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Chapter 1IntrodutionWithin the A4 Collaboration an experimental apparatus for performing pre-ise measurements of spin observables in the sattering of polarized eletronshas been designed, developed and used during several years [1, 2, 3℄. The ex-periment is realised at the MAMI eletron aelerator faility. The polarizedMAMI eletron beam is sattered on an unpolarized liquid hydrogen target andthe sattered eletron are deteted with a lead uoride Cherenkov alorimeter.So far, the measurements have been used for studying the elasti satteringof the polarized eletrons o� unpolarized protons [2, 3℄. Nevertheless, the A4experiment o�ers also the possibility to study the inelasti eletron satteringo� the proton. In fat, inelastially sattered eletrons are deteted duringthe measurements by the lead uoride alorimeter together with the eletronssattered elastially. In partiular, the A4 detetor allows the detetion of theeletrons sattered exiting the �(1232) resonane, the lightest exited stateof the proton. Therefore, the measurement of spin observables in the eletro-prodution of the �(1232) resonane is possible within the A4 experiment.Sattering longitudinally polarized eletrons on protons, the dependeneof the sattering ross setion on the heliity state of the eletrons beomesobservable and an be measured in terms of the asymmetry in the eletron sat-tering ross setion with the two heliity states of the eletron, i.e. the parityviolation asymmetry. It has been shown [4, 5, 6℄ that the parity violationasymmetry in the ross setion for the eletroexitation of the �(1232) reso-nane an yield an important insight into the proton struture.The sattering ross setion asymmetry is obtained, in the A4 experiment,ounting the number of eletrons sattered with eah state of heliity. The en-ergy of the sattered eletrons is measured by the lead uoride alorimeter andhistogrammed, giving an energy spetrum. Analysing this energy spetrum, itis possible to distinguish between eletrons sattered elastially or inelastially,e.g. exiting the �(1232) resonane. Until now, the energy spetrum has beenstudied in detail only in the energy region of the elasti sattering, whih wasthe subjet of the measurements. For the analysis of the data in the energy5



6 CHAPTER 1. INTRODUCTIONregion of the �(1232) resonane exitation, a more detailed study of the en-ergy spetrum is neessary for having a better knowledge of the bakground.In this energy range, a good understanding of the bakground is partiularlyessential beause the ratio of the signal to the bakground is smaller than inthe ase of the elasti sattering range. This is beause the absolute value ofthe signal ross setion is smaller and beause the bakground is larger.The subjet of this work is the detailed study of the lead uoride detetorresponse to the sattered eletrons, in order to ahieve a good omprehensionof the eletron energy spetrum in the energy region of the exitation of the�(1232)resonane. This is neessary for the further analysis of the data aboutthe �(1232) resonane, in the perspetive of the extration of the parity vio-lation asymmetry in the �(1232) eletroprodution ross setion.For ompleteness, an overview of the physial motivation for measuringthe parity violation in the eletroexitation of the �(1232) will be given inChapter 2. Chapter 3 will provide a detailed desription of the A4 experi-ment, onentrating above all on those features whih are onsidered in thesimulation of the detetor response presented in Chapter 4. This simulationis used to ompare the experimental energy spetrum with the physial rosssetions for the eletron sattering, whih have been implemented within thiswork in an event generator, as reported in Chapter 5. The results of this om-parison are exposed in Chapter 6, together with a short outlook on the furtherproeeding of the work.



Chapter 2Parity violation in the exitationof the �(1232) resonaneUsing a longitudinally polarized eletron beam for performing eletron-protonsattering experiments gives the possibility to study the heliity dependeneof the eletron-proton interation. If suh a dependene is observed, the sym-metry of parity is violated in the proess.The observable assoiated with the heliity dependene is given by theasymmetry AR=L in the ross setion of the eletron sattering:AR=L = �R � �L�R + �L ; (2.1)with �R and �L representing the proton ross setion for right-hand and left-hand polarized eletrons, respetively.The parity in the elasti eletron-proton sattering is indeed violated, be-ause the measurements of AR=L return values di�erent form 0. For instane,within the A4 ollaboration the quantity AR=L for the elasti eletron sat-tering o� the proton has been measured for determining the ontribution ofthe strange see quarks to the eletromagneti form fators of the nuleon [2℄.Sine the eletromagneti interation is parity onserving, the observed parityviolation an be understood, in the framework of the gauge theories of inter-ating quantum �elds, onsidering the uni�ed desription of the eletroweakinteration given by the Standard Model. Here, the e�ets of parity viola-tion are expeted in the proesses involving weak neutral urrents and arise atthe lowest order from the interferene of weak and eletromagneti amplitudes.In the ase of inelasti proesses, the sattering of the eletron is aom-panied by the prodution of hadrons. In addition, one of the exited statesof the proton an be produed. The lightest of suh exited states is the�(1232) resonane, a spin-32 P -wave with isospin 32 . The ross setion forthe �(1232) eletroprodution depends on the p!�+ transition amplitude7



8 CHAPTER 2. PARITY VIOLATION IN THE �(1232)<�+jJ�j p>, where the neutral urrent J� arries information related to thestruture of the proton.The exitation of the �(1232) resonane is an interesting proess for sev-eral reasons. From the experimental point of view, the measurements arefailitated, beause the exitation ross setion is reasonably large and the�(1232) -state is energetially well isolated from the other heavier exitedstates of the proton. From the theoretial point of view, being p!�+ a pureisovetor transition, all isosalar terms in J� are ruled out, simplifying theform of the transition amplitude and of the observables. Moreover, the onlyone strong deay hannel allowed for the �(1232) is into a nuleon and a pion,i.e. �!N�, whih enables one treating the unitarity issue quite rigorously.Within the Standard Model, the urrent J� ontains an eletromagnetiterm J� and a weak term JZ� . This last term makes the proess of the�(1232) eletroprodution heliity dependent, i.e. parity violating. Therefore,the observable A�R=L de�ned for this proess like in Equation 2.1 is expetedto be di�erent from 0. A�R=L an be alulated in terms of J� and measured,in order to have an insight into the proton struture.The �rst alulation of A�R=L was performed in 1978 by Cahn and Gilman[7℄. They gave preditions for A�R=L within a variety of theoretial senarios,namely assuming di�erent gauge groups and assignments of fermion represen-tations, treating the proton and the �(1232) with a onstituent-quark-model.At that time, the Standard Model by Glashow, Salam and Weinberg was notyet well established and the main interest was foused on determining theoupling parameters of the weak gauge bosons to the various fermions of thetheory. The measurement of A�R=L was seen as an opportunity for probing suhaspets, rather than for studying the proton struture.Few years afterwards, the result of the alulation of A�R=L onsidering thefull spin-32 struture of the �(1232) as well as the dependene of J� on ele-tromagneti and weak struture funtions was published by Nath, Shilherand Kretzshmar [4℄. It turned out that, at the born term level, A�R=L dependsjust on one weak struture funtion, whih is assoiated with the axial vetoroupling.Nowadays, the oupling of leptons to the eletroweak gauge �elds is suÆ-iently well known, that eletrons have beome a very good tool for probingthe hadron struture. Additionally, aelerator failities with 100% duty fa-tor and high polarized eletron beams, e.g. MAMI, are these days operational.These mahines allow the preise measurement of observables like A�R=L.Experimentally, it is only possible to measure A�R=L as the ross setionasymmetry in the eletron-proton inelasti sattering with the appropriatekinematis (see Appendix A). Contributions to this quantity are given bothby resonant and non-resonant proesses, without possibility to distinguish be-



9tween them. De�ning A�;resR=L and A�;non-resR=L as the resonant and non-resonantontributions to A�R=L, respetively, this takes the form:A�R=L = A�;resR=L + A�;non-resR=L : (2.2)Aording to [6℄, de�ning GF as the Fermi onstant, � as the eletromagneti�ne struture onstant, Q2 as the absolute value of the squared four momentumtransfer and s as the square of the total energy in the entre of mass frame,A�;resR=L an be written as:A�;resR=L = �GFp2 Q24�� �geA�T=1V + geV �T=1A F (Q2; s)� ; (2.3)where geA and geV are the axial vetor and the vetor eletron oupling to the Z0�eld, respetively. The isovetor hadron-Z0 ouplings are denoted with �T=1Vand �T=1A for the vetor and axial vetor urrent, respetively. These fatorsare, at the tree level in the Standard Model and being �W the weak mixingangle: geA = 1 ;geV = �1 + 4 sin2 �W ;�T=1V = 2(1� 2 sin2 �W ) ;�T=1A = �2 :The fator F (Q2; s) is the struture funtion, whih brings the interestinginformation about the baryon physis. The theoretial importane in the hiralperturbation framework of the measurement of F (Q2; s) and the theoretialdiÆulties for analysing suh a measurement are disussed in [6℄.The bakground non-resonant ontribution A�;non-resR=L to the asymmetry hasbeen so far estimated at the Born term level within a phenomenologial modelwith e�etive Lagrangians [5℄. The model dependene introdues a theoreti-al unertainty for the extration of the resonant ontribution A�;resR=L from theobservable A�R=L. In the same work [5℄, also a predition for the resonant partA�;resR=L of the asymmetry is given in the Born approximation, with e�etiveLagrangians and phenomenologial p� transition urrents.Besides the study of hadron struture, the measurement of A�R=L ould beinteresting also for other aspets. Supposing that the proton struture were\suÆiently" well known, the attention ould be set bak onto the StandardModel and the measurement of A�R=L ould yield more general informationabout the theory of the eletroweak interation beyond the Standard Model.Suh possibility has been investigated, e.g. in [6℄. In that work two examples ofhow the Standard Model ould be impated are given, namely the modi�ationof the form of the gauge boson propagators by radiative orretions and theintrodution of the tree-level exhange of new, heavy partiles.
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Chapter 3The A4 experimentThe sope of this hapter is a desription of the A4 experiment at the MAMIfaility. It will fous partiularly on those aspets whih are most relevant forthe further disussion about the detetor response simulation.3.1 Overview3.1.1 The parity violation asymmetryThe priniple of the parity violation experiment of the A4 Collaboration isshown shematially in Figure 3.1. A longitudinally polarized eletron beamis sattered by an unpolarized liquid hydrogen target. An eletromagnetialorimeter detets the sattered partiles and measures their energies. Thesepartile energies are digitized and histogrammed giving an energy spetrum likein Figure 3.2. The peak appearing on the right in the histogram of Figure 3.2orresponds to the elastially sattered eletrons. Moving toward the left sideone enounters the energy region orresponding to the inelasti sattering, i.e.hadrons are produed in the sattering. About in the middle between the leftend of the piture and the elasti region, the peak orresponding to the exi-
Figure 3.1: Priniple of the A4 experiment. Polarized eletrons satter withenergy E o� unpolarized protons with a sattering angle �. Theyare deteted by an eletromagneti alorimeter and their �nalenergy E 0 is measured. 11



12 CHAPTER 3. THE A4 EXPERIMENTtation of the �(1232) resonane is visible. At the very left side, the large lowenergy bakground signal is shown.For subdividing more preisely the energy spetrum into ranges, aordingto the nature of the sattering proess in whih the eletron has been produed,e.g. elasti sattering, inelasti sattering, exitation of the �(1232), one needsto know the kinematis of the sattering proess. Knowing both the energyof an eletron entering the alorimeter and the polar angle � like shown inFigure 3.1, it is possible to determine this kinematis (see Appendix A). Forinstane, eletrons with the initial beam energy E =854 MeV and satteredat � = 35Æ with �nal energy E 0 =734 MeV have sattered elastially, whileeletrons with the same initial energy and sattering angle but with �nal en-ergy E 0 =442 MeV have transferred to proton the exat amount of energyfor exiting the �(1232) resonane with maximal probability. Following thiskind of reasoning, the vertial lines in Figure 3.2 mark the energy values orre-sponding to the kinematis of elasti sattering, pion prodution threshold andmaximum of the �(1232) resonane exitation peak. Moreover, these vertiallines subdivide the spetrum into energy regions orresponding to di�erentproesses by �xing three \uts". These, together with the pion produtionthreshold, determine the intervals of integration for ounting the elastiallysattered eletrons (in gray in Figure 3.2) and the eletrons sattered in thekinematial region orresponding to the exitation of the �(1232) resonane(in green in Figure 3.2). These \uts for the �(1232)resonane" are not univo-al, beause they have to be �xed in the analysis aording to the theoretialalulation hosen for omparison. In these alulations an integration intervalfor the �(1232) resonane has also to be deided.Integrating the energy spetrum between the two elasti uts (Figure 3.2),one obtains the number of elastially sattered eletrons N elR and N elL for thetwo states of eletron polarization R and L, respetively. The di�erene be-tween N elR and N elL divided by their sum gives the observable AelR=L:AelR=L = N elR �N elLN elR +N elL : (3.1)This quantity is the parity violation asymmetry (PV asymmetry) in the rosssetion for the elasti sattering of polarized eletrons o� unpolarized protons.In the same way it is possible to integrate the eletron energy spetrum overthe energy interval orresponding to the exitation of the �(1232) , for the twostates of polarization R and L. This gives the number of eletrons N�R andN�L , respetively, whih have exited the proton to the �(1232) state. UsingN�R and N�L to build the PV asymmetry A�R=L in the ross setion for theexitation of the �(1232), one an write:A�R=L = N�R �N�LN�R +N�L : (3.2)



3.1. OVERVIEW 13
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Figure 3.2: Example of an energy spetrum of 854.3 MeV longitudinally po-larized eletrons sattered o� unpolarized protons, as measuredby the A4 lead uoride Cherenkov alorimeter. The bottom x-axis shows the digitized value of the measured energy in ADChannels. The axis on top of the piture shows the orrespond-ing value in MeV of the �nal energy E 0 of a sattered eletron.The third axis in the middle (W ) shows the orresponding massof the exited hadroni state for eletrons sattered at � = 35Æ(see Appendix A for details). The �lled regions are integrationintervals for the �(1232) (in green) and for the elasti events (ingrey). The vertial lines indiate the position of the �(1232)peak(green), of the �0 threshold and a possible �(1232) region lowerut (blue), of the elasti peak and the elasti uts (blak).



14 CHAPTER 3. THE A4 EXPERIMENTThe measurement of this observable gives an insight into the proton stru-ture like desribed in Chapter 2.3.1.2 The experimental realization
The details about the onept of the A4 experiment are shown shematiallyin Figure 3.3.The ontinuous polarized eletron beam is produed at the MAMI failitywith a urrent I of 20�A and a polarization P of about 80%. The eletronsoure is a strained layer of GaAs. This rystal is used as a photoathodewhih is irradiated with light pulses of 100ps of duration. The pulses are pro-dued by an optial semiondutor laser system emitting a irularly polarizedlight. The heliity of this irularly polarized light determines the heliity ofthe beam eletrons and is hanged by a Pokel ell. The photoeletrons emit-ted at the GaAs rystal by photoeletri e�et are injeted into the MAMIaelerator after being extrated by a high voltage potential of 100 kV. TheMAMI aelerator onsists of an injetor, a linear aelerator of an energyof 3:46 MeV, and of three raetrak mirotrons (RTM). These aelerate theeletrons up to an energy of respetively 14:35 MeV, 180 MeV and 854:3 MeV,whih is the beam energy used by the A4 experiment. The maximal energyof the MAMI faility is 882 MeV but the energy used in the A4 experimentis 854.3 MeV, in order to have the right spin orientation, onsidering the spinpreession along the beam transport line form the aelerator to the experi-mental hall.The beam parameters, namely urrent, energy, position and angle respetto the mean diretion, present utuations, whih a�et the number of ele-trons sattered in the target and deteted by the lead uoride alorimeter pertime unit. These utuations an be either heliity unorrelated or heliityorrelated, meaning that they do not depend on the hange of the beam po-larization or that they do depend on it, respetively. The heliity unorrelatedutuations in the beam parameters just inrease the noise in the measure-ment, while the heliity orrelated utuations arise false asymmetries, whihhave to be subtrated from the raw asymmetry. For this reason, it is of majorimportane that the beam parameters be stritly under ontrol. Hene severalstabilization systems, for reduing the utuations in the beam parameters ingeneral, and monitoring systems, for having the possibility of subtrating thefalse asymmetries due to heliity orrelated utuations, are employed. Suhsystems are loated both at the aelerator, along the beam transport line,and in the A4 experimental hall.The polarization P of the beam must be known sine it gives the ratio be-
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16 CHAPTER 3. THE A4 EXPERIMENTtween the physial PV asymmetry Aphys and the measured asymmetry Ameas:Aphys = PAmeas: (3.3)To measure P a M�ller polarimeter loated before the A4 hall is used for an ab-solute measurement. Furthermore a bakward sattering Compton polarimeteris being built in the experimental hall just before the target. This will pro-vide a run time non-destrutive absolute measurement of P [8, 9℄. Presently,together with the M�ller polarimeter, a transmission Compton polarimeterplaed before the beam dump [10℄ is used for relative measurements, whihprovide a non-destrutive run time monitoring of P .The most important parts of the experimental setup, onerning this work,are the target, the sattering hamber, the lead uoride Cherenkov alorime-ter and its readout eletronis. These are desribed in muh detail in the nextsetions of this hapter.Conluding with the desription of the experimental onept, the targetdensity has to be monitored, beause its utuations are soure of additionalnoise. This is done by means of the luminosity monitors, whih are plaedbehind the target, at the end of the sattering hamber [11℄.In Chapter 4 a detailed simulation of the response of the experimentalapparatus to the eletrons sattered in the target is presented. The simulationdeals with the passage of the sattered eletrons through the materials loatedon the path from target to detetor and with the detetion of these eletronsby the lead uoride alorimeter. Hene it is here worth reporting the detailsof the experimental setup, whih are taken into aount in the simulationdesribed in Chapter 4. Setion 3.2 presents the geometrial spei�ations oftarget and sattering hamber. In Setion 3.3 details about the geometry of theeletromagneti alorimeter, about the Cherenkov material lead uoride andabout the photomultiplier tubes are given. Finally Setion 3.4 onentrates onthe features of the readout eletronis.3.2 `-H2 Target and sattering hamberThe target onsists of an aluminium ell ontaining liquid hydrogen (see Fig-ure 3.4). It is situated inside a vauum sattering hamber like shown inFigure 3.5. The beam eletrons sattered o� the protons of the liquid hydro-gen leave the target travelling through the liquid hydrogen itself and throughthe aluminium wall of the target ell. For reahing the lead uoride detetorthey have to pass through the vauum inside the sattering hamber, throughthe aluminium wall of the same sattering hamber and through the air layerbetween sattering hamber and alorimeter.All this layers of material lying on the path of the sattered eletrons from



3.2. `-H2 TARGET AND SCATTERING CHAMBER 17

Figure 3.4: Side view of the liquid hydrogen target (dimensions in mm).target to detetor are onsidered in the simulation desribed in Chapter 4.Therefore, in this setion, the geometrial details of the liquid hydrogen targetand of the sattering hamber are presented.`-H2 Target. The shape of the target ell is a paraboloid of 100 mm oflength (see Figure 3.4). The aluminium wall thikness is about 250 �m. Theinoming window is an aluminium foil of 50 �m of thikness. The total lengthof the hydrogen layer is 95 mm. The liquid hydrogen is injeted into the targetell through an aluminium nozzle, having a thikness of 200 �m, a diameterof 20 mm and a length of 70 mm.With the on�guration shown by Figure 3.4, the eletrons that are satteredwith polar angle between 0Æ and 66Æ an leave the target passing through atmost about 1.5�10�2 radiation lengths of materials. This is important sinethe luminosity monitors over a polar angle between 4.4Æ and 10Æ, while thelead uoride alorimeter overs the polar angle interval from 30Æ to 40Æ.The hydrogen is kept at a temperature of 14 K by a helium heat exhanger.The helium temperature is monitored and ontrolled eletronially. This waythe hydrogen temperature is stabilized just above the freezing point and welldistant from the boiling point.The mean density of the hydrogen inside the target is 7.08�10�2 g/m3Vauum sattering hamber. Figure 3.5 shows a shemati side view ofthe vauum sattering hamber and of the lead uoride alorimeter. Thesattering hamber is an aluminium tube positioned with the symmetry axis
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Figure 3.5: Side view of the vauum sattering hamber (dimensions in mm).



3.3. LEAD FLUORIDE CHERENKOV CALORIMETER 19

Figure 3.6: Shemati view of one frame supporting 7 rystals with theirphotomultipliers. The beam propagation diretion is from theleft to the right and the beam line lies below the bottom of thepiture. The symmetry axes of the rystals point to the bottomleft side toward the target.lying on the beam line. It is ange-mounted to the beam pipe at one extremityand to the exit beam line at the other (in Figure 3.5 on the left and on the rightside, respetively). The dimensions are 190 m of length, 85 m of externaldiameter and 25 mm of thikness. The thikness is redued to 5 mm in theentral part of the hamber (75 m long), whih lies right on the path betweentarget and detetor, i.e. the partiles oming out of the target and beingdeteted in the alorimeter must pass through a thinner layer of aluminium.The pressure inside the hamber amounts to a few nanobar, this assuresthat the straggling e�et on partiles due to the passage through the hamberis ompletely negligible.3.3 Lead uoride Cherenkov alorimeterThe detetor of the A4 experiment is a homogeneous eletromagneti showeralorimeter using the Cherenkov radiator lead uoride (PbF2) as ative ma-terial. Sine no sintillation is present in the PbF2 and the duration of theCherenkov light pulses is very short, the detetion of partiles at very highrate is possible. The detetor overs the sattering polar angle � between 30Æand 40Æ and the whole 2� range of azimuthal angle �. The total solid angle
 overed by the detetor amounts to 0.63 sr. The alorimeter ontains 1022PbF2 rystals, organized in 7 rings and mounted on 146 frames.
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Figure 3.7: Shemati view of the lead uoride Cherenkov alorimeter. Inthis piture one quarter of the detetor has been ut to permitthe view of the rystals and their supporting frames. The redarrow indiates the beam line and the beam diretion.



3.3. LEAD FLUORIDE CHERENKOV CALORIMETER 21At the end of eah rystal a photomultiplier tube is mounted to detetthe Cherenkov light produed inside the lead uoride. The rystals and theirphotomultipliers are mounted on aluminium frames like shown in Figure 3.6.Eah frame ontains 7 trapezoidal prism shaped rystals. These are positionedwith di�erent orientation and have di�erent dimensions.The orientation is suh that the axis of eah prism passes through the en-tre of the target, that is the parallel faes of the prisms fous on the target.This way the eletrons sattered into the solid angle overed by the detetorwith di�erent polar angle � move always almost perpendiularly to the surfaeof one rystal. More details on the dimensions and positions of the rystalsare given in Appendix B.The detetor ontains 146 of these frames (1022 rystals) mounted on analuminium support like shown in Figure 3.7. It has a ring shape, i.e. it isylindrial symmetri (�-symmetri) and has a entral avity (Figure 3.7). Itis mounted on an aluminium support so that the sattering hamber an beinserted into the ring-hole and the symmetry axis lies on the beam line (Figure3.5).With this on�guration, the rystals form 7 rings eah overing a di�erentsolid angle Æ
i = ��Æ�i sin �i (i = 1; :::; 7), where �� = 2� for all rings, while�i and Æ�i depend on the ring number i (see Appendix B). Conventionally thenumbering of the rings inreases with dereasing polar angle �. Altogether the�-interval overed by the whole detetor is from 30Æ to 40Æ.The inner, target side of the aluminium frames (lower side in Figure 3.6)onstitutes a layer of material lying on the path of partiles getting from thetarget into the detetor. The thikness of this layer is 10 mm.3.3.1 PbF2 rystalsBeside the geometrial features of the experimental setup, the physial har-ateristis of the materials onstituting the various parts of the apparatus areneeded for the simulation presented in Chapter 4. In partiular, the formationof eletromagneti asades and the emission of Cherenkov radiation in leaduoride by the eletrons sattered in the target and deteted by the alorimeterare treated in the simulation. The harateristi of lead uoride are at mostrelevant for the presented simulation and, thus, listed in the following.Lead Fluoride (PbF2) is a transparent salt with ubi rystalline struture.It has a density � of 7.77g/m3, a radiation length X0 of 0.93 m, a Moli�ereradius RM of 2.2 m, a ritial energy E of 9.04 MeV, a refrative indexlarger than 1.7 for visible wavelengths (1.8 at 400 nm, see Figure 3.8) and anoptial uto� at about 280 nm. Its radiation resistane and radiation induedabsorption bands were investigated [13℄ and optial bleahing of rystals was
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Fit funtion: n(�) = a0 � exp� a1�� a2� ;a0 = 1:7167; a1 = 10:87; a2 = �209:78:Figure 3.8: Refrative index n of PbF2 as a funtion of the wavelength �.The data points and the phenomenologial �t funtion were takenfrom Grimm [12℄.found to be possible and e�etive.Furthermore no sintillation omponent was found in the light output oflead uoride [14℄. Being this light pure Cherenkov radiation due to the passageof partiles, the duration of the signal pulse in photomultipliers in responseto an inoming partile is very short (< 20ns). This allows high rate partiledetetion, whih is a stringent requirement of the A4 experiment.All these features make lead uoride a good material for eletromagnetialorimetry. The energy resolution was measured to be of the order [13℄�E 0E 0 = 3:2%pE 0=GeV ; (3.4)whih allows preise energy measurements. In Equation 3.4 the measured en-ergy is denoted with E 0 to be onsistent with the de�nitions of the kinematialquantities given in Appendix A.In order to obtain a better yield of the light through the rystals into thephotomultipliers, the rystals were wrapped with reetive foils. The hosenmaterial is Immobilon-P. The thikness of the foils is about 120 �m. Thereetivity for photon wavelengths greater than 280 nm is almost independentfrom the wavelength and has a mean value of about 95%, as one an see fromFigure 2.32 of [15℄. This information is also needed by the simulation, asexplained in Chapter 4, beause the transmission of the Cherenkov photons



3.3. LEAD FLUORIDE CHERENKOV CALORIMETER 23through the PbF2 rystals is also simulated.3.3.2 PhotomultipliersLike the prodution of Cherenkov photons and their propagation through thePbF2 rystals, also their detetion by the photomultiplier tubes is taken intoaount in the simulation presented in this work. The harateristi of thephotomultipliers, whih enters into the simulation, is their quantum eÆieny.This setion is dediated to de�ne this quantity and to give the orrespondingvalue for the photomultiplier tubes (PMT's) used in the A4 experiment.The response of photomultipliers to inident light is determined mostly bythe input window material and the photoathode material.The transmission oeÆient T of the input window material determinesthe light spetrum whih is able to hit the photoathode. It is the ratio of thetransmitted power to the inident power and it depends on the wavelength �.The funtion T (�) is about onstant for wavelengths longer than a ertain ut-o� wavelength � and, for � shorter than �, it drops down to 0 with dereasing�. The plateau value of T (�) is typially about 90%. The ut-o� wavelength isde�ned as that wavelength where the transmission oeÆient assumes a valueT (�) whih is 10% less than the plateau value.The photoathode material is haraterized by a sensitivity to the inidentlight. This is not de�ned independently from the transmission through theinput window. It is studied by means of the response of the whole photomul-tiplier, whih is given for instane by the quantum eÆieny.The quantum eÆieny QE is de�ned as the ratio of the number of pho-toeletrons emitted by the photoathode to the number of photons inidenton the window, and is usually expressed as a perentage. It depends on thewavelength of the photons and is generally less than 35%.Beause it is easier to measure the photoathode urrent produed in re-sponse to an inident light power than to ount photons and eletron, the pho-toemission is frequently desribed by the athode radiant sensitivity ske(�).This is de�ned as the urrent measured at the photoathode over the inidentlight power at a given wavelength � and is usually expressed in mA/W.Cathode radiant sensitivity and quantum eÆieny are related to eah otherby the empirial expression:QE ' (124 � nm� � ske � WmA) % : (3.5)The graph of the funtion ske(�) is alled spetral sensitivity harateristi(Figure 3.9) and represents the spetral response of the photomultiplier. Thisis determined at the longer wavelengths by the thikness and the photoemission
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This graph was taken from [16℄ and shows the spetral response ofdi�erent kind of tubes produed by Photonis. Curve 1 orrespondsto the XP2900. The window material is lime glass for PMT's 7 and8, borosiliate for all other tubes. The photoathode material is amultialkali antimonide (SbNa2KCs) for Curve 9, a green-extendedbialkali antimonide (GEBA) for 2 and 7 and the bialkali antimonideSbKCs for the rest. A summary is given in the following table:urve no. tube type photoathode material window material1 XP2900 bialkali borosiliate2 XP2901 GEBA borosiliate3 XP2910 bialkali borosiliate4 XP2920 bialkali borosiliate5 XP2930 bialkali borosiliate6 XP2960 bialkali borosiliate7 XP2961 GEBA lime glass8 XP2962 bialkali lime glass9 XP2963 multialkali borosiliateFigure 3.9: Spetral sensitivity harateristi of some Photomultipliers.



3.4. READOUT ELECTRONICS 25threshold of the photoathode. At the shorter wavelengths the input windowtransmission beomes the determining fator.The photomultiplier tubes used in the A4 alorimeter are of the typeXP2900, produed by Photonis [16℄. They are 98 mm long and they have an ex-ternal diameter of 28.5 mm. The diameter of the photoathode is 24 mm. Theinput window material is a borosiliate glass. This has a ut-o� wavelength of270 nm. The photoathode material is the bialkali antimonide SbKCs. Thespetral sensitivity harateristi is shown in Figure 3.9.3.4 Readout eletronis of the lead uoridealorimeterOne last experimental spei�ation has to be desribed here, sine it is onsid-ered in the simulation (see Chapter 4). It is the funtionality of the readouteletronis of the Cherenkov detetor.Given the photomultipliers signal as input, the readout eletronis has todeal with three main tasks.1. It identi�es the signal of a sattered eletron and assigns it to a hannel(rystal).2. It measures the energy of the eletron, digitizes and histograms thatvalue.3. It detets multiple hits events (pile-up) in order to inhibit their registra-tion.1. Identi�ation of events. Within the eletromagneti asade generatedin the PbF2 rystals by one high energy eletron getting into the detetor,many relativisti harged partiles are produed. The passage of these par-tiles through the rystals generates a Cherenkov light pulse, whih induessome urrent pulse signals in the photomultiplier tubes. When the signal ofone PMT beomes greater than a ertain threshold, a pulse shaper is used tohek if a pulse ours and onsequently to identify one event.Considering that the Moli�ere radius RM of PbF2 is 2.2 m and onsideringthe energies of the eletrons to be deteted, the dimensions of the rystals(see Appendix B) were deided in suh a way that more than 95% of oneeletromagneti asade is expeted, on average, to develop inside a luster of9 rystals, that is a 3�3 matrix like shown in Figure 3.10 by hannels 0 to



26 CHAPTER 3. THE A4 EXPERIMENT8. Therefore, when one event is identi�ed, more than one neighbouring PMTgives a pulse simultaneously and the event must be assigned to one of thesehannels. This seleted hannel orresponds to the rystal where the largestenergy deposition ourred and will be alled loal maximum. The event isassigned to this hannel beause, on average, the impat position of the de-teted eletron with the lead uoride lies on the surfae of the rystal wherethe largest energy deposition ours. The energy the harged partiles of theasade deposit in the rystals happens to be proportional to the number ofCherenkov photons produed and deteted. This is disussed in more detailsin Setion 4.3. Moreover the urrent signal of the PMT's has an intensity pro-portional to the number of photoeletrons emitted by the photoathode pertime unit. The hannel assignment is obtained omparing the PMT signalswith those of the neighbouring PMT's and seleting the stronger one. Theomparison is arried out between two \diret" neighbours. For instane thesignal of hannel 0 in Figure 3.10 is ompared with those of hannels 1, 3,5 and 7. If it turns out to be stronger than every one of them, hannel 0 isreognized as a loal maximum and the event is assigned to it.2. Energy Measurement. The eletrons getting into the detetor depositalmost all of their energy in the rystals by generating eletromagneti show-ers. Therefore the deposited energy is a measurement of the inoming eletronenergy. On the other hand, measuring the deposited energy is equivalent toounting the number of deteted photoeletrons during the Cherenkov lightpulse indued by the asade, like will be disussed in Setion 4.3. Suh aounting is ahieved by integrating the urrent pulse signals of the PMT's overtime and summing the obtained harge values over the hannels of interest.Two aspets have to be taken into aount by performing suh integra-tion and summation. These are the duration of the asade and its spatialdimensions. Integrating the urrent signal over time implies �xing a time in-tegration window � . This must be long enough to inlude the whole showerdevelopment, though not too long in order to avoid temporal pile-up. Thetime window whih happens to be optimal is �=20 ns. The eletromagnetishower is expeted to develop for more than 95%, on average, within a lusterof 9 rystals, that is the 3�3 matrix of rystals entred on the loal maximumhannel like shown by hannels 0 to 8 in Figure 3.10. Therefore, the summa-tion of the harge values for having the total harge of an event is done overthese nine hannels.The harge value obtained after integration and summation is omparedwith a given threshold. If the value is greater than the threshold, it is dig-itized and registered in a histogram. The histogram ontains 256 bins andthe o�set is typially some negative value, that is a harge value equal to 0orresponds to a bin smaller than 0 (physial 0). Due to small prodution
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ring 1

ring 2 R7 R6 R5 R4 R3

ring 3 R8 4 3 2 R2

ring 4 R9 5 0 1 R1

ring 5 R10 6 7 8 R16

ring 6 R11 R12 R13 R14 R15

ring 7Figure 3.10: Representation of the readout sheme of the detetor. Eahsquare ell represents a hannel. The rows orrespond to the7 rings and the olumns represent the frames. In the wholedetetor these would be 146. Red ells represent loal maximaand yellow ells the neighbouring hannels whih ontribute tothe summation in one event (see text). The blue ells R1 toR16 ontribute to the logial veto for rejeting spatial pile-upevents.di�erenes in the eletroni omponents the sensitivity is slightly di�erent fordi�erent eletroni hannels. In the alibration of the lead uoride detetor,these di�erenes have been measured and are taken into aount for alulat-ing the harge orresponding to the position of the elasti peak (Figure 3.2).In order to ompare the results of the simulation presented in this work withthe experiment, a realulation of the PMT harge values from the measuredADC values is neessary.3. Detetion of multiple hits events (pile-up). Two kinds of pile-upevents have to be onsidered. Temporal pile-up ours when two di�erentpartiles with suÆient energy ontribute to the urrent signal of the samehannel during the integration time � . To reognize suh events a pulse shaperis ativated during the 20 ns of time integration window � for �nding temporalmaxima in the urrent signal. In a single hit event, the pulse shape developsduring the �rst 5 ns of the time window � . If any further pulse is detetedin the following 15 ns, the event is reognized as temporal pile-up and a vetodigit inhibits its registration. If no further pulses are deteted in those 15 ns,



28 CHAPTER 3. THE A4 EXPERIMENTthe event is registered.Spatial pile-up is given when two partiles hit the detetor lose to eahother during the time window � . To detet this situation the eletronis looksfor loal maxima at the end of eah integration time. If it �nds more thanone loal maximum within a 5�5 matrix of rystals the spatial pile-up veto isenabled and the event is not onsidered for histogramming. Suh a matrix isrepresented on the left in Figure 3.10 on the left by rystals 0 to 8 and R1 toR16. On the right in the same Figure an example of spatial pile up is given.



Chapter 4Simulation of the detetorresponseIn this hapter a simulation of the response of the A4 experimental apparatusto the eletrons sattered inside the liquid hydrogen target is presented. Firstsome terms important to the further disussion must be de�ned. Then thegeneral strategy of the simulation will be traed, delineating the main issuesand how they have been addressed in this work.In the following a simpli�ed desription of what happens in the experiment,that is of what has to be simulated, is drawn in order to de�ne some usefulterms for the disussion in this hapter.Inside the target several reations take plae beause of the inident beam.In general the �nal states of these reations are partiles of a ertain speies,whih are in a ertain position and have a ertain momentum. One set on-taining these three piees of information will be referred to as event and thepartile of one event will be alled primary partile or primary. The primarypartiles undergo possibly other interation proesses with the material ontheir path, so that their momentum is modi�ed and more partiles, seondarypartiles or seondaries, are reated.A ertain number of partiles, primaries or seondaries, reahes the de-tetor, where further interations our, namely eletromagneti asades andCherenkov radiation, and further seondaries are reated. Among these parti-les, the Cherenkov optial photons are the ones whih are deteted by photo-multipliers, i.e. they let the photomultipliers produe some signal. This signalis then digitized and histogrammed to give the energy spetrum of the leaduoride detetor.The assoiation of a ertain energy spetrum to a given set of events willbe alled detetor response.Before engaging diretly in the disussion about the simulation of the A429



30 CHAPTER 4. SIMULATION OF THE DETECTOR RESPONSEexperiment, Geant4, an instrument used for simulating, has to be presentedshortly. Geant4 is an objet oriented programming toolkit for simulating thepassage of partiles through matter. One the geometry and the proesses tobe simulated are de�ned, the toolkit makes use of Monte Carlo methods fortraking partiles, either primaries or seondaries [18, 19℄. How geometry andproesses are de�ned is spei�ed in Setion 4.1. The meaning of traking willbe briey summarised here.Given a partile with its position and momentum in a ertain medium andgiven a set of proesses with their ross setions, it is possible to generate astep. A step is de�ned by: initial and �nal instant, initial and �nal position,initial and �nal momentum, deposited energy along the step, generated se-ondaries with respetive momenta. The generation of a step is referred to asstepping and one proess is an objet lass ontributing to the stepping. Trak-ing one partile means generating a sequene of steps drawing a trajetory fromthe initial position until the partile is either absorbed by the material, or itdeays, or it exits the de�ned geometry. The Monte Carlo methods and theross setion formulae used by Geant4 proesses for stepping are reported indetail in referene [19℄. Among the variety of proesses provided by Geat4,only proesses related to the eletromagneti interation are used within thiswork.At this point it is possible to enter into the disussion of the detetorresponse simulation. The simulation is based both on Geant4 and on anoriginal approah developed independently within the work presented here.The simulation of the A4 detetor response an be divided in two mainissues. One of these is the formation of eletromagneti showers with the on-sequent deposition of energy in the PbF2 rystals. At the energy sale of theexperiment and onsidering eletrons as primary event partiles, these show-ers ontain eletrons, positrons and photons with energy >�1 keV ('s). Theother issue is the radiation of Cherenkov light and its detetion by the pho-tomultipliers. In this ase optial photons, with energies in the eV region, areinvolved. These have wavelengths of the order of visible light and are onsid-ered in Geant4 as di�erent partiles than the 's.For simpliity the energy deposition in the rystals resulting from the ele-tromagneti shower of one primary event partile will be alled alorimeterresponse to that event. Similarly all aspets related to Cherenkov photons,namely their reation by partiles in an eletromagneti shower, their prop-agation and their detetion will be onsidered as a whole e�et relating thedeposition of energy to the detetion of light. This e�et will be referred to asphotomultiplier response. The ombination of the two phenomena, alorimeterand photomultiplier response, gives the detetor response.Generating the traks for a whole eletromagneti shower using Geant4 isrelative fast in terms of CPU-time. Therefore simulating the value of deposited



31energy in eah rystal for every eletron entering the alorimeter, i.e. simulat-ing the alorimeter response, by traking all partiles in the eletromagnetiasade with Geant4, is possible and o�ers a solution for the �rst issue itedabove.Yet simulating the Cherenkov shower using Geant4 is very CPU-timeonsuming, beause of the huge number of optial photons that have to betraked. For this reason, inluding the full simulation of the Cherenkov e�etinGeant4 in order to have the detetor response, that is alorimeter responseand photomultiplier response together, does not allow to obtain a reasonablestatistis in the simulated spetrum.For taking into aount also the e�et of Cherenkov light radiation anddetetion a new approah was developed, ombining the use of Geant4 forsimulating the alorimeter response with a parameterization of the photomul-tiplier response. The idea is that, given the value of deposited energy Edep in aertain rystal, it is possible to determine, in a parametrized way, a probabilitydistribution for the number of optial photons Nph deteted in the orrespond-ing photomultiplier. Knowing this distribution Nph an be sampled from itgiving the photomultiplier response. For showing that this strategy is indeedpossible and for obtaining suh a parameterization, a restrited, though sta-tistial signi�ant, number of events was simulated with Geant4 inludingthe full simulation of the Cherenkov proess. The results of this simulationwere treated statistially showing that the parameterization is possible and theparametrized form for the distribution of Nph given a value of the depositedenergy Edep has been determined.In onlusion, for having the whole detetor response, the simulation ofthe alorimeter response with Geant4 is applied, giving for every event theenergy deposited in eah rystal. With these values of the deposited energy,the number of optial photons deteted in eah photomultiplier is sampledfrom the distribution determined aording to the parameterization obtainedpreviously.In Setion 4.1 the simulation of the energy deposition in the lead uo-ride rystals using Geant4 is desribed. The additional spei�ation to thisGeant4 simulation for inluding the prodution, propagation and detetionof Cherenkov optial photons are reported in Setion 4.2. The derivation ofthe parameterization of the photomultiplier response is given in Setion 4.3.Setion 4.4 explains how to digitize and histogram the results of the detetorresponse simulation, in order to make them omparable with the experimentalenergy spetrum.



32 CHAPTER 4. SIMULATION OF THE DETECTOR RESPONSE4.1 Simulation of the deposition of energy inthe PbF2 rystals using Geant4For implementing a Geant4 simulation one has to handle two main aspets.A geometry has to be de�ned, like explained in Setion 4.1.1. The partilesentering into the simulation and the proesses to be simulated have to bedelared, like reported in Setion 4.1.2.4.1.1 Geometry de�nitionDe�ning the geometry of the simulation means delaring whih are the vol-umes the partiles have to be traked through. A volume is haraterised byshape, dimensions, material, position and orientation with respet to the otherde�ned volumes. The geometry of the simulation has been de�ned in order toreprodue as muh as possible the experimental onditions. More spei�ally,the delared volumes represent ideally the set of material objets lying on thepath one partile has to travel through getting from target into the detetor.In the following a list of the delared volumes will be given. The list orderwill respet the suession of material layers enountered by a partile trav-elling from the sattering point inside the target toward the PbF2 rystals.Figure 4.1 gives a graphial representation of the simulated geometry.� Inner target. The liquid hydrogen (`-H2) volume ontained in thetarget.Shape: hemisphere.Dimensions: radius, 94.75 mm.Material: `-H2.� Target ontainer. The aluminium (Al) ontainer ontaining the liquidhydrogen.Shape: hemisferial layer.Dimensions: inner radius, 94.75 mm; thikness 0.25 mm.Material: Al.� Sattering hamber. Central thinner segment of the sattering ham-ber (see Setion 3.2).Shape: tube.Dimensions: inner radius, 420 mm; thikness, 5 mm; length, 800mm.Material: Al.



4.1. CALORIMETER RESPONSE SIMULATION 33
Table 4.1: Materials de�ned in the simulation. In the part onerning theonstituent elements, Z is the atomi number, A is the molar massand w is the fration mass. X0 is the radiation length alulatedby the toolkit.Symbol Density Constituent Elements X0Material g=m3 Symbol A[g=mole℄ Z w[%℄ mmLiquid hydrogen `-H2 7.080 � 10�2 H 1.01 1 100.0 8.923 � 103Aluminium Al 2.700 Al 26.98 13 100.0 88.930Air { 1.290 � 10�3 N 14.01 7 70.0 0.285 � 106O 16.00 8 30.0Lead uoride PbF2 7.770 Pb 207.21 82 84.5 9.369F 19.00 9 15.5� Calorimeter region. Ring shaped air volume surrounding the satter-ing hamber and ontaining the detetor.Shape: tube.Dimensions: inner radius, 425 mm; outer radius, 717 mm (that is20 mm larger than R0, like de�ned in Appendix B);length, 800 mm.Material: air.� Crystal frames. The inner part of the aluminium frames supportingthe rystals (see Figures 3.7, 3.6 and Setion 3.3).Shape: tube.Dimensions: inner radius, 567 mm (142 mm from the satteringhamber); thikness, 10 mm; length, 700 mm.Material: Al.� Crystals. The lead uoride rystals.Shape: trapezoidal prism.Dimensions: see Appendix B.Material: PbF2.The materials of the volumes are de�ned in the simulation giving den-sity, temperature, pressure, onstituting elements with their respetive massfration w [20℄. The toolkit uses this information to alulate the parameterswhih are needed for simulating the passage of partiles through the materials,e.g. the radiation length X0. A summering of the de�ned materials with theirparameters is given in Table 4.1.
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(a)

(b)Figure 4.1: Geometrial setup of the simulation, Geant4 graphial outputview. The z-axis lies on the beam line with positive diretionparallel to the momentum of eletrons. The origin of the axes isthe middle of the target.(a) - Tridimensional view.(b) - Slie view having ut with the yz-plane. Only the upperpart is shown. The omplete slie piture would be sym-metri about the z-axis.



4.1. CALORIMETER RESPONSE SIMULATION 354.1.2 Partiles and physial proessesIn order to simulate the passage of partiles through matter (that is trakingpartiles), one has to delare whih partiles have to be traked and whihproesses have to be taken into aount at traking. The operations neededfor stepping are then exeuted automatially by the toolkit.The simulation of eletromagneti showers for determining the energy de-position in the rystals involves the following types of partile with relativeproesses. For eah proess, a short desription of the stepping implementa-tion features in Geant4 is given. This part is based on referene [19℄, wheremany more details an be found.: photon with energy >� 1 keV.� Compton sattering: sattering of a photon o� an atomi eletron. Forthe total ross setion an empirial formula is used,whih reprodues the ross setion data. The �nalstate is sampled from the Klein-Nishina di�erentialross setion per atom.� Pair prodution: onversion of a  into an (e+; e�) pair. Here alsothe total ross setion per atom is parameterized inorder to desribe data. The �nal state is obtainedaording to a orreted Bethe-Heitler formula,for taking into aount various e�ets (sreening,Coulomb orretion, presene of eletron �eld).� Photoeletri e�et: ejetion of an eletron from a material after a pho-ton has been absorbed by that material. It is sim-ulated by using a parameterized photon absorp-tion ross setion to determine the mean free path,atomi shell data to determine the energy of theejeted eletron, and the K-shell angular distribu-tion to sample the diretion of the eletron. Therelaxation of the atom is not simulated, but in-stead is ounted as a loal energy deposit.e�; e+: eletron and positron.� Multiple sattering: the multiple sattering of harged partiles in mat-ter. A ondensed simulation algorithm is used, inwhih the global e�ets of the ollisions are sim-ulated at the end of a trak segment. The globale�ets are the net displaement, energy loss andhange of diretion of the harged partile.
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� Ionisation: provides the ontinuous and disrete energy lossesof eletrons and positrons due to ionization in amaterial. Above a given energy threshold for theejeted eletron, the energy loss is simulated by theexpliit prodution of delta rays by M�ller satter-ing (e�e�), or Bhabha sattering (e+e�). Belowthe threshold the soft eletrons ejeted are simu-lated as ontinuous energy loss by the inident e�,i.e. no seondaries are reated.� Bremsstrahlung: provides the energy loss of eletrons and positronsdue to the radiation of photons in the �eld of anuleus. Like in the ionisation ase, above a givenphoton energy threshold the expliit prodution of's is simulated. Below the threshold the emissionof soft photons is treated as a ontinuous energyloss.e+: only for positron.� Annihilation: simulates the in-ight annihilation of a positronwith an atomi eletron aording to the ross se-tion formula of Heitler. The atomi eletron issupposed to be free and at rest. Contributionsoming from three, or more, photons produtionare negleted.4.2 Prodution and detetion of Cherenkov lightFor inluding the full simulation of the Cherenkov e�et in the Geant4 sim-ulation, one has to take into aount the prodution and propagation of theCherenkov light. This is ahieved delaring further geometry features and pro-esses (Setion 4.2.1). For taking into aount the detetion of the Cherenkovphotons by the photomultipliers, the harateristis of the photomultipliersused in the experiment (their quantum eÆieny) have to be embedded intothe simulation, like spei�ed in Setion 4.2.2.4.2.1 Produing and traking optial photonsThe Cherenkov e�et ouring in the rystals an be simulated withinGeant4.The orresponding proess lass an be applied to all harged partiles (in this



4.2. PRODUCTION AND DETECTION OF CHERENKOV LIGHT 37ase eletrons and positrons). It generates optial photons as seondaries. Fortraking these, one needs to delare further geometrial features and proesses.Two optial properties have to be delared for the materials through whihoptial photons are traked. They are refrative index and absorption length.Seondly, unlike for the other partiles, stepping optial photons beomesruial at the border surfae between two media with di�erent optial proper-ties. Therefore the traking ategory of the simulation needs to know wheresuh optial surfaes are and what kind of properties they have.Finally the Cherenkov proess and the proesses able to trak the optialphtotons have to be de�ned.Material optial properties. The interesting volumes of the geometry fortraking the optial photons are the alorimeter region and the rystals insideof it (see Setion 4.1.1 for de�nition of volumes). The materials onsitutingthese two volumes are air and lead uoride respetively.Regarding the air, the absorption length was not de�ned. This means thatoptial photons are just not absorbed in this material. The refrative indexwas set to 1 independently from the wavelength.Conerning lead ouride, the absorption length was estimated for di�erentwavelengths after three di�erent radiation exposures, like reported in [15℄. Theirradiation values were 0, 100 and 200 Gy respetively. In the simulation themeasurments after 100 Gy were used. They are shown in Figure 4.2. This valueof irradiation orresponds to about 1000 hours of beam time without applyingoptial bleahing to the rystals, while in the experiment this is done morefrequently. Nevertheless these data has been used in this work, in order toonsider possible permanent shading of the rystals. However, the absorptionlength of PbF2, for radiation exposures between 0 Gy and 100 Gy varies onlyby some few perent [15℄.Optial Surfaes. Similarly to the de�nition of a volume, it is possible tode�ne an optial surfae. The position and shape are determined by givingthe volumes loated at both sides of the surfae. The properties one has tode�ne onern the nature of material ontat at the surfae, the �nish of thesurfae itself and the model to be used at traking optial photons through it.De�ning the nature of the ontat means delaring whether the two materialsinvolved are both dieletris or one dieletri and one metal. The �nish anbe either polished or ground [20℄.The optial surfae relevant to the sope of this work is the rystals' surfae.The materials at both sides are PbF2 and air, hene the nature of the ontatis dieletri-dieletri. The �nish is de�ned as \ground painted". This meansthat a reetivity index an be assigned to the surfae, in order to simulatethe e�et of the reetive foils wrapped around the rystals (see Setion 3.3.1).For traking optial photons the so alled UNIFIED model [21℄ was hosen. It
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Figure 4.2: Absorption length of PbF2 depending on the light wavelength.The data points are taken from [15℄ and orrespond to a mea-surement after an irradiation of 100 Gy. The urve is a polino-mial �t of the seond order, whih was used in the simulation tointerpolate among the points.provides the Monte Carlo algorithms for simulating the interation of optialphotons with dieletri surfaes.Physial proesses. Like in Setion 4.1.2, the list of proess lasses used toprodue and trak optial photons is given in the following. More details anbe found in referenes [19, 20℄.� Cherenkov e�et: produes optial photons as seondaries whena harged partile moves through a dispersivemedium faster than the group veloity of light inthat medium. The ux, spetrum, polarizationand emission diretion follow the well known for-mulae of the lassial eletrodynamis.� Absorption: the proess merely kills the partile. The empirialdata for the absorption length are used (Figure4.2). The absorption length is onsidered as theaverage distane traveled by a photon before beingabsorpted by the medium, i.e. it is the mean freepath.
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(a) (b)Figure 4.3: Simulated spetral response of the photomultipliers. Thesimulation was run shooting one eletron with an energyof 734 MeV, i.e. the energy of elastially sattered ele-trons, onto the entre of one rystal of the fourth ring(entral ring). Cherenkov photons are reated and traked.(a) - Photon spetrum hitting the photomultiplier window.The behaviour at short wavelengths is determined by thetransmittane of lead uoride. At longer wavelengthsthe spetrum follows the distribution of the Cherenkovlight.(b) - Photon spetrum deteted by the photomultiplier. Theshape reprodues the spetral sensitivity of the photo-multipliers shown in the plot of Figure 3.9, as expeted.The ratio between the two heights of the maxima at 380 nm givesa value of 24% for the quantum e�ieny at that wavelength.� Boundary Proess: steps optial photons through an optial surfaeaording to a hosen model. In this work theUNIFIED model was used. The implementation isdesribed in detail in referene [21℄.4.2.2 Deteting optial photonsThe simulation of the Cherenkov light detetion by the photomultipliers isobtained in a straightforward manner. For eah rystal, a new volume rep-resenting the photomultiplier tube is introdued into the geometry de�nition.The shape is a full ylinder with a radius of 14 mm (see Setion 3.3.2). Theaxis of the tube oinides with the axis of the rystal prism. The ontat sur-fae between rystal and tube lies on the trapezoidal fae of the rystal beingat the external side of the alorimeter. The length of the tube is irrelevant as



40 CHAPTER 4. SIMULATION OF THE DETECTOR RESPONSEwell as its material.The optial photons whih are traked into the tube are onsidered de-teted with a probability given by the quantum eÆieny alulated aordingto equation 3.5.Figure 4.3 shows an example of the simulated photon spetrum hitting thephotomultiplier window - (a), and being deteted - (b).4.3 Deposited energy vs number of photoele-tronsAs already spei�ed at the beginning of this hapter, the photomultiplierresponse, that is the e�et of the emission, propagation and detetion ofCherenkov photons, must be treated separately from the Geant4 simulationof the alorimeter response, i.e. deposition of energy in the rystals, beause ofthe long duration of the traking of optial photons within Geant4. The sim-ulations of the photomultiplier response should be treated in a parametrizedway. This means that, given the alorimeter response of one event by theGeant4 simulation, one should be able to estimate the photomultiplier re-sponse, hene the detetor response, without further simulation (that is with-out further Geant4 traking).In the work presented here, it has been shown that the parametrized treat-ment of the photomultiplier response is possible and a pratial reipe for thistreatment has been found. Two basi ideas have been used after being moti-vated, employing the Geant4 simulation of the full Cherenkov e�et. Be Nphthe number of photoeletrons emitted by the photoathode of the multiplierapplied to one spei� rystal. Nph is a random variable with a ertain proba-bility distribution. The �rst idea is that this distribution depends only on thevalue Edep of the deposited energy in that rystal. The seond idea is that theshape of suh distribution is gaussian. It has therefore a mean value �Nph anda standard deviation �ph.Aording to the �rst idea it is possible to determine two funtions �Nph(Edep)and �ph(Edep). Given a value of Edep, these funtions should allow one alu-lating the values for �Nph and �ph respetively. After this, the distribution ofthe random variable Nph is �xed and the photomultiplier response an be ob-tained just by sampling from suh distribution.In this paragraph, the two ideas proposed above are motivated and a formfor the funtions �Nph(Edep) and �ph(Edep) is given.About 1300 events were simulated with Geant4 inluding the CPU-timeonsuming full traking of the Cherenkov photons. The primary eletronswere shot from random positions in the target, uniformly distributed alongthe beam line. The initial energy of the eletrons was uniformly distributed
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Figure 4.4: Number of photoeletrons in onephototube as a funtion of the de-posited energy in the orrespon-dent rystal. In the box the linearorrelation oeÆient r, the linear�t funtion and the numerial val-ues of the �t parameters are given.
r = 0:997:Nph = p0 + p1 �Edep ;p0 = 6:59 � 0:13 ;p1 = (2:078 � 0:001)MeV�1:

between 150 and 850 MeV. The initial diretion was hosen in suh a way tohit uniformly the surfae of one rystal of the fourth ring (see Setion 4.1.1).For eah event the values of Edep and of the orresponding Nph were saved inouples (Edep ; Nph) for every rystal. The set of points of the (Edep ; Nph)-planeobtained is represented in Figure 4.4.In every event the largest part of the energy is deposited in one entralrystal. That is typially the rystal through whih the primary eletron en-ters the alorimeter. The rest of the energy is deposited in the neighbouringrystals aording to some development of the shower pro�le, whih su�ersstohasti utuations. In general the total deposited energy is less than theinoming eletron energy sine part of the shower ould develop outside therystals. Only the (Edep ; Nph)-point due to the entral rystal of one eventan populate the large-Edep region of Figure 4.4. The low-Edep region in thesame graph ontains points due either to the entral rystal of events with lowprimary eletron energy or to the neighbouring rystals of whatsoever event.In other words, every event ontributes with several points to the low-Edepregion while at most with one point to the large-Edep region.
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The value of Edep in eah partiular rystal, entral or neighbouring, de-pends on many fators. First of all, the initial energy of the primary eletronontributes in determining the average shower pro�le and its utuations.Furthermore the position of the entrane point of the eletron on the rys-tal surfae inuenes the portion of the shower that develops in eah rystaland onsequently the orresponding value of Edep. For instane, the fration ofthe total energy deposited in the entral rystal for eletron energies of about700�800 MeV an vary between about 40 � 50%, if the rystal is hit verylose to its border, up to 80% or more in the ase the eletron enters in awell entered position. For lower eletron energies these frations are usuallylarger, beause the transversal pro�le of the shower beomes narrower.In addition the momentum diretion of the inoming eletron gives theavarage development diretion of the asade. The same initial energy andentrane position but di�erent diretion of development result in general indi�erent Edep values. In the Geant4 simulation this diretion is hanged intwo ways. Giving a random initial position in the target and being �xed theentrane position into the rystal, the angle between momentum diretion andnormal diretion to the rystal surfae aquires di�erent values. Simulatingthe passage of the eletron through the material from target to alorimeterdeviates randomly the eletron from the initial diretion of motion.The most important e�et, though, is given by the shower utuations.Events having idential values for the previous parameters, i.e. initial eletronmomentum and entrane point, an end up in very di�erent values of Edep.This happens just beause the development of an eletromagneti asade is astohasti proess.As a onsequene, the same value of Edep in one rystal an be aused inmany di�erent ways. Aording to the �rst one of the two basi ideas givenabove, the way the energy Edep has been deposited in a rystal does not a�etthe distribution of the number of deteted Cherenkov photons Nph by the or-responding photomultiplier, sine this distribution depend only on the valueof Edep. In other words, given a ertain value of Edep, Nph has always thesame distribution, independently from how that partiular value of Edep wasahieved. Figure 4.4 is a justi�ation of suh assumption beause the points onthe graph show a strong orrelation between Edep and Nph. Quantitatively, thelinear orrelation oeÆient r is 0.997. This means that the mean value �Nphan be onsidered as a linear funtion of Edep. Hene the form for �Nph(Edep)is just the linear �t given in Figure 4.4.Justifying rigorously the seond assumption is more diÆult. To test howNph is distributed for a given value of Edep, one should plot the statistial fre-queny of the single values of Nph for many events, all having the same valueof Edep. Sine the eletromagneti asade must be also simulated togetherwith the photomultiplier response, one obtains unavoidably di�erent random
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44 CHAPTER 4. SIMULATION OF THE DETECTOR RESPONSEvalues of Edep for eah event. For having a statistial sample of Nph, then,one needs to take the points of Figure 4.4, that are inluded in some intervalEdep� ÆEdep, instead of just those whih orrespond to some exat value Edep.In order to have a larger sample one should onsider a wider interval of Edep, sothat more points are inluded. On the other hand, the sample distribution oneobtains with a large ÆEdep derives from the superposition of the distributionsorresponding to di�erent values of Edep, whih have di�erent values for �Nphand �ph. Therefore the smaller ÆEdep is, the better the obtained sample dis-tribution would represent the distribution of Nph orresponding to one singlevalue of Edep.Mediating between these two issues, it is possible to get a result like in Fig-ure 4.5. The sample distributions for the given intervals of Edep are shown. Thevalue of ÆEdep inreases with inreasing entral value Edep. Suh a hoie wasimposed by the poorer statistis in the large-Edep region of the (Edep ; Nph)-plot(Figure 4.4). This does not onstitute a very umbersome problem beausethe sample varianes also beome larger with larger Edep. If the variation ofthe mean value and of the standard deviation of Nph within the Edep-intervallare small with respet to the absolute value of the standard deviation at Edep,then the superposition of the di�erent distributions in Edep � ÆEdep remains agood approximation of the single-Edep distribution.Estimating the error on the statistial frequeny with its squared root, agaussian urve was �tted on eah histogram of Figure 4.5 and the p-value of thegoodness-of-�t test [22℄ was alulated. The statistial samples are not verylarge but all p-values are greater than 55% and, exept for one ase, smallerthan 64%, whih is in agreement with the assumption of the gaussian form forthe ditribution of Nph.In order to �nd a form for the funtion �ph(Edep), sample values of Nph fordi�erent values of Edep are needed. For eah value of Edep, the sample valuesof Nph are given by the (Edep; Nph)-points of Figure 4.4 having Edep ontainedin some interval Edep � ÆEdep.Out of this sample the estimator s2(Edep) for �2ph(Edep) was alulated a-ording to s2(Edep) = 1n nXi=1 (Nph;i � �Nph(Edep))2 ; (4.1)where Nph;i (i=1; :::; n) are the sample values ofNph and �Nph(Edep) is alulatedaording to the �t given in Figure 4.4. For this reason, s2(Edep) is not thesample variane and will be onsidered as an unbiased estimator of �2ph(Edep)without multiplying it by the usual fator n=(n�1). This is beause �Nph(Edep)is not the mean of the sample values Nph;i (i=1; :::; n) but the estimation of �Nphobtained by using a large statistial sample. Hene, within the small samplefNph;ig, �Nph(Edep) an be onsidered as the \real value" of �Nph.



4.3. DEPOSITED ENERGY VS NUMBER OF PHOTOELECTRONS 45The variane var(s2) of s2 is given byvar(s2(Edep)) = 1n(�4 � �22) ; (4.2)where �k is the k-th entral momentum of the Nph distribution. Sine thevariable Nph is supposed to be Gauss distributed it holds:�2 = �2ph ;�4 = 3�4ph : (4.3)Substituting (4.3) in (4.2) and onsidering the standard deviation of s2 as itsstatistial error (Æs2)stat, this assumes the form:(Æs2)stat =r2ns2 ; (4.4)remembering that s2 is the estimator for �2ph.The quantity �Nph(Edep) is also known with a statistial error Æ �Nph(Edep),inferred by the error on the �t parameters given in Figure 4.4. Suh an erroron �Nph(Edep) propagates also onto s2(Edep), whih is therefore a�eted by afurther error (Æs2) �N . Expanding the expression (4.1), taking the �rst derivativewith respet to �Nph and multiplying by Æ �Nph gives the estimation of (Æs2) �N ,(Æs2) �N = 2 j �Nph� < Nph;i > j � Æ �Nph ; (4.5)where < Nph;i > is the sample mean of fNph;ig. Altogether the estimation forthe error of s2 is given onsidering (4.4) and (4.5):(Æs2)tot =q(Æs2)2stat + (Æs2)2�N : (4.6)Sample values of s2(Edep) have been obtained from samples of �Nph orre-sponding to Edep intervals Edep � ÆEdep, as follows. The Edep range between0 and 700 MeV has been subdivided into 25 subranges of the same width.The entral Edep value of eah subrange has been taken together with a widthÆEdep growing linearly with Edep from 1 MeV to 5 MeV as Edep ranges from0 to 700 MeV. Among these 25 intervals Edep � ÆEdep, only those ontainingmore than 5 values of �Nph were used to alulate s2(Edep). These sample valuesof s2(Edep) with their errors are plotted in Figure 4.6. In all of these samples(Æs2) �N is less than about 6% of (Æs2)stat, whih is a on�rmation of whathas been stated above with respet to the estimation of �2ph by the estimators2(Edep). A linear funtion has been �tted to the data and the value of the �tparameters are given on the bottom of the graph in Figure 4.6. The redued�2 and the goodness-of-�t were also estimated. The p-value amounts to 44%,
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Figure 4.6: Sample estimation of �2ph as afuntion of the deposited Energy.In the box the values of the linear�t parameters are given togetherwith the �2 divided by the num-ber nd of degrees of freedom andthe p-value of the goodness-of-�ttest [22℄.
s2 = a0 + a1 �Edep ;a0 = 64:8 � 11:3 ;a1 = (4:58 � 0:40)MeV �1:�2nd = 22:3822 ;p = 0:44 :

thus the linear dependene of s2, i.e. �2ph, on Edep is assumed to be a reason-able hypothesis. This is the needed dependene of �ph on the deposited energyEdep, that is the funtion �ph(Edep).To summarize, in this setion a parameterization for simulating the photo-multiplier response has been presented. That is, given the value of depositedenergy Edep in one rystal simulated with Geant4, the e�et of the emis-sion, propagation and detetion of Cherenkov photons onto the overall dete-tor response is simulated without using the full Geant4 simulation inludingCherenkov e�et but sampling the number of deteted photoeletrons Nphfrom a gaussian distribution. The mean value �Nph and the variane �2ph of thisgaussian distribution are linear funtions of the deposited energy Edep. Withinthis work, this approah has been motivated statistially using the results ofa Geant4 simulation inluding the Cherenkov proess and the parameters ofthe linear funtions �Nph(Edep) and �2ph(Edep) have been determined.



4.4. DIGITIZATION AND HISTOGRAMMING 474.4 Digitization and histogrammingAfter simulating an event, one has the value of Nph for eah rystal as an out-put. That is the number of photoeletrons emitted by the photoathode of theorresponding photomultiplier. As disussed in Setion 3.4, Nph is proportionalto the time integral of the urrent signal of the photomultiplier over a timewindow � . In the real experiment, this value is summed over a 3�3 matrixof rystals and digitized. In order to obtain a histogram whih is omparablewith the experimental spetrum, a similar proedure must be applied to thesimulated values of Nph.First, every experimental spetrum orresponds to one single hannel, i.e.rystal with orresponding photomultiplier tube. For reproduing a spetrum,a hannel must be hosen and all events that ontribute to that hannel mustbe simulated. An event gives a ontribution to a hannel if Nph has a loalmaximum in that hannel like spei�ed in Setion 3.4. Therefore after simu-lating an event, if the seleted hannel happens to be a loal maximum, thehistogram representing the simulated spetrum is updated.Seond, the 9 values of Nph orresponding to the 3�3 matrix of rystalsentred on the seleted hannel are summed giving the total value N3�3ph . Thisvalue is a real number, beause the Nph's are sampled from a ontinuous gaus-sian distribution. This is an advantage, beause binning problems due todigitization of disretized values are avoided.The �nal step is �lling one of the 256 bins in the histogram. To do that,N3�3ph must be resaled into a value b orresponding to one ADC-hannel ofthe experimental histogram. For resaling, two referene points in N3�3ph -spaemust be mathed to two referene points in b-spae. The zero of N3�3ph orre-sponds to the physial zero boff of the ADC (o�set), whih is a �xed parameterof the readout eletronis. The other point is given by the position of the elas-ti peak. An ADC-hannel bel, orresponding to the entral ADC value of theelasti sattering peak, is seleted by alibrating the detetor like explained inSetion 3.4 (typially bel=170). The orresponding N3�3ph -value N elph has beenobtained by simulating 5000 elasti events and taking the mean value of theN3�3ph 's. The relation between N3�3ph and b is then simply:b = boff + bel � boffN elph �N3�3ph : (4.7)One event ontributes to the simulated histogram only if it gives a value ofb ranging from 0 to 256. In the experimental histogram, one event ontributesif its time integrated urrent signal is greater than a ertain threshold, asexplained in Setion 3.4. The b value orresponding to the threshold is alwaysgreater than 0 (typially about 40�50). For having suh a b value, the satteredeletron energy must be of the order of (200�250) MeV.
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Chapter 5Simulation of physial proessesFrom here on, any interation of the beam eletrons in the target, whih pro-dues an event, that is a primary eletron with given kinematis, will be alledphysial proess. The theoretial knowledge of the physial proesses, i.e. oftheir ross setions, allows the simulation of suh proesses, whih in this on-text means the random sampling of events from their ross setions. Thealgorithm in harge of exeuting suh a sampling will be alled event genera-tor and the output of the algorithm theoretial spetrum. Sine the theoretialspetrum is determined by the set of physial proesses that are simulated, anevent generator an be onsidered equivalent to the set of physial proessesit simulates.The ultimate sope of this work is the study of the ontribution of physialproesses to the experimental spetrum, partiularly in the low energy region,in order to extrat the parity violation asymmetry in the eletroprodutionross setion of the �(1232) resonane. The simulation of the detetor re-sponse desribed in the previous hapter provides a tool for omparing thetheoretial spetrum given by any event generator with the experimental spe-trum.One event generator has been implemented and its theoretial spetrumompared with the experimental spetrum. A good agreement is found for theenergy range from the �(1232) resonane peak (E 0=440 MeV) up to above theelasti sattering peak (E 0>800 MeV). More work has to be done for havinga better agreement between theoretial and experimental spetrum in the lowenergy range. In this hapter the features of this event generator are presented.5.1 Kinematial regionLike stated in Setion 4.4, all events ontributing to the spetrum of one se-leted hannel must be simulated. The kinematial ranges of the primaryeletrons have to be �xed aordingly.49



50 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSESSolid angleAn event gives a ontribution to a hannel Ch if the number of photons NChphdeteted by the photomultiplier of Ch is a loal maximum, like spei�ed inSetion 3.4. NChph an be a loal maximum if the primary eletron enters thedetetor through the surfae of the orresponding rystal or of the surroundingones.To selet the region of entrane of the primary eletron into the detetor,the primary momentum diretion must be generated with a polar angle � andan azimuthal angle � ontained in an interval (�0���=2; �0+��=2) and (�0���=2; �0+��=2), respetively. Fixing these two intervals is equivalent to de�nea retangle on the surfae of the detetor onto whih the eletrons are shot.The retangle has to ontain the entrane (direted toward the target) surfaeof the rystal orresponding to the seleted hannel Ch. More spei�ally theretangle has to be wider than the surfae of the rystal, i.e. some eletrons areshot outside the surfae of the rystal, in order to onsider the ontributionsto the spetrum oming from eletrons hitting the surfae of neighbouringrystals. The riterion for deiding the dimensions of this retangle is thatprimary eletrons, hitting the surfae of the alorimeter outside the retanglean not ontribute to the spetrum, or their ontribution is quite negligible.The values �0 and �0 were �xed aording to the diretion of the linegoing through the entre of the target and the entre of the seleted rystal'ssurfae. The hosen rystal belongs to the fourth ring, whih is the entralone. Therefore, aording to table B.1, �0 was set to 34.8Æ. Sine all events tobe simulated are generated by �-symmetri proesses, �0 has to orrespond tothe entre of an arbitrary frame.The widths �� and �� were hosen equal to 2:4Æ and 2:6Æ, respetively.To �x these values the following proedure was followed. Some thousandsevents were simulated shooting primary eletrons from a uniformly distributedrandom position in the target and with an initial energy of 734.5 MeV, whihis the largest initial energy (elasti energy) of the eletrons ontributing tothe spetrum at the sattering angle �0. By hanging the momentum diretionangles � and �, one deides onto whih point of the rystal surfae the eletronsare shot. The angle � (�) was set equal to �0 (�0). The other angle � (�) wasset equal to �0+��=2 or �0���=2 (�0+��=2 or �0���=2). �� (��) washosen in order to shoot the eletrons to the border of the rystal Ch andthen inreased to hit other positions outside the rystal, i.e. the surfae ofone neighbouring rystal. For eah value of � (�), 1000 events were simulatedand the number of events, where NChph was loal maximum, was ounted. Thiswas repeated until a value for �� (��) was found, suh that there were nomore events, within the 1000 simulated, with NChph as loal maximum. The�nal values obtained for �� and �� were those given above (2:4Æ and 2:6Æ,respetively).



5.2. BREMSSTRAHLUNG AND STRAGGLING FUNCTION 51Sampling the momentum diretion of the primary eletrons within theseintervals for � and �, many eletrons hit the detetor outside the surfae of therystal Ch. In fat, only about 30% of the events having a primary momentumdiretion within this range ontribute to the simulation. This means that themajority of the simulated events are lost, sine they do not ontribute to obtaina better statistis. However generating the events into suh a wide solid angleensures that all primary kinematial on�gurations, whih possibly ontributeto the spetrum, are inluded in the simulation.All physial proesses to be simulated are �-symmetri, thus �� will appearin the ross setion formulae just as a multipliative fator. On the ontrary,all ross setions depend on � and have to be integrated over the � interval. Itis therefore onvenient to de�ne:�A � �0 ���=2 ;�B � �0 +��=2 :Energy rangeThe upper limit for the energy of primary eletrons is given by the simulatedproesses. For instane, for the elasti sattering o� the proton, the eletronswith the highest �nal state energy are those, that have lost no energy by ra-diation of real photons. Their energy is thus limited by the kinematis of theelasti sattering (Equation (A.7)).More attention has to be paid for the lower energy limit of the primaryeletrons E 0low. This is the lowest �nal energy value whih an be sampledby the event generator from the ross setions of the various simulated pro-esses. In the experiment, the orresponding limit is given by the low energyaeptane of the detetor. This is �xed in turn by an eletroni threshold(see Setion 3.4). As already said at the end of Setion 4.4, aording to thedetetor response simulation, this threshold orresponds to primary energies ofabout (200�250) MeV. For simulating all events ontributing to the spetrum,E 0low must be smaller than suh values. Depending on the proess, the valuefor E 0low ranges between 100 MeV and 120 MeV.5.2 Bremsstrahlung and straggling funtionThe simulation of the detetor response to a sattered eletron of the beambegins by traking the eletron just after its sattering o� a proton at somepoint in the target. Although, the eletron travels through the target until thesattering point. The e�et of the passage through this layer of material is nottaken into aount in the detetor response simulation.The interation with the liquid hydrogen in the target a�ets the momen-tum of the beam eletrons. The deetion from the original beam diretion is



52 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSESnot onsidered in this work. The energy straggling is due almost ompletely tobremsstrahlung, beause at the beam energy of the experiment (854.3 MeV)the energy loss per ionisation is negligible with respet to the e�et of externalradiation [22℄.If the beam energy before hitting the target is E0, after travelling a dis-tane t through the target (where t is expressed in units of radiation length),the energy of the beam eletrons will be distributed with a ertain probabilitydensity funtion (p.d.f.) Ie(E0; E; t). The energy E is the same as de�ned inAppendix A, then it is the energy of the eletron just before it satters o� aproton. The p.d.f. Ie(E0; E; t) is alled straggling funtion and, onsideringonly the energy loss due to bremsstrahlung, is given by Mo and Tsai [23℄:Ie(E0; E; t) = btE0 � E " EE0 + 34 �E0 � EE0 �2#�ln E0E �bt ; (5.1)with b=4=3. In other words, for one eletron of initial energy E0 that passesthrough a target layer of thikness t, the di�erential quantity Ie(E0; E; t) dErepresents the probability that the energy of the eletron be in the interval(E;E+dE).The funtion Ie(E0; E; t) is not analytial in E =E0. To treat this singu-larity the E-interval of de�nition (0; E0) has been divided into two intervals(0; E0 ��Es) and (E0 ��Es; E0), respetively. Within the �rst interval thefuntion Ie(E0; E; t) an be integrated numerially and an be used for sam-pling E. The larger the value of �Es is, the faster is the numerial integrationand the more preise an be the sampling.All eletrons having an energy inside the interval (E0��Es; E0) have beentreated as if they had the beam energy E0. Using this approximation, theprobability J�Ese (E0; t) for one eletron of still having all the beam energy E0after travelling through a layer t of target material is:J�Ese (E0; t) = 1� Z E0��Es0 dE Ie(E0; E; t) ; (5.2)beause of the normalization of Ie(E0; E; t). Suh an approximation is validonly if two requirements are ful�lled.1. The ross setions of the sattering proesses to be simulated (e.g. elastiand inelasti e-p sattering) must not vary too muh in the energy range(E0 ��Es; E0).2. For the same proesses, the variation of E in the interval of width �Esauses a variation in the �nal energy E 0 of the sattered eletron aord-ing to Equations (A.7) and (A.8). The orresponding interval of E 0 willhave a width �E 0s depending on E 0 or, equivalently, on E. �E 0s must besmall in omparison with the energy resolution of the detetor �E 0 atE 0 given by Equation 3.4.



5.3. ELASTIC ELECTRON SCATTERING OFF THE PROTON 53Considering elasti sattering and inelasti sattering at the �(1232)-peak inthe polar angle interval �2(30Æ; 40Æ) and hoosing �Es=0:1 MeV, the di�er-ene in the ross setions between E=E0 ��Es and E=E0 is at most about0.1%.In the same polar angle interval and with W ranging from Mp up to1450 MeV (see Appendix A for de�nitions), one has always �E 0s < 0:1 MeV.The detetor energy resolution in the orresponding E 0 interval, whih is(167 MeV,761 MeV) aording to A.7 and A.8, satis�es 13 MeV��E 0�28 MeV.In onlusion, with the hosen value of �Es, the ut on the domain of Ie(E0; E; t)an have no visible inuene on the simulated spetrum.So far the e�et of energy straggling in the target input window has beenonsidered just for the elasti e-p sattering. However it is planned to upgradethe event generator in order to take are of the energy straggling also for theases of inelasti sattering o� proton and sattering o� aluminium.5.3 Elasti eletron sattering o� the proton5.3.1 Unradiated ross setionThe elasti interation of massless spin 1/2 eletrons with point-like spinlessprotons of �nite mass is desribed by the Mott ross setion [24, 25℄. The formof the Mott ross setion in the approximation of one virtual photon exhangeis1: d2�d
 ����Mott(E; �) = �24E2 sin4 �2 � E 0E os2 �2 ; (5.3)where � = e2=4� ' 1=137 is the �ne struture onstant.Considering that the proton is also a spin 1/2 partile and that it presentsan extended struture, the Rosenbluth formula must be introdued. Thus thetwofold di�erential ross setion for the elasti eletron sattering o� protonsis given by:d2�d
 ����Ros(E; �) = d2�d
 ����Mott(E; �) � �G2E(Q2) + �G2M(Q2)1 + � + 2�G2M(Q2) tan2 �2� :(5.4)In this equation the kinematial fator � is� = Q24M2p : (5.5)1The Plank onstant is onsidered as ~ = 1.



54 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSESThe eletromagneti form fators, whih are used in the work presented here,are alulated aording to the dipole �t [24℄:GE(Q2) = GM(Q2)2:79 = G dipole(Q2); (5.6)G dipole(Q2) = �1 + Q20:71GeV 2��2 : (5.7)5.3.2 Radiative orretions to elasti satteringThe QED radiative orretions to elasti sattering an desribe two e�etsin the spetrum. On the one hand the peak orresponding to the elasti lineis modi�ed with respet to what would be expeted from the ross setionwithout radiative orretions (5.4). On the other hand the radiation of hardreal photons an result in the loss of a large energy amount ! by the eletron.Beause of this, a radiative tail at energies lower than the elasti peak appearsin the spetrum.The radiative tail from the elasti peak an be alulated using the peakingapproximation, as shown by Mo and Tsai [23℄. Contributions oming from theradiation of photons by the inident eletron and by the sattered eletron anbe treated independently (the interferene between the two ontributions isnegleted), sine the sattering angle is suÆiently large [26℄. The Feynmandiagrams orresponding to these two ontributions are shown on bottom ofFigure 5.1, on the left and on the right, respetively.After hoosing an energy uto� �Er for de�ning the peak of elastiallysattered eletrons, the di�erential ross setion of the tail is integrated over !from 0 to �Er and the vertex orretion and the vauum polarization are added(vertex orretion and vauum polarization are shown diagrammatially in theseond line of Figure 5.1). The result is the orreted elasti ross setion:d2�d
 ����peak(E; �) = (1 + Æ(�Er; E; �)) d2�d
 ����Ros(E; �): (5.8)The form for Æ(�Er; E; �) is given by Tsai [27℄. Assuming the peaking approx-imation and negleting the radiation from the proton urrent one has:Æ(�Er; E; �) = ��� �289 � 136 ln Q2m2e + �ln E�Er + ln E 0�Er��ln Q2m2e � 1�+12 �ln E 0E �2# ; (5.9)where me is the eletron mass and E 0 is alulated by means of (A.7).For !>�Er, the di�erential ross setion desribing the sattering of theeletron aompanied by the emission of hard photons an be integrated in the
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Figure 5.1: Feynman diagrams for alulating the radiative orretions onthe elasti eletron-proton sattering. Starting from the top onthe right and following the reading order: elasti proess, vertexorretion, vauum polarization, initial state radiation and �nalstate radiation.peaking approximation over the photon solid angle. This gives the inlusivethreefold di�erential ross setion for the radiative tail from the elasti peak.In the notation of [26℄, this ross setion assumes the form:d3�d
dE 0 ����tail(E;E 0; �) = ts!s Mp + (E � !s)(1� os �)Mp � E 0(1� os �) d2�d
 ����Ros(E � !s; �)+ tp!p d2�d
 ����Ros(E; �) : (5.10)Here !s and !p are the initial and �nal photon energies, respetively:!s = �Q2 + 2Mp(E � E 0)2[Mp � E 0(1� os �)℄ ;!p = �Q2 + 2Mp(E � E 0)2[Mp + E(1� os �)℄



56 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSESand ts = �� �1 + x2s2 ln Xsm2e � xs� ;tp = �� �1 + x2p2 ln Xpm2e � xp� ;where xs and xp are the frations of energy lost by the inident eletron andby the sattered eletron, respetively,xs = E � !sE ;xp = E 0E 0 + !pand Xs = 2(E � !s)E 0(1� os �) ;Xp = 2EE 0(1� os �) :Aording to [17℄, the energy uto� for the elasti peak has been set inthe implementation of the event generator to �Er = 3 � 10�3E 0el(E; �), whereE 0el(E; �) is given by Equation (A.7).5.3.3 Sampling funtionFor the elasti sattering, the energy straggling e�et and the radiative or-retions were treated together to obtain a sampling funtion for the variablest, E 0 and �.At any angle �, the energy uto�s �Es and �Er divide the (E;E 0)-planeinto four regions aording to:region I: E0 > E > E0 ��Es; E 0el(E; �) > E 0 > E 0el(E; �)��Er ;region II: E < E0 ��Es; E 0el(E; �) > E 0 > E 0el(E; �)��Er ;region III: E0 > E > E0 ��Es; E 0 < E 0el(E; �)��Er ;region IV: E < E0 ��Es; E 0 < E 0el(E; �)��Er :Considering this subdivision, the distintion between peak events and tailevents must be rede�ned. Only in the ase of region I, the �nal energy E 0is �xed one given the beam energy E0 and the sattering angle �. In the asesof regions II, III and IV, E 0 is not determined given E0 and � and must besampled independently. For this reason only events oming from region I are



5.4. INELASTIC ELECTRON SCATTERING OFF THE PROTON 57onsidered as peak events, while the rest of the events are referred to as tailevents.Integrating over the azimuthal angle �, the peak events sampling funtionfor t and � is given by the di�erential ross setion:d�peakeld� (t; �) = �� sin � � J�Ese (E0; t) � d2�d
 ����peak(E0; �) : (5.11)The total ross setion for the elasti peak events is:�peakel = Z T0 dtT Z �B�Ad� d�peakeld� (t; �) ' 0:21nb ; (5.12)where the total length of the target is T =1:1 � 10�2 radiation lengths.Similarly, for the tail events, t, E 0 and � are sampled from:d2�taileld�dE 0 (t; �; E 0) = �� sin � h Ie(E0; E; t) � d2�d
 ����peak(Eel(E 0; �); �) +J�Ese (E0; t) � d3�d
dE 0 ����tail(E0; E 0; �) +Z E0��EsEel(E0low;�)dE Ie(E0; E; t) � d3�d
dE 0 ����tail(E;E 0; �) i ; (5.13)where Eel(E 0; �) is the inverse funtion of E 0el(E; �) and the three terms inthe square parenthesis represent the ontributions of regions II, III, and IV,respetively. The total ross setion for the elasti sattering tail events is:�tailel = Z T0 dtT Z �B�Ad� Z E0el(E0;�)E0low dE 0 d2�taileld�dE 0 (t; �; E 0) ' 0:18nb : (5.14)In onlusion, sampling one elasti event implies hoosing whether the eventbelongs to the peak or to the tail. In the former ase, t and � are sampledfrom the funtion de�ned in Eq. (5.11) and E 0 is alulated onsequently. Inthe latter ase, the funtion de�ned in Eq. (5.13) is used to sample t, � andE 0. The peak events are hosen with a probability ppeak equal to:ppeak = �peakel�peakel + �tailel ; (5.15)the tail events with probability ppeak=1�ptail.5.4 Inelasti eletron sattering o� the protonThe eletron-proton sattering is said to be inelasti, when it is aompanied byhadron prodution. The entre of mass energyW of the �nal hadroni state an



58 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSESassume any real value above the pion prodution threshold Wth = 1073 MeV.This means that, for the inelasti sattering, there is one more independentkinematial variable as ompared to the ase of the elasti sattering withoutradiative orretions. The �nal eletron energy E 0 is onsidered to be the in-dependent variable together with the sattering angle �. The relation betweenE 0 and W is given by Equation (A.8).The inlusive di�erential ross setion for a given eletron kinematis, in-tegrated over all possible hadroni �nal states, an be written with the for-malism of virtual photon absorption [25, 28℄. The ross setion is separatedinto a kinematial fator �, representing the ux of virtual photons exhangedbetween eletron and proton, and a dynamial part giving the total virtualphoton-absorption ross setion �� of the proton:d3�d
dE 0 ����inel(E 0; �) = � �� : (5.16)De�ning " as the ratio of longitudinal to transverse polarization of thevirtual photons, " = �1 + 2 jqj2Q2 tan2 �2��1 ; (5.17)and k as the laboratory energy needed by a real photon for exiting a hadronisystem with entre of mass energy W ,k = W 2 �M2p2Mp ; (5.18)the fator � assumes the form:� = �2�2 E 0E kQ2 11� " : (5.19)In the literature (e.g. [28℄), the ross setion �� is expressed with expliitdependene on the kinematial variables W and Q2, rather than E 0 and �.Additionally, it an be seen as the sum of two ross setions �T and �L, de-sribing the absorption of transversely polarized and longitudinally polarizedvirtual photons, respetively:��(W;Q2) = �T (W;Q2) + " �L(W;Q2) : (5.20)The expliit form of �� , hene of the sampling funtion for E 0 and � inEquation 5.16, depends on the model used to desribe the pion produtionthrough the two hannels: e� + p! p + �0;e� + p! n + �+:



5.4. INELASTIC ELECTRON SCATTERING OFF THE PROTON 59

Figure 5.2: Virtual photon-absorption ross setion as a funtion of W , with�xed Q2=0.1GeV2. Data are taken from Brasse et al. [30℄.In this work, the unitary isobar model by Drehsel et al. [29℄ has beenadopted. The implementation of the model, namely the program MAID hasbeen used to alulate the ross setions �T and �L for the two given han-nels. Suh model an well desribe the data for W -values ranging from thepion threshold up to at least over the �(1232) resonane. This orresponds toabout 1100 MeV<W<1400 MeV with �xed Q2=0:1 GeV2, aording to thedata of Brasse et al. [30℄ shown in Figure 5.2. Looking at A4 experimentalspetrum in Figure 3.2, this is also the interesting W -range for the simulation,though in that spetrum the value of Q2 is not the same for di�erent valuesof W . However the same W -range in the A4 spetrum orresponds to theQ2-range (0.08, 0.18) GeV2, whih means that the kinematis of the data ofFigure 5.2 and of the A4 spetrum are in �rst approximation omparable.The total ross setion for the inelasti sattering without onsidering strag-gling and radiative orretions is�inel = �� Z E0upE0lowdE 0 Z �B�Ad� sin � d3�d
dE 0 ����inel(E 0; �) ' 0:19nb ; (5.21)with E 0low=120 MeV and E 0up=620 MeV, sine in the onsidered �-interval themaximal E 0 orresponding to the pion threshold amounts to 616 MeV.Finally, the position t of the sattering in the target is sampled from theuniform distribution in the range (0, T ).



60 CHAPTER 5. SIMULATION OF PHYSICAL PROCESSES5.5 Sattering o� aluminiumAnother bakground ontribution to the spetrum, that must be taken intoaount, omes from the sattering of the beam eletrons o� the aluminium inthe target input and output windows. The most relevant interations betweeneletrons and Al nulei at these energies are the quiasielasti sattering o� thebound nuleons and their �-exitation.For both proesses there are two independent kinematial variables, namelyE 0 and �. Therefore, the di�erential ross setion of the e-Al sattering hasthe form: d3�d
dE 0 ����Al(E 0; �) = d3�d
dE 0 ����quasiel(E 0; �) + d3�d
dE 0 �����(E 0; �) : (5.22)To alulate these ross setions, a ode based on a Fermi-gas nulear modelby Moniz [31℄ was used. The binding energy of the nuleons are alulatedin a shell model, solving the Shr�odinger equation with a Wood-Saxon well asentral potential and a �rst derivative Wood-Saxon potential for the spin-orbitinteration2.The integration of Equation 5.22 gives the total ross setion for thesattering o� aluminium:�Al = �� Z E0upE0lowdE 0 Z �B�Ad� sin � d3�d
dE 0 ����Al(E 0; �) ' 16:25nb ; (5.23)where E 0low=120 MeV. The quasielasti peak spreads up to energies E 0 higherthan the elasti energy E 0el of the e-p sattering, beause of the Fermi momentaof the nuleons. In order to inlude the whole quasielasti peak, the upper limitfor the integration in E 0 was set to E 0up=850 MeV. The sattering position forthe Al events oming from the input window and from the output window wasset on the geometrial entre of the respetive layer of aluminium. Suh layersare situated at the extremities of the target. This implies that events withsattering angle � lying outside the usual interval (33.6Æ, 36Æ) ould ontributemore frequently, on average, to the seleted hannel (see Setion 5.1). Beauseof this, the sampling interval of �, hene the integration interval in equation(5.23), was extended to �A=33Æ, �B=37Æ, to make sure that all events whihare able to give a ontribution to the hosen hannel are inluded.Like in the ase of inelasti sattering o� the proton, straggling e�et andradiative orretions were not yet inluded.2The alulation of the binding energies was performed by J. Van de Wiele, Institut dePhysique Nuleaire Orsay, and privately ommuniated. The ode for alulating the rosssetions was implemented by M. El Yakoubi and J. Van de Wiele.



Chapter 6Conlusions and outlookIn summary, the experimental apparatus of the A4 Collaboration has beendesribed in Chapter 3. This apparatus is able to detet the beam eletronssattered o� the liquid hydrogen target and to measure their energy. Thenumber of deteted eletrons is histogrammed aording to their energy, givingan experimental energy spetrum. A simulation of the detetor response tothe sattered eletrons has been implemented and desribed in Chapter 4. Anexpeted theoretial energy spetrum of these sattered eletrons has beenobtained implementing an event generator, whih inludes the most importantsattering proesses for the eletrons. This event generator has been desribedin Chapter 5. In order to ompare the theoretial energy spetrum of thisevent generator with the experimental energy spetrum, the simulation of thedetetor response has been applied to the generated events.6.1 Result of the simulation, omparison withthe experimental energy spetrumUsing the simulation of the detetor response for traking the primary eletronsof the output events of the event generator, one obtains an energy spetrum,whih an be ompared with the experimental spetrum.The events of the various proesses have been simulated separately, so thatthe ontribution of eah proess an be distinguished within the simulatedspetrum. After simulating the detetor response for all proesses, one obtainsone simulated histogram for eah proess. To have one histogram omparablewith the histogram of the experimental spetrum, the histograms orrespond-ing to all proesses have to be resaled with an appropriate fator and summedtogether.For simpliity, the following general formalism an be applied. Consideringk di�erent proesses Xi (i=1; :::; k), with their orresponding histograms Hi,61



62 CHAPTER 6. CONCLUSIONS AND OUTLOOKthe total simulated histogram HS is:HS = kXi=1 fiHi; (6.1)where fi are the saling fators for the respetive proesses Xi. Eah one ofthese saling fators is alulated as the ratio fi = Ei=Si, where Si is thenumber of simulated events generated with kinematial variables within theseleted ranges (see Setion 5.1) aording to the di�erential ross setion ofthe proess Xi. Ei is the expeted number of eletrons sattered within thesame kinematial ranges aording to the proess Xi, during the run timetR with a beam urrent I. The di�erent proesses have di�erent total rosssetions, in the sense de�ned in Chapter 5, and are assoiated with di�erent\targets", namely the liquid hydrogen volume, the aluminium input and outputwindows. These di�er in length, density and mass of the partile responsiblefor the eletron sattering, that is the proton and the aluminium nuleus,respetively. With �i the total ross setion of the proess Xi, and li, �i andMi the length, the density and the satterer mass of the orresponding target,respetively. The expeted number of eletrons Ei for the proess Xi is then:Ei = �i �iMi li I tR : (6.2)After applying this resaling and summation, the obtained simulated histogramHS an be ompared with the experimental energy spetrum like shown inFigure 6.1. It is important to stress, that the presented simulated energyspetrum is obtained exlusively from information about the experimental ap-paratus and about the physis of the eletron sattering and of the passage ofpartiles through the matter. No information from the experimental energyspetrum itself was used.Looking at Figure 6.1, one noties a very good agreement between sim-ulation and experiment in the energy range from the peak orresponding tothe exitation of the �(1232) resonane, that is from the green peak at abouthannel 100, upwards. From hannel 100 to hannel 140, that means from thepion prodution threshold up to the maximum of the �(1232) resonane peakwith inreasing W (see also Figure 3.2), the agreement between simulated andexperimental spetrum lies on the 13% level. In the low energy part of thespetrum, i.e. at the left side of the �(1232) resonane peak in Figure 6.1, theagreement beomes very bad, sine the largest part of the experimental signalis not reprodued in the simulation.From this observations, one an draw the following onlusions. The de-tailed simulation of the detetor response desribed in Chapter 4 provides areliable method for omparing the energy spetrum obtained in the experiment
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Figure 6.1: Comparison of the result of the simulation with the experimentalenergy spetrum. The red line orresponds to the experimentalspetrum, it is the same as in Figure 3.2. The solid histogramis the result of the simulation presented in this work. Di�erentolours di�erentiate the ontributions of di�erent proesses. Theupper pro�le of the solid histogram represents the sum of all on-tributions. The elasti sattering, taking into aount stragglingand radiative orretions, is shown in yellow. The elasti peakappears on the right and the radiative tail spreads to lower en-ergy on the left side, ontributing also to the energy region ofthe �(1232) resonane (between about hannel 80 and hannel120). The inelasti sattering is shown in green, reproduingabout the hannel 100 the struture due to the exitation of the�(1232) resonane. The ontributions of the input and outputaluminium windows produe the thin layer of bakground shownin gray at the bottom of the piture.



64 CHAPTER 6. CONCLUSIONS AND OUTLOOKwith the sattering proesses that are theoretially expeted to our in thetarget. In other words, sine the energy spetrum of the experiment an bereprodued so well in the higher energy range, only using information omingfrom the physis and the experimental spei�ations, one an persuade oneselfthat the detetor response is well reprodued in the whole energy range.If the simulation of the detetor response is assumed to be reliable, a se-ond onlusion beomes neessary when looking at the left side of Figure 6.1.The huge disrepany between the experimental and the simulated histogramat the lower energy range must be due to some physial proess, whih wasnot taken into aount in the event generator. Possibly the signal in the de-tetor an be produed by other partiles than eletrons, like photons, pionsor protons whih are produed in the experiment but not onsidered in thesimulation. This issue is one of the main subjets of the future work and isbriey disussed in the next setion.The last onlusion onerns the measurement of the parity violating he-liity asymmetry in the exitation of the �(1232) resonane. With the presentknowledge of the inelasti part of the energy spetrum, i.e. with the un-derstanding of the ontributions to the spetrum in the W range from thepion prodution threshold up to the maximum of the �(1232) resonane peakevined by the result of the simulation (Figure 6.1), in priniple, the extrationand the analysis of the heliity asymmetry for that W range an be alreadyworked out and the result of the analysis ompared with the theoretial pre-ditions.6.2 OutlookThere are two main guidelines for proeeding with the present work. On theone hand, it is neessary to start working on the analysis of the heliity asym-metry in the exitation of the �(1232) resonane. This issue is very similar towhat was already done within the A4 ollaboration for the heliity asymmetryin the elasti eletron-proton sattering. Indeed, the value of the asymmetryfor the energy range orresponding to the �(1232) exitation an already beextrated. The most relevant diÆulty would be the theoretial estimation ofthe dilution fator due to the bakground.On the other hand, it is essential to work further on the simulation of theexperiment, in order to extend the energy range of understanding of the energyspetrum to inlude the whole �(1232) resonane peak. About this last issue,several e�ets an be investigated. Four of them are ited in the following.� The radiative tail from the elasti peak has been estimated in the peakingapproximation, where it is assumed, that all hard photons radiated byinternal bremsstrahlung are emitted with a momentum diretion parallel



6.2. OUTLOOK 65to the momentum either of the inoming eletron or of the satteredeletron. This is not true when the �nal eletron energy is less thanabout one half of the energy of elastially sattered eletrons with thesame sattering angle [23℄. One �rst onsequene is that the radiativetail ross setion for eletrons with these �nal energies ould be larger.The seond onsequene is that some photons, emitted by the satteringof eletrons with other sattering angles, ould hit the detetor and havesuÆient energy to ontribute to the lower part of the energy spetrumof Figure 6.11.� The pions produed by eletrons sattering inelastially with any satter-ing angle an give ontributions to the low energy part of the spetrum intwo ways. The �0's deay still inside the target into two photons, whihan reah the detetor. This proess was already onsidered in [17℄ butonly photons with energy larger than 400 MeV were taken into aount.The �+'s an either reah the detetor themselves and ontributing tothe spetrum or deay aording to �+ ! �+��, in whih ase the �+ould hit the detetor. For onsidering these last proesses, the detetorresponse to pions and muons remains still to be investigated.� Multiple sattering proesses, e.g. the double \M�ller-Mott" sattering,have been already studied but ould deserve a more systemati srutiny.Aording to the results of [32℄, the ontributions expeted from thesekind of proesses should not be relevant.� The last, minor aspet to be addressed onerns the radiative orre-tions and the straggling e�et in the inelasti sattering o� the protonand in the sattering o� aluminium. Some alulations of the radiativeorretions to the eletron-proton inelasti sattering have been alreadyperformed, indiating that the e�et to be expeted from these orre-tions is not very large.
1The response of the detetor to photons with energies omparable with the eletronenergies has not been treated in this work. Though, some simulations have been undertakenand the detetor response to the photons was found to be almost the same as the responseto eletrons of the same energy. There is, therefore, no possibility to distinguish betweeneletrons and photons, like already stated in [17, 26℄.
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Appendix AKinematisThe most general kinematis of inlusive eletron proton sattering is knownwhen the three four momenta k, k0 and P are given. k and P are the fourmomenta in the initial state of eletron and proton respetively. k0 is the fourmomentum of the eletron in the �nal state. The four momentum P 0 of the�nal hadroni state follows from the energy-momentum onservation law:P 0 = P + k � k0 = P + q ; (A.1)where the four momentum transfer q has been de�ned as:q = k � k0 : (A.2)This is depited shematially in Figure A.1. It shows the tree level Feynmangraph orresponding to the eletron proton sattering amplitude in the onephoton exhange approximation, that is the four momentum transfer q is ar-ried by a single virtual photon.The omponents of the four momenta in the laboratory system be1:k = (E;k);k0 = (E 0;k0);P = (Mp; 0);q = (!;q); (A.3)where Mp is the rest mass of the proton.Considering the ase of highly relativisti eletrons both in the initial and�nal state, i.e. k2 = k02 = 0, and being � the angle between k and k0, one has:k � k0 = EE 0 os � : (A.4)Using (A.4) with (A.3), it is possible to express the positive squared momentumtransfer Q2 as a funtion of the kinematial variables in the laboratory frame2,1The speed of light is supposed to be =1.67
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Figure A.1: One photon exhange Feynman diagram for the eletron protonsattering amplitude.Q2 = �q2 = 2EE 0(1� os �) = 4EE 0 sin2 �2 : (A.5)Furthermore it is useful to have an expression for the hadroni �nal stateinvariant mass W . This an be obtained by squaring (A.1) and applying thede�nitions (A.3): W 2 = P 02 = M2p �Q2 + 2Mp! : (A.6)Elasti sattering. Figure A.1 shows the most general �nal state for theeletron proton sattering proess. Considering a proton in the �nal stateinstead of the general hadroni state X, one would have the elasti satteringase. In suh a ase, the invariant mass W would be equal to the mass of theproton Mp. Substituting W=Mp in (A.6) and ombining this with (A.5), oneobtains an expression for E 0 in terms of �, whih beomes the only independentkinematial variable: E 0 = E2E �1 + sin2Mp 2 : (A.7)Inelasti sattering. In ase the �nal state X were not a proton, it ouldinlude more than one partile, e.g. produed by the deay of an exited state.Still, it is possible to know the invariant mass W of suh a state, whih isthe energy in the entre of mass system of initial proton and virtual photon(Figure A.1). For instane, at the maximum of the �(1232) peak one hasW = 1:232GeV . If W is onsidered as a new independent variable together2The onvention used for the Lorentz metri tensor g�� (�; �=0; 1; 2; 3) isg��= diag(1;�1;�1;�1).



69with the sattering angle � of the eletron, the ombination of (A.6) with(A.5) gives: E 0 = M2p + 2MpE � W 2�2Mp + 4E sin2 2 : (A.8)Equation (A.8) allows alulating the �nal energy E 0 of an eletron satteredwith polar angle � in the laboratory system having exited one hadroni statewith invariant mass W . In other words, referring to Setion 3.1.1, the ex-pression says whih part of the eletron energy spetrum, at a given angle �,orresponds to a given invariant mass W .
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Appendix BGeometry details
Table B.1: Position and orientation of rystals. See Figure B.1 - (a) forde�nitionsring no. � (Æ) Di (mm) D0 (mm) Ri (mm) R0 (mm) L (mm)1 39.22 737.8 854.0 602.1 697.0 952.32 37.69 779.5 902.2 602.1 697.0 984.93 36.20 822.6 952.1 602.1 697.0 1019.44 34.77 867.2 1003.8 602.1 697.0 1055.85 33.39 913.5 1057.4 602.1 697.0 1094.16 32.06 961.4 1112.9 602.1 697.0 1134.47 30.77 1011.2 1170.5 602.1 697.0 1176.9Table B.2: Dimensions of rystals. See Figure B.1 - (b) for de�nitionsring no. l (mm) Xi (mm) X (mm) Yil (mm) Yl (mm) Yiu (mm) Yu (mm)1 150.0 25.9 30.0 25.5 29.5 26.4 30.52 155.1 25.9 30.0 25.5 29.5 26.4 30.53 160.6 25.9 30.0 25.5 29.5 26.4 30.54 166.3 25.9 30.0 25.5 29.5 26.4 30.55 172.3 25.9 30.0 25.5 29.5 26.4 30.56 178.7 25.9 30.0 25.4 29.5 26.4 30.57 185.4 25.9 30.0 25.4 29.4 26.4 30.6
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(a)

(b)Figure B.1: (a) - De�nition of the diretion and position parameters of rys-tals. (b) - De�nition of the dimensions of rystals
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