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1 IntroductionAs pointed out in ref. [1], undergraduate students seldom come in close contactwith frontline particle physics research. The aim of this note is to point out thatlaboratory exercises relating to current active research projects at the departmentof physics have been o�ered to �rst year physics students at the University of Oslofor almost ten years. In particular an exercise in particle physics data analysis isbriey described.First year physics students start the �rst semester on a full year laboratorycourse being run in parallel to, but independent from, the theoretical courses. Thecourse is di�erent from earlier physics laboratory courses at the department inthat it aims at educating the students in the techniques of measuring, completelyindependent from their progress in theoretical courses. The measurement andits description are the central points, and the students do measurements on avariety of electric and electronic systems, often without knowing the details ofthe underlying physics. After one year and twenty laboratory experiments, thestudents are o�ered (and required !) to choose one out of typically eight exerciseswhich are o�ered by the various research groups at the department [2]. Theselection of experiments is time dependent and reects the research activities ofthe research groups.Most of the exercises consist of practical measurements, covering subjectsfrom biophysics, cosmic physics, solid state and structural physics, and low energynuclear physics. One of the exercises, however, is a �rst introduction to some ofthe techniques of practical data analysis. That exercise, which has been o�eredyearly since 1991, is described in some detail in the next section.2 An undergraduate exercise studying Bhabhascattering at LEPContrary to the other exercises performed throughout the year-long course, thisexercise consists of pure data analysis.2.1 Background material included in the text of the ex-ercise.The students are �rst introduced to the �eld of high energy physics as performedon e+e� colliders. After a short introduction to the DELPHI experiment [3] atthe LEP [4] accelerator, the term luminosity is introduced as the constant Lrelating the event rate _N(t) of a given process at time t to the cross section � ofthat process: _N (t) = L(t)�. To determine an unknown cross section � from agiven e�ciency corrected number of events Neff , one needs to measure the time-integrated luminosity L = R�t L(t)dt where �t denotes the duration of the data4



collection period. (The instantaneous luminosity L (in units of cm�2s�1) dependson the beam parameters in the accelerator, and is in general time dependent.)Thus � = NeffL (1)It is then explained how one can count the e�ective number of events of a processwith known cross section, and thus measure the time{integrated luminosity Lfrom equation 1.Interested students are o�ered a short popular talk which aims at introducingthe Z0 line shape measurements [5] and pointing out the crucial role played bythe luminosity measurement in these measurements.It is then pointed out that the process used for the luminosity measurementshould satisfy a number of criteria:� It should have a clear experimental signature with low background.� It should have a large e�ective cross section (cross section integrated overthe detector used) | at least of the same size as the largest cross sectionswhich are to be measured.� Its theoretical cross section should be known with high accuracy (betterthan the precision aimed for in the cross section measurements).It is pointed out that small angle Bhabha scattering, i.e. the processe+e� ! e+e�(+n) (2)where n denotes radiated photons, ful�lls these criteria.The attention is then turned to the problem of detecting Bhabha events. Inthe DELPHI experiment the main luminosity monitor when this exercise wasdevelopped was the Small Angle Tagger (SAT). Since this consisted of two elec-tromagnetic calorimeters [6], the principles of electromagnetic calorimetry arebriey sketched1. The two calorimeters are placed symmetrically with respect tothe interaction point (the point where the electrons and positrons collide), withthe entrance 230 cm away from the interaction point. Each calorimeter consistsof two halfbarrels, �xed together to make up a full barrel (a cylindrical volumewith an inner hole to allow for the beam tube. The nominal beam line coincideswith the cylinder axis). The detector volume of each calorimeter is divided into2 � 144 cells, and the energy depositions in each of these 288 (per calorimeter)cells are read out individually. One halfbarrel is shown in �gure 1, including thelayout of the read-out elements and some relevant dimensions.Energy depositions in neighbouring elements are grouped into energy clustersas illustrated in �gure 2. To each cluster is associated an energy, a radial and an1In addition one of the calorimeters was equipped with a precise position detector in front,but since this is not included in the exercise it will not be mentioned further.5



azimuthal coordinate, and a cluster size (number of readout elements building upthe cluster). The energy clusters form the basic entities on which the subsequentanalysis is based.The analysis is done with the CERN-developped Physics Analysis Worksta-tion, or PAW, system [7]. A simple introduction to the necessary commands isgiven in terms of examples.2.2 The steps of the practical exerciseThe SAT data are organized in ntuples, �xed length strings of numbers which areinterfaced to PAW. One ntuple corresponds to one event candidate. The �rst taskin the exercise is to investigate and understand the structure of the ntuples. Thestudents are instructed to use a simple and easily understandable fraction of thentuples, which in addition contain book-keeping variables (dates, run numbers,event numbers, LEP �ll numbers etc) and some variables for detector specialistsonly. The variables which the students work with are given in table 1.2.2.1 Understanding the data. Bhabha event selectionThe students now are familiarizing themselves with the data. Simple plots ofnumber of clusters per calorimeter, cluster size, and energy in calorimeter 1 versusenergy in calorimeter 2 are made, as shown in �gure 3 a), b), and c). The plotsare commented and explained in the exercise text. The students are asked toidentify cuts which have been applied to the data before being written to thentuples. The various structures in �g. 3 c) naturally induces a discussion onBhabha event kinematics, radiative e�ects, and detector details. According tothis discussion, a set of cuts for selecting Bhabha events is de�ned, and �gure 3 d)shows the energy-plot after application of the Bhabha selection. The part onBhabha event identi�cation is concluded by an empirical determination of theangular distribution of the scattered electrons. The students are instructed toplot the radial distribution, and �t an R�x distribution to it. They are informedthat the theory predicts x to be an integer number, and they �nd from the �t(easily performed in PAW) that x = 3, see �gure 4.
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2.2.2 KinematicsThe simple process 2 allows some simple and instructive demonstrations of kine-matics. In the absence of photons, the outgoing electrons (when no confusion islikely to arise, the term electron is used also for the positrons) are strictly backto back, each carrying the beam momentum. This picture is modi�ed when ra-diated photons are taken into account. Since the radiated photons have a largeprobability of being radiated at a very small angle with respect to the radiatingelectron, basically two topologies exist:1. The photon is radiated by a �nal state electron. In this case the electron andthe photon will in general merge in the detector, and only in the relativelyfew cases where there is an appreciable angle between the electron and theradiated photon the e�ect will be observable.2. The photon is radiated by an initial state electron, and escapes undetecteddown the beam pipe. This corresponds e�ectively to a collision between anelectron and a positron of di�erent energies. However, since in general thephoton is emitted at a small angle with respect to the radiating electron, notransverse momentum in the �nal state electron positron system is created{ i.e. their transverse momenta pT are to a good approximation balancingeach other, as illustrated in �gure 5.So in both cases above we have approximate transverse momentumbalance, whichcan be expressed p1 sin �1 = p2 sin �2. In the approximation of small angle andvanishing electron mass, this can be expressedE1R1 = E2R2 (3)The students are then instructed to illustrate this by studying events with photonradiation. Such events are selected by requiring a large acolinearity in the eventby demanding jR1 �R2j > 3cm. In the same �gure is plotted �rst the energydi�erence E1 � E2 which show large radiative e�ects, and second, the di�erencebetween E1 and the value of E1 expected from E2, R1, and R2 via equation 3,i.e. they plot E1 � E2R2=R1 which clearly illustrates the approximate chargedtrack transverse momentum balance. The plots are shown in �gure 6.2.2.3 Understanding the detector from dataThe �nal part of the exercise points out to the students that a lot can be learntabout a detector by studying the data which the detector provides. As a simpleintroduction to this subject, they are asked to �nd out from the data whetherthe two halfbarrels (�g. 1) are connected in the vertical or horizontal plane. Thisis an easy task, since for several reasons there are very few events close to thejunction of the two halves. Then the exercise �nally brings up the question of7



energy calibration. How do we know that the measured energies are correct, andwith which precision are the energies determined ? This allows for a generaldiscussion on the importance of calibration of physics measurement devices, andnaturally also leads to an introductory discussion on statistics, including theGaussian distribution.The measurement is based on the fact that the scattered electrons' energiescluster sharply around the precisely known LEP beam energy. The scatter ofthe reconstructed energies in the SAT calorimeter is completely dominated bythe detector resolution. The students are asked to plot the SAT energies forBhabha events and �t a Gaussian to the peak (by a straightforward command inPAW). The result is as in �gure 7, and from the parameters of the �t the studentsdetermine the absolute and relative energy resolution.3 ConclusionsThe �rst physics laboratory course which undergraduate students meet at theUniversity of Oslo was briey presented. It was pointed out that this courseintroduces the students to current research projects in physics. It is believed thatthis represents an important stimulus to the students, in addition to establishingpotentially useful connections between students and active researchers at an earlystage of the study. An exercise in practical data analysis from a currently ongoinghigh energy physics experiment at LEP was discussed in some detail.Acknowledgements. The work by A. I. Vistnes in the design and initial phaseof the laboratory course is warmly acknowledged. The author is also grateful tohis colleagues in the DELPHI experiment, and in particular to the members ofthe SAT group.
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Figure 1: A SAT calorimeter halfbarrel. Each halfbarrel is subdivided into 144readout elements.
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Figure 2: Energy depositions in the two calorimeters for a Bhabha event. Thesize of the rings which are drawn inside the hit elements is proportional to the de-posited energy. Elements inside the borders drawn with a thick line are combinedto clusters.
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Figure 3: a): Distribution of number of clusters per calorimeter. The dataare observed to be largely dominated by one cluster per calorimeter (note thelogarithmic scale). b): Distribution of cluster size. c): Energy in calorimeter 1versus energy in calorimeter 2. No new cuts applied. Radiative tails and e�ectsarising from a masking technique applied (see ref. [5]) are clearly visible. d): Asin c), but after the application of Bhabha event selection cuts (see the text).12



Figure 4: The radial distribution of Bhabha event energy clusters. A radialdependence f(R) =const�R�x is �tted to the data. A value of x =2.983 isfound, consistent with the theoretical prediction of x = 3.
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Figure 5: Kinematics of Bhabha event with initial state radiation. See the text.
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Figure 6: The dashed histogram shows the distribution of the energy di�erencebetween calorimeters 1 and 2 for Bhabha events with large di�erence in radialimpact, leading to an event sample with initial state radiation. Large radiativee�ects are seen. The solid histogram shows, for the same events, the di�erencebetween the energy in calorimeter 1 and the energy expected from the energy incalorimeter 2 and the radial positions, using transverse momentum balance asexplained in the text. 15



Figure 7: The SAT energy spectrum for Bhabha events. A Gaussian is �tted tothe peak. The vertical line indicates the average beam energy as measured at theLEP accelerator.
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Variable name Meaning UnitNCL1 Nb of clusters in calorimeter 1NCL2 Nb of clusters in calorimeter 2E1 Energy of largest cluster, calorimeter 1 GeVE2 Energy of largest cluster, calorimeter 2 GeVR1 Radial position, largest cluster, calorimeter 1 cmR2 Radial position, largest cluster, calorimeter 2 cmPhi1 Azimuthal angle �, largest cluster, calorimeter 1 deg.Phi2 Azimuthal angle �, largest cluster, calorimeter 2 deg.Siz1 Cluster size, largest cluster, calorimeter 1Siz2 Cluster size, largest cluster, calorimeter 2Table 1: The SAT ntuple variables which are used in the analysis.
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