durhgef�uhrt und mit gemessenen Daten verglihen.Die Ergebnisse aus den PYTHIA6 Simulationen und der gemishten Ereignisse stimmen�uberein. Damit der Fit des Untergrunds gut angepasst werden kann, wurden in PYTHIA6die fehlenden � Resonanzen addiert.Weiterhin wird in der Analyse die Kinematik der Zerfallsprodukte untersuht umetwas �uber den Produktionmehanismus zu lernen. werden. Die bisher vorhandene niedrigeStatistik l�asst allerdings keine eindeutige Shlussfolgerung aus den Ergebnissen zu.Da mehrere Experimente, die ebenfalls nah �+ Zust�anden gesuht haben, diesetrotz guter Statistik niht beobahteten, stellt sih die Frage, ob der �+ Zustand wirklihexistiert. Der Standpunkt, dass das �+ niht existiert, wird durh die geringe Statistik derExperimente, die es beobahten, unterst�utzt. Als Quelle des Peaks wurden kinematisheReektionen diskutiert. Zust�ande, die in KS� zerfallen, k�onnen durh die beshr�ankteAkzeptanz bei HERMES als pKS nahgewiesen worden sein. In dieser Arbeit wird dieM�oglihkeit einen Peak durh niht vollst�andig nahgewiesene Endzust�ande zu erzeugensimuliert. Es wurde gezeigt, dass der Zerfall bekannter Zust�ande keinen in Masse, Breiteund Intensit�at gleihen Peak produzieren kann.Der zweite Shwerpunkt dieser Arbeit liegt im Beitrag zum Bau des Reoil Dete-tor, der r�ukgestreute Protonen in HERMES nahweisen soll. Diese sind besonders wihtigbei der Untersuhung der Tief-Virtuellen Compton-Streuung (DVCS), wobei im Endzus-tand ein Proton von �-Resonanzen untershieden werden soll. Der gesamte Reoil Detetorist aus drei vershiedenen Detektoren aufgebaut, wobei in Giessen ein Detektor aus szintil-lierenden Fasern gebaut wurde.Die Arbeit befasst sih mit dem Aufbau der Ausleseelektronik f�ur den Detektoraus szintillierenden Fasern. Um Lihtsignale nahzuweisen, werden 64-Kanal Multi-AnodenHamamatsu Photomultiplier benutzt. Die Ausleseelektronik wurde aus dem RICH De-tektor des HADES Experiments �ubernommen. Jeder Photomultiplier wird mit Frontend-Modulen (FM) mit 64 Verst�arkerkan�alen und einer A/D-Wandlungseinheit mit Speiherf�ur 120 Ereignisse verbunden. Als ladungsemp�dlih Verst�arker wird der GASSIPLEX-Chip benutzt. Die Auslese des FM sowie eine weitere Datenspeiherung erfolgt �uber einemReadout-Controller (RC) mit VME-Busanshluss.Damit eine Auslese des Photomultipliers mit der HADES-Elektronik m�oglih ist,wurde der Einbau eines kapazitive Kopplungskreises f�ur des Analogsignal notwendig. Au�er-dem wurde die Shaltung des Multiplexers auf dem FM umgebaut. Die Elektronik wurde



ZUSAMMENFASSUNG 3in vershiedenen Anordnungen untersuht. Die Tests umfassen dabei von einem Pulsergenerierte elektrishe Signale am GASSIPLEX-Analogeingang bishin zu Testexperimentenmit einem gemishten Proton- und Pionstrahl. Die letztgenannte Test wurde an der GSIin Darmstadt durhgef�uhrt. Die erzielte Ergebnisse zeigen dabei gute Teilhenidenti�ka-tionsf�ahigkeiten des Faserndetektors, die auh f�ur die weitere Untersuhung des Pentaquarksbei HERMES wihtig sind.Nah einer kurzen Einleitung, wird im zweiten Kapitel eine �Ubersiht �uber theo-retishe Modelle die das Pentaquark beshreiben, gegeben und die experimentellen Ergeb-nisse �uber das Pentaquark zusammengefasst. Das dritte Kapitel beshreibt den Aufbaudes HERMES Spektrometer am DESY in Hamburg. Das vierte Kapitel befasst sih mitder Analyse des Pentaquark aus den HERMES-Daten. Im f�unften Kapitel werden Aufbauund Test des Ausleseelektronik f�ur das Reoil Detetor Projekt beshrieben. Im sehstenKapitel wird eine Zusammenfassung gegeben.



4
Chapter 1

IntroductionOne of the unexplained phenomena in Hadroni Physis is an existene of stateswhih an be interpreted only as a ombination of more than three valene quarks. Suhstates have been disussed sine the earliest quark models but have never been observedexperimentally. The developments in the past few years in the �eld of Hadroni Modelspostulate a new predition of a possible exoti strange pentaquark with a narrow widthwhih was afterwards on�rmed by observations in several experiments. Sine none of theseexperiments were optimized for suh a searh, the results exhibit a low signi�ane of theobserved partile. Later on, the situation was muddied further when several experimentsreported non-evidene of a suh pentaquark state.Sine there exist several di�erent theoretial models supporting both, existeneand non-existene of the strange exoti pentaquark, there is the hallenge for experimentalphysis to prove whih of those models are orret. Although the HERMES experimentwas designed for the measurement of the proton spin struture, the data reorded duringseveral years of running was used in order to ontribute to the e�ort of searhing for thestrange exoti pentaquark.This thesis desribes the searh for the exoti pentaquark �+ at the HERMESexperiment. The �rst setion is a short introdution to the theoretial preditions of thepentaquark and the urrent status of experimental results. The seond setion desribes theHERMES experiment at DESY. The third setion desribes the analysis of the data obtainedby HERMES. The study of the pKS system published by the HERMES ollaboration in[18℄ has been reanalyzed. Further analyses and Monte Carlo studies are foused on topisrelated to the measurement of the angular distribution of the deaying produts of the



CHAPTER 1. INTRODUCTION 5pentaquark andidates. Kinemati studies of the �(1520), whih is related to the �+ dueto its similar mass and similar deay hannel, are performed. The fourth topi is that ofsimulations whih are foused to study potential fake soures of the pentaquark peak -known as \kinematial reetions".The last setion presents the author's ontribution to the Reoil Detetor projetat HERMES. The Reoil Projet is aimed to extend the HERMES aeptane to measureslow partiles under wide angles. The study of the proton struture by means of DeeplyVirtual Compton Sattering is the main task for the Reoil Detetor. The author's work hasbeen foused on the building of the read-out eletronis for the Sintillating Fiber Traker.The �nal design of the analog eletronis is presented and the results of a test experimentat GSI. Apart from the study of the internal struture of proton, the Reoil Detetor analso play a signi�ant role in the searh for the exoti �+ pentaquark.
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Chapter 2

Search for Pentaquark

2.1 Why Search for the Pentaquark?The nature of material substanes in the universe has fasinated people sine timeimmemorial. One of the most popular ideas of the anient world was that of the Universeas omposed of four in�nitely dividable elements - Earth, Fire, Water and Air. In the�fth entury BC, Demokritos opposed it and suggested that everything was built fromelements whih an not be divided any further. He named them \a-thomos", whih means\indivisible".First andidates for Demokritos' atoms were found more than two thousand yearsafter his death, when Dalton assigned to eah hemial element one kind of atom. Mendeleyevlassi�ed elements aording their properties into the Periodi Table. The fat that thistable has an internal struture was a �rst hint that Dalton's atoms are not \a-thomos"in the sense of Demokritos' idea. At the turn of the 20th entury, subomponents of theatoms were found. In 1897, Thomson [1℄ disovered eletrons in athode-rays and in 1911Rutherford [2℄ found that the majority of the atomi mass is onentrated in a positivelyharged nuleus whih is �ve orders of magnitude smaller than the entire atom.Later in the entury, even nulei were split into their own subomponents - protonsand neutrons. These two types of partile, in addition to the eletron, were viewed as thefundamental partiles. Eletron sattering experiments disovered a non point-like behaviorof protons and neutrons. With the development of partile physis in the 1950s, hundreds ofnew partiles were disovered. This was the genesis of hadron spetrosopy, whih developedmethods to observe the smallest onstituents of matter, the quarks. All known hadrons an



CHAPTER 2. SEARCH FOR PENTAQUARK 7be onsidered as a ombination of two or three quarks, but there is no theory whih exludesthe existene of partiles omposed by four, �ve or even more quarks.The earliest quark models disussed the possibility of suh tetra- or penta-quarkstates, however no suh state has been observed experimentally. In their 1995 work [25℄,Diakonov, Petrov and Polyakov predited a narrow exoti pentaquark state. These predi-tions galvanized experimental e�orts and the �rst observation of this predited pentaquarkwas reported by LEPS ollaboration [31℄. Several experiments on�rmed this result, amongthem the HERMES experiment at DESY. However, the initial enthusiasm over the existeneof the pentaquark has sine been dampened by several experiments whih found no evi-dene of suh a resonane. Current opinion is divided over the existene of the pentaquark- one fration supporting the existene of the resonane, the other denying it.
2.2 Quark ModelsInitial models of the hadroni spetra desribed the hadrons using the followingquantum numbers: Charge Q, Baryon Number B, Z-Component of the Isospin T , andHyperharge Y . Gell-Mann [3, 4℄ and Ne'emann [5℄ lassi�ed mesons and baryons in asheme whih they alled \The Eightfold Way". Mesons are desribed by singlet and otetpresentations of an SU(3) Lie group and baryons by singlet, otet and deuplet presentationsof suh a group. In this sheme baryons and mesons an be onsidered as a ompositionof onstituents alled quarks and anti-quarks. The mesons are built from q�q pairs whereasbaryons are ombinations of three quarks qqq. In the earliest quark models all hadrons werebuilt from ombinations of only three types of quark known as `avours': Up `u', Down`d' and Strange `s'. The multiplets of the mesons and baryons onsisting of these threelightest quarks are shown in Fig. 2.1. Through the disovery of new partiles like the J=	and �, the quark `family' was given two new avours Charm `' and Beauty `b'. The mostreently observed quark has avor Top `t'. Current knowledge of quarks and their quantumnumbers are summarized in Table 2.1. These quantum numbers are onserved in strongand eletromagneti proesses. Weak interation may hange the avor of the quarks.The quark-idea as obtained from the hadron spetrosopy beame of more im-portane after the disoveries in the sattering experiments of high energy eletrons onprotons in the 1970s [6℄. These measurements showed results that were similar to thoseof Rutherford's experiment with nulei. The measured energy and angular distributions



CHAPTER 2. SEARCH FOR PENTAQUARK 8

Figure 2.1: The multiplets of the hadrons in the plane given by strangeness and z-omponents of the isospin. The left diagram shows the SU(3) otet of the mesons withand a � whih belongs to the SU(3) singlet. The plot in middle shows the SU(3) baryonotet and the rightmost the baryon deuplet.
Quark d u s  b tQ - eletri harge -1/3 2/3 -1/3 2/3 -1/3 2/3tz - isospin -1/2 1/2 0 0 0 0s - strangeness 0 0 -1 0 0 0 - harm 0 0 0 1 0 0b - beauty 0 0 0 0 1 0t - topness 0 0 0 0 0 1Table 2.1: Additive quantum numbers of the quarks.



CHAPTER 2. SEARCH FOR PENTAQUARK 9violated the expetation for sattering on a di�usely distributed harge inside the proton.The \saling" properties of the measured distributions suggested that there are loalizedsattering enters within a proton that are point like objets without any substruture.This harged-sattering enters were named \partons". The partons behave like a spin-12objet with 2/3 or 1/3 of the elementary harge. They ould be identi�ed with the quarksthat were found in hadron spetrosopy.With the inreased preision of Deep Inelasti Sattering (DIS), a violation ofthe observed saling behavior was notied. Theoretial �xes aounting for the salingviolations involving interations between the quarks predited the existene of a new typeof parton. This eletrially neutral, spin-1 parton (named a "gluon") plays the role of thegauge boson in the �eld theory of the strong interations. However, the saling violationwas only an indiret hint about existene of gluons. The gluon was more diretly observedin 1979 in e+e� olliding experiments at the PETRA aelerator at DESY [7℄. The observedoplanar, three-hadroni jet events were explained as being generated by quark-antiquarkpairs aompanied by a hard non-ollinear gluon.Baryons are fermions, thus their total wave funtion has to be antisymmetri. Thisfat aused problems in the quark model for states like 
�, �++ and ��, where quantumnumbers lead to the following quark ontent:j
�i = j " sij " sij " si; (2.1)j�++i = j " uij " uij " ui; (2.2)j��i = j " dij " dij " di: (2.3)In order to obey Fermi statistis, the quarks must di�er at least in one quantum number.The problem was solved by the introdution of a new quantum number named \olor".Color is the harge of the strong interation and has three degrees of freedom. Eah valenequark inside the baryon has a di�erent olor, whilst the entire baryon behaves like a olorneutral objet. The olors of quarks are onventionally denoted as red, green and blue.The anti-quarks are onsidered to arry the orresponding anti-olors.The models whih explain baryons in terms of three quarks are today onsideredas a simpli�ed view of the internal hadron struture. They are suessful in desribingolletive properties of hadrons like mass or magneti moment. However, these models areno longer suÆient to explain results of experiments whih are investigating the internalstruture of hadrons with higher energy probes. In the 1960's, the gauge theory of strong



CHAPTER 2. SEARCH FOR PENTAQUARK 10interation evolved and today is known as Quantum Chromodynamis (QCD). The mostimportant step in developing this theory was done by D.J. Gross, H.D. Politzer and F.Wilzek [8, 9℄ who studied non-Abelian gauge theories and found that suh theories arerenormalizable and have an asymptoti free behavior. The asymptoti freedom resultsfrom the fat that gluons, whih mediate the fore between quarks, are arrying olor andan interat with eah other. The onsequene of this feature of strong interation is thatthe quarks in high-energy ollisions behave like "free" partiles, while at low energies theyare strongly bound and on�ned in hadrons or mesons.QCD allows the existene of any ombination of quarks for whih the total oloris \white". The simplest way this might be ahieved is by the ombination of three quarksqqq in the ase of baryons or by the ombination quark-anitquark q�q in the ase of mesons.In addition, the ombination of a olor neutral q�q pair with a olor neutral qqq system isalso possible. The wave funtion of a baryon an be expressed in terms of a Fok stateexpansion: jBi = jqqqi(a0 + a1jq�qi+ a2jq�qq�qi+ :::+ b1jq�qgi+ :::); (2.4)where higher order terms represent "sea quarks" whih are reated by QCD vauum po-larization. As QCD is avor blind, naively one expets a avor-symmetri sea. Reentmeasurements [11, 12℄ have shown that avor symmetry in the quark sea is strongly bro-ken. For all known baryons the valene quark ontent is reduible to three quarks. Forexample, in ombination of udd with u�u the �nal state has quark ontent u�uudd. The�u an annihilate with u. Nevertheless, there are ombinations, where the quark ontentan not be redued to three and subsets of these exist, where the gluons ontribute to theground state quantum numbers - known as an \exoti states" (E.g. uudd�s). Due to thepresene of the strange antiquark, there is no possibility of annihilation . An understandingof whether these exoti quark states exist and, if they do exist, what their properties are,is an important piee in the puzzle of understanding QCD in the non-perturbative regime.
2.2.1 Pentaquark ModelsThe MIT bag model has been developed to explain the non-existene of free quarks.The basi idea is to treat the on�nement properties of nuleons in a phenomenologial way.The world is divided into \internal" and \external" spaes, whih are separated by a thin



CHAPTER 2. SEARCH FOR PENTAQUARK 11surfae. In the internal spae quarks are massless and free, in ontrast to the externalspae where their mass inreases to in�nity. On the separation surfae, alled on�nement,the quarks experiene the fores of strong interation. In general, the model provides asatisfatory framework for treating hadrons as a system of on�ned quarks with residualQCD interation that needs only be onsidered in lowest order. Where the details ofthe on�nement mehanism is important however, the models shows some signs of beingunsatisfatory.For the bag model, the existene of multi-quark states has been disussed elsewhere[19, 20, 21℄. The parameters of these models were �t to the masses of N, �, 
 and ! andresulted in a mass spetrum onsistent with observanes. Through symmetry onditions theonstruted ground states q2�q2 and q4�q states are members of the avour nonet. The modelpredited that these states would be in a non-exoti ground state and may be mis-identi�edas normal q�q or q3. Exotis are heavier - their mass has to be above deay threshold into(q�q)(q�q) or (q�q)(q3). For this reason, the width has to be very broad if, indeed, they areresonant at all. Observation of suh states will be diÆult.The MIT bag model was the �rst whih disussed the existene of pentaquarkstates. There were other models in whih the disussion about possible pentaquark exis-tene appeared. These models inlude, among others, the soliton model in the works ofKopeliovih [22℄, Chemtob [23℄ and Walliser [24℄.
2.2.2 Diakonov, Petrov & Polyakov PredictionsThe most reent experimental searh for the pentaquark was started by a predi-tion of Diakanov, Petrov and Polyakov [25℄. They predited a narrow pentaquark resonanewith a mass of 1530MeV and width � of about 15MeV.The predition arose through onsideration of the Quark Soliton Model, whih isbased on the Skyrme idea [26, 27℄, where nuleons an be interpreted as solitons of thepion �eld. The lassi�ation of the light baryons as the rotational states of the soliton isthe strength of the model. Performing rotation in ordinary and in the SU(3) spae (andits quantization), the lowest baryons are lassi�ed as members of the otet (spin 1/2) anddeuplet (spin 3/2).The authors onsidered the next rotational exitation of solitons. The next exi-tation in the three-avor ase should be an anti-deuplet with spin 1=2. They identi�ed



CHAPTER 2. SEARCH FOR PENTAQUARK 12known nuleon resonane N(1710) as a member of the anti-deuplet. The sheme of theanti-deuplet is shown in Fig. 2.2, where the naive interpretation of quark ontents is in-

Figure 2.2: Anti-deuplet of baryons. The orners of this diagram are manifestly exoti.diated by oordinate system T3; Y . The andidates for exoti pentaquarks are loated inthe orners of triangle. In the top orner is the �+ with quark ontent uudd�s, in the leftbottom there is hyperon ��� with ontent ddss�u and in right orner the hyperon �+ withuuss �d quarks. The other members of anti-deuplet are not exoti.Using N(1710) as a foundation on whih to build, the mass and width values ofmembers laying on the anti-deuplet right side have been predited. The exoti memberdenoted as �+ has been predited with a mass of 1520MeV and a width of 15MeV. Theseond non-exoti member has been predited with a mass of 1890MeV and a width about70MeV. This resonane an be identi�ed as the observed �(1880)P11 state. The seondexoti member on this side line has a predited mass of 2070MeV and a width larger then
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Figure 2.3: The �rst observation of the �+ by the LEPS experiment [31℄. Left panel a)shows the missing mass MM K+ spetrum for K+K� prodution for the signal sample(solid histogram) and for events whih are aompanied with a proton hit. Right panel b)shows MM K� for the signal sample (solid histogram) and for events aompanied with aproton hit (dotted histogram).140MeV. As a possible andidate, the observed �(2030) is proposed, however the quantumnumbers of this state are not well established yet.
2.3 Experimental Results

2.3.1 Evidence for the �+In this subsetion, an overview is given that desribes the urrent status of theexperimental searh for pentaquarks. For review reports about experimental searhes forpentaquarks see [28, 29, 30℄. The �rst observation of the andidates ame from the LEPSollaboration at the SPring-8 faility in Japan [31℄. The reation n ! K+K�n on a 12Ctarget has been investigated with a  energy between 1.5 and 2.4GeV/2. An observedsharp resonane in the reonstruted hannel K+n exhibits a mass of 1.54�0.01GeV/2and a width smaller than 25MeV/2 . The signi�ane of the peak has been estimated at4.6�. The deay hannel requires a strangeness quantum number S = +1. The resonanehas been interpreted as the 5-quark state with on�guration juudd�si. The spetra of the



CHAPTER 2. SEARCH FOR PENTAQUARK 14observed resonane is shown in Fig. 2.3. The reent preliminary analyses of the LEPS dataon�rmed the existene of the state. The peak ontains 90 entries in omparison to the 19published in the �rst report.The �rst observation of an exoti narrow resonane at the LEPS experiment initedan intensive searh among other experiments. The andidates for the the �+ have beenobserved in di�erent reations hannels. The results are summarized in the Table 2.2 andploted in Fig. 2.4.The seond experiment whih reported [32℄ positive evidene of the �+ state wasDIANA at ITEP. The reation K+Xe ! K0pXe0 was analyzed. The K0 is deaying into�+�� pair and the traks of these, and of the p, were deteted in an Xe bubble hamber.The invariant mass of the K0p system was reonstruted. The observed narrow peak has amass of 1.539GeV/2 and a width 9MeV/2.The reation p ! nK0SK+ was measured at the SAPHIR experiment at ELSA[33℄. The liquid hydrogen target was bombarded with photons with energies between0.87GeV and 2.63GeV. The K0S was identi�ed by the deay hannel K0S ! �+�� whereasneutron by a kinematial �t and momentum onservation laws, while the SAPHIR dete-tor ould only detet harged partiles. A peak with a mass of 1540MeV/2 and a widthlower than 25MeV/2 was found in the reonstruted invariant mass spetrum of the nK+system. Five di�erent neutrino experiments have been analyzed by the ITEP group [34℄.The �A ! K0pX reation has been measured by means of bubble hambers, where Arepresents either hydrogen H, deuterium D, or neon Ne. The resulting peak shows 20ounts above bakground (12 ounts) at a mass of 1533MeV. This gives a realisti statistialsigni�ane of 3.5�.The ZEUS experiment at DESY measured the reation e+p ! e+K0pX at aenter-of-mass energy of about 300GeV. The observation of a peak near to a value of1522MeV has been reported [35℄. The peak is seen for events with 4-momentum transferQ2 > 20GeV2 with statistial signi�ane of 5�. In the ase of a sample where 4-momentatransfer Q2 > 1GeV2, no peak is visible.Good evidene for the �+ baryon has been reported by the COSY-TOF exper-iment [36℄ . Using the exlusive hadroni reation pp ! K0p�+ from two di�erent runswith slightly di�erent energies, the measurement of �+ in the �nal state an at as a toolfor tagging strangeness. The result is a very lean �nal state showing a �+ peak at mass



CHAPTER 2. SEARCH FOR PENTAQUARK 15Reation Mass FWHM �'s Group Ref.[MeV℄ [MeV℄C ! K+K�X 1540�10 < 25 4.6 LEPS [31℄K+Xe! K0pX 1539�2 < 9 4.4 DIANA [32℄d! K+K0(n) 1540�6 < 25 4.8 SAPHIR [33℄�A! K0pX 1533� 5 < 20 6.7 ITEP [34℄e+d! K0pX 1528�2.6 13�9 5 HERMES [18℄e+p! e+K0pX 1522�3 8�4 5 ZEUS [35℄pp! K0p�+ 1530�5 < 18 4-6 COSY-TOF [36℄pA! K0pX 1526�5 < 24 5.6 SVD [37℄Table 2.2: Published experiments with evidene for �+ resonane.
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Figure 2.4: Compilation of the world data obsereved �+. Left panel shows the mass valuesand the right plot shows the FWHM.



CHAPTER 2. SEARCH FOR PENTAQUARK 16of about 1.53GeV, with a statistial signi�ane of between 4 and 5�.The last reported observation of the �+ baryon omes from the SVD ollaborationat IHEP. In the most reent report [38℄, reanalyzed data [37℄ for the reation pA! K0pXusing protons of 70 GeV is presented. The observed peak in the pK system exhibits a massof about 1.523MeV. This result shows the highest signi�ane amongst all the reportedobservations of the �+ baryon.
2.3.2 Non-Evidence for the �+Low statistis are one of the ommon features of an experiment returning a positivesignal for �+. Evidene for the \observed" peak is very lose to that for a statistialutuation. Proof for the existene of �+ rests on an experiment with higher statistialsigni�ane. Experiments with higher rates of partile produtions would, one would hope,may throw more light on the situation. However, most suh experiments them reportednegative results. An overview of published non-observation of the �+ baryon is shown inTable 2.3.Non-observane has been reported by the e+e� ollider experiments BaBar[39℄ ,Belle[40℄ and ALEPH [41℄ whih performed searh by reonstrution of the pK0S systems inthe �nal states. The BES ollaboration investigated the e+e� ! J=	! ��� reation [42℄.The level of statistis obtained in the lepton olliding experiments is an order of magnitudehigher than in the experiments with positive test results. The simplest explanation would bethat the low statistis experiments are wrong in this ase. The situation is more ompliatedif we assume that they are, in fat, orret. One solution is o�ered in a BaBar report [39℄.They found that hadron prodution rates derease smoothly as the mass inreases. Forbaryons, this fall is steeper than for mesons. This baryon rate suppression may be naivelyexplained in the following way. In e+e� ollisions a pair q�q is produed initially whih is thenhadronized. In order to produe a baryon, two other pairs of quarks have to be produedfrom the vauum, rather than the single pair needed for meson prodution. The questionof whether the suppression fator inreases in the prodution of partiles ontaining morequarks is a valid one. Unfortunately there is no theory whih an give lear guidane. Theexperiments BaBar, Belle and LEP give us limits for the prodution, but they annot ruleout the existene of the �+.There are other high energy hadron beam experiments from other groups, other



CHAPTER 2. SEARCH FOR PENTAQUARK 17Reation Limit Group Ref.e+e� ! �(4S)! pK0X < 1:0� 10�4Br BaBar [39℄e+e� ! B0 �B0 ! p�pK0X < 2:3� 10�7Br Belle [40℄e+e� ! Z ! pK0X < 6:2� 10�4Br LEP [41℄e+e� ! J=	! ��� < 1:1� 10�5Br BES [42℄pA! K0pX < 0:02� �� HERA-B [43℄pCu! K0pX < 0:3%K0p HyperCP [44℄p�p! K0pX < 0:03� �� CDF [45℄pC ! K0�+X < 0:1 � �� SPHINX [46℄� + Si! K0pX < 0:02� �� Belle [47℄e+Be! pK0 +X not given BaBar [48℄d+Au! K��nX not given PHENIX [49℄p! �K0K+n < 0:002 � �� CLAS [50℄d! K+K�pn not given CLAS [51℄��A! K0pX Br � �0 < 1:8�b WA89 [52℄Table 2.3: Published experiments with non observation of the �+ resonane.than the e+e� experiments, that laim non-observation of the �+: HERA-B with a 920GeVproton beam on a arbon target [43℄. The HyperCP experiment at Fermilab is designedto measure CP violation in asade (�) and anti-asade deays. They sought for �+in reations of protons and �+ with tungsten ollimators [44℄. The inidene momentaof protons or pions is in the range 100-250GeV/. The CDF experiments studying p�pollisions at an energy of 2TeV published null results as well [45℄.Contraditory to the SVD, the SPHINX ollaboration reports no evidene of the�+ resonane deaying into pK0 system [46℄. The experiment is using the same 70GeVproton beam on a nulear target.Parallel to the analyses of the e+e� reation, Belle and BaBar analyzed reationsoming from the interation of the beam with surrounding material. Belle used seondarysattering of mesons in their silion vertex detetor [47℄, while BaBar analyzed interationsof positrons with the beam pipe [48℄. Both experiments reported null results.



CHAPTER 2. SEARCH FOR PENTAQUARK 18The last non-observation of �+ was reported by the PHENIX ollaboration [49℄through analysis of the reation d+Au! K��nX at psNN = 200GeV.The CLAS ollaboration at the Thomas Je�erson National Aelerator Faility inthe �rst report observed a narrow baryon peak in the exlusive reation d! K+K�pn[53℄.The neutron in the �nal state was reonstruted by missing mass tehniques sine theinident photon energy was known from the tagging system. The resulting invariant massspetrum of the K+n system showed a sharp peak at the mass 1.542GeV/2 with a FWHMvalue of 21MeV/2. Signi�ane of the peak was estimated at 5.2�. Further evidene forthe �+ was reported in [54℄ in the p ! �+K+K�(n) hannel. In the last year, CLAShas performed a dediated run aimed to searh for �+. The reported results [50℄ shownon-observation of a resonane in the range between 1.525 to 1.555MeV for the p !�+K+K�(n) reonstruted hannel. The preliminary results [51℄ show the same for d!K+K�pn hannel.
2.3.3 The Search for Other CandidatesThe predited �+ baryon resonane is assumed to be an iso-singlet. However thesearh has been performed for iso-vetor state with harge Q = +2 as well. No experimentalobservation of �++ has been reported exept by the STAR ollaboration at RHIC [55℄. Thehannel pK+ was investigated in a dAu ollision sample. The observed peak of a mass about1530MeV exhibits signi�ane of 5�. Assuming that �++ is real, the �+ must also be seen.In their published results, the STAR ollaboration shows a small peak with low signi�anein the pKS invariant mass spetrum, shifted by about 10MeV/2 to higher mass.As mentioned above, the anti-deuplet orners in Fig. 2.2 represent the exotistates. The searh for the �5 has been performed by several experiments [45, 57, 58, 59,60, 61, 62℄ without positive results. Up to now, there is only one reported andidate for��� by NA49 [63℄, whih makes the existene of a ��� with a reported mass of 1862MeVdoubtable.Only pentaquark andidates with strange quark ontent have been disussed so far.Pentaquarks built from other avors are possible as well, however the searh for andidateswith harm quark ontent has been performed in the last years by several experiments.Only H1 reported a signal orresponding to a �0(3100) [64℄. ZEUS and FOCUS laiminompatibility of their results with H1 �ndings.
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2.4 Current StatusThere were several theoretial works whih searhed for an explanation of theobserved peak. In a quark-model approah Ja�e and Wilzek [65℄ explored the possibility ofdi-quark attration strong enough to form a new stable hadroni state. Two higly orrelatedud-pairs are oupled to an anti-quark, with the lowest states having JP = 12+. An otet ofdi-quark pentaquarks was predited to aompany the antideuplet, and it was suggestedthat harm and bottom analogs to the �+ might also be stable against strong deay.Di�erent example of an explanation omes from sine a majority of experimentslaiming observation of the �+ were using a nulear target. Gal and Friedman [66℄ studiedthe possibility of formation of �+ by means of the K+ - nuleus phenomenology.No ontribution of the lattie omunity brought any enlightement on urrent situa-tion. Results of 10 groups are ompiled in [67℄. The studies show that the most ompliatedproblem for the lattie alulation is to distinguish a simple KN ontinuum sattering statefrom a �+ pentaquark. About half of the results reported a pentaquark struture, whilethe others did not. The next disrepanies to be onsidered will be regarded to estimationof the spin and parity.It is diÆult to �nd a orret explanation for the ontraditory results of thesearhes for �+. In view of the non-observations in high energy hadroni experiments withhigh statistis one may simply onlude that �+ doesn't exist. On the other hand, thisonlusion assumes that several low energy experiments are all wrong about a peak at about1530MeV whih would be a surprising oinidene. The solution to this onundrum ouldbe found in an examination of the possible prodution methods for a �+. A step in thisdiretion was taken by Titov at al. [68℄. Using well-known high energy phenomenology likeenergy dependene of the Regge trajetories and the saling behavior of the hadroni am-plitudes they found that the �+ prodution ross setion, when ompared to onventionalthree quark hyperon, is (at high energy proesses) strongly suppressed.Although there is lot of e�ort to �nd theortial explanations of the situation,the ruial question either this strange pentaquark exists or not an only be answered byexperiments.
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Chapter 3

The HERMES Experiment

3.1 The HERA AcceleratorThe HERA aelerator at DESY, Hamburg, provides two beams - one of 920GeVprotons and one of 27.5GeV eletrons or positrons. In addition to HERMES, these areused for two ollider experiments ZEUS and H1. The HERMES experiment is loated inthe East experimental hall, diametrially opposite to the HERA-B hall. It is one of two�xed target experiments. Collider experiments ZEUS and H1 are investigating nuleonstruture funtions by means of unpolarized deep inelasti sattering over a wide kinematiregion. The goal of HERA-B experiment was to study CP-violation in B-meson produtionin proton-proton ollisions.HERMES (HERa MEasurement of Spin) [69℄ is designed for preise measurementof nuleon spin struture. This is aomplished by means of analyzing semi-inlusive spinasymmetries in polarized Deep-Inelasti lepton-nuleon Sattering (pDIS). Beam urrents ofup to 50mA at the beginning of a �ll have been ahieved. Due to residual gas interations,the beam urrent deays nearly exponentially. The average lifetime, whih an be derivedfrom the deay onstant, is between 12 and 14 hours. Usually the beam is dumped earlierby inserting high density gas in the HERMES target ell in order to obtain high number ofstatistis for unpolarized DIS (important for the study of nulear e�ets).The eletron beam is distributed within 220 bunhes along the HERA storagering's 6.3 km irumferene. The polarization of the beam is ahieved by the Sokolov-Ternove�et, whih is aused by a small asymmetry in the synhrotron radiation. The theoretiallimit for polarization is 92.4%. The real polarization reahes about 55% approximately 40
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Figure 3.1: Loation of HERMES at the HERA storage ring. The other experiments H1,HERA-B and ZEUS, the Spin rotators and polarimeters are superimposed. The setup ofrun 2001-2007 is shown. Prior to 2001 there were no rotators at H1 and ZEUS.minutes after the �ll start.Spin rotators have been installed upstream and downstream from the HERMESexperiment (see Fig. 3.1), sine for the measurement of the beam spin asymmetries, longi-tudinal polarization is required in ontrast to polarization in the storage ring whih is in thetransverse diretion. The spin rotators at H1 and ZEUS were installed in addition duringthe shutdown of 2001. The polarization of the beam is measured by two laser baksatter-ing polarimeters. The transverse polarimeter is loated in the West Hall and longitudinalpolarimeter is inside the spin rotator at the East Hall.
3.2 The HERMES TargetHERMES was intended to run alongside ZEUS and H1 without ausing signi�antdisruption to the beam lifetime, requiring a �ll to remain for at least 10 hours. Thisimmediately exluded any possibility of using solid material for the target in HERMES. In



CHAPTER 3. THE HERMES EXPERIMENT 22fat, the target density is limited to 1015 atoms/m2. Thus a gaseous target ell intendedto sit inline to the storage ring was designed for use in the experiment.The HERMES experiment uses both polarized and unpolarized targets. The po-larized target onsists of Hydrogen, Deuterium or 3He, whilst the unpolarized gases are oneof H2, D2, 3He, 4He, N2, Ne, Kr, and Xe. A polarized 3He target was used in 1995 butduring 1996 - 1997 a longitudinally polarized hydrogen target was used and in 1998 - 2000longitudinally polarized deuterium. In 2001, a transversally polarized target was installedduring a HERA upgrade.The polarized hydrogen(deuterium) beam is produed by means of an atomi beamsoure (ABS) [70℄. This devie onsists of dissoiator, powerful di�erential pumping system,beam forming system, sextuple magnet system and adiabati high-frequeny transitions.Moleular hydrogen/deuterium gas is dissoiated by a radio frequeny of 13.56MHzin a pyrex-type tube. The degree of produed dissoiation is up to 80%. Atomi gas owsthrough a onial nozzle with an opening of diameter 2mm, whih is ooled to 100K. Fivesextupole permanent magnets split this beam into hyper�ne states. The partiular polar-ization state of interest is seleted by ombination of strong �eld transition (SFT), medium�eld transition (MFT) and weak �eld transition (WFT). The polarized atomi beam isinjeted into target ell with a pressure of about 10�7mbar. The target ell is an elliptialtube with open ends whih holds the gas at the lepton beam position. At the end of thetarget ell two powerful turbo-pumps are installed in order to protet ultra high vauum inthe aelerator ring.For polarized gas, there are two instruments installed for monitoring a Breit-RabiPolarimeter (BRP) and Target Gas Analyzer (TGA). The former measures the polarizationof the gas and the latter gives an estimate of the degree of dissoiation. For unpolarizedgas, neither measurement makes sense, so the gas is �lled diretly into the target ell.The HERMES detetor [69℄ is onstruted as a spetrometer with a dipole magnet.The symmetry planes of the eletron and proton beam pipes divide the detetor into upperand lower halves. The omplex system of detetors that make up the spetrometer allowthe detetion of properties for any registered partile (see Fig. 3.2). The largest omponentof the HERMES spetrometer is a large dipole magnet with an integrated �eld strength of1.3Tm. Aeptane of the spetrometer is given by the opening angle of the spetrometermagnets. This angle is �170mrad in the horizontal diretion and 140mrad in the vertial.Protetion of the eletron and proton beams against strong magneti �eld is aomplished
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Figure 3.2: Side view of the urrent setup of the HERMES spetrometerby a septum plate whih limits aeptane for small vertial sattering angle to 40mrad.
3.3 Tracking DetectorsThe deetion of the harged partiles by magneti �eld is used for measurementof their momenta. This is aomplished by measuring the partiles' trak in the magneti�eld region of the spetrometer. Traking detetors measure a full omplement of trakinformation for any registered partile: the sattering angle (�), the azimuthal angle (�)and the vertex position. The traking detetor system is depited in Fig. 3.2. In front ofthe magnet there is set of drift hambers. Two are alled the Front Chambers (FC1/2) [71℄and the third is alled the Drift Vertex Chamber (DVC). They are used for determinationof the initial trajetory in the front region. Four drift bak hambers (BC1-4) [72℄ behindthe magnet provide traking after the deetion of the partile by means of the magneti�eld. Three proportional hambers (MC1-3) [73℄ loated within the opening of the magnetare used for the reonstrution of the traks with low momenta that are deeted out of thespetrometer aeptane. Eah spae point determined by a traking detetor is de�nedby three o-ordinates: horizontal(x) and two at stereo angles �30Æ (u; v). This is given byorientation of the wires in the hambers.



CHAPTER 3. THE HERMES EXPERIMENT 24The drift hambers are onstruted with the same priniple but their size inreaseswith distane from the target. Eah hamber is assembled as a module with six layers. Onelayer onsists of a plane of alternating anode/athode wires between a pair of athode foils.The athodes are at negative voltage and the anodes are onneted to ground. The wires areoriented vertially in the X plane and at stereo angles �30Æ for planes U and V . One blokis ompound from pair of layers. Within the blok, eah layer is staggered with respet totheir partner by half a ell size in order to help resolve left-right ambiguities.The hoie of gas mixture for the drift hambers was governed by the seriousproblems presented when needing to ontrol a ammable gas in a tunnel environment.All drift hambers are operated with the same Ar(90%)=CO2(5%)=CF4(5%) gas mixturewhih is fast and non-ammable. Its drift veloity is about 70�m/ns at the average �eldstrength of E = 800V/m. The readout of the drift hamber is aomplished by theAmpli�er-Shaper-Disriminator ard (ASD) onneted to the Fastbus Multi-hit Time-to-Digital-Converter (TDC) with a time resolution of 0.5 ns.For the multi-wire proportional hambers within the magnet opening, the same gasmixture as in the Drift Chamber is used, but with the mix ratio realulated for optimizationduring MWPC operation: Ar(65%)=CO2(30%)=CF4(5%). The readout is based on theLeCroy PCOS IV system. An on-hamber ards provide ampli�ation, disrimination anddelay as well as lathing to the event trigger. The MCs provide a spatial resolution of about700�m. In 2001, a silion detetor system named the \Lambda Wheel" (LW) was installedin the front of the spetrometer magnet with the intent of inreasing the aeptane ofHERMES to pions from � deays.Traking reonstrution uses a tree-searh algorithm. The algorithm is based onthe use of a pattern database that ontains all possible partile traks for a given detetorsystem and resolution. The reorded hits from eah detetor are enoded in a bit pattern.A one dimensional bit array is reated and these arrays are ombined into two-dimensionalpitures for all hambers with the same wire orientation. The detetor pattern is omparedto the pattern database and ombinations that ould not have been aused by straight traksare �ltered out. The iterative proess starts with a \2-bit detetor" that di�erentiatesbetween a hit in the left or right side of the detetor. In eah step, the resolution ofthe bit pattern is doubled. After 11 iterations, the trak is ompletely determined. Thetree-searh algorithm �nds straight traks separately in the front and bak regions of the



CHAPTER 3. THE HERMES EXPERIMENT 25spetrometer. The partial traks are ombined into traks going through the magneti �eldof the spetrometer. The Hermes Reonstrution Program (HRC) uses several methodsfor this. The momentum of the traks is determined from a look-up table, generated onlyone during the initialization of the program, saving the omputing time to alulate themomentum from the deetion in the magnet. The momentum resolution of the experimentfor positrons is 0.7-1.25%. The unertainty in the sattering angle is about 0.6mrad.
3.4 Particle IdentificationPartile Identi�ation (PID) is an important fator in the measurement of DIS. TheHERMES experiment provides exellent hadron-lepton separation. This is aomplished bysub-system detetors whih are the lead-glass Eletromagneti Calorimeter, the PreshowerDetetor, the Transition Radiation Detetor (TRD) and the Ring Imaging �Cerenkov De-tetor (RICH).Di�erent types of interation take plae as a partile passes through matter.Charged partiles produe mainly ionization or bremsstrahlung. The amount of energylost by these two proesses depends on the momentum, mass and harge of the interatingpartile and on the material through whih the partile passes.Eletrons or positrons under the inuene of the eletromagneti �eld of an atomradiate a high energy bremsstrahlung photon. Suh photons interat with eletromagneti�elds in the matter in whih they were produed and, in turn, produe pairs of e+e�. It ispossible to use this hain reation to reate eletromagneti showers in a material. This istypial behavior for a lepton, but heavier partiles do not ause suh showers as the proessis inhibited due to their mass. Using suh a material to reate showers allows lepton-hadronseparation inside the alorimeter and preshower detetor.The HERMES alorimeter [74℄ measures the energy of inident lepton or photons.It is built from 840 radiation resistant F101 lead-glass bloks whih are arranged into two42� 10 arrays for top and bottom detetor parts. Eah blok is of size 9� 9� 50m3. Thelength of the alorimeter bloks orresponds to 18 radiation lengths. The hadron-leptonseparation in the alorimeter is based on the fat that eletrons deposit all their energy in thealorimeter. The ratio E=p is, for eletrons, equal to one. Hadroni showers develop moreslowly than eletromagneti ones, therfore the ratio E=p is less than one. Neutral photonsare stopped in the alorimeter as well. Sine photons do not produe ionization along their



CHAPTER 3. THE HERMES EXPERIMENT 26trak in the detetor, they are identi�ed as a hit in the alorimeter and a orrespondingmissing hit in the hodosope system. The resolution of the HERMES alorimeter is�(E)E [%℄ = 1:5 + 5:1pE[GeV ℄ (3.1)Similar proesses to bremsstrahlung an our if a partile passes the boundarybetween two media with di�erent dieletri onstants. In this ase, an eletromagneti waveis emitted. The photons are usually emitted in the visible part of the spetrum but an X-raymay be emitted as well. To inrease the probability of the emission of X-ray photons in theTransition Radiation Detetor (TRD), a high number of boundaries are introdued. Theideal ase would be a set of thin foils with a narrow uniform separation by vauum. Suha onstrution is tehnially diÆult. In the HERMES TRD it is replaed by pakets ofpseudo-randomly arranged polypropylene/polyethylene �bers with diameters of 17-20�m.The �ber material is held in plae with an aluminum frame and stithed together to maintainthe proper density. The radiator bloks are 6.35 m thik, 3.4m wide and 0.8m high. Thedetetion of X-rays is aomplished by Multi-Wire Proportional Chambers (MWPC) witha gas mixture 90% Xe and 10% CH4 behind the radiator. The HERMES TRD onsists ofsix modules eah onsisting of a radiator blok and a MWPC.The seletion of leptons from hadrons is done by ombining the information fromall PID detetors. The probability funtions P ji (p; x) (where the partile i with momentump auses a response x in the detetor j) are alulated. This is aomplished by omparingdetetor response to so-alled \parent distributions". The parent distributions are obtainedfrom data and Monte-Carlo simulations. By ombining the probability funtions of thealorimeter and the preshower, a likelihood (rPID3) is obtained:rPID3 = log10P eCalP ePreP hCalP hPre : (3.2)The rPID3 is the logarithmi likelihood that a ertain partile has been identi�ed by thealorimeter and the preshower as a lepton, rather than a hadron. The same method is usedfor the alulation of the value rPID5 in the ase of the TRD, where eah module is treatedas an independent detetor: rPID5 = log10Q6i=1 P eTRDiQ6i=1 P hTRDi : (3.3)The sum of PID parameters, rPID3+ rPID5, is used for hadron seletion. The eÆienyof lepton-hadron separation is better than 98% with a ontamination of less than 1%.



CHAPTER 3. THE HERMES EXPERIMENT 27When travelling through a material with a speed higher than the speed of light inthat material, harged partiles emit photons in a proess known as \�Cerenkov Radiation".The minimal momentum p for the �Cerenkov Radiation is given byp = mp(n2 � 1) (3.4)where m is the mass of the partile and n is the di�rative index of the medium. This isused in threshold �Cerenkov ounters. In addition the �Cerenkov angle, �C , of the radiatedphotons (i.e. the angle with respet to the diretion of the partile) is given by:os �C = 1n� (3.5)where n is the again di�rative index of the medium and � = v ( is the speed of lightin vauum and v is speed of the partile in the medium). In the RICH detetors, the�Cerenkov one is foused on the matrix of photon detetors where a ring pattern is reated.The diameter of the ring is proportional to the �Cerenkov angle �C .The harged hadrons in the HERMES experiment have momenta in the range2-20GeV/. In order to ahieve reasonable PID over the full range of momenta, a dualradiator RICH [75℄ was designed. The �rst radiator is a wall made from aerogel tiles. Thewall is built from 425 tiles of size 11 � 11 � 1:0 m. The refrative index of the aerogel is1.0303, thus the aerogel wall an over PID within the lower part of the aepted momentumrange. The seond radiator is a C4F10 gas with refrative index 1.00137. The gas �lls thespae of the RICH housing between the aerogel wall and the mirror. The mirror (radius ofurvature of 220 m) reets and fouses �Cerenkov light on to the PMT plane. The PMTplane ontains 1934 Philips XP1911 type PMTs whih are read out by the PCOS4.The RICH partile identi�ation is based on reonstrution of the �Cerenkov angleand information about partile momentum. As mentioned above, the partile momentum isestimated by trak reonstrution in BC and FC and deetion radius in the spetrometermagnet. The �Cerenkov photons are deteted by the RICH PMTs and all this informationtogether an be used to reonstrut the �Cerenkov one.Diret and Indiret Ray Traing Methods (DRT and IRT) are used for reonstru-tion of the �Cerenkov rings. For eah hit in the PMTs matrix, the point of emission isestimated by means of the reonstruted trak in the BC. Using information about theposition of the mirror enter, the emission point, the point of light detetion and the di-retion of the partile, the �Cerenkov angle is alulated. After reonstrution of the angle



CHAPTER 3. THE HERMES EXPERIMENT 28by the traing methods, likelihood algorithms are applied. They take into aount boththe �Cerenkov angles and the number of �red PMTs. The likelihood is alulated for eahhypotheses that light was emitted by �, K, or p. The diameter of the imagined rings forertain partiles depends diretly on the angle of the �Cerenkov one. Dependene of the�Cerenkov angle �C on the hadron momentum for the HERMES RICH is shown in Fig. 3.3.The type of partile identi�ed is that whose hypotheses is most probable. The quality pa-

Figure 3.3: �Cerenkov angles versus momentum for aerogel and C4F10 gas. The upper urveshows angles of the �Cerenkov light one oming from the aerogel radiator. The lower urveorresponds to the C4F10 gas.rameter Qp is alulated as a di�erene of logarithms of the highest and the seond highestlikelihoods. Qp = log10 L1L2 (3.6)
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3.5 Beam MonitoringPreise knowledge of the luminosity play an important role in DIS studies. Therelative luminosity is required for estimation of ross-setion asymmetries in DIS with dif-ferent target or beam spin states. The absolute luminosity is neessary for the measurementof absolute struture funtions or studies of unpolarized semi-inlusive hadron prodution.The luminosity measurement is based on the observation of elasti sattering of the beampositrons o� the target gas eletrons e+e� ! e+e� (Bhabha sattering) and their anni-hilation into photon pairs e+e� ! . When an eletron beam is used, eletron-eletronelasti sattering e�e� ! e�e� (M�oller sattering) is measured. Sine the ross-setions ofthese proesses are alulable using Quantum Eletrodynami (QED) tehniques and theeletron density in the target is the same as the nuleon density, the luminosity an beextrated from its measurement. By measuring event rates R, the luminosity L is given as:L = RR�

�(d�=d
) (3.7)where � is detetion eÆieny and the integration is performed over an aeptane angle�
. The forward sattered eletrons passing an opening in the septum plate are detetedby a luminosity detetor [76℄.The rates are estimated in the following way. The septum plate opening determinesthe aeptane of the luminosity monitor. The luminosity monitor onsists of a pair ofeletromagneti alorimeters. Eah of these is onstruted as a matrix of 4x3 radiation hardNaBi(WO4)2 (NBW) �Cerenkov rystals eah of the size 22mm2. Crystals are oupled tophotomultipliers and readout is performed by LeCroy ADCs.Beause the beam position has signi�ant inuene on the luminosity monitoraeptane, it is measured by a set of beam position monitors [77℄. For physis analyses,the measured rates are orreted with respet to the beam position at the moment of themeasurement [78℄.
3.6 Trigger and Data AcquisitionThe aim of the HERMES experiment is to measure properties of protons by meansof DIS. The trigger setup is optimized to selet events with DIS eletrons. The trigger signalis generated by several hit sub-detetors: Hodosopes H0, H1 & H2, and the Calorimeter.



CHAPTER 3. THE HERMES EXPERIMENT 30The Hodosope H0 sits in front of the spetrometer magnet. Due to the small area ofthe aeptane, it onsists of two bloks of plasti sintillator, one above the beam pipe,one below. Eah blok is read out by means of two photomultipliers from whih time andamplitude information is reorded. A partile traveling at the speed of light passes thedistane between H0 and H1 within approximately 18 ns. Thus time information allows theanalyzer to distinguish between forward- and bakward-travelling partiles. This eliminatesbakground aused by proton beam showers.The hodosopes H1 and H2 are mounted behind the HERMES magnet, just infront of the TRD (H1) and just behind (H2). The ounters are omposed of 84 vertialsintillator modules, split evenly between the upper and lower parts. Modules are builtfrom fast sintillating material (BC-412 from Biron Co.). Eah module (9:3 � 91 � 1 m)is read out by means of a photomultiplier tube oupled via light guides to the outsideends of the sintillator. A 3mm overlap between the modules ensures full overage of theaeptane. The average energy deposition is about 2MeV for H1. The eletrons depositabout 20MeV in H2 due to an 11mm thik Pb radiator in front of the sintillator.The main DIS trigger is formed by the oinidene in all upper or lower parts ofthe hodosopes and the alorimeter. The threshold for deposited energy in the alorimeterrequires a minimum energy of 1.4GeV, whih may vary dependent on run ondition. In-formation on the multipliities of H1, H2, LUMI hits, bak hamber, magnet hamber andmuon hodosope signals an also be read out in order to de�ne additional types of trigger,if required.The information that swithes trigger types is produed by Programmable LookupUnits (PLU). The di�erent trigger types are de�ned and loaded into PLUs. HERMES relieson those to distinguish between two types of trigger. \Physial" triggers are tied to theHERA-lok. The non-physial triggers are arbitrary in time. The main physial trigger 21orresponds to a hit in all of the hodosopes and a alorimeter hit above a ertain threshold.A dediated trigger has been proposed for the pentaquark searh. In the HERMESexperiment, a hannel pK0S is analyzed where the K0S is deays into two oppositely hargedpions. For full reonstrution of suh events, three hadron traks have to be deteted. The\pentaquark trigger" requires two traks in the upper half of the detetor and one in thebottom half, or vie versa. A single hadron trak is de�ned by a one hit in H0, H1 andH2 and additionally a hit in the bak hambers. The \pentaquark trigger" has been in usesine 2004.



CHAPTER 3. THE HERMES EXPERIMENT 31The HERMES data aquisition system is based on a Fast-Bus bakbone. The Fast-Bus TDCs (Time-to-Digital Convertor) and ADCs (Analog-to-Digital Convertor) performthe readout. The drift hambers are read out by TDCs. The magnet hambers are readout by a PCOS IV system that is restrited to a single bit per hannel.The data aquisition stream is separated into runs. Eah run onsists of a datasetof events. During a �ll of the positron mahine, the data is written onto hard diss inthe online mahine. Parallel to the data stream, slow ontrol data is stored on the dis.Between the �lls, the data is transfered to a tape robot on the DESY main site and a bakupis written to loal DLT tapes.



32
Chapter 4

Analysis of HERMES DataAn experiment searhing for a new partile has to ful�ll several onditions. It hasto have suÆient momentum resolution in order to reonstrut the mass and width. Inaddition to the momentum resolution, partile identi�ation (PID) and vertex reonstru-tion apability are needed. Suh features an help to redue bakground originating fromdi�erent reations. Finally, a suÆient aeptane in the explored kinemati region anddeay hannel is neessary. The ability of a spetrometer to detet ertain partiles an bestudied by means of Monte Carlo (MC) simulations. The ross hek of quality of MC isusually performed by the analysis of well established partiles.In the searh for Pentaquark �+, two basi shemes were applied among exper-iments. Inlusive reonstrution shemes reonstrut the partile mass by the sum of 4-momenta vetors of the deay produts and their squares. Only deay produts are takeninto aount. The bakground is redued by seleting events whih have good PID and thetrak of eah produt an be onsidered as originating from a vertex ommon to all of thedeay produts.Experiments laiming an exlusive measurement must detet all produts. The�nal state an be reonstruted in the same way as in the inlusive sheme, where theaompanied partile is used as a tag for a ertain prodution hannel or a missing masstehnique is applied. This tehnique is useful for situations where one of the sought-forpartile's deay produt is neutral and thus a momentum measurement is diÆult. The4-momentum in the input hannel is known as well as the 4-momenta of partiles a-ompanying the investigated deay hannel. Using the 4-momentum onservation law, anunknown 4-momentum an be omputed and its salar square root whih represents the



CHAPTER 4. ANALYSIS OF HERMES DATA 33invariant mass of the deay hannel of interest an thus be established.
4.1 HERMES Data SelectionThe analysis heneforth desribed was performed using the inlusive method de-�ned in the previous setion of this hapter. The predited deay hannel [25℄ of the �+into KN was investigated in HERMES data. Sine lean PID is needed for all the deayproduts, the only data seleted is that whih has been measured with the RICH. Thisdata was olleted in the years 1998, 1999 and 2000 and has an integrated luminosity ofL = R

Ldt = 295:7 pb�1. Only data on deuterium targets, both polarized and unpolarized,has been used for this analysis.The �rst step was to selet events whih ontain three or more hadron traks inthe �duial volume of the spetrometer. The traks must be long traks, beause only theseallow PID by means of the RICH. The trak is de�ned as a long trak when trak partsare reonstruted in both sets of traking hambers, FC and BC. The hadrons have beenseleted aording to PID values in the �DSTs table:g1Trak:rPID3 + g1Trak:rPID5 < 0 (4.1)As the next riteria, harge information and RICH partile type information have been usedto �nd events. Two traks have to be identi�ed as oppositely harged pions and one trakas a proton. This orresponds to type values obtained by RICH:smRICH:iType = 3 (�+; ��) (4.2)smRICH:iType = 5 (p) (4.3)Sine the reliability of the RICH PID di�ers for ertain momenta regions and partile types,limits have been introdued for pion momenta.1GeV < P� < 15GeV (4.4)and for proton momenta 4GeV < Pp < 9GeV (4.5)The RICH PID quality parameter has been set tosmRICH:rQp > 0 (4.6)



CHAPTER 4. ANALYSIS OF HERMES DATA 34for pions and to smRICH:rQp > 1:5 (4.7)for protons.The next step in the analysis was to reonstrut KS from the seleted event sample.The four-momenta of two pion traks was added and the invariant mass of both alulated.The invariant mass spetrum of the �+�� is shown in Fig. 4.1. The resulting spetrum
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Figure 4.1: �+�� invariant mass spetrum (left) and �+��p invariant mass spetrum(right). No uts are applied on seleted protons and pions. The �+�� spetrum showslear KS peak while no struture is seen in the �+��p spetrum.exhibits a lear KS peak at 497MeV, while the average value aording to the PDG [79℄is 497.272�0.031MeV. In order to improve the KS signal-to-bakground ratio, additionaluts have been introdued. The uts have been based on the event topology shown in Fig.4.2. The position of the deay vertex B and the distane of the losest approah (DCA)of the pion traks have been alulated. The traks of partiles whih are produed by thedeay of the same parent partile are supposed to ome from the same vertex. This is, inthe analysis, expressed for two pion traks by the DCA ut:
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Figure 4.2: Topology of reonstruted three-trak eventsDCA�+�� < 1 m: (4.8)The next topology ut utilizes knowledge of the mean life of the KS (8:9 ns). For a KS witha momentum of 1GeV/, the mean life orresponds to a ight distane of approximately10 m. In order to estimate deay length of potential KS , its trak and prodution vertexhave been reonstruted. The diretion of the KS trak is given by the sum of the twopions' three-momenta vetors. The KS prodution vertex C has been reonstruted usingthe assumption that the KS and the proton ome from the same prodution vertex. Thedistane between two verties gives a deay length of the KS , whih is required to be:jB � Cj > 7 m (4.9)Mass spetra of both the �+�� and the �+��p systems are shown in Fig.4.3. The signalto bakground ratio of the KS peak in �+�� spetrum is improved whereas no signi�antstruture is seen in the �+��p mass spetrum.
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Figure 4.3: The �+�� invariant mass spetrum left and the �+��p invariant mass spetrumright. The DCA and the deay length uts are applied on seleted pions in order to improvethe KS signal.Up to now the shown �+��p invariant spetra has been onstruted withoutonstraints on the �+�� mass. In order to satisfy the ondition that the �+�� omingfrom KS deay, the events where the �+�� invariant mass agree within 2� of the meanvalue of the KS peak have been seleted.jM�+�� � 497jMeV < 12MeV: (4.10)The region of seleted KS is depited by the �lled area in Fig. 4.4. Further, a ausality uthas been applied for these plots - the position of the KS deay vertex has to appear afterthe position of the KS-proton prodution vertex with respet to the KS momentum. Dueto the HERMES aeptane limitations in the forward diretion, this ut an be simplyredued to a ut on z-oordinates. Bz � Cz > 0 m: (4.11)In Fig. 4.4 the �+��p spetrum is seen. More potential for the existene of a peak in the
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Figure 4.4: The �+�� invariant mass spetrum left and the �+��p invariant mass spetrumright. The applied are extended by ausality ut for position between �+�� produtionand deay vertex. The �+��p spetrum is omputed from events with belong to the �lledarea of histogram in the left panel plot.region of 1530MeV an be seen.The lari�ed KS spetrum (i.e. the spetrum with the above mentioned utsapplied) an be seen in Fig. 4.5. The KS peak has a mass of 496.7MeV, whih is in goodagreement with the PDG [79℄ value 497.672MeV. The width of 6.8MeV is dominated bylimitations in spetrometer resolution. Together with the KS peak, a spetrum of the ��psystem is shown in Fig. 4.5. An enhanement in the region of 1116MeV indiates thatthere is some small ontamination aused by the �(1116) hyperon. In order to suppressthis ontamination, events were rejeted in whih the invariant mass Mp�� fell within 2�of the nominal � mass. jMp�� � 1116jMeV < 6MeV (4.12)The rejeted events belonging to the histogram are indiated by the shaded region.The last set of uts is designed to selet events with reasonable intersetions of



CHAPTER 4. ANALYSIS OF HERMES DATA 38

)[GeV]-π+πM(
0.4 0.45 0.5 0.55 0.6

(2
 M

eV
)

⁄
E

ve
n

ts

0

50

100

150

200

250

300

350

p)[GeV]-πM(
1.1 1.15 1.2 1.25 1.3

(3
 M

eV
)

⁄
E

ve
n

ts

0

5

10

15

20

25

Figure 4.5: �+�� invariant mass spetrum after applying the uts is shown in the left panel.The spetrum is �tted with the sum of a polynomial of seond order and a Gaussian. Inthe right panel, the ��p invariant mass spetrum is shown.proton and KS traks, whih an be identi�ed as possible �+ prodution verties.Although a narrow width of �+ is predited in the ase of strong deay, it an beassumed that the mean life is short enough that its deay vertex ould be onsidered to bethe same as the prodution vertex. The �+ deay vertex is the same as the KS produtionvertex. The distane between the KS and the proton trak at this point is required to beDCApKS < 0:6mm: (4.13)The �+ is supposed to be produed in the beam interation point, so uts for the produtionvertex were introdued. The hosen uts are: jCz j < 18 m (4.14)qjCx �Beamxj2 + jCy �Beamyj2 < 4mm: (4.15)The �nal spetra of the pKS system, published in [18℄, are displayed in Fig. 4.6.The �t urve in both plots is obtained using the unbinned �t pakage RooFit [80℄. The



CHAPTER 4. ANALYSIS OF HERMES DATA 39unbinned �tting method has been used in order to eliminate any inuene of binning e�ets,whih an be large in the ase of statistially small samples. The �t urve in the left plotin Fig. 4.6 is omposed from a third order polynomial and a Gaussian. The position of theGauss peak is 1528MeV with a width of 8MeV.
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1.45 1.5 1.55 1.6 1.65 1.7Figure 4.6: The �nal invariant mass spetrum of the pKS obtained by the HERMES exper-iment. The right plot shows the spetrum �tted by third order polynomial plus Gaussian.In the left piture are six �� resonanes �tted additionally to the bakground. The grayshaded histogram represents a normalized Pythia6 simulation and the solid line histogramis the normalized result of a mixed event analysis.In order to understand bakground, di�erent methods have been applied to itsalulation. The �rst method is based on a mixed event analysis. The KS traks areombined with the proton trak from di�erent events and the invariant mass spetrum isomputed. The results of the mixed event analysis is shown in the left box of the Fig. 4.6as the solid line histogram. As the seond approah to alulate bakground a Pythia6simulation [81℄ has been used tuned for HERMES kinematis [82℄. The normalized resultof this simulation is represented by the gray shaded histogram. The shape of the non-resonant bakground spetrum agrees very well with the shape obtained by means of themixed event analysis, but there is a disrepany between the simulated and measuredbakgrounds: there are more events in the measured bakground then in the simulatedbakground. The missing events an be explained by the introdution of �� resonanes,



CHAPTER 4. ANALYSIS OF HERMES DATA 40whih an deay into pKS and whih are not inluded in the Pythia6 event generator. Inorder to on�rm this possible explanation, the following �t proedure has been used. The�t funtion for the measured invariant mass of the pKS system has been onstruted asa sum of polynomial funtion, six onvoluted funtions of the Breit-Wigner funtion withGaussian and one Gaussian funtion. The polynomial parameters have been obtained froma �t of the simulated bakground and have been �xed. The widths and positions of sixBreit-Wigner funtions have been �xed to the PDG [79℄ values of the ��. The following six��+ were inluded: M = 1480MeV with � = 55MeV, M = 1560MeV with � = 47MeV,M = 1580MeV with � = 13MeV,M = 1620MeV with � = 100MeV M = 1660MeV with� = 100MeV and M = 1670MeV with � = 60MeV. The amplitudes of these have beenused as free parameters of the �t. However, an extra, unknown resonane must be inludedin addition to the six ��, in order to desribe shape of the spetrum. The Gauss funtion�ts the nominal role of a hitherto unknown resonane. As an be seen from the left boxof Fig. 4.6, suh a onstruted funtion an very well desribe the shape of the spetrum.The resonane represented by the Gaussian ould be an indiation of a new narrow statedeaying into pKS . The �t results to a mass of 1527MeV with the FWHM 22MeV for thisnew state.The amount of statistis of observed events with a pKS system in the �nal stateis rather poor, although the data over three years has been used for analysis. Due tolow statistis, the signi�ane of the observed peak ould a besubjet of disussion. Twoapproahes have been used in order to estimate the signi�ane. The �rst expression is thena��ve estimator N2�s =pN2�s . The orresponding result is listed in Table 4.1. The seond,more preise approah is using the ratio Ns=ÆNS , where all orrelated unertainties fromthe �t are aounted for in ÆNs.
4.2 The �� StateThe standard model shows that every partile has an antipartile, for whih eahadditive quantum number has the negative of the value it has for the \normal" matterpartile. If we assume the ondition that our measured peak is real and that �+ pentaquarkexists, then the harge onjugate anti-partile ��� has to exist as well. An analysis wasperformed with the goal of �nding suh an antipartile. The same data sample was analyzedas for �+. The set of uts was pratially the same exept for the following hanges: For



CHAPTER 4. ANALYSIS OF HERMES DATA 41�+ mass FWHM N2�s N2�b na��ve Total sgnif.[MeV℄ [MeV℄ in �2� in �2� signif. Ns � ÆNs
Ia) 1527:0 � 2:3� 2:1 22� 5� 2 74 145 6.1� 78� 18 4.3�
IIa) 1527:0 � 2:5� 2:1 24� 5� 2 79 158 6.3� 83� 20 4.2�
Ib) 1528:0 � 2:6� 2:1 19� 5� 2 56 144 4.7� 59� 16 3.7�
IIb) 1527:8 � 3:0� 2:1 20� 5� 2 52 155 4.2� 54� 16 3.4�Table 4.1: Mass and width values obtained by di�erent �t proedures of the pKs systemand their systemati and statistial errors. Row Ia) is based on the �t using the simulatedbakground model and ��s. In the ase of row Ib), bakground is �tted simply by a polyno-mial. Rows IIa) and IIb) are using same bakground models as Ia) and Ib) respetively, butdi�erent mass reonstrution expressions that are expeted to result in better resolution.Number of signal and bakground events in 2� area are in olumn marked as N2�s and N2�b .the hadron identi�ed as a proton previously by means of the RICH, the harge had to benegative. Sine the antiproton ould not ome from a � deay with �� but an originatefrom the deay of the �� to �p�+, the ut in equation (4.12) was hanged tojM�p�+ � 1116jMeV < 6MeV (4.16)The resultant spetrum is shown in Fig. 4.7. The statistis obtained were about a fatorof �ve smaller than in the ase of the �+ spetrum and therefore it is not possible to judgethe existene or non existene of �� state.Non-observation of the peak in �pKS ould be onsistent with existene of �+. Aswill be shown later in the analysis of �(1520) in setion 4.6, the prodution of antibaryons issuppressed. The suppression is due to limited reation phase spae for antipartile produ-tion. In order to obey baryon onservation law, a new baryon has to be produed togetherwith its antibaryon, while baryoni states an be produed from the nuleon target byadditional reation hannels. The suppression fator between baryon and antibaryon withsimilar masses like �+ is about fator 14, assuming that the suppression fator is the samefor �(1520) and �+. Using the number of observed �+ and this suppression fator, weobtain that the expeted number of �� is 4 or 5, depending on the method used for the �tof the pKs mass spetrum.
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Figure 4.7: The invariant mass distribution of the �pKS system. The statistis are too smallfor any statement about existene of �� state,.
4.3 Four Track Events AnalysisIn the work [83℄, a possible prodution mehanism of the �+ in the HERMESexperiment has been disussed. With a deuterium target, the most likely reations areonsidered to be �p! �K0�+; (4.17)or �n! K��+: (4.18)Unfortunately, there is no diret aess to on�rm these hypotheses beause of the HERMESaeptane. Due to the small opening angle of the HERMES spetrometer, the detetion ofall four partiles is unlikely. In the �rst analysis we required three traks, whih had to beoppositely harged pions and a proton. The number of statistis obtained was rather low.If we required an additional fourth trak, the statistis would drop even more. A partile-type plot for the fourth trak deteted together with KSp events, after applying all analysisuts, is shown in Fig. 4.8. It is learly seen that we an not fully reonstrut all partilesfrom the onsidered reation hannels due to the small number of K whih are detetedas a fourth trak. On the other hand we an use the fourth trak to redue bakground.There are other hannels where from KS ould originate. The main ontribution to the KS
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Figure 4.8: The distribution of partile type of the fourth trak.statistis ould be from �! KLKS (4.19)and K�� ! ��KS (4.20)We ould not rejet events originating from � beause it would be neessary to reonstrutKL but in a priniple is possible redution of bakground from K�. The plot of invariantmass of the system of the KS and �� is shown in Fig. 4.9. The statistis are low but theregion around 892MeV (whih is mass of the K�) is overed. In the next step, the followingut was applied in order to onstrut a new invariant mass spetrum of the KSp system inwhih the fourth partile has to be deteted, identi�ed as a pion and in whih the invariantmass of the KS� system an not be interpretable as K�:jMKS� � 0:892j > 0:075GeV: (4.21)Furthermore, the pion from the fourth trak ould be a deay produt of a �. Therefore, theinvariant mass of negatively harged pions and protons has been alulated and uts (4.12)applied again. The resulting spetrum of the KSp system invariant mass shows a lear peakat a mass of 1530MeV (see Fig. 4.10). The signal to bakground ratio is improved, buttotal statistis are signi�antly lower. The estimate of the signi�ane of the peak is 3.5�in the na��ve approah and 2.99� in the realisti.



CHAPTER 4. ANALYSIS OF HERMES DATA 44

)[GeV]
S

KπM(
0.6 0.7 0.8 0.9 1 1.1 1.2

(1
5 

M
eV

)
⁄

E
ve

n
ts

0

5

10

15

20

25
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4.4 Monte CarloKnowledge of the spetrometer aeptane is ruial to ensure that any measuredmass and width is orret and that a peak is not produed arti�ially. In order to under-stand the aeptane for a three-trak deaying partile, a simple Monte-Carlo generatorhas been developed. The generator is desribed in [84℄. By means of this generator, apartile with ertain mass and width an be produed and made to deay into 2 or 3-bodysystem. The deay produts an be spei�ed to be any partile types known to GEANT[85℄. The momentum distribution of the parent partile is represented as a part of a Gaus-sian distribution. The expeted value of the Gaussian an be negative or larger than beammomentum in order to obtain monotoni distribution. The verties of generated partilesare distributed aording to the usual gas pro�le. In the work [84℄, the mass of the parentpartile has been hosen to be 1540MeV and width � = 2MeV, aordingly to the mea-sured masses and widths in experiments whih observed the �+. The partile deays intoa KS and proton system. The reonstrution of the simulated resonane uses the samesets of uts as the analysis of the measured data. The reonstruted peak exhibits a width� = 7:2MeV, whih shows that the width of the observed peak is generated mainly by thespetrometer resolution.By means of the ratio of generated and reonstruted events, the spetrometeraeptane has been estimated. The ombined aeptane and ut eÆieny has beenfound to be � = 0:14%. It has been found that this aeptane is fairly insensitive to thehoie of parameters ontrolling the generated transverse momentum of the �+. Using thisaeptane, a rough estimate about the prodution ross setion of a pentaquark in thephoto-prodution reation an be provided aording following formula.�N!�+ = N�+!pKSobserved� �Br � L � � (4.22)where the integrated luminosity L of the analyzed data sample orresponds to 295.7 pb�1[86℄. Using the assumption that the branhing ratios of �+ ! p �K0 and �K0 ! K0S bothare 1=2 gives that Br = 1=4. Applying the Weizs�aker-Williams approximation [87, 88℄,the virtual photon ux is � = 0:02 . There are N�+!pKSobserved = 74 events, whih results in aross setion of � = 36nb. The estimated ross setion is a very rough number, beause theMonte Carlo does not inlude trigger eÆieny and the angular distribution of the deayingpartile. Both these numbers are unknown, but important for a more exat ross setion
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4.5 Width and Angular Distribution of the �+The knowledge about angular distribution of the �+ deay an supply informationabout the possible spin of the partile. In [89℄, possible options for pentaquark deay havebeen disussed. A model-independent assumption predits the isotropi angular distribu-tion deay in the enter-of-mass system of the pentaquark for spin 12 . This is valid sinethe prodution proess is a strong interation whih onserves parity. The produed pen-taquark ould not have longitudinal polarization. The polarization in the beam diretionmust vanish as well. In the deay, the total angular momentum is onserved. Thus thedeay has to be isotropi in the enter-of-mass system of the pentaquark. These onstraintsare not neessarily valid for the bakground and for other possible pentaquark spin.Predited spins for the �+ state di�er between the models. If the measured deayof the �+ di�ers from isotropi, spin 12 an be exluded. In order to measure the angulardistribution of the �+ we have to know an aeptane for the partiular angles in theirenter-of-mass system. These were estimated by means of the results of the Monte Carlosimulation, where an isotropi deay behavior of the �+ was simulated.The same generator as for the mass resolution study was used for studies of thedeay distribution. Although the HERMES observed mass is 1528MeV, the average ob-served mass aross all experiments that reported observane is loser to 1530MeV (seeTab. 2.2), the mass of the parent partile has been set to 1530MeV. The observed widthof the peak is a little larger than the simulated one, so the � of the parent partile hasbeen taken to be 10MeV. The parameters of the momenta distribution were: the momentaspread in transversal diretion �P? = 0:4GeV, the mean of the momenta in the z-diretionhP iz = �0:143Pbeam and the momenta spread in the z-diretion �Pz = 0:237Pbeam. Theinvariant mass spetrum of reonstruted KSp system is shown in Fig. 4.11. The peak inthis spetrum exhibits a larger width (� = 10:6MeV). The width of the parent partilehas been inreased by fator of 5 - nevertheless the reonstruted width inreased by about50%. This on�rms hypothesis that the real width of the peak is small and the width ofthe observed one is mainly due to the spetrometer resolution. From eah reonstrutedevent, a deay angle in the enter-of-mass system has been alulated. The diretion of thex-axis in the .m.s. (enter-of-mass) system has been given by means of the diretion of
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Figure 4.11: The invariant mass distribution of simulated �. .the pKS system momentum in the laboratory frame. The simulated angular distributionaepted by the spetrometer ompared to the measured one is shown in Fig. 4.12. Themeasured distribution is shown in Fig. 4.13. In the plot the normalized distribution forevents from a two � interval around the observed peak is ompared with the distribution ofthe bakground events. A slight di�erene is seen between the signal and the bakgroundangular distribution. The mean value of the bakground osine angle is 0.40 (0.33 RMS),while the mean osine of the signal is 0.44. The simulated distribution di�ers as well onlyslightly from the measurement of the bakground. The mean value of the simulated distri-bution is about 0.35 and the RMS is 0.325. Sine the simulation starts from an isotropiangular distribution, one an onlude that both the bakground and the signal exhibitslight forward peaking. In the ase of the signal, the forward peaking seems to be moresigni�ant than in the bakground ase.Suh a result might lead to the onlusion that the spin of the �+ is not 12 aordingto Ref. [89℄. On the other hand, it has to be stressed that the number of events whih havebeen used for the onstrution of the angular distribution is 221. Further, the analysis [18℄results show that the signal to bakground ratio is about 1:2. This means that the shapeof the measured angular distribution is given mainly by the bakground, and the signal
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Figure 4.12: The omparison of the simulated and measured angular distribution of the�+. In the simulation, the parent partile deays isotropially in the enter-of-mass system.Angular distribution of simulated �+ aepted by the HERMES spetrometer is displayedby the dashed line. The angular distribution orresponding to the events whose mass agreewithin 2� to the mean of the observed peak are depited by solid line.
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Figure 4.13: The measured angular distributions of the pKS system. The solid line is givenby the events whose mass orresponds to the mass of the observed peak. The dashed lineorresponds to bakground events out of the two �-range around a peak. .



CHAPTER 4. ANALYSIS OF HERMES DATA 49part is suppressed. With low statistis and only the slight deviation between the measuredand the simulated angular distributions, a statistial utuation an not be exluded as theexplanation for the observed di�erene from the isotropi angular distribution.
4.6 Karliner - Lipkin SchemeIn the work [90℄ Karliner and Lipkin proposed a new test whih an help to makea deision about the origin of an observed peak. The test is based on information obtainedfrom squared momentum di�erene between the momenta of two experimentally-observedpartiles in the laboratory frame. The angular distribution of the relative momenta inthe enter-of-mass system exhibits a forward-bakward symmetry in the prodution anddeay of any resonane with a de�nite parity. Let PK denote a 3-momentum of a Kaonand PN the momentum of the nuleon. The squared momentum di�erene is de�ned as�P 2KN = jPK j2�jPN j2. The distribution of the ounting rates observed at ertain momentahas to be symmetri and obey the equationN(�P 2KN = ��P 2KN + ÆP 2KN) = N(�P 2KN = ��P 2KN � ÆP 2KN ) (4.23)where the mean value of the squared momentum di�erene is given by��P 2KN = hjPK j2 � jPN j2i = M2K �M2NM2 � jP j2 (4.24)where MK , MN and M are Kaon, nuleon and resonane masses and P is the sum of thenuleon and Kaon momenta.The momentum di�erene jPK j2�jPN j2 distribution from measured data an helpto identify of the origin of the observed peak. A peak reated by the kinemati reetion willgenerally not have forward-bakward symmetry nor satisfy equation (4.23). Furthermorethe method an be used to improve the signal-to-bakground ratio by utting out eventswhih are mainly bakground. This an work in any ase where there is a signi�antdi�erene between the angular distribution of signal and bakground and this di�ereneremains signi�ant even for events within detetor aeptane.
4.6.1 �(1520) and ��(1520)The proposed Karliner-Lipkin sheme is suitable mainly for experiments with 4�aeptane and is laimed to be generally valid for any resonane. In this setion it is



CHAPTER 4. ANALYSIS OF HERMES DATA 50desribed as a test whih has been performed in order to estimate whether this method anbe used even for the HERMES spetrometer whose aeptane is restrited in the forwarddiretion. In order to avoid an arti�ially produed peak in a pKS spetrum by meansof a kinematial ut, the method has been applied on a well known resonane. The mostfeasible andidate for the test was found to be �(1520). The �(1520) has almost the samemass as observed for the �+ and deays into the pK� system, where the similar masses ofthe produts produe similar kinemati onstraints on the primary partiles in the deay.The di�erene of the aeptane is given by detetion of Kaons. While KS is reonstrutedfrom its seondary produts �+�� , the K� is deteted diretly.Before starting the analysis of momenta square di�erenes, the pK� system wasreonstruted. In order to obtain omparable results to the �+ analysis, a similar set ofuts was used. The K� and proton have been seleted in the momentum range3GeV < P < 15GeV (4.25)for K� and 4GeV < P < 9GeV: (4.26)for proton momenta. The PID quality uts weresmRICH:rQp > 0 (4.27)for Kaons and smRICH:rQp > 1:5 (4.28)for protons. All traks had to be long traks and the set of �duial uts for any partiulartrak remains the same as in the ase of the �+ reonstrution. The deay vertex of thepK� was omputed and the distane of losest approah (DCA) ut has been taken as:DCAp+K� < 0:6 m: (4.29)It is supposed that the �(1520) deays diretly in the prodution point. The same ut onthe position of the prodution vertex was used as was in the ase of the �+:jCz j < 18 m (4.30)qjCx �Beamxj2 + jCy �Beamyj2 < 4 (4.31)



CHAPTER 4. ANALYSIS OF HERMES DATA 51The resulting spetrum of the pK� system up to mass 1.7GeV is shown in Fig. 4.14.The distribution was �tted by means of the sum of a Breit-Wigner funtion and a thirdorder polynomial. The unbinned �t method has been used. The �t results show a massof 1524MeV and � = 27MeV. Considering the spetrometer resolution, both values are in
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Figure 4.14: The invariant mass spetrum of the pK� system. .agreement with the PDG [79℄ values.The same analysis has been performed for oppositely harged traks, where theproton has been replaed by an antiproton and K� by K+. In the �pK+ mass spetrum, thepeak of the onjugate ��(1520) is expeted. The spetrum was �tted by the same funtion aspK� - this is shown in Fig. 4.15. Beause there is no evidene for any peak struture aroundthe mass of 1520MeV, the position and the width parameters of Breit-Wigner funtion hasbeen �xed to the values obtained from the �t of the pK� spetrum. In this way, a lowerlimit for ��(1520) prodution suppression fator with respet to �(1520) prodution an beestimated. Considering the same aeptane of the spetrometer for both �nal states, theross setion ratio between prodution partile and antipartile is ��(1520)���(1520) > 13:6
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Figure 4.15: The invariant mass spetrum of the �pK+ system.
4.6.2 Application of K.-L. SchemeThe reonstrution of the �(1520) by means of the pK� system has been shown inthe previous subsetion. Now the pK� data an be used for a test of the K.-L. sheme. Thesquared momentum di�erene jPK j2 � jPN j2 has been omputed separately for the eventswhih belong within 2 � of the peak and the events whih belong to the bakground. Thedistribution of both is shown in Fig. 4.16. The distribution of the signal exhibits di�erentbehavior from the bakground for higher values. A signi�ant di�erene between signaland bakground events is required for this method to work. From the plots it an be seenthat the shape of the distributions di�er for positive values. This means that there is adi�erene between signal and bakground, whih indiates that in the ase of the �(1520)this method an be, in prinipal, used for the improving signal to bakground ratio. About15% of the bakground events have positive values of square momentum di�erene, whereasamong signal events there are only 10% events with positive values.This result shows that the suggested sheme an be appliable for �(1520). Thesheme should be performed by applying a ut on positive values of square momentumdi�erene. In order to �nd the best value, a san of possible uts from -60GeV2/2 to
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Figure 4.18: The pKS system mass spetrum after applying ut jPK j2�jPN j2 < 5GeV2/2.
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4.7 Kinematic ReflectionThere are doubts about the origin of the resonane at 1530MeV whih has beenobserved in di�erent experiments. One an onsider the resonane to be a kinemati ree-tion of another state. In the artiles [91, 92℄, the authors suggested that the �+ found inexperiments whih measured the K+n hannel an to be due to a kinemati reetion off2(1275), a2(1320) or �3(1690) mesons. The CLAS ollaboration in [93℄ rejet this expla-nation. But they do not rejet the postulation of kinemati reetions outright, only thatthese partiular mesons ould reet in their spetrum due to the prodution mehanismof the mesons.We an onsider another type of kinemati reetion. The HERMES spetrometerovers only a small region of the phase spae of deaying partiles. We an ask what happenswith the invariant mass spetra if we loose one partile of a deaying produt. A speial aseof interest should be resonanes deaying into � whih deays afterwards into p and ��.In the laboratory frame, in whih � is boosted in the forward diretion, the proton arriesmost of the momentum fration and the angle between the � and the proton momentais small. Let us onsider the resonane whih deays into KS�. Could suh a resonaneprodue a peak at the �+ mass if we missed the pion from the � deay?First, we must start to alulate the expeted mass of suh a resonane. Using thefour-momenta onservation law we obtainM2N =M2� +M2� �M2p + 2PKSP��; (4.32)whereMN is the mass of the resonane deaying into a KS� system andM� is the invariantmass of the KSp system, where the proton is produed by the deay of the �. M� andMp are the masses of the � and proton respetively. The last term PKSP�� represents thesalar produt of the KS and the �� four-momentum. Let us expet the mass of KSp tobe about 1530MeV. To alulate the mass of the resonane, it is neessary to estimate thevalue of the PKSP��. In a �rst approximation, we an put limits on this number. Fromthe lower side, the produt has to be greater then zero. The upper limit an be written as2PKSP�� <=M2� �M2KS �M2�; (4.33)where MKS and M� are the masses of the KS and the �. After substituting the numbersfrom previous equation, we obtain, that resonane, whih ould reet into the �+ peak,has an expeted mass in the range from 1645 to 2190MeV.



CHAPTER 4. ANALYSIS OF HERMES DATA 56In [79℄, there are thirteen N resonanes reported whose masses are within thissuggested mass region and whih have a deay hannel of KS�. Most of these resonanesexhibit a large width in the range of a few hundred MeV. Generally, this fat would makereetion to a narrow peak diÆult. On the other hand, the phase-spae in the HERMESkinematis is strongly redued by the geometrial aeptane of the spetrometer. De-sribing these limits in an analytial way is rather ompliated when using Monte Carlomethods. Using the HERMES Monte Carlo software, we an simulate a partile a withertain mass deaying into a ertain hannel and study the response of the spetrometer.In order to save omputing resoures, the study was limited to a partiular resonane.In order to selet the best andidate, the results of the four trak analysis wereused as a guide. The events where the ombination of the proton and �� mass results inthe �-mass to within three � (�18MeV) and the ombination of the proton and KS iswithin 30MeV of the 1528MeV peak were seleted. The invariant mass of the four hadrontraks (�����+p) was also alulated. In the resulting spetrum (Fig. 4.19) all eventsfalling in the range 1700-1750MeV are shown. Although the statistis are small, the results
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Figure 4.19: The invariant mass spetrum of the events where system pKS exhibits massof 1528�30MeV and systems p�� have mass of the � 1116�18MeV. The �� is observedas the fourth trak in the events.



CHAPTER 4. ANALYSIS OF HERMES DATA 57onstrain the possible reeting resonanes. Using the argument that in the ase of the �deay, most of the energy is arried by the proton, it ould be assumed that even in theases where the �� is not deteted the di�erene in the invariant mass of the system �KSand pKS remain similar. Under these onditions, we an expet for suh a resonane tohave a mass within the range observed in the analysis of the four trak events.
4.7.1 N1710Of the three potential andidates the N resonane with a mass of 1710MeV hasbeen used for the simulation. The photoprodution ross setion of these states underHERMES kinemati onditions is unknown, however - the deision has been taken mainlydue to the branhing ratio of the �KS hannel. Furthermore, the mass di�erene of 10MeVamong these three resonanes is signi�antly smaller that their widths (whih are of order100MeV).The HERMES event generator was used for the simulation of the parent partile.A partile with mass of 1710MeV and width 100MeV was generated. The mass distributionis shown in Fig. 4.20 and momenta distributions in x, y and z diretions are plotted in Fig.4.21. Only the �KS deay hannel was to be investigated, so the parent partile was madeto deay into � and KS at the prodution vertex. The generated partiles were used asinput for HMC (The HERMES Monte Carlo) and HRC (HERMES ReConstrution) odein order to study the response of the detetor. In the �rst step, 150000 N(1710) partileswere generated in a 4� stereo-angle. The simulated and reonstruted traks have beenfurther analyzed with the same set of uts as the real data samples and the mass spetrumof pKS has been reonstruted. The spetrum is shown in Fig. 4.22.This spetrum shows a potential peak at the expeted mass of the �. It is not learwhether this feature is due to small statistis or it is an e�et of the limited aeptane ofthe spetrometer. The HERMES aeptane is restrited only to forward angles. As well asthe phase spae of N(1710), deay produts are limited to forward angles beause the massof N(1710) is only just above the KS� threshold. In order to �nd the origin of the featureand its possible inuene on the observed peak in the pKS mass spetrum, the simulationwas performed with three times higher statistis than in the previous simulation so as tohave a omparable number of events as in the measured �+ spetrum.A �t was then performed for the reonstruted spetrum of the N(1710) simu-
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Figure 4.20: The generated mass of the N(1710) resonanes.
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Figure 4.22: The reonstruted mass spetrum of pKS system. The generated events areoming from deay of N(1710) deaying into KS�. The �� from the � deay is notreonstruted.
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Figure 4.23: The �t of the reonstruted mass spetrum of the pKS system. The �t funtionis omposed as a sum of Breit-Wigner, Gauss and third order polynomial funtion



CHAPTER 4. ANALYSIS OF HERMES DATA 60lation. A sum of Gaussian, Breit-Wigner and third order polynomials was found to bestdesribe the shape of the spetrum and is shown in Fig. 4.23. The lower mass part of thespetrum has a similar shape to the measured mass distribution of the pKS system. Thisdistribution was used together with six �� resonanes and a third degree polynomial to �tthe data. The result is seen in Fig. 4.24.
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Figure 4.24: The �t of the pKS mass spetrum. The �t funtion is the sum of a third degreepolynomial, six Breit-Wigner funtion desribing �� resonanes and a funtion obtainedfrom N(1710) kinemati reetion studies.The desription of the spetrum shape is not quite aurate. It has to be stressedthat the polynomial funtion whih desribes the non-resonant bakground is lose tozero and even partly negative. Suh behavior is not onsistent with the above-mentionedPythia6 simulation results. The N(1710) is not the only resonane whih deays into theK� system. There are several resonanes with masses lose to 1710MeV. This makes theparent distribution smoother as well as the reeted pKS . Taking into aount these fatswe an exlude a reetion of the N(1710) as the soure of the observed peak.There are other impliations whih an be inferred from this analysis. By inreas-ing statistis by a fator of �ve are the \peak-like" feature in the pKS spetrum disappearsas an be seen in Fig. 4.25. The spetrum is smooth without any signi�ant peak-like
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Figure 4.25: The pKS system invariant mass spetrum obtained by higher statisti simula-tion of N(1710).feature. In the light of this study of N(1710), it ould be a onsidered onlusion that theobserved resonane in the pKS system may be explained away as a statistial utuation.
4.7.2 �0(1690)There is another resonane whih an deay into the K� system. This is a memberof the � group and has a mass of 1690MeV. The width of �(1690) is signi�antly lowerthan the width of the N(1710) (disussed in previous setion). The PDG [79℄ estimatesan upper limit to the width of 30MeV. In the most reent experimental result [94℄, thereported width is 10MeV. The deay branhing ratios of this resonane are unknown. The�K hannel is one of the observed deay hannels, the other deay modes are �� and �� .The resonane has been simulated with the same generator as N(1710), as well as using thesame parameters as were used for the momentum desription of the parent partile. Theanalysis of the simulated data was performed with the same set of uts as the analysis ofthe measured pKS system. The detetor response to the pKS system is shown in Fig. 4.26.It resulted in a peak at 1512MeV with a width of 18MeV. The width of the resultant peakis two times bigger then the width of the observed �+ and the mass is about 16MeV lower.
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Figure 4.26: The pKS system invariant mass spetrum obtained by simulation of ��0(1690)deaying into K0S�. The peak has been �tted by means of Gaussian distribution.The resulting mass and width values seems to ontradit to the values of themeasured �+. Nevertheless, there is no diret way to exlude this resonane as a possiblesoure of the � peak. Firstly, the � might be narrower. There are experiments [95℄ referringto a width of below 8MeV. The width reported by yet other experiments [96, 97℄ is givenmainly by their experimental resolution. From both the simulation of the N(1710) and�(1690) it an be seen that the width of the reeting objet depends on the width of theparent resonane. In the ase that the real width of the � is smaller that the simulated one,the width of the reeting peak in the pKS system ould be omparable with the measuredwidth of the �+.The disrepanies between the simulated and the measured masses an be ex-plained by unertainties in the �(1690) data. The PDG [79℄ reports that 1� deviation inthe average mass reported by the experiments is about 10MeV. If the mass of the parentpartile is higher than the momentum arried by the deay produts in .m.s., it will behigher as well. The KS is fully reonstruted by its deay produt, while from the � only aproton is deteted. In the ase of � deay in the laboratory frame, most of the momentum



CHAPTER 4. ANALYSIS OF HERMES DATA 63is arried by the proton. This kinemati onstraint leads to the result that the invariantmass of the reonstruted pKS system is orrelated with the invariant mass of the parent�KS system. Under the assumption that the real mass of the � is about 1700MeV orhigher, the mass of the reeting peak an beome onsistent with the width of measured�+. A hyperon beam was sattered o� a opper target in [94℄ and the ratio between�(1530) and �(1690) was been estimated.� �Br(�0(1690) ! ���+)� �Br(�0(1530) ! ���+) = 0:022 (4.34)From the experiment [96℄, where a Kaon beam was sattered o� a proton target, the ra-tios between partiular deay modes of �0(1690) are known. For our purposes, the mostinteresting is the ratio between the KS� and the ���+ hannel.� �Br(�0(1690) ! KS�)� �Br(�0(1690) ! ���+) > 1:1 (4.35)The aeptane of HERMES for ��(1530) ! �� has been disussed in [98℄. Using this aep-tane, the photoprodution ross-setion of ��(1530) has been estimated as �N!��(1530) =8:6�2:3 nb. This knowledge an be used to hek whether the number of observed �+ an berealistially explained by �(1690). Assuming that the ross-setion ratio ���(1530)=���(1690)in the photoprodution proess is the same as in the prodution by hyperon beam, andusing formula (4.34) and the branhing ratio of Br(��(1530) ! ��) = 23 , the produtof ��(1690) photoprodution ross-setion and the branhing ratio an be alulated. Weobtain � �Br(��(1690) ! ��) = 0:126nb: (4.36)Using equation (4.35), the lower limit for the ross-setion of ��(1690) ! KS� has beenestimated as Br � ���(1690)!KS� > 0:14 nb.From the simulation we an estimate an detetion eÆieny � for detetion of thepKS system if the partiles are oming from the reation ��0 ! K0S�. This has beenestimated to be � = 9:5 � 10�5. The number of expeted events N��0(1690)!K0S�observed pKS an bealulated by means of the following equation:N��0(1690)!K0S�observed pKS = �N!��0(1690)!KS� � � �Br � L � �; (4.37)where the branhing ratio ross-setion produt Br � ���(1690)!KS� has been es-timated in a previous part of this setion, L is integrated luminosity (L = 295:7 pb�1,



CHAPTER 4. ANALYSIS OF HERMES DATA 64� is photon ux fator equal to 0.02GeV�3 and � is the detetion eÆieny of the pKSsystem originating from the K0S� deay hannel of ��0(1690). The alulation results intoN��0(1690)!K0S�observed pKS = 0:07 events, whih is a number three orders of magnitude lower than hasbeen observed in the measured spetrum. With this result we an rule out the possibilitythat the �+ peak is due to a reetion of ��(1690).
4.8 Summary of the Pentaquark AnalysisAll of the analyses performed in this hapter were aimed to ollet all pertinentinformation whih an be used to solve the problem of the existene of the �+. The analysesstarted by ross heking the results reported by the HERMES ollaboration in [18℄, andnext work was foused on studies of the pKS system kinematis, whih brought an indiationof the possible non-isotropi behavior of the observed peak. This was ahieved by analysisof the angular momentum distributions. Additional kinematial analysis was used to testthe Karliner-Lipkin sheme [90℄ whih was applied to the �(1520) and its deay into thepK� system. This test showed that the Karliner-Lipkin works under HERMES kinemationditions. Appliation of this sheme to the pKS system found that it ould be a usefultool to suppress bakground for future study of the reation mehanism. Nevertheless, dueto low statistis, further measurement is neessary in order to be able to use both analysesto �nd a more detailed piture regarding the existene of the �+.The reation of the peak struture in the pKS mass spetrum was studied in theadditional analyses by means of kinemati reetions whih have been frequently disussedas possible soures of the observed narrow peak. This would be a natural solution tothe disrepanies between experiments whih observed the peak and those whih reportednegative results. The resonanes deaying into the KS� system have been analyzed aspossible soures of the peak in the pKS mass spetrum. The results show that theseandidates an be ruled out. The N(1710) an not produe a narrow struture due to itsown broad width. The �(1690) reets into a narrow peak, but the mass of the reetedpeak is too low. In addition, a stronger argument against this hypothesis omes fromomparing known branhing ratios of �(1530) and �(1690). From the measured yield of�(1530) and the spetrometer aeptane, the expeted number of events is fator of athousand times smaller than the observed one.Although the HERMES pentaquark signal has a limited signi�ane and tests



CHAPTER 4. ANALYSIS OF HERMES DATA 65to produe this peak in arti�ial way were performed, the existene of the strange exotipentaquark ould neither be proven nor be ruled out. Further measurements will run withan improved trigger and the Reoil Detetor in order to seek a more satisfatory solution.If the �+ is on�rmed, the prodution mehanism at HERMES an by studied in detail bymeans of angular momentum distribution or the Karliner-Lipkin sheme as shown in thiswork.
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Chapter 5

The Recoil ProjectIn the previous hapter it was shown that only for one of a thousand pKS from themass window around 1530 are all three deay partiles deteted. In the forward diretion,the restrited aeptane of the spetrometer is the limiting fator for the detetion eÆ-ieny of partiles deaying into a multi-hadroni �nal state. Whenever the parent partileexhibits a small boost, one or more partiles have the hane to esape detetion under alarger angle than the detetor aeptane. Furthermore, the photoprodution ross-setiongenerally dereases with an inreasing momentum of the produed partile. By meansof enhaning the spetrometer aeptane to larger angles the situation an be hangedonsiderably. This will be ahieved by installing a Reoil Detetor in the target regionof the HERMES spetrometer. The Reoil Detetor is the subjet of this hapter. Theoriginal motivation of this detetor is not the pentaquark searh, but the measurement ofGeneralized Parton Distribution.
5.1 Generalized Parton DistributionsThe sattering amplitude of inlusive and semi-inlusive DIS an be desribed interms of polarized and unpolarized parton distribution funtions. The Generalized PartonDistributions (GPDs) [99, 100, 101, 102℄ are natural extensions of parton distribution fun-tions and are suitable to desribe the exlusive proesses in the o�-forward (t 6= 0) kinematiregime. For this reason GPDs are sometimes alled o�-forward distribution funtions.GPDs are expressed in terms of four distribution funtions. Two unpolarized(Hq(x; �; t) and Eq(x; �; t)) and two polarized ( ~Hq(x; �; t) and ~Eq(x; �; t)), where kinematis



CHAPTER 5. THE RECOIL PROJECT 67are parameterized in terms of x; �; t, where x represents the momentum fration aried bythe struk quark. The � variable is alled \skewness" and is given by the di�erene ofthe momenta of outgoing and inoming quarks from the nuleon. The t parameter is theMandelstam kinemati variable. In the forward limit (� = 0; t = 0) the GPDs H and ~Hbeome quark distribution funtions.Hq(x; 0; 0) = q(x); ~Hq(x; 0; 0) = �q(x); (5.1)where q(x) and �q(x) represents spin-independent and spin-dependent quark densities.The funtions E and ~E have no suh straight-forward interpretation. The �rst moments ofthe GPDs are the avor-dependent form fators:Z +1�1 dxHq(x; �; t) = F q1 (t); Z 1�1 dxEq(x; �; t) = F q2 (t) (5.2)Z +1�1 dx ~Hq(x; �; t) = gqA(t); Z 1�1 dx ~Eq(x; �; t) = hqA(t); (5.3)where F1(t) and F2(t) are the Dira and Pauli form fators and gA(t) and hA(t) are theaxial-vetor and pseudo-salar form fators. In the forward limit, seond moments of E andH are related to the total angular momentum arried by the quarks of the avor a:limt!0 12 Z +1�1 dxx[Ha(x; �; t) +Ea(x; �; t)℄ = Ja; (5.4)The sum over all avors a gives a total quark orbital angular momentum by the relation:J = 12��+ Lq (5.5)The ontribution of the quarks' angular momentum Lq to the nuleon spin an also bedeomposed. The ��=2 is the quark spin ontribution available from inlusive and semi-inlusive polarized DIS.In the HERMES experiment, these GPDs an be aessed through measuringDeeply Virtual Compton Sattering (DVCS) or Hard Exlusive Meson Prodution (HEMP):�(q) + T (p)! (q0) + T 0(p0); �(q) + T (p)!M(q0) + T 0(p0) (5.6)where virtual photon � with high energy and virtuality Q2 satters o� the nuleon targetT and produes a real photon  or meson M and hadroni state T 0. The DVCS proesshas the same �nal state as a Bethe-Heitler (BH) proess, thus both proesses interfere.In the HERMES kinemati regime BH dominates. The appropriate diagrams are shown
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Figure 5.1: The Feynman diagram of the DVCS and ompetitive Bethe-Heitler proessin Fig. 5.1. Nevertheless, the interferene between both proesses an be used as a leverarm and partiular GPDs an be extrated from measured asymmetries. The total angularmomentum of the quarks is aessible by measurement of DVCS at low t. Therefore alear estimate of the �nal state of the proess is neessary. Analysis of DVCS from reentHERMES data is already done. Only the  and lepton are deteted - the proton fromDVCS is not deteted due to the limited aeptane of the spetrometer. In order toselet exlusive events with only a proton,  and lepton in the �nal state, a missing masstehnique is used. The momenta of initial states are known. By applying onservation law,the invariant mass of the missing partile in the �nal state is omputed. The resultingmissing mass spetrum is shown in Fig. 5.2, where the measured data is ompared with aMonte Carlo simulation. The data is depited by blak points and the simulation resultsare represented by olored histograms. The magenta peak around 1GeV2 orresponds toevents with only one proton in the �nal state. The blue part of the histogram orrespondsto fragmentation bakground. The resolution of the missing mass tehnique is not perfet,and from the simulation it is seen that separation of the proton from �-resonanes in the�nal state is not possible.
5.2 The DetectorIn order to improve the resolution in suh a way that the GPDs are aessible atthe HERMES experiment, the Reoil Detetor [103, 104℄ was proposed. The main goal ismeasurement of DVCS in the forward kinemati region. The Reoil Detetor has to be ableto provide partile identi�ation for pions and protons in order to guarantee exlusivity of
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Figure 5.2: The missing mass spetrum of the DVCS proess. The blak points orrespondto the measured data. The magenta area are MC DVCS events, the light blue area areevents from fragmentation bakgroundthe events. This is to be ahieved by a system of three di�erent detetors (see Fig. 5.3). Thesilion detetor in the beam pipe vauum, two barrels of sintillating �bre traker (SFT)and a photon detetor. All of the detetors are surrounded by a solenoidal superondutingmagnet with a magneti �eld of approximately 1T in the bore.The silion detetor would provide measurement of spae points for trak reon-strution. The momentum range of the protons deteted by the silion detetor is 134- 450MeV/. A measurement of the energy deposition �E in the silion detetor layersis a reasonable tool to ahieve proton/pion separation. For low momenta protons (below250MeV/) a large signal in the silion detetor is expeted and no signal in SFT detetor.Pions of the same momenta produe a small signal or no signal in the silion detetor andprodue a signal in the SFT.
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Figure 5.3: 3D View of the Reoil DetetorIn the momentum interval of 250 to 450MeV/, the momentum dependent ut onthe total energy deposition �E in the SFT detetor should provide partile identi�ation.For momenta above 650MeV/, pion rejetion drops down. It is expeted that additionalinformation from the photon detetor may improve PID reliability up to 800MeV/. Iden-ti�ation of �0 deaying into  is the goal of the photon detetor. This is needed in orderto suppress bakground from �-resonanes.The silion detetor onsists of eight silion modules arranged in a double-layeddiamond formation around the HERMES target ell (see Fig. 5.3). Eah module onsists oftwo double-sided TIGRE wafers with a \hybrid" of readout eletronis, one hybrid for eahside of the wafer. The HELIX 3.0 hip was hosen for the readout of the silion detetorafter its predeessor, the HELIX 2.0, was used in the readout of the Lambda-Wheel (LW)detetor whih was installed in HERMES in 2002.The Sintillating Fibre Traker (SFT) is designed to measure and identify protons



CHAPTER 5. THE RECOIL PROJECT 71and harged pions in the momentum range of 250-1600MeV/. The harge of the partileand its momentum are identi�ed by the bending radius of the partile trak in the mag-neti �eld. Partile identi�ation is based on measurement of the deposited energy in thesintillating �bres.Two onentri barrels were built from 1mm Kuraray SCSF-78 M sintillating�bres. The inner one has a 220mm diameter and the outer one has a 370mm diameter.Eah barrel is omposed of two sub-layers of �bre. In the �rst one, losest to the beam, the�bres are parallel to the beam diretion. The �bres in the seond layer form a helix shapeunder a stereo angle of 10Æ with respet to the beam diretion.A side view of one layer is shown in Fig. 5.4. The barrels are built as a self-supporting struture to minimize the material traversed by the partile. Eah barrel layeris assembled using pre-shaped modules onsisting of 64 �bres arranged in two sub-layers.The downstream end of the �bres are mahined for optial quality and aluminized. Thereeting fae enhanes the light yield by up to 30%. The upstream parts of the �bres areglued into ustomized onnetors whih are �xed by srews to an aluminum onnetor ring.The light from eah sintillating �bre is guided by means of a bundle of sixty-fourfour-meter long lightguide �bres to Hamamatsu H7546B photomultipliers. This enablesthe setup of PMTs boxes in an area with a relatively low magneti �eld. The �bres areonneted to multianode PMTs by means of a ustomized onnetor. The �bres from theinner barrel are onneted one per pixel, whereas for the outer barrel there are two �bresoupled to one pixel. Due to stray magneti �elds at the loation of the PMTs in theexperimental area, the PMT and lightguides onnetors are surround by two U pro�les of�-metal plates and soft iron boxes.The photon detetor onsists of three onentri barrels eah built of a tungstenradiator and plasti sintillator strips. Along eah strip a pair of wavelength shifting �bresare installed. These ollet light from the sintillator and guide it to the onnetor ring.At the onnetor ring, a light-guide �bre is onneted and the light is sent to a 64-hannelHamamatsu H7546B photomultiplier. The readout is provided by means of a CAEN QDCV792. A solenoidal superonduting magnet surrounds all detetors and provides a near-homogeneous magneti �eld parallel to the beam axis. The deetion of the harged par-tiles in this magneti �eld is used as a tool to estimate their momenta. By ombiningspae points interations of a partile in the silion detetor and SFT, trak reonstrution
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Figure 5.4: The shemati view of �bre layout in the Sintillating Fibre Traker. The �bresof the inner sub-layers are orientated parallel to the beam axis. Fibres wrapped around thebarrel in a helix-shaped in the outer sub-layers form a stereo angel of 10Æ with respet tothe beam diretion. Two sub-layers are built into eah of the parallel and stereo layers ofeither barrel.



CHAPTER 5. THE RECOIL PROJECT 73is possible. The urvature of the trak gives information about the transverse momentumomponent.
5.3 SFT Frontend ElectronicsThe SFT ontains, in aordane with proposal [104℄, 7000 sintillating �bres,whih are onneted to multi-anode photomultipliers.Due to the number of hannels whih have to be read out in the ase of SFT,the full assembly on�guration uses 78 PMTs eah ontaining sixty-four hannels. Thislimits the hoie of possible read-out eletronis. Commerial readout systems available onthe market are not suitable for the SFT due to ost onsiderations. The prie of suh asystem exeeds 100e per hannel whih was not feasible given the budget of the ReoilDetetor projet. An investigation of various possible readout systems was made to �nd asystem whih is able to handle photomultiplier signals and an provide information aboutthe deposited energy. The onstraint of measuring energy deposited in the sintillating�bres exludes using the same eletronis as the RICH or MWPC (multi-wire proportionalhamber). Already in the HERMES experiment there is a PCOS4 readout system for thesedetetors but it only provides logial information about hannels with a response over aprede�ned threshold. This evidently annot ful�ll the deposited-energy requirement. It isthis requirement that also makes the ASDL based readout used in HERA-B unsuitable forthe SFT. Eventually the deision was taken to base the readout upon the HADES RICHdetetor. This deision was mainly due to two fators - the previous knowledge about suha readout available at Gie�en and the low prie point at 10e per hannel.The HADES RICH readout system is built from a VME module whih proessesdigital signals and preproessing frontend modules (PFM) with an analog part and �rst leveltrigger logi funtion. The logi funtion is implemented by means of �eld programmablegate array (FPGA) tehnology. This gives a exibility-allowing on�guration of the logifor di�erent tasks. The analog part of the read-out eletronis is based on the GASSIPLEX[105, 106℄ hip, whih is a 16-hannel ampli�er-shaper integrated iruit. The sheme of theGASSIPLEX is seen in Fig. 5.5. The GASSIPLEX hip is developed for readout of gaseousor silion detetors and its main omponent is a harge sensitive ampli�er (CSA). The CSAof the GASSIPLEX is followed by a deonvoluting �lter for usage with gas detetors. The�lter has two modes: \silion" (Si) and \gaseous" (gas) mode. In Si mode the �lter funtion



CHAPTER 5. THE RECOIL PROJECT 74

Figure 5.5: Sheme of internal struture of GASSIPLEXis swithed o� whereas in gas mode the transfer funtion is the inverse of the detetor signalin order to ompensate for the long hyperboli urrent tail. The dynami range varies from-120 to 300 fC for Si mode (without �lter), and from -75 to 150 fC for gas mode. The thirdstage of the hip is a shaper with peaking time of about 600 ns. The output signal of theshaper is transfered to the trak&hold bu�er, whih is onneted by means of a multiplexerto the output line.On the PFM an older version of GASSIPLEX is used whih di�ers slightly fromthe referred one [106℄. The hip is built with 1.5�m tehnology and is not the 0.7�m �nalversion. This mainly impats on the sensitivity of the ampli�er, whih in the ase of GAS-SIPLEX1.5 is 11.2mV/fC. GASSIPLEX1.5 is powered by �3.3V while the GASSIPLEX0.7 uses a standard TTL voltage of 5V.The ontrol interfae of the GASSIPLEX onsists of an analog output for themultiplexed signal and logi inputs for trak&hold-, lok- and lear-operations. The ana-log input signals proesses ontinously and in parallel. After reeiving a trigger signal, a



CHAPTER 5. THE RECOIL PROJECT 75trak&hold bu�er is disonneted from the shaper output. By means of multiplexing, am-plitudes from eah trak&hold bu�er are transfered to the analog output. The multiplexingproedure is ontrolled by external lok signals. After the multiplexing is �nished, a learsignal is sent to disharge the trak&hold bu�ers. After disharging, the hip is ready forthe next event.Eah PFM is assembled with four GASSIPLEX hips whih enable readout of 64analog input hannels. The lok sheme of the PFM is shown in Fig.5.6. Output hannels

Figure 5.6: Blok sheme of the PFM boardof the four GASSIPLEXes are multiplexed by means of the analog multiplexer EL4441from �Elante. The analog multiplexer is a four input video-multiplexed ampli�er with aommon feedbak input [107℄ and a swithing time of 8 ns. Digitization of the analog signalis provided by a Burr-Brown ADS820 analog-to-digital onverter (ADC) [108℄. The ADCinludes a 10-bit quantizer with internal trak&hold, referene and power down features.The FPGA devies are unlimitedly reprogrammable whih o�ers the ability to ahange the logi in a very exible way. All logi funtions of the PFM are implemented



CHAPTER 5. THE RECOIL PROJECT 76by the FPGA XC4005E from Xilinx. The gray boxes in Fig. 5.6 orrespond to funtionsprogrammed into the FPGA. The digital value of the measured signal is ompared withthe threshold value for the orresponding readout hannel. Aepted events are 10 bits ofinformation extended by six bits of hannel address. The 16 bit long word is parallel-storedin two FIFO banks (apaity 1024 words [110℄), alled pattern and analog. The 16 bittranseiver SN74ACT16245 provides ommuniation interfae between the FPGA on PFMand the RC (Readout Controller) in the VME rate.
5.3.1 Signal Handling in the PFMThe trigger signal is diretly transfered to the GASSIPLEX hip. It swithesthe GASSIPLEX into \hold" mode. The trigger ativates a BUSY signal in the FPGAwhih disables that other trigger signals are not aepted. The system lok of 30MHz onthe PFM boards is provided by a programmable rystal osillator MG-7010 [109℄ and isused as a base for partiular ontrol signals for the GASSIPLEX multiplexers and ommonanalog multiplexers. Multiplexing (see Fig. 5.7) and digitized signals are transfered intothe FPGA hannel-by-hannel where a threshold omparison is performed. Two di�erent

Figure 5.7: Timing of a omplete sample yle



CHAPTER 5. THE RECOIL PROJECT 77readout yles are used for data transfer from PFM FIFO memory to the RC. They arealled pattern-(PRDOUT) or analog-readout (ARDOUT) aording to whih of two FIFOsbank is read-out. The timing of both yles is, in priniple, the same. This feature isused within the HADES readout yle for proessing data by �rst and seond level triggersignals. Exept during the transfer of data to the next proessing yle by the RC, the dataof one partiular event an be deleted. Only the ARDOUT yle was used during the testexperiment of the SFT. In addition, the �nal read-out sheme of the SFT in the running ofthe Reoil projet is designed to use only the ARDOUT yle to transfer data to the RC.Up to eight PFMs an be plugged into one bakplane board whih provides a on-netion to one port of the readout ontroller. The readout of boards onneted to one portis proessed by means of a daisy-haining operation. It is provided by the handshake linesStrobeIn(/STRBI), StrobeOut(/STRBO) and ModuleAknowledge(/MACK). The designof the daisy-hain read-out of �ve boards is seen in Fig. 5.8. More preise desriptions ofthe PFMs' funtions are in [111℄.

Figure 5.8: Daisy hained onnetion of �ve PFMsThe Readout Controller(RC) is a 6U VME board whih provides an interfaebetween the PFMs, the Detetor Trigger Unit (DTU), the Central Trigger Unit(CTU) andthe Imaging Proessor Unit (IPU). A through desription of the funtionality of the RC isgiven in [112℄. Communiation, diagnostis and data transfer operations are provided by astandard VME bus. Communiation between the DTU and the RC runs over a privatelyde�nable part of the VME bus. The DTU provides signal handling for data transfer from



CHAPTER 5. THE RECOIL PROJECT 78the PFMs to the RC, from the RC to the VME-ontroller and from the RC to the IPU.Sine only the TRG, the ARDOUT and the BUSY signals are needed for read-out of theSFT, the DTU is replaed with a simpli�ed-state mahine. The mahine transmits a TRGsignal diretly to the RC. In oinidene with the TRG, it reeives a BUSY signal from theRC. The BUSY signal is used as a simpli�ed-state veto for double triggering of the RC.After 10�s (whih are needed for the digitization of the signal) the mahine releases theARDOUT, whih starts data transfer from the PFMs' FIFO to the seond level bu�er onthe RC. At the end of the ARDOUT transfer, the BUSY signal is set to 0, then the PFMsare enabled to aept the next event.
5.3.2 Testing and Setup of the PFMs for Readout of PMT SignalsThe HADES RICH readout eletronis exhibit some features whih limit diret useof these eletronis for readout ot the SFT. The �rst onstraint is that the PMTs providea short negative pulse of the order of a few nanoseonds while the PFMs are designed forpositive signals with a length of the order of hundreds of nanoseonds. The seond onstraintwas the di�erent dynami range of the PMTs and the GASSIPLEX hip. The gain of the64-hannel PMTs varies from 105 to 106 with supplied high voltage, whih in the ase ofsingle photoeletron event orresponds to a harge of 16 - 160 fC, while the dynami rangeof the GASSIPLEX hip for negative harge is up to -120 fC. The expeted signals from lowmomenta protons are, aording to simulations [113℄, about 70 photoeletrons (P.E.). Byombining these signals with the gain of the PMT of 105 to 106, the expeted amount ofharge on the eletroni input is up to 11 pC. The main fous of the work performed on thethe design of the readout eletronis of the SFT was to solve these problems. A desriptionof the work and the results wih followed are presented in this setion.A �rst test was designed to allow a short signal to be supplied to the GASSIPLEXhip whih has a long integration time onstant. The short PMT-like pulse was produedby a pulse generator whih provided a retangular pulse with a leading edge of 700 ps. Thispulse was then di�erentiated by a 1 pF serial apaitor and a parallel 50
 resistor. Thepulse shape obtained is very similar to the shape of the PMTs' output signals. The RC-iruit was onneted to the GASSIPLEX input and the response to di�erent pulse voltagesand lengths was tested. The tests showed a reasonable linearity between pulse height andADC output value as shown in Fig. 5.9. Reorded data values begin at 100mV is due to
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Figure 5.9: The result of the test of the PFMs response on the voltage of the input pulse.the minimum amplitude provided by the pulser. The plateau at 220mV orresponds to thesaturation of the GASSIPLEX hip and the analog multiplexer.The GASSIPLEX hip ould aept both negative or positive input signals. Theanalog multiplexer between the GASSIPLEX hip and the ADC an operate with bothpolarities as well. The ADC input signals are in the range 1.25V - 3.25V. The signalsout of the dynami range of the ADC are onverted as 0 or 1023 respetively. Thereare two options whih were onsidered to shift the output signal of the multiplexer intothe range of the ADC. The �rst option was to install a signal-inverting ampli�er betweenthe multiplexer and the ADC. Unfortunately, this required redesigning the PFMs printediruit board (PCB). The seond option was to use feedbak resistors of the multiplexerto inrease the base-line o�set, so that without input signals to the GASSIPLEX hip theoutput voltage of the multiplexer would be about 3.25V. The resistors R27 and R28 (seeFig. 5.10) are responsible for the o�set. The gain of the multiplexer is given by resistors
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Figure 5.10: Analog Multiplexer ShemeR29 and R30. The original values are R27 = 39 k
, R28 = 2.2 k
, R29 = 120
 and R30= 120
. Care had to be taken with all the resistors whih are responsible for the gainbeause of the big shift in the o�set. The optimal resistor ombination was found to beR27 = 33 k
, R28 = 5.6 k
, R29 = 3.3 k
 and R30 = 8.2 k
. A onsequene of the hangeto the base-line o�set and usage of the negative input signals was an inversion of the ADCvalues, i.e. events with a higher ADC number orrespond to a lower signal and vie versa.The drawbak of this solution is that a part of the ADC range is lost. The ADS820analog-to-digital onverter is designed for an input signal in the range of +1.25V - +3.25V.This means that the base-line o�set of the analog multiplexer has to be shifted to 3.25V.The maximum output values of the analog multiplexer are given by power supply voltages.These an be within a �15V range, aording to the data sheet [107℄. The multiplexer onthe PFMs is supplied by a �5V power line. Laboratory tests showed that by inreasingthe supply voltages, the base-line approahes 3.25V. On the other hand, the +5V powerline is used to supply all digital elements on the PFMs whih are working with TTL logi.Sine the TTL elements require an exat +5V power supply, a base line voltage of 3.25Vis unreahable without redesigning the PCB. Thus the neessary shift of the ADC base-line



CHAPTER 5. THE RECOIL PROJECT 81ould only be ahieved by hanging the feedbak resistors whih aused a loss of the ADCdynami range of about 300 hannels from 1024.
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Figure 5.11: Capaitive Coupling Between PMTs and GASSIPLEX InputAs was mentioned at the beginning of the setion, the expeted harge for lowmomenta protons dramatially exeeds the dynami range of the GASSIPLEX hip am-pli�er. For this reason, apaitive oupling with attenuative behavior was designed andimplemented. The aim of the test was to merge the attenuation fator in suh a way thatsignals orresponding to 70 P.E. will still be within the dynami range of the PFM. Theattenuation of the input signal an be ahieved in part by lowering the PMT high voltagesupply value. The seond part of ahieving the neessary attenuation fator was apaitiveoupling between the PMTs and the PFM. For this purpose, a PCB support board was de-signed for the PMTs. The PMT is soldered to this board in the position that the apaitiveiruit is assembled for eah hannel. A diagram of the apaitive oupling is shown in Fig.5.11. The shown values of apaitors and resistors were hosen for the �rst test. In orderto merge the integration onstant of the GASSIPLEX hip ampli�er, the ombination ofparallel resistors and apaitor has to have a time onstant of 1-2�s. The serial apaitorhas to be small and omparable to the internal apaitane of the GASSIPLEX hip due tonoise onsideration. The internal apaitane of the GASSIPLEX hip is in the order of afew pF. The ratio between serial and parallel apaitors determines the attenuation fatorof the RC-oupling iruit.The apaitive oupling onnetion to the PMT and PFM was then tested inthe following way. A blue LED was installed in front of the light guide in the blak-box.The LED was onneted to the pulser, whih provided short pulses with a length of 10 ns.The light guide was oupled to one pixel of the multi-anode PMT and the seond pulser
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Figure 5.12: Example of the alibration spetrum of one PFM hannel. The spetrum is�tted by Poisson distribution.output was used as the trigger. The eletronis were read out as desribed previously. Theamplitude was hosen so that the yield of the PMT was just above its noise value. Anexample of the resulting spetrum is shown in Fig. 5.12. The spetrum has been takenwith the following ombination of the oupling iruit elements: The serial apaitor was8.2 pF, the parallel apaitor was 680 pF, the PMT high voltage was 970V and the triggerdelay was 600 ns. The multiplexer was powered by �7:5V and +6:3V.The spetrum was �tted by a funtion derived from the Poisson distribution. If thenumber of photoeletrons is small, the distribution has to follow the Poisson distributionP (n) = �ne��n! ; (5.7)where P (n) is the probability of �nding n photoeletrons and � is the mean number ofphotoeletrons. The n-photoeletron peak an't appear as a line - due to PMT resolutionit is smeared by the Gaussian and the width grows with the square root of the number ofphotoeletrons. The number of P.E. was small and the expansion of the Poisson distribution



CHAPTER 5. THE RECOIL PROJECT 83has been taken up to the 8th term. The �nal funtion has the formP (x) = C1 1�ped exp�x�xped�2ped � exp(��)+C2P8n=1 1pn�P:E: exp�x�xped�n�xP:E:n�2P:E: ��ne��n! ; (5.8)where x orresponds to the ADC hannel, xped is the position of pedestal, �ped is thepedestal width, � is the mean number of P.E., xP:E: is the distane of one P.E. peak fromthe pedestal mean and �P:E is the width of one P.E. peak. The width of the P.E. peak anbe interpreted as the resolution of the PMT. The onstants C1 and C2 are normalizationfators whih merge the �t funtion to the measured data.
5.4 GSI Test BeamThe result with the pulser and LED light soure showed, that modi�ation of thePFMs to aept PMT signals would be possible. In order to follow this line of reasoning,the eletronis were tested with real signals from sintillating �bres. The Reoil Detetorwas designed to measure pion and proton momentum and to provide their identi�ationaording to the energy deposited in the detetor. Three runs were organized with themixed beam of protons and pions at the GSI faility in Darmstadt. The fous was onmomenta up to 900MeV - the range for whih PID by the SFT is intended.The GSI SIS 18Tm synhrotron aelerator is a devie whih is able to providea p�+ mixed beam with the momentum range of interest [114℄. The primary proton orheavy ion beam impats on a B4C prodution target. Magneti �eld manipulation seletsseondary fragments aording to their momenta with a resolution of 10%. Momenta of 300,450, 600 and 900MeV were hosen for the test. The seondary beam is omposed mainlyof pions and protons to whih the ontribution of heavier produts is negligible. The testbeam area is equipped with MWPCs, whih provide information about the positions ofpartile traks and an be used for rejeting multi-trak events. Data taken in Nov. 2003provides the main fous for study of the detetor response. In parallel to the tests of theSFT, the other detetor omponents of the Reoil projet - the silion detetor (SD) andthe photon detetor (PD) were also tested.
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5.4.1 Experimental SetupThe tests were designed to obtain information about the performane of the SFTmodules - their gain and eÆieny of detetion of pions and protons. Fig. 5.13 shows the
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5.4.2 Digitization and DAQThe hardware part of the readout of the multi-anode photomultipliers remainsmostly the same as is desribed in setion 5.3. The only di�erenes were values of fourapaitors in the analog oupling iruit. The hange was made in order to �nd the optimalvalues for the oupling iruit apaitor and high voltage for use in the �nal instalationof the SFT. The apaitors used in the parallel branh of the oupling iruit had valuesof100, 220, 330 and 470 pF, whereas in the serial branh all apaitors were 3 pF.It was neessary to ollet time and amplitude information from trigger sintilla-tors in order to synhronize the data streams from the di�erent VME modules. The timeand energy information from the trigger sintillators provided an independent PID, whihwas used to test the PID apability of the SFT. In order to synhronize the data stream,trigger handling has been integrated with the readout program, whih was running on aDSP proessor. A diagram of the trigger distribution is shown in Fig. 5.14.The signal from trigger sintillators S1, S2 and S0 was split by means of a Fan-inFan-out module. The signal of S1 and S2 in oinidene was used as a ommon trigger for all



CHAPTER 5. THE RECOIL PROJECT 86DAQ modules after passing through a disriminator. The modules reeiving a trigger signalwere the RC, the Charge to Digital Convertor (QDC V792), the start signal for a Time toDigital Convertor (TDC V775N), a saler (Struk SIS3803) and the VME ontroller. TheVME ontroller reeived the trigger signal through its �rst I/O port and used it as aninterrupt of the running DSP program. The interrupted DSP program released the VETOsignal on the seond I/O port and started to poll the status register of the RC. DuringVETO release, generation of the next trigger signal was bloked.For the QDC, the trigger signal was distributed as a 100 ns gate. The TDC wasused in ommon-start mode, where the trigger signal was used as the start. For the FE, thetrigger signal was delayed by about 600 ns due to the integration time of the GASSIPLEXhip ampli�er. Finally, the saler ounted both the aepted and the unaepted triggers ontwo of its sixteen input hannels. Other hannels were used for ounting rates from singletrigger sintillators and single wires of the MWPCs.There were three modules of the QDC in the readout hain. Two modules wereused for readout of one 64-hannel PMT of the photon detetor. The third one was usedfor digitization of amplitudes from single trigger sintillators.Digitization of all the hannels and storage the data above threshold in the FIFOmemory on the PFM board take 10�s. In order to obtain information about the pedestalvalues of hannels whih were not hit, the threshold was set to zero. This prolonged thetime needed for the olletion of one event and extended the need for disk spae. However,it provided useful information about the stability of the eletronis during data taking.Sine the signals are stored in the PFM's FIFO memory, the status register of the RC isswithed to ready. The status register was polled by the VME ontroller, whih started thetransfer of data to SDRAM. After the RCs, the QDC and the TDC were read out. Thesaler was read out only after every thousand events. These partiular events were labeledin the header as\saler events".When all the VME modules were read out and the data was olleted in 64MBSDRAM on the VME ontroller board, the VETO signal was set to zero and the eletroniswere ready for the next event. Running in parallel to the program in the DSP on the VME-ontroller board a program on the PC organized data transfer from the VME-ontrollersSDRAM to the PC over a 1Gbit/s optolink. The dual ported memory (DPM) on the VME-ontroller was used for hand shaking bits neessary to ontrol the aess of both programsto the SDRAM. Unontrolled parallel aess of both programs to the SDRAM ould have
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Figure 5.15: The satter plot of the hit position obtained by the MWPC. The plot ontainsonly single hit events.led to a ritial error and a full restart of DAQ would then have been neessary.
5.4.3 Results of the TestbeamIn this setion a short review of the test beam result will be given. A detaileddesription of the test experiments is reported in [116℄ & [117℄. Data ontaining single trakswas seleted for the analysis. This was aomplished using timing information obtained bythe MWPCs. The plot of the hit distribution over the x � y plane after applying uts isshown in Fig. 5.15In order to obtain independent PID information, the time-of-ight between triggersintillators was measured. Together with the energy deposited in the trigger sintillators,it allows very good separation of pions from protons. In Fig. 5.16, the two-dimensionaldistribution of both quantities is shown. Beause the TOF strongly depends on the par-tile momenta as well as energy lost in the detetor, the plots for the lowest momentum(300MeV/) and the highest (900MeV/) are ompared. The dashed lines represent theuts used for proton/pion separation.The GSI experiment was designed to test the more omplex performane of the
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(a) (a)Figure 5.18: (a) Unalibrated spetrum of a single SFT hannel. On the lower ADC bound-ary the e�et of erroneous overow handling an be seen.(b) Spetrum of same SFT hannel employing SPE alibration and inluding overowsuppression.data of the �rst two runs has been performed in the diploma thesis of W. Sommer [113℄. Theresult of this preliminary study shows proton identi�ation eÆieny from single modulesto be about 85%, with 10% ontamination by pions. This result ful�lls the requirementsfor the SFT proposed in the Tehnial Design Report [104℄.By means of a more sophistiated luster algorithm in [116℄ and data from S3trigger sintillator, it has been found that the detetion eÆieny of a single partile in onemodule is higher than reported in [113℄. Depending on the readout hannel threshold andthe partile momentum, detetion eÆieny for the pions varies between 93% and 99%.For the protons, it is higher than 98% over all thresholds or momenta. This results preditgood performane from the Reoil Detetor in terms of detetion and identi�ation of thereoiling proton from the DVCS proess. The �nal algorithm whih ombines informationfrom all of the subdetetors is under development by other members of reoil projet.
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Chapter 6

ConclusionThe observation of a narrow strange resonane with a mass of about 1540MeV inthe last few years has been one of the most exiting items of progress in the �eld of hadroniphysis. The observed resonane properties agree with preditions published by Diakonov,Petrov and Polyakov whih were based on hiral soliton model, where three members ofthe antideuplet should exhibit exoti quantum numbers. Several experiments found thisresonane either in the pKS or in the nK+ deay hannel. These suessful observers inludethe HERMES ollaboration whih reported a narrow resonane in the pKS deay hannelwith a mass of about 1528MeV and a width of 19MeV. However, several experiments alsoreported non-observane of suh a resonane, bringing into question the existene of suha resonane, thought originally to be the �+ pentaquark.The work desribed in this thesis was an analysis of the pKs hannel, as measuredwith the HERMES spetrometer. The kinematis of the deteted pKS system were investi-gated in detail. The most signi�ant dedution made was that the Karliner-Lipkin shemeould be a possible tool for the redution of bakground and investigate the produtionmehanism. There is a slight indiation of forward peaking in the angular momentum dis-tribution but the statistis used to investigate the method were too low to draw onreteonlusions.In addition, to the analyses of the pKS hannel, an investigation of possible, arti-�ial soures of the resonane was performed. A Monte Carlo simulation of N resonanesdeaying into a KS� has been used in order to determine if this is a possible soure of akinemati reetion, resulting in a narrow peak in the pKS mass spetrum. All the N res-onanes between 1600 and 2000MeV have been ruled out as a possible ause. Their broad



CHAPTER 6. CONCLUSION 93widths do not allow a narrow peak to form. The ��(1690) an also be disounted sine,although it an form a narrow peak, it exhibits too low a mass value to be a ontender. Fur-ther evidene omes from studying the detetor aeptane and the ross-setion branhingratios whih point to a number of events whih is beyond the number seen in the observedpeak. Despite these tests to disount arti�ial soures for the observed peak, the HER-MES result has a very low statistial signi�ane, and so it is impossible to make a �rmstatement about the possible existene of the resonane, other than to note that there isno obvious soure for the peak, should it be anything other than a statistial utuation.The Reoil Projet, designed to extend the HERMES apability to measure DVCSreations, will also help to larify the situation regarding the observed peak at 1528MeV.Plaed in the target region of the spetrometer, it will greatly enhane the aeptane of thespetrometer and provide enhaned partile identi�ation, the latter being very importantfor the suppression of bakground.Part of the work ompleted towards the attainment of a PhD was to design areadout system for the SFT part of the Reoil detetor. The frontend eletronis of theHADES detetor were used as a basis for the readout of the multi-anode photomultipliers,neessitating some hanges to the analog part of the existing system. The resultant designwas tested both in the laboratory using an LED pulser and later in the GSI test faility. Thetest beam at GSI was also used to hek the eÆieny of the SFT in deteting minimallyionizing partiles and that the SFT omplies with the design requirements stated in theTDR onerning partiles of higher momenta. The eletronis were shown to be apable ofseparating one photoeletron peak and provide suÆient resolution to separate pions andprotons with momenta between 450MeV and 900MeV.These results for the SFT represent an internal goal in the Reoil Projet, whihshould, in addition to investigating the DVCS reation, help to establish the observane (ornon-observane) of the �+ at HERMES kinematis to a degree of satisfatory statistialsigni�ane.
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