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Abstrat
The fration of J= produed from radiative deays of � (F� ) in proton-Carbon and proton-Titanium reations at ps = 42 GeV, has been measured.Based on a sample of approximately 3000 J= partiles reonstruted from adi-muon �nal state, the � partile has been reonstruted by the addition of aphoton. The number of reonstruted � partiles are NC� = 171 � 52 for Car-bon reations and NT i� = 105� 46 for Titanium reations. The results obtainedare FC�=0:36 � 0:11(stat) � 0:04(syst) and F T i� =0:47 � 0:22(stat) � 0:05(syst)for Carbon and Titanium reations respetively. The ombined result for bothtarget materials is F both� = 0:32� 0:10(stat)� 0:03(syst). The results agree wellwith previous measurements and the theoretial estimates.
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Chapter 1
Introdution
The disovery of the J= partile in 1974 was the �rst evidene of the existeneof quarkonium, a bound state of a heavy quark-antiquark pair. The J= parti-le, onsisting of a  quark and its orresponding antiquark �, was found to beunexpetedly narrow. This means that the J= partile has only few availabledeay hannels ompared to what is expeted from its high mass of 3.1 GeV.Muh e�ort has been put into understanding the quarkonium deays, and thesemehanisms are today well desribed by perturbative QCD. More reently theattention has turned to the prodution of quarkonium.The bound states of � pairs are alled harmonium and inlude several partileswith di�erent angular momentum on�gurations. An important aspet in thedesription of harmonium prodution is to learn whether the harmonium parti-les are produed diretly, or from the deays of heavier partiles. Experimentalresults from the late 70's showed that a onsiderable fration of the J= wereindeed produed from the deays of heavier harmonium states. But how largeis this fration for a given reation at a ertain energy? This question presentsthe subjet for this thesis.At HERA-B the reation is between a proton beam of 920 GeV and a nuleonin a �xed target at a enter of mass energy of ps = 42 GeV. The harmoniumpartiles whih deay into the J= , are the � partiles, whih inlude three dif-ferent angular momentum states �0 , �1 and �2 . The deays of the � statesto J= are radiative, or in other words, through the emission of a photon. Thesubjet of this thesis an then be formulated more preisely:What is the fration of J= produed from radiative � deays in proton-nuleonreations at ps = 42 GeV?The urrent model desribing quarkonium prodution is under development andstill needs experimental input. Today there exists only two previous measure-ments of the fration of J= produed from � for proton-nuleon reations. Asuessful measurement at HERA-B will then give an important ontribution toour understanding of the mehanisms governing some of natures most fundamen-1



Introdution
tal proesses.Chapter 2 starts by presenting some of the motivations for measuring the fra-tion of J= produed from � . This is followed by an outline of the theoretialpreditions for this measurement. Then, in Chapter 3, the experimental setupat HERA-B is presented. This inludes a desription of the subdetetors of theHERA-B spetrometer and the available data from the run 2000. The Monte-Carlo simulation of the events is also presented. In Chapter 4 the expressionsused to alulate the fration of J= produed from � , are presented. A generalintrodution to partile reonstrution is given before the the di-muon spetrumis presented. Then the J= signal is studied in detail to isolate the partiles usedfor the next part of the analysis: Reonstrution of the � .In Chapter 5 the method for the analysis is presented inluding � reonstrutionand bakground desription. This is followed by the optimization of the � signalwhere the number of reonstruted � partiles and the signi�ane of the signalis studied for uts on various parameters. The optimized signals are then usedfor alulation of the �nal results in Chapter 6. The signal is tested for stabilitywithin variation of some uts, and a systemati error is estimated. Then theresults are disussed and ompared to previous measurements. The onlusionsare presented in Chapter 7 followed by an outlook for the next period of datataking at HERA-B.

2



Chapter 2
Motivation
In the �rst setion of this hapter some of the motivations behind a measurementthe fration of J= produed from � (F� ) are summarized. They inlude esti-mations with respet to tehnial aspets of modern experiments, the searh forquark-gluon plasma in addition to the intrinsi value of understanding quarko-nium prodution. The urrent model for desribing the prodution of quarkoniumneeds more experimental input, making this measurement highly relevant.Examples of the problems onneted to the earlier prodution models are givenin the next setion followed by a brief desription of the theoretial assumptionsbehind the urrent prodution model. Then the predited result on F� aordingto this model is disussed.
2.1 MotivationHeavy quarkonium bound states, Q �Q, are formed by quark-pairs of the avours (harm), b (bottom) or t (top) quark. This gives the two quarkonium boundstates harmonium � and bottomonium b�b. Due to the high mass, and onse-quently the extremely short lifetime of the t quark, there has been no observationsof a t�t bound state.The deay of quarkonium into lighter states is well understood; the theoreti-al preditions agree well with the experiments. But if this reation is turnedaround and the prodution of quarkonium through partoni reations is studied,the situation is dramatially di�erent. During the last �ve years the theoretialmodels desribing heavy quarkonium have developed rapidly as the experimentshave opened the phenomenologial possibilities. Charmonium prodution hashad the entral role in testing the prodution models and remains an importanttheoretial probe beause bottomonium still is more sarely produed in today'sexperiments. Although most of the modern experiments now fous on singlequark bound states and their impliations for CP-violation and 'New Physis',triggering and tagging of the events mostly depend on quarkonium leptoni de-3



Motivation
ays. This requires that the prodution mehanisms for quarkonium in generalare well understood.Also the searh for quark-gluon plasma brings harmonium prodution meha-nisms into atuality. Quark-gluon plasma is a deon�ned state of partons ex-peted to ause suppression of the harmonium bound state J= due to inter-quark potential sreening. The interpretation of the quark-gluon signature isthus dependent on well understood harmonium prodution. However, the intrin-si value of well desribed prodution mehanisms of quarkonium is motivatingenough for most physiists to pursue the topi.The experimental and theoretial e�orts have ulminated in a theoretial desrip-tion of quarkonium prodution referred to as non-relativisti Quantum Chromo-dynamis (NRQCD). Having aounted for most of the problems enountered byits theoretial predeessor the olour singlet model (CSM) it is now regarded as'Beyond any doubt the orret theory for quarkonium systems in the heavy quarklimit' [2℄.Although NRQCD is now established as the best andidate theory, more and bet-ter measurements are still needed to develop the theory further. There alreadyexist numerous measurements of the fration of J= produed from � (F� ) forpion beams, with di�erent target materials at various energies (see �gure 2.1).But for proton beams in �xed target experiments the measurements are few andof various quality with respet to the signi�ane of the results. Making whatseems like a reasonable demand of errors of less than 40% in the determinationof the number of reonstruted � , there is only one measurement of F� for�xed target proton beams. (See Appendix C for a summary of the previous mea-surements of F� .) Thus it is lear that more measurements are neessary. Themeasurements with pion beams are, as mentioned, more numerous and at en-ter of mass energies muh higher than the harmonium threshold ps >> 2m,where m denotes the mass of the -quark, the ross setions are dominated bygluon fusion for both pion and proton beams [2℄. Taking the quark-mass to beapproximately 1.5 GeV [3℄ it is easily seen that this is the ase for all experimentsrelevant here with beam energies from 185 to 300 GeV and enter of mass energiesin the range of 18-24 GeV. With F� expeted to be energy independent in thisrange, the pion and proton beams should give lose to similar results. As seenfrom �gure 2.1 this is not the ase; the pion beams have somewhat higher values.An additional measurement an therefore give an interesting ontribution to theexplanation of this disrepany between the beam types. It should be noted thatthe F� is not a�eted by nulear dependene, beause this ontribution anelsin the fration of the ross-setions.A suessful measurement at HERA-B may give a signi�ant ontribution to theworld statistis of the measurement of the fration of J= produed from � .This is not to be seen as a measurement to selet prodution models, but ratheras input to develop the NRQCD theoretial framework. It is lear that the exper-imental situation su�ers from both sarity of measurements and disrepanies4



2.2 The Quarkonia prodution models

Figure 2.1: Experimental results for F� for pion and proton beams on �xedtarget and p�p ollisions.
between theory and data. The ontribution from HERA-B is therefore neessaryand important.
2.2 The Quarkonia prodution modelsThe parton sub-proesses for � prodution is quark annihilation and gluon-fusion: q�q ! Q �Q (2.1)gg ! Q �Q (2.2)where (2.2) is the dominating proess for the energy domain of the relevant �xedtarget experiments. The �rst order Feynman diagrams for these reations areshown in �gure 2.2. For onsisteny with the established models QCD, and thestandard model in general, onservation of quantum numbers is of ourse funda-mental in quarkonium prodution. This limits the possible spin-states that an5
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Partile Mass [MeV℄ �M [MeV℄ Br(�J ! J= ) [%℄�0 3415:0� 0:8 318.12 (6:6� 1:8) � 10�3�1 3510:51� 0:12 413.63 27:3� 1:6�2 3556:18� 0:13 459.30 13:5� 1:1Table 2.1: Some properties of the � partiles. �M is the mass di�erene with re-spet to the J= partile and Br(�J ! J= ) is the branhing ratio of indiated� state to J=  .

Figure 2.2: First order Feynman diagrams for �rst order quarkonia hadroprodu-tion. a) quark-annihilation. b) gluon-fusion.
be reated by eq. 2.2 in the lowest order proesses (see �gure 2.2) by Yang's theo-rem generalized for gluons: An odd-spin partile annot ouple to a symmetrialstate of massless spin-one gluons, thereby pushing the prodution of J=1 harmo-nium states to higher order proesses. This a�ets the gluon-fusion produtionof J= ,  0 and �1 whih then must inlude the emission of a hard gluon to reaha olour singlet �nal state. This signi�antly redues the predited produtionross-setion ompared to the J=0,2 (�; �0 and �2) states. (See �gure 2.3 foran overview of the harmonium states.) This is not in agreement with experi-mental results and a theoretial underestimation of a fator 2 of F� is seen [4℄.The e�et of suppressed J=1 states is even more striking when onsidering theratio of the �1 and �2 prodution ross-setions: The predited value of �(�1)�(�2)=0.08 [4℄ is in sharp ontrast to the measurement of 0:32� 0:14 of pN reationsat ps = 39 GeV done by the E771 ollaboration at Fermilab [32℄. The ratio ofthe �1 and �2 ross setions is approximately energy independent as long as the6



2.2 The Quarkonia prodution models

Figure 2.3: The Charmonium system.
gluon-fusion dominates the prodution [2℄.The theoretial preditions ited above are dedued from the Color Singlet Model(CSM) [6℄ and display the neessity of a better theory. Non-Relativisti QCD(NRQCD) gives preditions in aordane with most experimental results, al-though the development of the theory is ongoing.The NRQCD model opens the possibility for fragmentation. This is the re-ation of q�q pairs by the olour fore-�eld of the gluons. In e�et this allows forthe reation (2.2) to our subsequently in gluon-fusion, thereby enhaning theprobability to produe a J=1 �nal state. Beause the q�q pairs produed throughfragmentation will be in a olour otet state, the NRQCD model is also referredto as the Colour Otet Model.The inlusion of otet states is inorporated in the NRQCD model through themethod of fatorization. This approah separates the alulation of the ross-setion into two parts, one dealing with the olliding partons, the other with thesubsequent hadronization of the two heavy quarks. The prodution ross-setionfor a general quarkonium state an then be written as�H =Pi;j R 10 dx1dx2fi=A(x1)fj=B(x2)�̂(i; j ! H); (2.3)�̂(i; j ! H) =PCijQ �Q[n℄hOHn i: (2.4)where the integral in eq. 2.3 orresponds to the sum of partons in the ollidinghadrons with the distribution funtions fi=A(x1) and fj=B(x2). The distributionfuntions give the fration of the total momentum x1;2 asribed to parton i; j.7



Motivation
This part of the quarkonium prodution ross-setion is relativisti and therebytreated perturbatively. The oeÆients CijQ �Q[n℄ in eq. 2.4 desribe the produtionof the heavy quark pair in a state n, and the matrix element hOHn i desribesthe subsequent hadronization and is found empirially. Here n = 1 denotes asinglet state and n = 8 an otet state. In short: The probability of produinga quarkonium state is fatorized as the produt of the probability of reating aheavy quark pair multiplied by the probability of these quarks forming a givenquarkonium state.The validity of separating these parts is dependent on veloity saling, i:e: thatdi�erent orders of the relative veloity of the heavy quark pair v are separa-ble. With the typial veloity of the heavy quarks dereasing with larger mass,the validity of the fatorization piture is dependent on the quarks being heavyenough. It is onviningly the ase for bottomonium and likely to be valid forharmonium with m � 1:5 GeV [5℄. Assuming that the -quark is suÆientlyheavy, the fatorization approah is valid and the relativisti physis of quarkannihilation and gluon fusion an indeed be separated from the non-relativistiproess of quarkonia formation.For phenomenology some of the most sensitive and experimentally feasible probesof NRQCD are related to the prodution of the J=1 states. The measurementsof the prodution ross-setions of J= ,  0 and �1 states as well as the ra-tios of di�erent spin-states like the F� are therefore well suited. A omparisonwith NRQCD and CSM preditions with data for J= prodution ross-setionis shown in �gure 2.4 and learly shows how NRQCD is able to aount for theexperimental results, whereas onsideration of singlet states only leads to a largeunderestimation. The di�erene between the preditions of F� for singlet pro-dution only ompared with the inlusion of otet states is less obvious. Boththe J= and the �1 states are J=1 states, and their relative enhanement due tootet ontributions is not trivially estimated. The inlusion of otet states resultsin a lower predited value of FNR� =0.27 for NRQCD ompared to FCSM� =0.69 forCSM ontributions only (see table 2.2). These values are given in [4℄, but theyare based on an estimate of the prodution ross-setion ratio of �(�1)�(�2) =0.15. Amore reent estimate, after inlusion of higher order veloity expansions, suggestsa value of 0.3 [2℄. The exat impat of the higher order veloity expansions forthe NRQCD predition of F� is not quoted in [4℄, but it is expeted that the F�NRQCD predition will inrease. The NRQCD-model is still being developed andit is diÆult to give a de�nite predited value for F� . However, the preditionF� �0.27is expeted to be lose to the orret value, although not ompletely up to date.The semi-empirial form of NRQCD model makes more experimental input ru-ial for further development. Using the available data from the 2000 run at
8



2.2 The Quarkonia prodution models
HERA-B, a measurement of F� may be possible, and an then give a welomeontribution to the NRQCD-model. Also measurements of the prodution rosssetion of J= is ongoing at HERA-B and a measurement of the  0 produtionross-setion should be possible after the next running period.In this Chapter the motivations for measuring F� at HERA-B have been pre-sented. The fundamental theoretial assumptions for the NRQCD model is given,and the preditions of this model have been ompared to those of the previousCSM model.In the next hapter a desription of the experimental setup and the availabledata from the run 2000 at HERA-B is presented. The prodution of Monte-Carlosimulated events used in the following analysis are also desribed.

Figure 2.4: The J= prodution ross setions in proton-nuleon ollisions. Thesolid line is the NRQCD-model estimation inluding diret prodution and ra-diative feed-down from � ! J=  ,  0 ! J= +X and  0 ! �  , � ! J=  . The dotted line shows the diret ross-setion inluding otet-ontributionsand the dashed line is the preditions inluding singlet ontributions only (CSM).The distribution is from [2℄.
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Motivation

Topi pN CSM pN NRQCD pN exp. ��N CSM ��N NRQCD ��N exp.�J= 33 nb 90 nb 143� 21nb 38 nb 98 nb 178� 21 nbF� 0.69 0.27 0:31� 0:04 0.66 0.28 0:37� 0:03�(�1)�(�2) 0.08 0.15 0:08+0:25�0:15� 0.11 0.13 0:52+0:57�0:27
Table 2.2: Comparisons between theoretial preditions from the Color SingletModel (CSM) and Non Relativisti QCD (NRQCD) with experimental results.The experimental values are from the E705 experiment at Fermilab where 300GeV beams of protons and �� were used on a Lithium target[4℄. *) This value isfrom [31℄ and is the ombined result for pion and proton beams.
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Chapter 3
Experimental setup
This Chapter begins with an overview of the HERA-B experiment. First some ofthe general features of the experiment are presented, followed by a loser look atthe sub-detetors of the HERA-B spetrometer. Then the the main features ofthe trigger systems used during the run 2000 are presented. The available datasample is desribed followed by a desription of how the Monte-Carlo simulationis performed. Then the sample of available Monte-Carlo simulated events is de-sribed at the end of this hapter.
3.1 OverviewThe HERA faility at DESY (Deutshes Elektronen Syhrotron) is host to theonly eletron-proton and positron-proton olliding beam experiments in the world.The eletrons or positrons have an energy of 27 GeV and run in the opposite di-retion of the 920 GeV protons whih are used in the HERA-B experiment. See�gure 3.1 for an overview of the HERA storage rings and the DESY experiments.The proton beam at HERA-B is divided into 220 parts, or 'bukets', separatedby time intervals of 96 ns. Only 180 of these bukets are �lled, resulting in abunh rossing rate of around 8.5 MHz. The �xed target gives a enter of massenergy of ps = 42:6 GeV for the pN-reations.A shemati view of the spetrometer at HERA-B is shown in �gure 3.2. Thesubdetetors are desribed in the following setions.
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Experimental setup

Figure 3.1: Overview of the DESY researh faility showing the HERA-rings witheletron or positron beams (lokwise) and the protons (ounter-lokwise) usedfor the HERA-B experiment.
3.2 TargetA target onsisting of up to eight wires is inserted into the halo of the protonbeam to generate the interations measured by the HERA-B spetrometer. Thewires are mounted on movable forks, making it possible to adjust the positionrelative to the beam and thereby ontrol the interation rate. The target on�g-uration is shown in �gure 3.3. In the run 2000 the J= triggered data taking hasbeen done with Carbon and Titanium wires. Physis studies related to atomi-number dependenies are planned for the next data-taking period using severaldi�erent target materials. Tungsten, Aluminum, Iron and Carbon are the sug-gested materials.
3.3 Vertex Detetor SystemThe Vertex Detetor System (VDS) is designed to give information about theposition of the verties of harged partiles. It is positioned between the targetand the magnet (see �gure 3.2) and onsists of eight superlayers of detetors12



3.3 Vertex Detetor System
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Figure 3.2: The HERA-B spetrometer at DESY, top view. Note that the trak-ing superlayers inside the magnet is now removed, but were present during the run2000. The Transition Radiation Detetor was not inluded in the spetrometer.
plaed perpendiular to the beam (�gure 3.4). Eah superlayer is divided intofour segments of double sided Silion mirostrip detetors. The VDS segmentsare retratable and their position relative to the beam an be adjusted. The su-perlayers 1-7 an be retrated into protetive 'Roman pots' to prevent radiationdamage. The resolution ahieved J= reonstruted from �+�� or e+e� is 60 �min the xy-plane and 500 �m in the z diretion. The distribution of the VDS-hitsin a run with eight wires is shown in �gure 3.5. The VDS has an angular rangeof 10-250 mrad and overs the full aeptane of the detetor.
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Figure 3.3: Shemati view ofthe target on�guration witheight wires. The inner 2 wire(Carbon) and the below 1 (Ti-tanium) have been used for theJ= triggered events in run2000.

Figure 3.4: The on�guration of the Vertex Detetor System at HERA-B.
3.4 Magnet and TrakingThe magnet is used for momentum determination of harged partiles. Knowingthe magneti �eld strength, the momentum is alulated from the urvature ofthe traks. The magnet at HERA-B has a vertially oriented �eld of 2.13 Tm,resulting in a horizontal bending plane.The Main traking system is subdivided into the Inner Traker (ITR) and OuterTraker (OTR). This is done beause the partile ux lose to the beam is highand requires higher resolution than the area further out. The ITR is onstrutedusing mirostrip gas hambers and overs the area loser than 25 m to the beampipe. The ITR was still under ommissioning during the run 2000 and ould notbe inluded in analysis or triggering. The OTR, however ahieved a hit eÆienyof 90% and a position resolution of 350�m2 in the xy-plane and played an impor-tant part in triggering the J= events. It is a gaseous drift hamber onstrutionwhere harged partiles ause ionization of the gas whih in turn an be mea-14



3.4 Magnet and Traking

Figure 3.5: Reonstruted verties us-ing the VDS detetor. The vertiesshow the positions of the eight targetwires.

sured. The trajetory of the partile an then be reonstruted by onneting themeasured hits. The hambers are hexagonal and are alled honeyomb hambers.The hambers are divided into segments where the ones losest to the beam pipe,or losest to the ITR, have 5 mm ells, while the others have 10 mm ells. Thisis again to aomodate for the inreased partile ux loser to the beam pipe.As an be seen in �gure 3.6, the OTR superlayers are divided into three di�erentregions. The Magnet Chambers are plaed from the area after the target, insideand behind the magnet. They are used for momentum determination as desribedabove. The Pattern Reognition Chambers and the Trigger Chambers are usedfor reonstruting the straight traks behind the magnet to give information forevent triggering. The magnet-hambers MC2-MC7 will be removed for the nextperiod of data-taking.
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Figure 3.6: The Outer Traker superlayer on�guration. The beam diretionon this piture is from right to left. The darkest areas show the segments with5 mm ells losest to the beam, while the other hambers have 10 mm ells.(MC= Magnet Chambers, PC = Pattern reognition Chambers, TC= TriggerChambers.)
3.5 Ring Imaging Cherenkov ounter
The Ring Imaging Cherenkov ounter (RICH) has the purpose of identifying par-tiles for tagging deay modes. It works by the priniple that a harged partileemits photons at a ertain angle when traversing a gas or a liquid in whih thespeed of light is less than the speed of the partile. The angle of emission isa funtion to the partile mass, and one an thereby identify the partile. Theonstrution of the HERA-B RICH is shown in �gure 4.8. Spherial and planarmirrors reet the emitted photons on to a photon-detetor. Beause the photonsare emitted in a one around the partile trajetory, they produe a irular hitpattern on the photon detetors. Due to the relatively low number of emittedphotons per partile, the task of reonstruting the irles is diÆult. The twomethods that have been tested in the run 2000 are desribed in [34℄ and [35℄.Sine the partile identi�ation is performed based on properties onneted tothe partile mass, the separation of partiles that are lose in mass is as a on-sequene hard to perform. Muons and harged pions, with a mass di�erene of34 MeV, are therefore not well separated as an be seen in �gure 3.8; the fatline marked '�' in also ontains muons. The RICH was suessfully operatedthroughout the 2000 run.
16



3.6 Eletromagneti alorimeter

Figure 3.7: Shemati view of the RingImaging Cherenkov detetor. Notehow the emitted photons are reetedonto the photo sensitive detetor viaspherial and planar mirrors.

3.6 Eletromagneti alorimeterThe eletromagneti alorimeter (ECAL) is used both for eletron identi�ationand for photon detetion. Eletron identi�ation enables triggering on eletronsfrom J= deays while deteted photons are used for data-analysis, like reon-strution of radiative � ! J=  deays. The ECAL is divided into three parts,Inner, Middle and Outer. The Inner part of the ECAL has higher granularityand better energy resolution than the Middle part whih in turn is more sensitivethan the Outer part. As an be seen from �gure 5.7, the ECAL onsists of mod-ules. Eah module is divided into ells, and the ell size is adjusted with respetto the lateral position of the module. In the Outer ECAL eah module ontainsonly one ell, while eah module of the Middle part has 4 ells. In the innerpart, where the highest resolution is needed, the modules are divided into 25ells. The modules are built with shashlik sampling alorimeter tehnology usinga sandwihed struture of lead or tungsten absorbers between layers of plastisintillators. When eletrons or photons hit the absorbers, eletromagneti show-ers are generated produing light emission in the sintillators, in turn ampli�edby photon-multipliers (see �gure 3.11).The ECAL signals are reonstruted as lusters, a olletion of hit-ells of vari-ous on�gurations. The hit-ells is an ECAL ell with a 'onsiderable'1 measuredenergy. A base luster onsists of hit ells only, and is typially aused by ele-tromagneti showers or light hadrons. Strutured lusters are built up from morethan one luster and several hit ells [36℄. The alibration of the ECAL was done1The exat energy threshold is not known to the author. 17
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Figure 3.8: Partile identi�ation using the RICH. The square of the Cherenkovangle is plotted as a funtion of the inverse square of the partile momentum. Theseparate lines show the di�erent partile signatures. The fat line for �0 ontainsmuons due to the small mass di�erene of these two partiles.
by reonstrution of �0 from two lusters [14℄. The Inner and Middle part weresuessfully alibrated from reonstruted �0 signals (see �gure 3.9), while thealibration of the Outer part did not reah the same level of auray. For the run2000 analyses inlusion of the Outer ECAL is therefore questionable when preiseluster energies are needed [37℄. This is indeed the ase for � reonstrution,and the results are therefore disussed without inlusion of the Outer ECAL inSetion 6.3.3. The energy resolution is, for the Inner ECAL, estimated to�(E)E = 22:5%pE + 1:7%: (3.1)
There were no available estimates for the energy resolution of the Middle andOuter ECAL. The obtained spatial resolution was of 0.3 m and 1.0 m for theInner and Middle parts respetively.
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3.7 Muon System

Figure 3.9: The �0 reon-struted from two ECAL lus-ters after alibration of theECAL. The mean position ofthe �0 signal is 0.134 GeV. Thepiture is from [14℄

3.7 Muon SystemThe Muon system is used for partile identi�ation in data-analysis as well as fortriggering on muoni J= deays. It onsists of 4 superlayers intersetioned byiron loaded onrete absorbers. The absorbers are used to sreen out hadrons,whih an penetrate less material than muons. Three di�erent detetors areused in the Muon System. Gas Pixel hambers are used in the innermost regionwith the highest oupany. The area further from the beam is overed by tubehambers in the �rst two superlayers (MU1 and MU2), and Pad hambers in theremaining two superlayers (MU3 and MU4). The signals in the Muon Systemare generated similarly to the Main Traker; the traversing muons ionize the gasinside the hambers allowing for free eletrons to drift and generate a signal. TheMuon system overs angles from 10 mrad to 160 mrad in the y-diretion and 220mrad in the x-diretion. For the run 2000, only the Tube hambers were used,reduing the aeptane to around 30% for muons from J= deays.
3.8 TriggerThe onept of a trigger-system is basially to deide if an event is worth storing.It an be ompared to a �lter whih only lets a few events, that ful�ll a given setof riteria, pass. A well operating trigger-system is essential for an experimentlike HERA-B beause of the high interation rate and beause the interestingevents (b�b and �) are rare ompared to the more abundant light quark �nalstates. However, the run 2000 has been operated with the relatively low inter-ation rate of 5 MHz mainly beause of problems with the trigger system. The19
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Figure 3.10: Tehnial drawing of the Eletromagneti alorimeter at HERA-B.The separation of the Inner, Middle and Outer ECAL parts is shown with a blaklines.
emphasis in the following is on desribing the trigger setup during the run 2000,A full desription of the planned trigger sheme for the next runs is given in [18℄The trigger system at HERA-B onsists of a pre-trigger and a main trigger sub-divided into four levels. The pre-trigger provides fast and simple information forthe main trigger by onsidering input from either the ECAL, the Muon systemor the high-pt traker. The high-pt traker was not operational during the run2000. While the ECAL pre-trigger searhes for lusters harateristi of eletronsemanating from J= deays, the Muon pre-trigger looks for a hit oinidene inthe pad hambers in two superlayers of the Muon-system. This means that ahit in the MU3 superlayer should be followed by a hit in the MU4 superlayer inthe immediate geometrial viinity. This has been used for seleting andidatesfrom muoni J= deays. By using the pad hambers only, the innermost areaof the spetrometer was not overed. But, sine the Inner Traker was not fullyoperational during the run 2000, the exlusion of this area had no big impat onthe general performane.The �rst level trigger (FLT) was still under ommission during the run 2000 and20
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Figure 3.11: Inner ECAL modulewith 25 ells. Note the sandwihedstruture of absorbing material andsintillating plasti.

Figure 3.12: Overview of the MuonSystem showing the superlayer stru-ture and the interleaved absorbers

was used only to ount and forward seleted andidates, or seeds, to the nextlevel in the trigger hain. The Seond Level Trigger (SLT) then performed furtherproessing of the seeds. The SLT is a software based trigger onsisting of 240regular PCs. From the seed provided by the pre-trigger, the SLT onstruts ageometrially limited area, ommonly referred to as a 'Region of Interest' (RoI),in whih trak andidates are searhed for. For muon andidates a thresholdon the transverse momentum of the traks is set to approximately 0.7 GeV. Byutilizing OTR information, the trajetory of the andidates are estimated usinga hit ounting algorithm and a Kalman �lter tehnique [24℄. The aepted traksare projeted through the magnet for further omparison with hits in the VDS. Ifthe trak andidates are suessfully mathed to VDS hits, a omplete reord ofthe event is made. Digital signal proessors are used to bu�er the detetor datafor the time needed to write the neessary sub-detetor information to disk.
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Period Run Target wire NJ= Fration of total1.07-24.07 16000-16665 C 1605� 51 44%25.07-17.08 16674-17100 C 946� 36 26%Ti 1083� 44 30%Table 3.1: The number of reonstruted J= for the respetive target wires.

3.9 DataDuring the period from 01.07.00 to 17.08.00 HERA-B triggered on 450 � 103 di-muon andidates. Approximately half of the data was olleted using one Carbonwire while the two wires were used in the other half; one Carbon and one Tita-nium. All the di-muon data is mainly triggered using the Seond Level Triggeras desribed in Setion 3.8. The quality of the runs vary sine the detetor wasunder ommissioning during most of the data taking. The understanding of theevent reonstrution improved after the run period had ended, and o�-line repro-essings of the data samples were performed to update the alignment onstantsand the alibration of the sub-detetors. The data used in this analysis hasbeen subjet to three suh reproessings. A omparison between the seond andthird reproessing was performed with respet to J= and � reonstrution [8℄.Reonstrution of the � was studied for one good quality run2 and indiatedimprovements, espeially in the Titanium events. For J= , the mass positionwas improved by 6 MeV with respet to the table value. Also the  0 signal wasbetter determined. In the following, only results from the third reproessing arepresented.Quality heks on the event level is performed in the Setions 4.4 and 5.2 withrespet to various subdetetor parameters. A detailed investigation of the dataquality with respet to the number of hits in eah subdetetor for the di�erentruns has been performed in [15℄. The runs 16501-16527 and 16410-16414 havebeen exluded from the following analysis due to high number of false traks inthe Seond Level Trigger (SLT ghost rate) and an unreasonably high number ofhits in the subdetetors.
3.10 Monte-CarloA proper simulation of how the detetor responds to relevant physis events isessential both for signal optimization as well as determination of aeptane andeÆienies for event seletion and reonstrution. A omplete simulation of theHERA-B senario inludes generating representative physis events as well as2run1678422



3.10 Monte-Carlo
detetor and trigger simulation.Generating physis events means in priniple to make use of all general knowl-edge in partile physis to predit the outome of a speial ase. The simulationof experimental results is done using sophistiated software and random numbergenerators, and is known as Monte-Carlo simulation. Here the relevant physisare �nal states of muon-pairs emanating from a J= meson produed either di-retly or from a subsequent deay of a � state. The simulated interations whihreprodue the HERA-B senario, are proton-nuleon reations at ps = 42:6 GeVwith a rate of 5 MHz orresponding to onditions of the run 2000. The targetmaterials were Carbon and Titanium.The event generation is done in two steps using two di�erent software pakages.The �rst is the interation between the inoming beam proton and a target nu-leon. This part, handled by the PYTHIA [10℄ software pakage, produes theheavy quark pairs of avours b or  whih in turn hadronize. Then an interationbetween the proton and the nuleon is simulated at an energy level orrespondingto the residue of the previous reation. This way the simulated physis eventsapture both high energy physis of heavy quark prodution as well as the fol-lowing low energy proton-nuleus interations. The low energy part is produedusing the FRITIOF software pakage [11℄.The low energy kinematis have proven diÆult to reprodue in agreement withprevious experiments. This has been solved by weighting the events, in e�etforing the generated events to math the kinematis of the E789 experiment[9℄, a �xed target experiment with an 800 GeV proton beam inident on a goldtarget. The implementation of the weight funtion in the event generator usedat HERA-B is desribed in [13℄. The lower energy relative to the HERA-B beamof 920 GeV is ompensated for by saling the distributions of the kinematialparameters suh as transverse momentum and Feynman-x de�ned by:

xF = 2Pzps : (3.2)
Here Pz is the longitudinal momentum of the partile and ps the enter of massenergy.The next step is to run the events through a omputer simulated HERA-B spe-trometer. The geometry of the spetrometer and the interations in eah subde-tetor are simulated using the GEANT 3 program pakage [12℄. Then a digitiza-tion of the eletroni signals is performed to give realisti detetor preision andto aount for hit ineÆienies and defets in parts of the subdetetors. Suhdefets inlude for instane dead hannels in the ECAL ells. The detetor was,as mentioned, under development during the 2000 data taking and not all thesehanges are inluded in the simulations. A run from approximately the middleof the run period3 is hosen as template for the Monte-Carlo detetor onditions.3run 16665 23
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When estimating the fration of J= produed from hi, the trigger eÆienyplays a minor role sine it anels in the ratios of the ross setions. The triggereÆieny is onsidered equal for diretly produed J= and for J= from � de-ays. However, a omplete simulation of the trigger system is applied inludingboth the MUON pre-trigger and the SLT. All event reonstrution and analysisare done with the same routines for Monte-Carlo as for data.

Figure 3.13: The Monte-Carlo J= signal.
Deay hannel Wire N triggereddiret J= C 4198Ti 1679�0 !  J= C 110Ti 42�1 !  J= C 724Ti 275�2 !  J= C 1881Ti 736All C 6913Ti 2732

Table 3.2: The Samples of triggered Monte-Carlo events for the di�erent hannels.The Monte-Carlo sample available for this study onsist of 9752 triggered J= events, where 9412�98 are reonstruted and �tted to a single Gaussian funtion.24



3.10 Monte-Carlo
MC Weight �0 �1 �2 All � Diret J= Default 3:8% 27% 69% 39% 61%E789 3:8% 26% 70% 39% 61%CSM 4:0% 14:7% 81% 58% 42%NRQCD 0:8% 60% 39% 32% 68%

Table 3.3: The distribution between the respetive � states and diretly pro-dued J= with di�erent Monte-Carlo weighting. The perentages of the �0 ,�1 and �2 are relative to the number of all reonstruted � , while the perent-ages of diret J= and J= produed from � are relative to the total number ofreonstruted J= .
(See �gure 3.13.) The mean value of the mass of 3.1 GeV agrees with the worldaverage value, and the width of the signal is 42 MeV. The reonstruted J= partiles are either diretly produed, or produed through radiative � deays.The available Monte-Carlo statistis are summarized in Table 3.2 for Carbon andTitanium events.(The numbers in Table 3.2 are somewhat lower than the totalof triggered J= events due to some loss of eÆieny in the wire assignment.)The distribution of events between the di�erent harmonium states �0 , �1 and�2 is model dependent, and it is not obvious that this is well reprodued. Thedefault Monte-Carlo sample is lose to the Color Singlet Model (CSM) (see Se-tion 2.2), but is quoted to have no real physial meaning [15℄. Implementation ofthe predited harmonium prodution ross setions aording to the CSM andthe Non Relativisti QCD model is made possible by weighting the events [16℄.The distribution of partiles between the � states for the default Monte-Carloafter applying the weights from the respetive prodution models, is shown inTable 3.3.In this hapter the sub-detetors of the HERA-B spetrometer have been pre-sented. The available data and Monte-Carlo samples have also been desribed.In the next hapter the di-muon invariant mass spetrum is presented, and theJ= signal used for the ontinuation of the analysis is obtained. The �rst setionsin the next hapter will however present the the priniple of the measurementand some general features of partile reonstrution.

25



Experimental setup
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Chapter 4
Event seletion
This hapter begins by presenting the formulas needed for estimating the frationof J= produed from � . This is followed by a desription of the general prini-ples of partile reonstrution. The invariant mass spetrum of the two muons ispresented before the signals are disussed. The reonstruted J= partiles arethen studied in more detail with respet to various parameters, resulting in theJ= signal used for the following analysis.
4.1 MeasurementThe goal of this diploma thesis is to measure the fration of J= produed from� deays. The J= meson is reonstruted from a di-muon �nal state. Henethe reation under study ispN ! �X; � ! J= ; (4.1)J= ! �+��:Here � inludes the three di�erent angular momentum states �0 , �1 and �2where the value of the angular momentum J=0,1,2 is indiated by the subsripts.(See �gure 2.3.) Almost all � deays to J= are radiative, but there is oneexeption, namely the hadroni deay of the �2 state �2 ! J= �+���0.Thebranhing ratio for this deay hannel is however less than 1:5% [33℄ and isnegligible ompared to the radiative deays (see Table 2.1). Both the � andthe J= are assumed to be produed promptly, meaning that any ontributionfrom b-quark deays are negligible. For a sample of approximately 3000 J= thisshould be a valid assumption, as it is expeted to ontain less than one event ofthe b !J= X. This rather rude estimate is done using the numbers for theJ= and b�b ross-setions and the branhing ratio Br(b�b! J= X) re-estimatedfrom the published E789 values to math the HERA-B senario [17℄. However,for a larger sample, expeted to be olleted by HERA-B in the run 2002, the27



Event seletion
b-quark ontribution will have to be aounted for.To measure the fration of J= from � is, in simple terms, to estimate thefration of J= partiles produed from � deays and the total number of J= partiles. In ommon terms of partile physis this fration is given by

F J= � = P2J=0 �(�J) �Br(�J ! J= )�(J= ) (4.2)
where the sum extends over the three angular momentum states. The produtionross setions for the indiated � states and the J= are given by �(�J) and�(J= ) respetively. The ross setions for the � partiles are given by

�(�J) = N�JL � "tot�J �Br(�J ! J= ) � Br(J= ! �+��) ; (4.3)
"tot�J = "totJ= � ": (4.4)Here N�J gives the number of observed � partiles, L is the luminosity and"tot�J is the total eÆieny for the � given by the produt of the eÆieny forreonstruting a J= multiplied by the eÆieny for reonstruting the � . Theorresponding J= ross setion is given by

�(J= ) = NJ= L � "totJ= � Br(J= ! �+��) (4.5)
where NJ= is the number of observed J= partiles and the other variables areas desribed above.By substituting the equations 4.3, 4.4 and 4.5 into equation 4.2 the followingexpression is obtained

F J= � = P2J=0N�JNJ= � " : (4.6)
Here N� and P2J=0N�J are the numbers of J= and � observed in the datasample, while the photon eÆieny " is found from Monte-Carlo. Estimationof " is done by onsidering a Monte-Carlo sample of J= from � deays onlyand measuring the number of � reonstruted with the same algorithms as thoseused for data.
4.2 Partile reonstrutionA short lived partile is reonstruted from its deay produts by alulatingtheir total invariant mass. The invariant mass is onvenient to use beause it is28



4.3 The di-muon spetrum
Lorenz invariant, i:e it has the same value in any referene frame. Using naturalunits, the invariant mass of n deay produts is given byW 2 = (Xn En)2 � (Xn ~pn)2 (4.7)
where En is the energy and ~p the momentum of the n-th deay produt. Byenergy and momentum onservation and substitution of E2 = M2 + p2 into eq.4.7, it is seen that the invariant mass of the deay produts is similar to the restmassM of the deayed partile. Hene the mass of a partile alulated from thedeay X! �+�� is given byMX =p(E�+ + E��)2 � (~p�+ + ~p��)2 (4.8)

=q2(m2� + E�+E�� � ~p�+ � ~p��): (4.9)
The reonstrution of partiles from two muons is done from traks identi�ed bythe SLT as muons. The analysis is done using C/C++ and FORTRAN ode writ-ten in the framework of ARTE, the HERA-B Analysis and reonstrution tool[25℄ and PAW (Physis Analysis Workstation). The GROVER (Generi Reon-strution of VERties) pakage [26℄ is used for vertex position determination. Byseleting muon-pairs with equal or opposite harges, the invariant mass spetrumis divided into to sub-samples, where of ourse only the opposite sign muons givepartile resonanes. The analysis in the following setion is performed to displaythe harateristis of the di-muon spetrum. The runs from 16008 to 16927 havebeen used, whih is less than the full statistis. A more detailed analysis on thefull data sample is performed in setion 4.4. The di-muon invariant mass spe-trum displayed in the next setion show signals from the the partiles� (770 MeV),� (1020 MeV), J= (3096 MeV) and  0 (3686 MeV).
4.3 The di-muon spetrumThe invariant mass spetrum of identi�ed pairs of muon traks is shown in �g-ure 4.1. The histogram shows the invariant mass reonstruted from oppositesharged muons with a darker inset showing the orresponding spetrum frommuons with equal harges. None of the distributions have been saled, the en-tries orrespond to the number of trak pairs found in the data sets. Between0.8-1.2 GeV there are enhanements due to the partiles � and �. Some proper-ties of these partiles are ompiled in table 4.1. A lose-up on this mass rangeis depited in �gure 4.2. With a mass di�erene between the � and ! of only 12MeV, these partiles are not leanly separated. But sine their relative widths29



Event seletion
are of 150.7 MeV and 8.44 MeV for the � and ! respetively, separation is pos-sible by �tting two Gaussians with di�erent widths. To isolate the ! signal isinteresting beause the branhing ratio of the deay !! �+�� only has one mea-surement by the ALEPH Collaboration [27℄. An additional measurement of !in the muon hannel at HERA-B will therefore give an important ontributionto the world statistis. In �gure 4.2 the distribution has been �tted with oneGaussian funtion for the !-� and one for the � in addition to an exponentialfuntion to desribe the bakground. In total 671�90 !/� partiles and 189�45� partiles have been reonstruted. An analysis is urrently ongoing at HERA-Bto extrat the ! signal.

Figure 4.1: The full di-muon spetrum. The histogram shows the invariant massof muons with opposite harge with a lear J= signal at �3.1 GeV. The darkerinset shows the invariant mass of muon pair with equal harges.Following the di-muon spetrum further, there is an interval from approxi-mately 1.2 GeV to 2.8 GeV where no partile resonanes are visible. This in-terval ontains many hadrons and their exited states, but none of these arereonstruted here. Then a lear J= signal is visible at approximately 3.1 GeVfollowed by the  0 at approximately 3.7 GeV. In �gure 4.3 the J= and  0 reso-nanes are �tted with Gaussian funtions with the bakground desribed by an30



4.3 The di-muon spetrum

Figure 4.2: The low mass resonanes of the di-muon invariant mass spetrum.The histogram is �tted with two Gaussians for the signals and one exponential.The ! and the � are not separated here.Partile Mass [MeV℄ ��+��/�tot [%℄ Width [MeV℄� 769:9� 0:8 (4:60� 0:28) � 10�5 150:4� 1:6! 782:57� 0:12 (9:0� 2:9stat � 1:1syst) � 10�5�) 8:44� 0:09� 1019:417� 0:014 (2:9� 0:4) � 10�4 4:458� 0:032J= 3096:88� 0:04 6:01� 0:19 (87� 5) � 10�3 0 3686:00� 0:09 (7:7� 1:7) � 10�3 (277� 31) � 10�3Table 4.1: Properties of the partiles from the low mass part of the di-muonspetrum. All values are from [33℄, exept *) whih is from [27℄
exponential funtion. Some of the bakground under the signal is due to misiden-ti�ed muons. By using partile identi�ation from subdetetors like the RICH orthe MUON system this bakground an be redued as shown in the next setion.The remaining bakground may ome from muon traks whih are not from aX! �+�� deay or just traks that are not well reonstruted.Here there are 2703 � 61 reonstruted J= mesons with the mean of the J= mass at 3:088� 0:0014 GeV. The mass of the J= is shifted by 8 MeV omparedto the world average (see table 4.1). The width of the signal is 57 MeV, whih is15 MeV larger than what is expeted from Monte-Carlo (see Setion 3.10, �gure3.13). (This is the experimental width and should not be onfused with the in-trinsi width given in table 4.1.)The  0 signal ontains 75� 17 partiles with a mean at 3:656� 0:018 GeV. Thisis 30 MeV lower than the world average. The width for the  0 is found to be31
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62 MeV, whih is in reasonable agreement with the measured width of the J= . There is no obvious reason why the  0 has a greater mass shift than the J= , but it ould be due the lower statistis of the  0 signal. However, within theerror of 18 MeV, the mass shift of the  0 is lose to the 8 MeV shift seen for theJ= .

Figure 4.3: The J= and  0 signals in the di-muon spetrum. The thedarker/shaded histograms show the muons with equal signs. The right histogramis plotted with a logarithmi y-axis for better visualization of the  0 signal.
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4.4 J= signal
4.4 J= signalIn this setion some properties of the two muons used for J= reonstrutionis studied. The goal is to obtain a leaner J= sample by removing badly re-onstruted muon traks. This is not an optimization with respet to signal tobakground ratio, but is meant to remove events with nonphysial or unreason-able values of the studied parameters. The emphasis is therefore on retaining ahigh eÆieny for the J= reonstrution rather than reduing the bakground inthe J= signal. When reonstruting the � by adding a photon to the J= themain ontribution to the bakground is not expeted to be from the muons, butrather from the photon ombinatoris. The parameters whih have been studiedfor the muons are:-Probability of vertex reonstrution-Transverse momentum-Muon hamber likelihood-RICH likelihood

Figure 4.4: The 'raw' J= spetrum (left) and the vertex distribution between theCarbon and the Titanium wire (right). The vertex distribution has logarithmisale on the y-axis.
The distributions of the di-muon invariant mass have been �tted with a Gaussianfuntion for the J= resonane and an exponential funtion for the bakground.When the di�erent muon properties are studied, events within two standard de-viations of the mean of the �tted Gaussian are hosen. EÆienies of the utsare given as the perentage of reonstruted partiles after the uts with respet33
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to the number of reonstruted partiles before the uts.The starting point for the analysis is the invariant mass distribution of SLT-triggered muon-pairs with opposite harges. The runs 16410-16414 and 16501-16527 have been removed as desribed in Setion 3.9. Beause it is improbableto have more than one J= per event at HERA-B, any events with two or morereonstruted muon-pairs within two standard deviations of the J= signal areremoved. The remaining sample will be referred to as the 'raw' J= sample. Thissample yields 3631�81 reonstruted J= mesons with the mean of the invariantmass at 3.087 GeV and a width of 56.0 MeV (see �gure 4.4).
4.4.1 Vertex positionThe vertex positions in the Z-diretion, parallel to the beam, show the two po-sitions of the two target wires: The 'below one' made of arbon positioned atZC = �4:94 and the 'inner two' at ZT i = �1:63. The wire assignment of themuon pairs is set to (ZC � 0:39) m and (ZT i � 0:34) m for the two wires. TheeÆieny for the wire assignment is 99:7% with respet to the 'raw' spetrumand results in 2539� 63 J= mesons from the Carbon wire and 1083� 44 fromthe Titanium wire (see �gure 4.5). The eÆienies in the following are relativeto the number of reonstruted J= partiles after wire assignment.

Figure 4.5: The distributions after wire assignment yield 2539 and 1083 reon-struted J= mesons for the Carbon (left) and Titanium (right) wire respetively.

34



4.4 J= signal
4.4.2 Vertex probabilityThe vertex probability is alulated from the �2 distribution of the �tted verties.The distribution of the vertex probabilities for the reonstruted J= mesons (See�gure 4.6) show a high number of entries with values lose to zero. This feature isnot present in the orresponding distribution for Monte-Carlo simulated events.These events are therefore onsidered orrupt and are removed from the samplewith a ut at Pvtx > 0:005. The eÆieny of this ut is 92:9%. After this ut thevertex probability is reasonably well desribed by the Monte-Carlo.

Figure 4.6: Vertex probability for data (left) and Monte-Carlo (right). The dis-tribution from data shows a high number of muon-traks with vertex probabilitylose to zero.
4.4.3 Transverse momentumThe transverse momentum of a partile is de�ned as

P? =qp2x + p2y (4.10)where px and py are the momentum projetions in the x and y diretion respe-tively. The transverse momentum of the two muons is already onsidered in theSLT trak seletion algorithms. The SLT opens a searh window in the OuterTraker for traks with transverse momentum higher than 0.7 GeV. This is not astrit ut, so muons with lower values still have a hane to pass the trigger. How-ever, the transverse momentum distribution show that all the traks ontributingto the raw J= have transverse momentum higher than 0.5 GeV (see �gure 4.7).No further uts on this property is therefore onsidered neessary. The transverse35
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momentum of the muons is well desribed by the Monte-Carlo after weightingthe events aording to the E789 experiment as desribed in Setion 3.10.

Figure 4.7: Transverse momentum distributions for data (left) and Monte-Carlo(right). The distributions agree well and show no traks with nonphysial values.
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4.4 J= signal
4.4.4 RICH likelihoodThe HERA-B Ring Imaging Cherenkov Counter has been onstruted to separatekaons from protons and pions. Still this may be useful for identifying muons.There are two di�erent hypotheses for estimating RICH likelihoods at HERA-B: riter and rise. The riter hypothesis [34℄ is based on an iterative method ofsorting the photon hits. The rise, or ring-searh, hypothesis uses a 2D ring super-position around eah photon to �nd the Cherenkov ring enter and radius[35℄.The distributions of the RICH likelihoods for the two muons (�gure 4.8) showonly few entries with values lose to unity. This is beause the RICH is unableto leanly separate muons from harged pions due to their small mass di�ereneof a. 34 MeV. An attempt to ut at the lowest values (`rise;riter > 0:01) of theriter and rise muon likelihoods gives eÆienies of 79:8% and 54:2% respetively.Here this eÆieny is onsidered too low, and ombined with the fat that muonsare not well identi�ed by the RICH, it is deided not to use a ut on the RICH-likelihood in the following analysis.

Figure 4.8: The Rise (left) and Riter Riter (right) RICH likelihoods.
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4.4.5 Muon-hamber likelihoodThe muon-hamber likelihood is the partile identi�ation provided by the MUONsystem. The distribution for the muon-hamber likelihood (�gure 4.9) shows thatmost muon-pairs have likelihoods lose to unity. However, some of the traks alsohave likelihoods lose to zero, and these are avoided by a ut at `� > 0:1. Thisresults in an eÆieny of 83:2% Although this ut lowers the availible statistisit is onsidered useful, also when omparing with Monte-Carlo where the zero-likelihood entries are missing.

Figure 4.9: The muon-hamber likelihoods for muons, data (left) and Monte-Carlo (right).
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4.4 J= signal
4.4.6 SummaryHaving investigated some properties of muon-traks the following uts on themuon-traks are hosen:Vertex-probability: Pvtx > 0:005Muon-hamber likelihood: `� > 0:1The resulting signals are shown in �gure 4.10 and yield 1795�50 and 890�37 re-onstruted J= partiles assigned to the Carbon and Titanium wire respetively.The total eÆieny for both of the applied uts is 71% for the Carbon-wire and82% for the Titanium wire. The eÆienies are, as noted earlier, the perentageof the remaining partiles after the uts are applied with respet to the numberof partiles before the uts.In this hapter a presentation of the priniples behind the measurement of F�

Figure 4.10: The J= signals after the uts on vertex probability Pvtx > 0:005and muon-hamber likelihood `� > 0:1. The signals yield 1795� 50 and 890� 37reonstruted J= partiles for the Carbon and Titanium wire respetively.has been given. The alulation of the invariant mass of the muon pairs is de-sribed and their invariant mass spetrum has been presented. This spetrumshowed the partiles !/�, �, J= and  0 . The properties of the reonstrutedJ= have been studied for events from Carbon and Titanium wires, and the re-sulting signals give the starting point for the analysis in the next hapter.
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Chapter 5
Analysis
The J= was reonstruted in the last hapter giving 1795 � 52 and 890 � 37reonstruted J= partiles from Carbon and Titanium interations respetively.This sample gives the starting point for the the analysis presented in this hapter.First the method for the analysis is presented inluding � reonstrution, bak-ground desription and the proedure of �tting the signal. A lean � signal isobtained from the Monte-Carlo sample, allowing omparison of photons from �deays with other reonstruted lusters. Then the estimation of the signi�aneof the � signal is presented. This is followed by the optimization of the � signalwhere the number of reonstruted � partiles and signi�ane of the signal isstudied for the respetive uts. The plots used for this optimization are presentedin Appendix A for Monte-Carlo and in Appendix B for data.
5.1 Analysis methodThe invariant mass of J=  is given by

MJ=  =qM2J= + 2EEJ= � 2~p~pJ= (5.1)where MJ= is the reonstruted invariant mass of the J= , E is the energyand ~p the momentum vetor for the indiated partiles. This expression is foundby entering the photon energy and J= momentum and energy into eq.4.7 withE2J= = M2J= + p2J= and E = p. Beause MJ= has a normal distribution,the invariant mass of the identi�ed J= partiles is not onstant. To study theMJ=  spetrum would therefore not give a preise signal determination. Insteadthe mass di�erene given by�M =MJ=  �MJ= : (5.2)is studied, thereby aneling the e�et of the distributed MJ= values. Studying�M spetrum is not equivalent to studying the photon energy alone, as an be41



Analysis
seen from eq.5.1 where the J= mass does not anel. Another possible approahis to onstrain the invariant mass of the identi�ed J= mesons to the table value,and then study the MJ=  spetrum. Here the former method is hosen beauseit is onsidered simpler. The mass di�erenes between the �0 , �1 and �2 andthe J= are summarized in Table 2.1.
5.1.1 Bakground desription

Figure 5.1: The mixed bakground distributions with energy ut of 2.0 GeV(blak points) and 6.0 GeV (open points).
To understand the bakground is fundamental in any partile physis analy-sis. The bakground desription is the referene whih onstitutes the signal byshowing where there is none. To desribe the bakground under the � signal,eah identi�ed J= is ombined with photons from di�erent events with similarevent harateristis. This method, from now on referred to as 'event mixing',has the advantage of giving the bakground shape diretly. The �t of the signalwith bakground is then done using a minimum of parameters. The parametersneeded are the three parameters of the Gaussian, i:e: width, mean position andnumber of entries in the signal, plus a saling fator to adjust the bakground.Attempts to �t the bakground with either three Gaussians or a ninth order poly-nomial have not been suessful, although the latter method is used suessfullyin [30℄. Other strategies for desribing the bakground ould inlude using side-band events outside the J= mass region, as well as equal sign muons. Thesemethods will however not be used here.42



5.1 Analysis method
Examples of the bakground distributions obtained using event mixing is shownin �gure 5.1. In general it is not desirable to have the peak of the bakgroundlose to the signal peak. In �gure 5.1 it is seen that the distribution with lusterenergy larger than 6.0 GeV peaks lose to the mass di�erene of � and J= .The uts on luster energy should therefore be moderate enough to avoid thepeaking lose to signal region.
5.1.2 The � signal-�tThe � signal in the mass di�erene spetrum of the � and the J= is �tted witha Gaussian funtion. The three parameters of the Gaussian give the number ofpartiles, the mean and the variane, or width, of the signal. If however someof the �t parameters give unphysial values or values that are unrealisti withrespet to detetor performane, orretions an be made by onstraining or �xingthese parameters. Fixing a parameter requires good understanding of the detetorand a realisti Monte-Carlo simulation beause the value of that parameter mustbe known prior to the measurement. The strategy used for �tting the � signalis �xing the width of the Gaussian to the value found from a lean Monte-Carlosignal. Sine there is no obvious way of extrating the orret � photon fromthe digitized Monte-Carlo, a lean signal is obtained by mathing the generatedkinematial parameters of the � photons with the digitized and reonstrutedlusters. This is done by omparing the impat point of the generated photonin the ECAL with the positions of the lusters. The oordinates of the impatpoints are found from (x; y) = (pxpzRz; pypzRz) (5.3)
where px;y;z give the indiated momentum omponents of the Monte-Carlo gen-erated value of a photon from � . Rz is the distane in z, parallel to the beam,from the reonstruted vertex to the luster in the ECAL. The vertex position isfound from the J= muon traks reonstruted with proedures similar to thoseused for data. The angle between the generated photons and the reonstrutedluster has also been studied, and is alulated fromos� = ~p � ~preoj~pj � j~pjreo (5.4)
with ~preo as the momentum of the reonstruted luster and ~p as the totalmomentum of the generated photon.The distane between the alulated impat point and the luster position (Dlus)is plotted as a funtion of the angle in �gure 5.2 and shows that they are stronglyorrelated. Most photons follow a lose to parallel trajetory beause pz domi-nates the total momentum. Restriting Dlus is therefore a more eÆient way to43
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isolate the lusters than restriting the angle. However, the information from theangle is used as a ross hek. Care has been taken not to ut too hard on Dlusto avoid any bias on the energy or transverse momentum of the lusters. The

Figure 5.2: Distane between the positions of the reonstruted luster and thealulated impat point of the generated luster as a funtion of the angle betweentheir diretions.generated energy of the � photons is ompared to the energy of the reonstrutedlusters as a funtion of Dlus in �gure 5.1.2. It is seen that for Dlus < 5:0 mthe energies orrespond well while for Dlus < 1:0 m, a disrepany is seen inthe low energy range. Hene the low energy lusters are lost if Dlus is restritedbelow 1.0 m. Similarly, if any further restritions on the angle is done after therestrition Dlus < 5:0 m, the low energy spetrum is not reprodued by thereonstruted luster (see �gure 5.5). The P? spetra for the generated photonsand the reonstruted lusters for Dlus <5.0 m agree well (see �gure 5.6), indi-ating that the lusters from � are identi�ed with no kinematial bias.The resulting invariant mass distributions of MJ=  with Dlus < 50 m andDlus < 5:0 m are shown in �gure 5.3. The resulting width of the Gaussianwithout any uts on the lusters is 47 MeV. The width used for the � �ts indata, is found after all the uts on the events and the lusters are applied. Thisis disussed in Setion 6.1.1. For now the Monte-Carlo identi�ed � signal is usedto ompare the properties of reonstruted lusters from � deays with otherreonstruted lusters.
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Figure 5.3: Distributions for Monte-Carlomathed lusters with distane ut of 50 m(top) and 5.0 m (bottom). Both distribu-tions are �tted with a Gaussian funtionfor the signal and an Exponential funtionfor the bakground.
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Dlus<50 m Dlus <5 m

Dlus<1 m Dlus<0.5 mFigure 5.4: Comparison of energy distributions for generated photons from �deays (shaded histograms) and lusters with di�erent onstraints on the distanebetween the alulated impat point of the generated luster and the atualluster position (Dlus) (open histograms marked with points). It is seen that forDlus <1.0 m and Dlus <0.5 some low energy lusters are lost
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Figure 5.5: Comparison of energy distributions for generated photons from �deays (shaded histograms) and lusters with Dlus < 5 m with additional on-straints on os� (open histograms). The distributions have (1 � os�) < 10�6(left) and (1� os�) < 10�7 (right).

Figure 5.6: Comparison of transverse momentum distributions for generated pho-tons from � deays (shaded histogram) and mathed lusters (open histograms).
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5.1.3 Signi�aneThe signi�ane of the signal is ommonly de�ned as

f(S;B) = SpB: (5.5)
Here S is the number of entries in the signal and B the number of entries inthe bakground below the signal. The signi�ane is alulated by ounting theevents within three standard deviations around the mean of the signal. Thisorresponds to 99.7% of the entries in the �tted signal. The error on f(S;B) isgiven by the di�erential:

df(S;B) = �f�S dS + �f�BdB (5.6)Inluding errors eq. 5.5 then beomes
f(S;B)� df(S;B) = SpB � ���SpB�2 + �S��BpB2B2 �2� 12

= SpB � ��S2B + S2��B24B3 � 12 : (5.7)
The error in eq. 5.7 is dominated by the seond term �S2B beause the denomi-nator in S2��B24B3 brings this term lose to zero beause B4 is large in the � plots.Hene the signi�ane with error an be expressed asSpB � �SpB (5.8)
where the error �S given by the �t proedure. The error in the signi�anefor the �tted � signals is found to be onstant at approximately 0.9 for bothMonte-Carlo and data.
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5.2 Signal optimization
5.2 Signal optimizationThe starting point for the following analysis is given by the J= sample desribedin the previous setion. This means that 1795 � 50 J= mesons from Carbonwire interations and 890� 37 J= partiles from Titanium are available for the� reonstrution. This number will be somewhat redued in the following assome of the uts introdued for the J= +  reonstrution will not only a�etthe photons, but the full event. This is the ase for the oupany uts whihwill be disussed in this setion. Also a study of the luster harateristis willbe presented. The other parameters studied inlude the energy and transversemomentum of the lusters together with parameters onneted to the energy dis-tribution of the reonstruted lusters. But �rstly more general properties of theEletromagneti Calorimeter (ECAL) relevant to the analysis will be investigated.
5.2.1 ECAL harateristis

Figure 5.7: Positions of lusters in the full ECAL (left) and for a lose-up on thearea lose to the beam pipe, where the darker shades indiate higher oupany.
The geometrial distribution of the lusters in the ECAL is shown in �gure5.7. It is seen that the area lose to the beam pipe is densely populated withlusters. The lusters in this area tend to overlap and may therefore not bewell reonstruted. Also, sine the main ontribution to the bakground is fromphoton ombinatoris, the exlusion of the innermost area of the ECAL mayimprove the signal signi�ane. 49
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Therefore a geometrial ut orresponding to the ellipsex24 + y2 > 484 (5.9)is applied to remove the area losest to the beam pipe. Here x and y are thepositions of the lusters in the ECAL..As mentioned in Setion 3.6, the outer part of the ECAL was still under on-strution during the ECAL alibration. The geometrial partition of the ECALis shown in �gure 5.8. Beause the alibration of the Outer ECAL is not on thesame level as the Inner and Middle parts, results with and without the OuterECAL will be disussed.

Figure 5.8: Distribution of lusters within the di�erent ECAL parts Inner (top,left), Middle (top, right) and Outer (low). The size of the boxes shows theoupany relative to eah part.
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5.2 Signal optimization
5.2.2 Energy and transverse momentumThe energy Elus of an ECAL luster is de�ned as the total energy deposited inthat luster. The transverse momentum P? is de�ned in eq. 4.10. Elus andP? of the ECAL lusters are orrelated parameters: if Elus is large then P? islikely to be large and vie versa. To ut on both may therefore not be useful.The orrelation is however not obvious, a ut on Elus will not give a distintrestrition of P? (See �gure 5.9.). Therefore both parameters have been studiedseparately.The motivation for imposing uts on the energy of the ECAL-lusters is twofold.

Figure 5.9: Energy vs. P? for ECAL lusters for data (left) and all Monte-Carloevents (right).Firstly, lusters with high energies are more likely to be well reonstruted. AnECAL-luster is reonstruted around a entral ell whih is the most energetiin that luster. Clusters with higher energy in the entral ell are then easier tode�ne and reonstrut. No lusters with energies less than 1.0 are inluded in theanalysis. Seondly it may be possible to separate the photons oming from �! J= + deays from the other photons by a restrition on the luster energy.However, it is seen from �gure 5.10 that the photons from radiative � deaysover energies from 0 to 10 GeV, and it is therefore not possible to leanly isolatethem by restritions on the Elus . But there is a high number of lusters with lowenergies in data and a ut of Elus >2 therefore redues the number of photon-andidates in data onsiderably, while the bulk of the � photons are kept. TheMonte-Carlo plots of the eÆieny and the signi�ane for the di�erent energyuts (see Appendix A, �gure A.1) show that for Carbon the signi�ane is stableuntil for uts up to 3.5 GeV before it drops steeply. For Titanium the derease in51
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signi�ane seems more onstant, also for uts on low energy lusters. This maybe explained by the higher bakground in the Titanium events beause of higheratomi number of Titanium (Z=22) ompared to Carbon (Z=6). For data (seeAppendix B, �gure B.1) it is seen that the eÆieny and the signi�ane drop forharder uts on Elus . However, for Carbon a small inrease in the signi�anearound 5.0 GeV is seen.Due to the mentioned orrelation between P? and Elus , uts on P? have been

Figure 5.10: Cluster energy, Monte-Carlo vs. data: The left distributions showdata (open histograms with points) ompared with generated photons from �deays only (shaded histogram). The right distributions are data (�lled points)ompared with Monte-Carlo events with no photons from � (open points).studied for Elus =2.0 and Elus = 3.0 GeV. The Monte-Carlo distributions (seeAppendix A, �gures A.2 and A.3) show that for both wires, and both energies,both the eÆieny and the signi�ane drop for inreasing uts on P? . However,for data the signi�ane of the signal inreases for P? uts of P? >0.15 andP? >0.2 GeV. For Monte-Carlo the orresponding eÆieny drops in the sameinterval. This disrepany between data and Monte-Carlo may inuene thedetermination of the photon reonstrution eÆieny and hene the �nal result.
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5.2 Signal optimization
The uts on energy and transverse momentum are:Elus > 2:0 GeVP? > 0:15 GeVThese uts are used for both Carbon and Titanium events.

Figure 5.11: Transverse momentum, Monte-Carlo vs. data: The left plot showslusters from data (open histogram with points) and the generated values forMonte-Carlo photons (shaded histogram). The distributions to the right are allMonte-Carlo lusters (open points) ompared to lusters from data (�lled points).All lusters have energy larger than 2.0 GeV.
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5.2.3 Oupany utsThe oupany of of the detetor means in general the level of ativity per event.More spei�ally, the oupany here refers to the number of measured inter-ations in a given subdetetor for one event. Two parameters related to theoupany have been studied, namely the number of hits per event in the VDS(Nvds) and the number of reonstruted ECAL lusters per event (Nlus). Remov-ing events with high oupany may give improvements with respet to both thequality of the event reonstrution and the signal signi�ane. The signi�anemay be improved beause high oupany events give large ontributions to theombinatorial photon bakground. But sine these uts remove full events it isalso important to keep the ut values moderate to avoid reduing the availablestatistis.The Nvds and Nlus parameters are ompared to data in �gure 5.12. It is seen

Figure 5.12: Comparison between data and Monte-Carlo for Nvds (left) Elus(right). Events with mass lose to the J= is hosen for data.that for data the Nvds parameter have more entries than the Monte-Carlo at Nvds>20. The Monte-Carlo events do not suessfully reprodue the VDS oupanyfrom data. Moreover it is seen in �gure 5.13 that the Nvds parameter is dis-tributed di�erently for Carbon and Titanium events. This an be explained bythe higher atomi number of Titanium, whih generates more bakground. Thatthe bakground is higher in Titanium is also seen in the J= distributions in �g-ure 4.5, Setion 4.4. The Nvds parameter is not di�erent for one or two wire runsas shown in �gure 5.13. Beause the oupany is di�erent for interations fromthe two wires, these uts have been studied separately, and applying di�erentuts for the di�erent wires seem plausible.54
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Figure 5.13: Values of Nvds per event for Carbon (blak points) and Titanium(open points) for all runs (left) and two-wire runs only (right.)
The number of reonstruted � partiles and the signal signi�ane in Monte-Carlo as a funtion of an upper limit on Nvds is given in Appendix A, �gure A.4.It is seen that both the eÆieny and the signi�ane drops for Nvds <50. Thisis of ourse in agreement with �gure 5.12 where only few events have Nvds >50.For data from the Carbon wire (see Appendix B, �gure B.3) it is seen that boththe eÆieny and signi�ane drops at Nvds < 50, but is enhaned for Nvds <30and Nvds <20. For Titanium data (see see Appendix B, �gure B.3) no lear �signal was observed for Nvds <50, but both the eÆieny and the signi�ane arestable for the higher thresholds. The values hosen for this ut are:Carbon: NCvds < 30Titanium: NT ivds < 40
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The Nlus parameter is de�ned as the number of lusters per event with en-ergy larger than 3.0 GeV. From �gure 5.12 it is seen that Nlus is well reproduedby the Monte-Carlo. The motivation for restriting this parameter is to inreasethe signal signi�ane by reduing the ombinatorial bakground. Studying thedistributions for the eÆienies and the signi�ane for Nlus (see Appendix A,�gure A.5) it is seen that the eÆieny and the signi�ane drop as the thresholdvalue dereases. For data, the Carbon events (see Appendix B, �gure B.4) showthe same behavior as the Monte-Carlo, while for Titanium data (see AppendixB, �gure B.4) the eÆieny and signi�ane seem stable until Nlus <30. Belowthis value, no signal was detetable. The ut for Carbon and Titanium is:Nlus <30

5.2.4 ECAL luster strutureThe ECAL luster struture refers to the distribution of energy within a luster.Three parameters have been studied in this respet, namely the width of the lus-ter, the asymmetry of the luster and the ratio of the entral ell energy to thatof the total luster (Rlus ). The width of the luster is de�ned as the number ofells with onsiderable measured energy. This parameter an be used to evaluatewhether the luster is a single ell, a base or a strutured luster (see Setion 3.6).The single ell luster has all the energy deposited in one ell and has thereforewidth equal to one. For a base luster the energy is typially deposited withina 3� 3 ell region giving values of width from one to nine. A strutured lusterwould supposedly have even higher values.The asymmetry of a luster is de�ned by the ratio of the three most energetiells of the luster and its total energy. Hene it is losely related to the widthand has a value equal to one if the luster has a width of three or less.To ensure that the luster has some shower struture, a ut on the width is setlarger than three. This ut removes lusters with unity values of both asymmetryand Rlus . (Rlus is unity if the width is equal to one.)The asymmetry and Rlus have been studied with respet to eÆieny and signif-iane on data and Monte-Carlo. These studies have been done after all valuesof these parameters equal to unity have been removed.The distributions of asymmetry for all Monte-Carlo lusters and lusters from� deays (�gure 5.15) show that they are nearly similarly distributed. Thismeans that a ut on this parameter is unlikely to give a good bakground sup-pression. That this is the ase is seen from the plots of the number of reon-struted partiles and signal signi�ane for both Monte-Carlo (Appendix A,�gure A.6)and data (Appendix B, �gure B.5). Therefore no ut is made on theasymmetry of the luster.56
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Figure 5.14: Width of lusters for data (left) and Monte-Carlo mathed photons(right) show similar distributions.
For Rlus in Monte-Carlo it is seen in �gure 5.16 that the lusters from radiative� deays have more entries at higher values ompared to all the lusters. Thelusters from data show a somewhat di�erent distribution than the Monte-Carlolusters (see �gure 5.16) whih is also seen from the plots of the number of re-onstruted � and signi�ane for uts on Rlus (�gures A.7, B.6), where thesigni�ane for Monte-Carlo drops for higher uts while it is more or less stablein data. This may add to the systemati error on the determination of the photonreonstrution eÆieny. The ut on Rlus is set toRlus >0.55
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Figure 5.15: Cluster asymmetry for Monte-Carlo and data: The Monte-Carloreprodues the data perfetly in the left plot and are overlapped by the blakpoints from data. The right plot shows asymmetry for lusters from Monte-Carlowith no � events (shaded histogram) ompared to Monte-Carlo lusters fromphotons from radiative � deays (open histogram with points).

Figure 5.16: Comparison of Rlus between Monte-Carlo and data. The left plotshows lusters from data (blak) and Monte-Carlo (open points) while the rightplot shows Monte-Carlo with no lusters from � events (shaded histogram) om-pared with Monte-Carlo lusters from � only (open histogram with points).
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5.2 Signal optimization
5.2.5 Clusters from harged partilesIn addition to eletrons, harged partiles like �+ and �� may deposit energy inthe ECAL. Clusters from harged partiles should if possible be exluded from the� reonstrution to redue the ombinatorial bakground. Using informationfrom the ECAL only, it is not possible to distinguish lusters aused by hargedpartiles from those aused by photons. A possibility is to use information fromthe Main Traking system to hek if a harged trak points to the luster. Thelusters from harged partiles an then be identi�ed and removed from the sam-ple.One immediate ompliation is the fat that a fration of the photons emanatingfrom � deay onvert into an eletron positron pair by  ! e+e� in the viinityof a nuleon. The fration of onverting photons is mentioned to be as high as40% in [15℄. Removing lusters pointed to by traks from onverted photons willthen also redue the reonstrution eÆieny, taken that the e+e� pair enter thesame luster. If however the opening angle of the e+e� traks is large enough toprodue two lusters, this onverted photon is in any ase lost for � reonstru-tion. The removal of lusters pointed to by harged traks is used suessfully inthe CDF experiment [28℄.

Figure 5.17: Data: Distane between estimated distane between the estimatedposition of harged traks in and lusters in the ECAL. The lines in the histogramsshow the distane ut for the Outer (left) and the Middle (right) ECAL parts.
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Figure 5.18: Monte-Carlo: Distane between estimated distane between theestimated position of harged traks in and lusters in the ECAL for Monte-Carlo. The lines in the histograms show the distane ut for the Outer (left)and the Middle (right) ECAL parts.The distane ut is similar to what is usedin data.
The Inner Traker was not operational during most of the data taking. There-fore this study only inludes the Middle and Outer parts of the ECAL parts whihare overed by the Outer traker. Beause these ECAL parts have di�erent spa-tial resolution (See Chapter 2, Setion 3.6.) the study is done separately forthe Inner and Outer ECAL. Only the events and lusters that have passed thealready deided uts are onsidered here. Traks identi�ed by the SLT as muonsare not inluded beause they are not expeted to deposit energy in the ECAL.The tehnique used to alulate the impat point of a trak at the given positionof a luster is muh similar to the identi�ation of true � photons disussed inSetion 5.1.2. The oordinates of the impat points are found by replaing thephoton momentum omponents in eq. 5.3 by the orresponding trak momenta:(xtrk; ytrk) = (pxpzRz; pypzRz) (5.10)

Here Rz is the distane between the z-position of the start position of the trakand the z-position of the luster. The resulting distributions of the distane be-tween the estimated impat point of the trak and the position of the luster(Dtrk) are shown in �gure 5.17. An inrease in the number of entries is seen asDtrk is less than a value whih is di�erent for the two ECAL parts. The luster is60



5.2 Signal optimization
identi�ed as oming from a harged trak if Dtrk < 10 m for the Outer ECAL.For the Middle ECAL this ut is set to Dtrk < 5:0 m. These uts are markedwith lines in �gure 5.17.As a ross hek the angle �trk between the lusters and the traks is studied, and�gure 5.19 shows that os�trk is lose to one for all lusters in the Middle ECALwith Dtrk < 5:0 m. This indiates that these lusters are aused by hargedtraks.The study is also performed on the Monte-Carlo sample where �gure 5.18 indi-ates that the same uts as those used on data an be applied to Monte-Carlo.Implementing this ut on the event from the Carbon wire in the Monte-Carlosample resulted in 351� 61 reonstruted � partiles with a signal signi�aneof 4:9. The eÆieny is then 62:7% when ompared to the number of reon-struted � without this ut. The signi�ane was redued from 7:2 to 4:9 whenthis ut was applied. For data the number of reonstruted � partiles was re-dued from 171 � 52 to 94 � 49 after applying this ut. The signi�ane wasredued from 3.0 to 1.7.Beause the signi�ane of the signals for both Monte-Carlo and data was re-dued after removing lusters pointed to by harged traks, this ut is not usedin the following analysis. However, sine the Inner ECAL was not onsideredbeause the ITR was not operated during the run 2000, this proedure should betried for later runs using the full detetor.
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Figure 5.19: The histograms show os�trk, where �trl is the angle between theharged traks and the lusters, for a distane between the luster position andthe estimated position of the harged traks of Dtrk >5 m (top) and Dtrk <5m (bottom).
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5.2 Signal optimization
5.2.6 Bakground from �0The main ontribution to the photon bakground is expeted to ome from thedeay �0!   . The �0 has a branhing ratio of 98:8% [33℄ in this hannel,and the �0 is also the main fration of the deay produts of partiles ommonlyprodued at HERA-B like K0S, ! and �. A redution of the ombinatorialbakground under the � signal is expeted if the photons from �0 are identi�edand removed from the sample of � photon andidates.The �0 is reonstruted by alulating the invariant mass of two lusters givenby M =q2E1E2(1� os�) (5.11)where Ei is the energy of luster i and � the opening angle between the lusters1 and 2. The expression is found from eq. 4.7 by assuming j~pj = E due tomassless photons. The angle is alulated from the de�nition of the dot-produtgiven in eq. 5.4. The �0 partiles are assumed to deay at the z-position of thetarget wire for one wire runs. For runs with two wires, the vertex is assumed tohave the same position as the vertex of the J= muon andidates.The events and lusters onsidered for �0 reonstrution have been subjet tothe uts for the reonstrution of� . In addition, only luster pairs positionedin the same part of the ECAL are onsidered, and they must be separated by adistane roughly orresponding to two ells of the given ECAL part. The distaneis alulated as D =p(x1 � x2)2 + (y1 � y2)2: (5.12)For the di�erent ECAL parts the onstraints on D are:Inner: D > 4:0 m.Middle: D > 11 m.Outer: D > 22 m.This separation of the lusters is helpful beause overlapping lusters are avoided[14℄. The signals obtained for runs with one and two wires are shown in �gure5.2.6. The signals are �tted with a Gaussian and the bakground with a 4thorder polynomial. The mean positions of the signals are 0:133� 0:001 GeV and0:132� 0:001 GeV for one and two wire runs respetively. The slight shift om-pared to the table value of 0.1350 GeV [33℄ is not fully explained by a possiblemisalibration of the Outer part of the ECAL (see Setion 3.6); the mean withthis part exluded is 0:1336� 0:0008, still shifted by 1 MeV. The shift ould bedue to a slight misalignment of the detetor, but the mean of the signal agreeswith the mean of 0.134 GeV found for the alibration of the ECAL (see �gure3.9). Within errors both these signals are in agreement with the table value. The63
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signals for one and two wire runs orrespond well, indiating that the proedureis appliable for the total data sample. The signal for runs with both one and twowires is shown in �gure 5.2.6 (left). The obtained mean position is 0:134� 0:001with a width of 12 MeV.The �0 reonstrution is repeated for Monte-Carlo using similar proedures tothose desribed for data. The signal shows a mean at 0:135 � 0:002 GeV witha width of 9 MeV (see �gure 5.2.6). Hene the resolution is 30% better in theMonte-Carlo.To exlude the �0 photons from the reonstrution of � , all photons that arereonstruted within 3 standard deviations of the mean of the �0 mass are re-moved. This interval is shown with lines in �gure 5.2.6 for data and Monte-Carlo.The removal of �0 andidates in Monte-Carlo redues the � reonstrution ef-�ieny by 11:7%. The signi�ane of the signal is also redued from 7.6 to 7.0after removing the �0 andidates. For data the signal is redued from 171�52 to144 � 48 reonstruted � after this ut is applied. The signi�ane drops from3.0 to 2.7.Beause the signi�ane of the signals for both Monte-Carlo and data are reduedafter removing the �0 andidates, this proedure is not used in the following anal-ysis. For later runs of data taking the statistis will be higher, and the � an bereonstruted using harder uts on energy and transverse momentum. Then the�0 will be reonstruted with less bakground, and the proedure presented heremay be more eÆient.
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Parameters, one wire:N�0 = 2258� 437Mean=0:133� 0:001Width=0:014� 0:002�2 = 2:2
Parameters, two wires:N�0 = 1174� 135Mean=0:132� 0:001Width=0:012� 0:001�2 = 1:6Figure 5.20: Reonstruted invariant mass of two ECAL lusters showing �0signal for runs with one and two wires (left) and Monte-Carlo (right). The linesindiate the interval orresponding to pm three standard deviations.
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Parameters Data:N�0 = 3477� 252Mean=0:1336� 0:0008Width=0:0122� 0:0008�2 = 2:6
Parameters Monte-Carlo:N�0 = 273� 56Mean=0:135� 0:002Width=0:009� 0:002�2 = 0:61Figure 5.21: Reonstruted invariant mass of two ECAL lusters showing �0signal for runs with one and two wires (left) and Monte-Carlo (right). The linesindiate the interval orresponding to pm three standard deviations.
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5.2 Signal optimization
5.2.7 SummaryThe hosen uts hosen for this analysis, inluding the uts on the muons are:VDS oupany, Carbon Nvds <30VDS oupany, Titanium Nvds <40Vertex probability Pvtx >0.005Muon-hamber likelihood `� > 0:1ECAL oupany Nlus <30Energy: Elus >2.0 GeV.Transverse momentum: P? >0.15 GeVWidth of luster: Width>3Ratio of luster energy entral/total: Rlus >0.55These uts will in the following be referred to as the standard uts.The optimization presented here is not based on a strit maximization of the sig-ni�ane Monte-Carlo beause the Monte-Carlo events do not fully reprodue theexperimental situation. The J= signal for Monte-Carlo is bakground free whilein the data there is an additional bakground below the J= signal. Also; theoupany of the detetor is not fully reprodued in the Monte-Carlo events; theevents in data have a higher harged trak multipliity as shown in Setion 5.2.3.This requires harder uts for data than the what is optimal for Monte-Carlo.Beause some uts are seleted from data with a basis in the plots of AppendixB, are has been taken to hoose values that give a stable signal within variationsof the respetive uts. This is to avoid hoosing uts based on statistial insta-bilities. In summary the uts have been hosen to be reasonable with respet toboth Monte-Carlo and data, but the tuning of the uts was neessarily done ondata.The signals after all uts are applied are shown in �gure 6.3 in Setion 6.2 of thenext hapter. The signal for Carbon events yield 171� 52 reonstruted � par-tiles with a signi�ane of 3.0 and the signal for Titanium events yield 105� 46reonstruted � partiles with a signi�ane of 2.1.In the next hapter a detailed disussion of the � signal is performed. Firstthe width of the signal is found by omparison with Monte-Carlo, and then theresults on F� are presented for Carbon and Titanium events separately. Theombined result for both wires is also presented. The stability of the signals arethen investigated with respet to variations of the energy ut on the lusters andthe oupany of the events. Finally the results are ompared to previous mea-surements.
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Chapter 6
Results and disussion
In the previous hapter the optimization of the � signal was performed. The�nal results on F�, the fration of J= produed from �, is presented in thishapter. Firstly the width of the signal �t is disussed. Then the � resultingsignals for Carbon and Titanium events are shown. The signal obtained by us-ing the ombination of both wires is also presented and the results on F� arealulated. The stability of the signal is then disussed with respet to uts onluster energy and oupany. The impat on the signal determination whenthe Outer ECAL is exluded is also disussed. Then a rough estimation of thesystemati error on the results is performed before the results are ompared toprevious measurements.
6.1 The � signalThe histograms in �gure 6.1 show the mass di�erene �M as de�ned in eq 5.2,inluding the standard uts summarized in Setion 5.2.7. There are no stunningsignal peaks visible here, but there are lear enhanements for �M around 0.45GeV for both wires whih orresponds to the mass di�erene between two �states �1 and �2 and the J= (see Table 2.1). The signals will be �tted withGaussians to extrat the mean positions, number of entries and the signi�aneof the signals, but �rst the expeted width of the signal is estimated in the nextsetion.
6.1.1 Width of the signalThe width of the Gaussian �tted to the � signal will be �xed to what is expetedfrom Monte-Carlo simulation as desribed in Setion 5.1.2. This is neessary be-ause a �t with free parameters generally returns an unrealisti width with respet69
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Figure 6.1: The mass di�erene �M for Carbon event (left) and Titanium events(right) after applying the standard uts
to the ECAL resolution1. The distane Dlus between the reonstruted lustersand the estimated position of the generated � photon in the ECAL is set toDlus < 5:0 m. The standard uts, desribed in 5.2.7, are inluded when thewidth is estimated. Sine the width is dependent on how the � partiles aredistributed between the spin states �1 and �2 , the events have been weightedto orrespond with NRQCD model as desribed in [13℄ and [16℄. The NRQCDmodel is expeted to give the most realisti ratio of �1 and �2 . Only the �1and �2 partiles will be reonstruted in the data beause the deay �0 ! J=  has a branhing ratio of (6:6 � 10�3)% whih is too low to give any ontributionwith the available statistis. (Less than 2 �0 partiles are expeted per 200 �1and �2 .) The �0 is not therefore inluded in the plots for the width estimation.The Monte-Carlo simulation is not expeted to fully reprodue the experimentalECAL resolution. Coherent noise in the ECAL, ECAL hamber misalignment,and inorret trak reonstrution in data are not fully taken into aount [37℄. InSetion 5.2.6 the resolution is estimated to be 30% better for Monte-Carlo thanfor data. For � reonstrution the di�erene is smaller beause only a singlephoton is used, but how muh is not obvious. In the following an additional 10%is added to the width found in Monte-Carlo when the � signal is �tted in data.The width of the � signal in Monte-Carlo has been heked for both wires sep-arately. A di�erene in the width for the two wires is not expeted beause thedetetor on�gurations are similar. The higher bakground found in Titanium1The width found from a free �t with the energy ut used here is app. 75 MeV, whih iswider than expeted.70



6.1 The � signal
events should not inuene the width. The di�erene between the widths is foundto be 4%, and is therefore onsidered negligible.The oupany uts have been tuned individually for Carbon and Titaniumevents, and the width is found to depend on the number of segments in theVDS per event Nvds and the number of lusters with energy larger than 3.0 GeVNlus. The uts used are Nvds >30 and Nvds > 40 for Carbon and Titanium eventsrespetively, and the resulting di�erene in the width is of 1 MeV. The di�erenefrom the Nvds uts is then onsidered small and is not taken into aount. Theut on Nlus is similar for Carbon and Titanium events. The ut on Nvds seletedfor the Carbon wire will be used in the following beause this is the largest samplein both data and Monte-Carlo.The � signal obtained after setting Dlus < 5:0 m is shown in �gure 6.2. The

Figure 6.2: Monte-Carlo: Width estimation of the � signal.signal still has some bakground and is therefore �tted with two Gaussians, oneis wide to aommodate the bakground, while the other is �tted to the signal.The width of the Monte-Carlo � signal is then:�MC = 41� 3 MeVAdding another 10% to aount for the assumed di�erene in resolution for dataand Monte-Carlo gives an estimated width of the � signal in data:�data = 45 MeV
The � for the Carbon and Titanium wires with �tted signals are shown in�gure 6.3. The uts used to obtain the signals are the standard uts desribed in71



Results and disussion

Figure 6.3: Data: The optimized � signals for the Carbon wire (left) and theTitanium wire (right).
Setions 5.2.7. The resulting � signal from Carbon events showNC� = 171� 52reonstruted � partiles with a signi�ane of SpB = 3:0. The mean position ofthe mass di�erene is 0:47� 0:02 GeV.For Titanium events the number of reonstruted � partiles areNT i� = 105� 46with a signi�ane of SpB = 2:1. The mean of the mass di�erene is 0:42� 0:2.The orresponding distributions for Monte-Carlo are shown in �gure 6.5. TheMonte-Carlo distributions are �tted with a �xed width of 41 MeV as arguedabove. These distributions are not weighted beause the Monte-Carlo weightswere not inluded in the mixed bakground events2. The mean position of themass di�erene is 0:45�0:01 GeV and 0:44�0:01 GeV for Carbon and Titaniumevents respetively.Within errors the mean positions of the mass di�erenes for data and Monte-Carloagree reasonably, but the fat that for Carbon events and for Titanium events themean positions are shifted in opposite diretions on give a signal determinationwhih is not entirely satisfatory.However when the two wires are ombined, there is good agreement with Monte-Carlo. The distribution is shown in �gure 6.4 and is obtained using the standarduts for the Carbon signal.2This is not related to the Monte-Carlo sample, but to the proedures used here.72



6.2 Results on F�

Figure 6.4: Data: The � signal for both wires. The left distribution shows thesignal with uts optimized for Carbon wire, while the right distribution is thesum of the histograms optimized for eah wire individually.
The number of reonstruted � isN both� = 205� 65with a mean position at 0:46 � 0:02 GeV. Within errors, this is in agreementwith the orresponding Monte-Carlo distribution for both wires ombined wherethe �t gives a mean of 0:446� 0:004. The shift in the individual wires are thenasribed to the low statistis in the signals. The signi�ane of the signal in bothwires is 2:8. The number of reonstruted � partiles ombining both wires isnot the same as the sum of the entries in the signals optimized for eah wireindividually. This is due to the di�erene in the Nvds ut. The sum of the signalsindividually optimized signals is shown in �gure 6.4 and givesN tot� = 248� 69The sum of these signal is obtained by adding the histograms of �gure 6.3.

6.2 Results on F�The fration of J= produed from � deays is given by
F J= � = N�NJ= � " : (6.1)
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Figure 6.5: Monte-Carlo: The optimized � signals for the Carbon wire (left) andthe Titanium wire (right).Wire NmJ= � Nm�sel "Carbon 2177� 46 726� 56 0:33� 0:03Titanium 859� 30 249� 39 0:30� 0:05Both 3034� 51 205� 65 0:32� 0:02
Table 6.1: Data: Number of reonstruted J= and � partiles and photoneÆieny for the di�erent wires.
and is derived in Setion 4.1. In addition to �nding the number of reonstrutedJ= partiles NJ= and the number of reonstruted �1 and �2 partiles N�,the photon reonstrution eÆieny must be alulated. The photon eÆieny" is found by onsidering a Monte-Carlo sub-sample where all J= partiles arefrom � deays. The ratio of the number of J= partiles NmJ= � and numberof reonstruted � partiles from this sub-sample Nm�sel using the standard utswill then give the photon eÆieny:

" = NmJ= �Nm�sel (6.2)
The obtained values of NmJ= �, Nm�sel and " are summarized for the Carbon,Titanium and the ombination of both wires in Table 6.1.
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6.3 Signal stability
Using eq. 4.2 the obtained results for F� are:Carbon wire: FC�=0:36� 0:11

Titanium wire: F T i�=0:47� 0:22
Both wires: F both� = 0:32� 0:10The errors here are statistial only. Sine the error in the Titanium events is dom-inated by low Monte-Carlo statistis it seems sensible at this point to present theombined result as the �nal result. For both wires the signal is better determinedwith respet to the mean position of the �tted signal. Before the results obtainedhere are ompared to previous measurements, the stability of the signal is dis-ussed to give a rough estimate of the systemati errors.
6.3 Signal stabilityThe stability of the signals has been studied for variations of the uts disussedin the Setions 4.4 and 5.2. The plots showing the number of reonstruted �partiles and the signi�ane of the signals are shown in Appendix A for Monte-Carlo and Appendix B for data. A omplete estimation of the systemati errorsare beyond the sope of this thesis, but has been performed in [15℄. A detailedstudy of the � signal for variations on the luster energy, Elus, and the numberof segments in the VDS per event, Nvds , is however presented in the following.The study is done for Carbon and Titanium events and with events from bothwires ombined.
6.3.1 Signal vs. ElusVarying the energy ut gives an important test of the analysis results. Thebakground peaks at higher values for higher energy uts (see �gure 5.1) and istherefore a test of the bakground desription and the signal determination. Theenergy spetrum seen in data is well reprodued by the Monte-Carlo as shown in�gure 5.1.2, but sine weighting of the Monte-Carlo events was not applied forthe determination of the photon eÆieny " , a hek on the result of F� as afuntion of Elus is relevant.The resulting signals for Carbon events with E > 2; 3; 4; 5 GeV, are shown in�gure 6.8. The mean of the � signal is stable for Elus > 2; 3; 4 GeV while forE > 5 GeV the mean is shifted to 0.49 GeV. The results on F� in �gure 6.6 showstability within the errors, but is somewhat higher for E> 4; 5 GeV. The results75



Results and disussion
Elus [GeV℄ N� SpB " F�2.0 171� 52 3:0� 0:9 0:33� 0:03 0:36� 0:113.0 143� 47 2:8� 0:9 0:31� 0:02 0:32� 0:114.0 148� 43 3:2� 0:9 0:27� 0:02 0:39� 0:125.0 130� 39 3:2� 0:9 0:23� 0:02 0:40� 0:132:0� 151� 48 2:8� 0:9 0:29� 0:03 0:36� 0:12

Table 6.2: Data, Carbon wire: Number of reonstruted � , signi�ane, photoneÆieny and results for F� as a funtion of the ut on luster energy Elus. Thenumber of reonstruted J= partiles was 1429�45 for all uts. *) Outer ECALis removed.
on F� , the number of reonstruted � partiles, " for the di�erent energy utsare summarized in Table 6.2.The invariant mass distributions for the Titanium wire with uts on E > 2; 3; 4; 5GeV are shown in �gure 6.9. Here the � signal is not well reonstruted forE > 5:0 GeV. Up to E > 4:0 GeV the signal is stable with respet to meanposition. The results on F� are shown in �gure 6.6 and the numerial values,together with the number of reonstruted � partiles, " are summarized inTable 6.3. The statistial errors are large in the Titanium data, but the resulton F� seem to be stable.For the ombination of both wires, the resulting � signals are shown in �gure6.10. The mean of the signal �t seem to shift upwards for Elus > 4; 5 GeV. Theresults on F� however are stable with the exeption of Elus > 5:0 GeV whereF� is low. The numerial values with the number of reonstruted � partiles," are summarized in Table 6.4.The onlusion onerning the stability of the � signal with respet to uts onElus is that for the run 2000 data a ut of Elus > 5:0 is too hard. With this utthe signals are not well reonstruted and the result on F� deviates from thoseobtained with the lower uts on Elus. This is likely to be onneted to the lowstatistis available from the run 2000 rather than the bakground desription andsignal determination. Even if the bakground peaks lose to the mean of the �signal for E > 5:0 GeV the signal should still be well determined beause thewidth is �xed.
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6.3 Signal stability

Elus [GeV℄ N� SpB " F�2.0 105� 46 2:1 0:30� 0:05 0:47� 0:223.0 103� 39 2:4 0:28� 0:04 0:50� 0:214.0 82� 37 2:2 0:24� 0:04 0:45� 0:225.0 44� 34 1:3 0:23� 0:03 0:26� 0:202:0� 80� 44 1.7 0:28� 0:04 0:39� 0:2
Table 6.3: Data, Titanium wire: Number of reonstruted � , signi�ane, pho-ton eÆieny and results for F� as a funtion of the ut on luster energy Elus.The number of reonstruted J= partiles was 1429� 45 for all uts. *) OuterECAL is removed

Elus [GeV℄ N� SpB " F�2.0 205� 65 2:8� 0:9 0:32� 0:02 0:32� 0:103.0 190� 59 3:0� 0:9 0:30� 0:02 0:31� 0:104.0 177� 53 3:1� 0:9 0:26� 0:02 0:34� 0:105.0 146� 47 3:0� 0:9 0:23� 0:02 0:21� 0:08
Table 6.4: Data, Both wires: Number of reonstruted � , signi�ane, photoneÆieny and results for F� as a funtion of the ut on luster energy Elus.*)Outer ECAL is removed.
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Figure 6.6: The results for F� for di�erent uts on the luster energy for Carbon(top) and Titanium (bottom) events.
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6.3 Signal stability

Figure 6.7: The results for F� for di�erent uts on the luster energy for eventsfrom both wires.
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Elus >2.0 GeV Elus>3.0 GeV

Elus>4.0 GeV Elus>5.0 GeVFigure 6.8: Data, Carbon wire: The � signal for various uts on the lusterenergy Elus.
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Elus >2.0 GeV Elus>3.0 GeV

Elus>4.0 GeV Elus>5.0 GeVFigure 6.9: Data, Titanium wire: The � signal for various uts on E.
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Elus >2.0 GeV Elus>3.0 GeV

Elus>4.0 GeV Elus>5.0 GeVFigure 6.10: Data, Both wires: The � signal for various uts on E.
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6.3 Signal stability
6.3.2 Signal vs. NvdsThe Nvds parameter is proven not to be fully reprodued by the Monte-Carlowhere it is underestimated (see Setion 5.2.3, �gure 5.12). It has also beenshown that there is a di�erene in Nvds for Carbon and Titanium events (see�gure 5.13). To study the results on F� with respet to Nvds therefore gives animportant systemati test of the analysis.The � signal for Carbon events with Nvds < 40; 35; 30; 25 is shown in �gure 6.13.The mean positions of the signals are reasonably stable within variations on theNvds parameter and the results on F� , plotted in �gure 6.11, show stabilitywithin errors for all the Nvds uts. F� is lower for uts of Nvds <35, 40 than Nvds<30, 25. This ours beause the harder uts on Nvds inrease the number ofentries in the signal in data. In Monte-Carlo " also inreases for the harder Nvdsuts, whih is in aordane to the data. That the e�et is larger for data thanfor Monte-Carlo may be due to the higher oupany in the data. The numberof J= and � partiles, signi�ane, " and F� as a funtion of the Nvds utsfor Carbon events is summarized in Table 6.5.For Titanium events the invariant mass distributions are shown in �gure 6.14.The signal is stable for uts down toNvds < 35, while forNvds <30 the mean of thesignal is shifted by approximately 40 MeV ompared to the other distributions.The results on F� as a funtion on Nvds uts is shown in �gure 6.11 and isstable within errors, only the result on F� for Nvds <50 is higher than for theharder uts. The number of J= and � partiles, signi�ane, " and F� for theTitanium events as a funtion of Nvds is summarized in Table 6.6.For the ombination of both wires, the resulting � signals for the di�erent Nvdsuts are shown in �gure 6.15. The signals are divided between two mean positions,0.42-0.43 GeV for Nvds < 50; 40; 35 and 0.45-0.46 for Nvds < 30; 25. The resulton F� is however stable for all uts on Nvds . This may indiate that the meanof the �t is unstable due to low statistis. However, the mean positions are inreasonable agreement within the errors of 20-30 MeV. The swithing between thetwo mass positions an be explained by the fat that two signal peaks are �ttedwith one Gaussian. The mass di�erene between the J= and the �1 and �2is 0.414 GeV 0.460 GeV respetively whih is in aordane with the two signalmaxima.It is seen that the softer Nvds uts give a less well determined signal in Carbonevents, while the opposite trend is seen in Titanium events. But sine the resulton F� is stable for all Nvds uts when the ombination of the two wires is used,the instabilities in the results on F� for the separate wires an be explained asan e�et due to low signal statistis.
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Nvds NJ= N� SpB " F�40 1622� 44 130� 56 2:0� 0:9 0:32� 0:03 0:25� 0:1135 1536� 47 145� 56 2:3� 0:9 0:32� 0:03 0:29� 0:1230 1429� 45 171� 52 3:0� 0:9 0:33� 0:03 0:36� 0:1125 1226� 41 157� 47 3:0� 0:9 0:34� 0:03 0:38� 0:12

Table 6.5: Data, Carbon wire: J= and � signal for di�erent uts on Nvds withsigni�ane of � signal and results for F� .

Nvds NJ= N� SpB " F�50 810� 33 142� 49 2:7� 0:9 0:29� 0:05 0:61� 0:2340 743� 33 105� 46 2:1� 0:9 0:30� 0:05 0:47� 0:2235 696� 31 101� 43 2:2� 0:9 0:30� 0:05 0:48� 0:2130 629� 29 75� 43 1:7� 0:9 0:32� 0:05 0:37� 0:22
Table 6.6: Data, Titanium wire: J= and � signal for di�erent uts on Nvdswith signi�ane of � signal and results for F� .

Nvds NJ= N� SpB " F�50 2495� 60 278� 83 3:1� 0:9 0:30� 0:02 0:37� 0:1240 2359� 57 240� 81 2:8� 0:9 0:31� 0:02 0:35� 0:1235 2219� 54 251� 76 3:1� 0:9 0:31� 0:02 0:37� 0:1230 2034� 51 205� 65 2:8� 0:9 0:32� 0:02 0:32� 0:1025 1707� 48 202� 58 3:1� 0:9 0:32� 0:02 0:37� 0:11
Table 6.7: Data, Both wires: J= and � signal for di�erent uts on Nvds withsigni�ane of � signal and results for F� .
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Figure 6.11: Results on F� as a funtion of Nvds for Carbon (top) and Titanium(bottom).
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Figure 6.12: Results on F� as a funtion of Nvds for events from both wires.
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Nnvds <40 Nnvds<35

Nnvds<30 Nnvds<25Figure 6.13: � signal for various uts on NVDS, Carbon wire.

87



Results and disussion

Nnvds <50 Nnvds<40

Nnvds<35 Nnvds<30Figure 6.14: The � signal for various uts on NVDS, Titanium wire.
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Nnvds <50 Nnvds<40

Nnvds<35 Nnvds<30

Nnvds<25Figure 6.15: The � signal for various uts on NVDS, Both wires. 89



Results and disussion
6.3.3 Exlusion of the Outer ECALAs mentioned in Setion 3.6, the Outer ECAL is not alibrated with the samepreision as the other ECAL parts. It is therefore possible that the exlusion ofthis part will improve the determination of the mean of the signal. The distri-butions for Carbon and Titanium events with standard uts, the ombination ofboth wires with the uts used for Carbon, and the sum of the optimized signalsfor Carbon and Titanium are shown in �gure 6.16. The mean positions with theOuter ECAL inluded and exluded are:Mean positions, Outer ECAL inluded:Carbon: 0.473 GeVTitanium: 0.421 GeVBoth: 0.457 GeVBoth optim. C,Ti: 0.449 GeV
Mean positions, Outer ECAL exluded:Carbon: 0.465 GeVTitanium: 0.406 GeVBoth: 0.449 GeVBoth optim. C,Ti: 0.436 GeV
The trend is that the mean positions move slightly loser to the expeted meanfrom Monte-Carlo of approximately 0.45 GeV when the Outer ECAL is exluded.One exeption is the Titanium signal, whih moves further from the expetedmean, from 0.421 GeV to 0.406 GeV. However, the inlusion of the Outer ECALhas no drasti e�et on the mean position. This agrees with the result in Setion5.2.6 where the mean of the reonstruted �0 seems independent of the exlusionof the Outer ECAL. The Outer ECAL is therefore inluded in the analysis.
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6.3 Signal stability

Figure 6.16: � signals without the Outer ECAL for Carbon wire (top, left),Titanium wire (top, right), both wires with uts for Carbon (bottom, left), andsum of the signals optimized individually for the two wires (bottom, left).
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6.3.4 SummaryFor the estimation of the systemati error the results from the ombined wiresare onsidered. The results on F� have been shown to be stable within the sta-tistial errors for di�erent uts on Elus as long as the highest ut of 5.0 GeV isavoided (see Table 6.4 and �gure 6.7). From Elus > 2:0 GeV to Elus > 4:0 GeVthe result on F� hanges by 6%. For the ut on Nvds , the result on F� hangesby 15% when the ut value is varied by �5 (see Table 6.7 and �gure 6.11).The variations in the results due to the uts on Elus and Nvds are well withinthe statistial errors of approximately 30%. The systemati error due to ut de-pendeny is therefore not easily extrated from this study. A detailed study ofthe systemati errors in the estimation of the F� is performed in [15℄. Here ansystemati error from ut dependene is estimated to 6% and the total systematierror is estimated to 10:5%. These estimates seem reasonable with respet to thestudy performed here.The �nal results, inluding systemati errors of 10:5% are then:Carbon wire: FC�=0:36� 0:11� 0:04
Titanium wire: F T i�=0:47� 0:22� 0:05
Both wires: F both� = 0:32� 0:10� 0:03The �rst error is statistial and the seond systemati.
6.4 Comparison with previous measurementsPrevious measurements, whih are relevant for omparison with the result ob-tained here, inlude experiments performed with both pion and proton beams.All the experiments whih have measured F� have had energy levels where theprodution mehanisms are expeted to be similar for �N and pN reations asdesribed in Setion 2.1. At these energies the harmonium prodution is dom-inated by gluon-fusion. A desription of the experiments whih previously havemeasured the F� , is given in Appendix C. The previously obtained results onF� and the � ross setions are ompiled in Appendix C, Table C.1.The measurements for the separate target material interations, proton-Carbonand proton-Titanium, are ompared with the previous measurements in �gure6.17. The result from proton-Titanium reations has a large error and agreeswith any other measurement, although the entral value of 0.47 is high omparedto the other results. The result from proton-Carbon reations also agrees withthe previous measurements, but in a more onvining way with smaller errors.92



6.4 Comparison with previous measurements

Figure 6.17: The results for F� for proton-Carbon and proton-Titanium inter-ations ompared with previous results.
The obtained results on F� for the ombination of both wires is ompared toprevious measurements in �gure 6.18. The measurement by the E705 ollabora-tion at Fermilab [31℄ is the only3 measurement with pN reations, and this resultobtained at HERA-B is in exellent agreement with this measurement.As mentioned in Setion 2.1, and as an be seen in �gure 6.18, there is an observeddisrepany between the measured value of F� for �N reations and the pN rea-tions. This disrepany is not explained by the NRQCD prodution model whihpredit similar results for F� when the beam energy is suÆiently high. Theresult obtained here is lower than the measurements in �N reations by the E705and E706 experiments at Fermilab. But due to the errors on the measurementsno de�nite onlusion an be drawn on the basis of this HERA-B measurement.However, this result supports the trend in the previous measurements where thefration of J= produed from � is lower for pN reations than for �N reations.A speulative, but still reasonable, explanation to the higher value of F� seenfor pion beams, an be given by onsidering the fat that the harged pions arebound states of two quarks, while the protons ontain three quarks. The two3Not inluding the measurement from E673, where only 11:8� 5:4 � were reonstruted.93
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Figure 6.18: The ombined results for F� for proton-Carbon and proton-Titanium interations ompared with previous results.
gluons binding the quarks in the pions then have more available energy than thethree gluons in the protons if the beam energies are similar. The result in harder,more energeti, gluons in the �N gluon-fusion reations ompared to those forthe pN reations. This may in turn inrease the ross-setions for the � state in�N reations ompared to pN reations.In Setion 2.2 the value of F� predited by the Non-Relativisti QCD (NRQCD)model is argued to be somewhat higher than 0.27. This result obtained at HERA-B supports this predition of FNR� �0.27. The predition from the Color SingletModel (CSM) of FCSM� = 0:69 (see Table 2.2) is not ompatible with this mea-surement.In this hapter the �nal results on the fration of J= produed from deaysof � have been presented and disussed. In the next hapter the onlusionsof this thesis are presented followed by the outlook for the next period of datataking at HERA-B.
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Chapter 7
Conlusions and Outlook
The study has been performed from using a sample of approximately 450 � 103triggered di-muon events from the run 2000 at HERA-B. From this sample thelight quark partiles !, � and � have been reonstruted in addition to the Char-monium states J= , � and  0 . The � was reonstruted by adding a photonto the J= invariant mass.Based on NC� = 171� 52 reonstruted � partiles from Carbon events, NT i� =105� 46 reonstruted � partiles from Titanium events and N both� = 205� 65for the ombination of both wires, the fration of J= partiles produed fromthe deay � ! J=  has been measured. The are results obtained are:Carbon wire: FC�=0:36� 0:11� 0:04
Titanium wire: F T i�=0:47� 0:22� 0:05
Both wires: F both� = 0:32� 0:10� 0:03The �rst error is statistial and the seond error systemati. The systemati er-ror is 10:5% of the obtained result. The results are mutually ompatible withinerrors.The result obtained with the ombination of the two target wires is regardedthe most reliable due to low statistis in the signals for the separate wires. Theombined result agrees well with the omparable measurement from the E705ollaboration [31℄. This measurement from HERA-B supports the observed dis-repany between F� measured in �N and pN reations. The predited valuefrom Non-Relativisti QCD prodution model of FNR� �0.27 is on�rmed. Thepredition from the Color Singlet prodution Model of FCSM� = 0:69 an be ex-luded.
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Conlusions and Outlook
Using the run 2000 data from HERA-B a measurement of the branhing ra-tio of the ! to a di-muon �nal state is expeted to be possible. The analysis isongoing and may provide the seond measurement in the world of this branhingratio.The data taking for the run 2002 has started during the work on this thesis.This run is expeted to yield 2.1 million reonstruted J= partiles [38℄. Thisopens the possibility for a wide range of measurements in the �eld of heavy quarkprodution. An estimated number of 300 � 103 � will give a measurement of F�with unpreedented preision. This will allow measurements of F� as a funtionof the J= transverse momentum and Feynman-x1. The HERA-B Feynman-xaeptane inludes negative values and should provide new knowledge to heavyquark prodution dependeny of this parameter. The prodution ross setionsof all the � partiles, inluding the �0 should be within reah.The ECAL energy resolution is expeted to be improved in the run 2002. Sinethe determination of the ratio of the prodution ross-setions of the �1 and �2gives important input to the development of the NRQCDmodel, the possibility todisentangle these states must be thoroughly investigated. A measurement similarto the one performed in the E705 experiment [31℄ where the �1 and �2 statesare disentangled may very well be within reah with the run 2002 data. If theenergy resolution of the ECAL should prove insuÆient, the expeted statistison � partiles will allow � reonstrution from onverted photons. The energyresolution of the Main Traking System will then allow lean separation of the� states.The nulear dependene of the Charmonium ross setions is given high priorityin the 2002 physis program. Sine HERA-B has the possibility to run with upto eight di�erent target materials simultaneously the outlook for these studiesare very promising.Keeping in mind that a measurement of the b�b ross setion has already beenperformed with the statistis of the run 2000 [17℄, the expeted yield of reon-struted 2.1 million J= partiles will allow a preise measurement of the b�b rosssetion.

1See eq. 3.2 for the de�nition of the Feynman-x.96



Appendix A
Plots for Optimization,Monte-Carlo
The objet of this Appendix is to show the development of the reonstruted �signal in Monte-Carlo for the uts studied for the optimization in Setion 5.2.The plots show the number of reonstruted � partiles and the signi�ane (seeSetion 5.1.3, eq 5.8) of the signal for the di�erent ut values. The blak pointsshow the values obtained for Carbon events, and the open points show the valuesfor Titanium events.

Figure A.1: Number of reonstruted � (left) and signi�ane (right) as a fun-tion of uts on luster energy
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Plots for Optimization, Monte-Carlo

Figure A.2: Number of reonstruted � mesons as a funtion of P? for energyuts of 2.0 GeV (left) and 3.0 GeV (right)

Figure A.3: Signi�ane of the signal as a funtion of P? . The plots have energyuts of 2.0 GeV (left) and 3.0 GeV (right)
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Figure A.4: Monte-Carlo: Number of reonstruted � mesons (left) and signalsigni�ane (right) as a funtion of upper limits on Nvds .

Figure A.5: Monte-Carlo: Number of reonstruted � mesons as a funtion ofupper limits onNlus .
99



Plots for Optimization, Monte-Carlo

Figure A.6: Monte-Carlo: Number of reonstruted � mesons (left) and signi�-ane (right) for asymmetry of the luster.

Figure A.7: Monte-Carlo: Number of reonstruted � mesons (left) and signi�-ane (right) as a funtion of Rlus .
100



Appendix B
Plots for optimization, data
These plots are presented to show how the number of entries in the � signaland the signi�ane (see Setion 5.1.3, eq 5.8) vary for the uts studied for signaloptimization in Setion 5.2.The plots are for Carbon and Titanium events as indiated in the aptions.
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Plots for optimization, data

Figure B.1: Data Carbon and Titanium wire: Number of reonstruted � (left)and signal signi�ane (right) as a funtion of luster energy. For Titanium datawith lusters of energy larger than 5.0 GeV the signal was not well �tted.
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Figure B.2: Data, Carbon and Titanium wire: Number of reonstruted partiles(left) and signal signi�ane (right) for di�erent values of transverse momentum.The energy ut on the lusters was 2.0 GeV
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Plots for optimization, data

Figure B.3: Data, Carbon and Titanium wire: Signal and signi�ane as a fun-tion of upper limits on Nvds .
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Figure B.4: Data, Carbon and Titanium wire: Number of reonstruted � andsigni�ane for various ut values on the upper limit of Nlus for Carbon (upperplots) and Titanium wire (lower plots). For upper limits below 30 no signal wassuessfully reonstruted in the Titanium wire.
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Plots for optimization, data

Figure B.5: Data: Carbon (top) and Titanium (bottom) wire: Number of reon-struted � and signi�ane as a funtion of luster asymmetry.
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Figure B.6: Data, Carbon (top) and Titanium (bottom) wire: Number of re-onstruted � (left) and signi�ane (right) as a funtion of the ratio betweenenergy of the entral ell of the luster and the total luster energy.
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Plots for optimization, data
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Appendix C
Summary of previous results
C.1 IntrodutionIn this hapter a summary of the previously obtained results for harmoniumprodution is given. The emphasis is on results for the fration of J= produedfrom radiative � deays (F� ). Results on the prodution ross setions of J= and  0 are not inluded here. The intention is to desribe the previous measure-ments by showing the obtained signals and to display some harateristis of thedi�erent analyses. The mentioned experiments all have a �xed target with theexeption of the CDF-experiment where olliding p�p beams are used. Both pion-and proton-beams have been aounted for.Due to the low branhing ratio of �0 ! J= ((6:6� 1:8) � 10�3% [33℄ this stateis not onsidered in the following. Where mentioned the '�' partiles refer tothe �1 and the �2 states only. All the results presented here are summarized inTable C.1.
C.2 217 GeV ��Be;H2 reations at FermilabThis experiment was motivated by the results from the CERN interseting stor-age rings whih suggested that the J= is produed primarily through an inter-mediate � state [19℄,[20℄. The measurements inlude estimation of F� in 217GeV �� H2 and �� Be ollisions. The detetor used was the Chiago CylotronMagnet Spetrometer Faility and approximately 160 J= were olleted in the�+�� deay hannel. The range of the transverse momentum (P? ) of the J= was 0:0 < P? < 3:2 GeV and the Feynman-x (xF ) aeptane is measured be-tween 0:0 < xF < 0:9 [21℄. The photons used for reonstruting the mass of J=  were subjet to an energy ut of E > 5:0 GeV. The photons reonstrutedwith a   invariant mass onsistent with the invariant mass of the �0 were alsoremoved. The reonstruted J=  -spetrum (Fig. C.1) showed an exess of109



Summary of previous results

Figure C.1: Results from 217 GeV��Be,H at Fermilab: (a) The in-variant mass of J=  , the dashedline indiates the bakground. (b)Invariant mass of J=  with sub-trated bakground. The �gure isfrom [21℄.

17:2 � 6:6 events above the bakground in the � mass-range. The bakgroundwas desribed using photons from sideband �+�� events ombined with the fullJ= -sample. Another method was suggested as well, namely using Monte Carlogenerated photons from �0 -deays ombined with the J= data sample. Thismethod was reported to give lose to the same bakground as the method of usingphotons from sideband events. The result for the fration of produed J= fromradiative � deay was F� =0:70� 0:28.
C.3 The CERN Super Proton Synhrotron (SPS)Results for the prodution ross-setions of both the �1 (�(�1)) and the �2(�(�2)) and F� were published from the CERN Super Proton Synhrotron (SPS)in 1982 [22℄. The Goliath spetrometer was used with a �� beam of 185 GeV andolleted a total of 44750 J= events from a di-muon �nal state. The photonsfrom radiative � -deay were deteted as the onversions  ! e+e� in a mag-neti spetrometer. This method improves the experimental resolution beausethe resolution of a magneti spetrometer in general is superior to that of aneletromagneti alorimeter. However, the global detetion eÆieny for the J=  reonstrution was only 1:15 � 0:06%. The � states were reonstruted byonstraining the mass of the J= to 3097 MeV and setting the e+e� mass to 0Mev. They were suessfully separated and 91 events of the �1 state and 66 ofthe �2 state were observed (See �gure C.2.). The frations of J= produed from�1 and �2 were then F J= �1 = (17:7� 3:5) � 10�2 and F J= �2 = (12:8� 2:3) � 10�2.110



C.4 The E673 experiment at Fermilab.

Figure C.2: Results from the SPS at CERN: The distribution shows the invariantmass of J=  , the full line is the estimated bakground. Two bins with a learexess above the bakground show the �1 (3510 MeV) and �2 (3556 MeV)resonanes. The �gure is from [22℄
This gives a total fration of F� =(30:5 � 5:0) � 10�2. The prodution rosssetions were alulated to �(�1) = 65 � 19 nb/nuleon and �(�2) = 96 � 29nb/nuleon. This gives a total prodution ross setion for the two � states of�(�) = 160� 35 nb/nuleon and a ross-setion ratio of �(�1)�(�2) = 0:68� 69.

C.4 The E673 experiment at Fermilab.
The E673 experiment at Fermilab used the superonduting Chiago ylotronmagnet partile spetrometer (CYCLOPS), and was an intended to test theharmonium prodution models. Proton and pion beams of 200 GeV and 190GeV respetively were used on a Beryllium target [23℄. Again the J= partileswere reonstruted from the di-muon �nal state and. An energy onstraint of3:0 < E < 50 GeV was imposed on the photons used for � reonstrution. Theexpeted width of one �tted � state was � = 15:5�5 MeV, suÆient to separatethe two states. For the J= partiles the range for P? was 0.0-2.0 GeV and thexFaeptane 0.1-0.7.
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Summary of previous results
C.4.1 The pion beamThe pion-beam yielded 908 � 41 J= and 53:6 � 17:1 � (See �gure C.3). Theresolution of the photon detetor was high enough to detangle the two � states.The method was to �t two onstrained Gaussians to the signal peak. The �ts wereonstrained in the sense that the widths were set equal and their separation was�xed to the known mass di�erene between �1 and �2 . The number of �1 and�2 events was determined to 33:9� 14:0 and 19:7� 9:8 respetively. The resultwere F� =0:31�0:10 with a ontribution from the �1 of F J= �1 = 0:20�0:08 andfrom the �2 of F J= �2 = 0:11�0:06. The prodution ross setions were measuredto �(�1) = 65 � 28 nb/nuleon and �(�2) = 67 � 34 nb/nuleon. This gives aross setion ratio of �(�1)�(�2) = 0:96� 0:64.
C.4.2 The proton-beamThe statistis for the proton-beam were somewhat lower than for the pion-beam,yielding 157� 17 J= and a total of 11:8� 5:4 � . (See �gure C.3.) The limitedstatistis did not allow proper Gaussian �ts to the signals, the number of eventsabove the bakground for the two � states were ounted to be 8.3 �1 partilesand 7.7 �2 partiles. This gave F� =0:47 � 0:23 and a ross-setion ratio of�(�1)�(�2) = 0:24 � 0:28. For the prodution ross-setion, only a result for the �2was obtained of �(�2) = 134� 68 nb/nuleon.

Figure C.3: Results from E673: Top:Results from the �� -beam, showingpeak above the bakground in theJ=  spetrum. Bottom: Resultsfrom the proton-beam. The �gure isfrom [23℄.
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C.5 Results from the Collider Detetorat FermilabC.5 Results from the Collider Detetorat Fermilab
This experiment at the Collider Detetor at Fermilab (CDF) used p�p ollisionsat ps = 1:8 TeV. A total of 32642� 185 J= were reonstruted from a di-muonsample yielding 1230 � 72 � [28℄. Photons with energy deposition higher than1.0 GeV in one ell of the eletromagneti alorimeter were used for the � re-onstrution. In addition, a ut requiring that no harged traks point to theell of the photon andidate was imposed. The bakground was Monte-Carlogenerated by using the J= ombined with photons from deays of �0, � and K0.The mass resolution for the � states was 50 MeV and 55 MeV for the �1 andthe �2 respetively. No attempt was made to separate the two states. However,by studying onverted photons 46:7 � 7 �1 partiles and 23 � 6 �2 partileswere reonstruted and separated [29℄. The results in [29℄ are not published in[28℄ and do not enter the results given in the following. The high statistis ofthis experiment allowed to measure the F� in di�erent J= P? -bins. Also, asanother speial feature of this experiment, the feed-down, or deay to J= , fromb-avored mesons was aounted for. The results are orreted for this e�et.For the other experiments mentioned here this e�et is negligible [29℄. For allbins of P? >4.0 GeV, the result was F� =0:297� 0:017� 0:057 where the �rsterror is statistial and the seond systemati. The results as a funtion of P? isshown in Fig C.5.

Figure C.4: Results from CDF: The mass di�erene of J=  and J= showinga resonane at the mass di�erene of the � states and the J= . The �gure isfrom [28℄.
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Summary of previous results

Figure C.5: Results from CDF, J= ratio vs P? : Ratio of produed J= form� -deay as a funtion of P? . The �gure is from [28℄.
C.6 The E705 experiment at Fermilab
The experiment used 300 GeV beams of pions and protons upon a �xed Lithiumtarget. The positively harged beam had the partition of 45% �+ and 55% pwhile the negatively harged beam onsisted of 2% �p and 98% �� [29℄. Due tolow �p statistis, only results from the �+; �� and p beams were published. Theresults for the �+ and �� beams were put ombined for estimating the �1 and�2 ross-setions. There are two existing publiations on � -prodution fromthis experiment, [30, 31℄. Of the two [31℄ has the most sophistiated analysis,inluding separation of the �1 and �2 states. The results presented here aretherefore mainly be from this artile.The muoni deay of the J= was studied and a total of approximately 25000 J= were olleted, 6090� 90 from the proton-beam, 12470� 160 from the ��-beamand 5560� 90 from the �+-beam [30℄. The � was reonstruted by the additionof a photon required to have a total energy larger than 2.5 GeV. The   masswas also studied, and all photons with a reonstruted   -invariant mass lessthan 200 MeV were not used. This is to avoid using photons from the �0 ! deay for � reonstrution. The bakground was desribed by pairing photonsand J= partiles from di�erent events and �tted with a ninth-order polynomial.In addition, an enhanement lose to the mass of the � aused by photons fromradiative � deay, but still from a di�erent event, is removed by a 'seond mis-pairing' by weighting eah photon with the probability that it ame from a � .There is another interesting note on the bakground desription in [30℄ where or-related e�ets like 	(2S)! J= �0�0; J= � and J=  have been studied. Theonlusion was that these e�ets do not enter the mass-di�erene spetrum abovethe mass di�erene between � and J= , and therefore the fator for saling thebakground was extrated from the region above the � -region (�460 MeV). Thetransverse momentum range for the J= is approximately 0:0 < p? < 4:0GeV114



C.6 The E705 experiment at Fermilab
and the Feynman-x aeptane was �0:10xf < 0:45 thereby overing also thenegative xF region.

Figure C.6: Results from E705,Mass di�erene of J=  andJ= for �� (top) and proton-beam (bottom). The insets showthe � signal with subtratedbakground. The �gure is from[31℄.

C.6.1 The pion-beamsFor the pion-beams a total of 632�84 � partiles were reonstruted. For the twobeams the results on F� were F J= ��� = 0:37�0:03 and F J= ��+ = 0:40�0:04 for the�� and �+ beams respetively [30℄. The �1 and �2 were separated by �tting twoGaussians to the signal peak. (See �gure C.6) The measured ross-setions forthe ombined pion beams are �(�1) = 146�55�15 and �(�2) = 277�115�28.The ratio of the ross-setions is �(�1)�(�2) = 0:52+0:57�0:27. The prodution ross-setionof the two � states together is then �(�2) + �(�1) = 423� 128� 32.
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Summary of previous results
C.6.2 The proton-beam
There were 244�56 reonstruted � -mesons from proton indued reations [31℄.The fration of J= produed from � was measured to F� =0:30 � 0:04 [31℄.Again the two � -states were separated by �tting two Gaussian funtions to thesignal exess (Fig. C.6) and the found ross-setions were �(�1) = 31� 62 � 3and �(�2) = 364 � 124 � 36. The ratio of the two produed states was mea-sured to �(�1)�(�2) = 0:08+0:25�0:10 and the sum of the two ross-setions was measuredto ��2 + ��1 = 395� 138� 36.

C.7 The E672/E706 experiment at Fermilab
This experiment used a 515 GeV negative pion-beam with �xed Beryllium andCopper targets. The J= was reonstruted through a di-muon �nal state andphotons onverted to e+e� were used for the � reonstrution. A total of9600� 105 J= were olleted in the Feynman-x range of 0:10 < xf < 0:80 [29℄.This resulted in a totally 84� 16 reonstruted � , well separated into 47� 12�1 and 37� 11 �2 (See �gure C.7). The fration of J= from �1 was measuredto F J= �1 = 0:26� 0:07 and to F J= �2 = 0:20� 0:06 for the �2 giving a total of F�=0:47� 0:47� 0:23. The prodution-ratio was estimated to �(�1)�(�2) = 0:63� 0:25.

Figure C.7: Results fromE672/E706: The J=  in-variant mass spetrum (top)and the bakground subtratedsignal (bottom). The �gure isfrom [29℄.
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C.8 The E771 experiment at Fermilab
C.8 The E771 experiment at FermilabFor an inident proton-beam, this experiment was the �rst to leanly separatethe two �1 and �2 partiles [32℄. Here 800 GeV protons were inident on a�xed silion target resulting in a enter of mass energy of ps = 38:8 GeV. Againa di-muon �nal state was used to reonstrut the J= . The sample yielded11660 � 139 J= . Photons onverted into e+e� were used to reonstrut the� , and the obtained resolution allowed lean separation of �1 and �2 . (See�gure C.8.) A total of 33 � 9 �1 and 33 � 10 �2 were reonstruted. Thebakground was desribed by mixing J= and photons from di�erent events andthen subjeted to a polynomial �t. Two Gaussians are �tted to the signal with awidth, determined by the �t, of 5:2 � 2:0 MeV. The resulting prodution ross-setions are ��1 = 263�69�32 nb/nuleon and ��2 = 498�143�67 nb/nuleon,where the �rst error is statistial and the seond systemati. The ratio is then�(�1)�(�2) = 0:53� 20� 0:07 where again the �rst error is statistial and the seondsystemati With the errors de�ned the same way, the sum of the � ross-setionsare ��2 + ��1 = �� 761� 159� 74.

Figure C.8: Results from E771:The invariant mass of J= e+e� .The solid line shows the polyno-mial �t to the bakground plus twoGaussians. The �gure is from [32℄.
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Exp. Beam and Target NJ= N�1;2 F� �(�1)�(�2) �(�1;2)[nb/nul.℄FNAL 217GeV ��Be,H �160 17:2� 6:6 0:70� 0:28 - -SPS 185GeV/��Be 44750 157 0:31� 0:05 0:68� 0:29 160� 35CDF ps=1.8TeVp�p 32642� 185 1230� 72 0:297� 0:017� 0:057 - -E673 200GeV pBe 157� 17 11:8� 5:4 0:47� 0:23 0:24� 0:28 134� 68�E673 190GeV ��Be 908� 48 56:3� 17:1 0:31� 0:10 0:96� 0:64 132� 44��E705 300GeV pLi 6090� 90 244� 56 0:30� 0:04 0:08+0:25�0:15 395� 138� 36��E705 300GeV ��Li 12470� 160 590� 50 0:37� 0:03 0:52+0:57�0:27 423� 128� 32��E705 300GeV �+Li 5560� 90 300� 35 0:40� 0:04E771 800GeV pSi 11660� 139 66� 14 - 0:53� 0:20� 0:07 761� 159� 74��E672/706 515GeV ��Be,Cu 9600� 105 84� 16 0:46� 0:09��� 0:63� 0:25 -�) Result is for �2 only.��) The published ross-setions of the �1 and the �2 have been added.� � �) The published frations for �1 and �2 have been added.Table C.1: A summary of previously obtained results for the fration of J= produed from � (F� ) and the � produtionross-setions.
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