
Search for Charged Higgs Bosons atLEP200 using the DELPHI DetectorCand. Scient. Thesis in Experimental Particle PhysicsYngve KvinnslandDepartment of PhysicsUniversity of OsloOctober 10, 1996



AbstractAn analysis has been designed to �nd Charged Higgs events with the DELPHIdetector at LEP200 assuming B(H� ! ��� ) = 1.Simulations show that if most of the runs are done with ps = 192 and300 pb�1 is collected as planned, the present mass limit can be lifted about30 GeV to 75 GeV. Discovery is possible if the mass is lower than 58 GeV.The best energy to look for a Charged Higgs is just below W-pair thres-hold at ps � 160 GeV. At higher energies the irreducible background fromW-pairs is comparable to the signal.During the autumn 1995 5.9 pb�1 were collected with the DELPHIdetector at ps = 130 � 136 GeV. These data, the P3-data, are analyzedand zero Charged Higgs candidates are found. This result does not improvethe present mass limit.



AcknowledgementsI thank my supervisor, Alex Read, �rst of all for giving me the idea of doingthis interesting and challenging work, but also for his support and inspirationon the way. A special thank goes to Trond Myklebust for always helping meout with my numerous computer problems and for being very patient withme. I would also like to thank my fellow students, Esben and Vidar Lund,Bernt Olav Rostad, H�akon Fl�ystad, Anne-Kari Ytrest�l, Harald Meland,and J�rgen Hansen (with whom I have shared an o�ce and who has cheeredme up with lively whistling and everlasting enthusiasm) for interesting dis-cussions and a good atmosphere.



Contents1 Introduction 12 The Higgs Mechanism 33 The Charged Higgs 64 The DELPHI Detector 94.1 The Superconducting Solenoid . . . . . . . . . . . . . . . . . . 104.2 Tracking Detectors . . . . . . . . . . . . . . . . . . . . . . . . 104.3 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124.4 The DELPHI Ring Imaging Cherenkov Counter (RICH) . . . 145 Charged Higgs Events 155.1 The Topology of Higgs Events . . . . . . . . . . . . . . . . . . 155.2 The Cross Section of Higgs Events . . . . . . . . . . . . . . . . 166 Background Processes 186.1 f �f Production, e+e� ! 
=Z0 ! f �f . . . . . . . . . . . . . . . 186.2 

 Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196.3 Bhabha Scattering, e+e� ! e+e� . . . . . . . . . . . . . . . . 196.4 W-pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196.5 Z-pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206.6 We� and Z0e+e� . . . . . . . . . . . . . . . . . . . . . . . . . 216.7 Cross Sections . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 Analysis 237.1 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237.1.1 

 ! hadrons . . . . . . . . . . . . . . . . . . . . . . . 247.2 Quality Cuts . . . . . . . . . . . . . . . . . . . . . . . . . . . 247.3 Jet Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 257.4 Thrust Axis and Angle . . . . . . . . . . . . . . . . . . . . . . 297.5 Acoplanarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297.6 Transverse Momentum . . . . . . . . . . . . . . . . . . . . . . 317.7 Energy Distributions . . . . . . . . . . . . . . . . . . . . . . . 317.8 Summary of Cuts . . . . . . . . . . . . . . . . . . . . . . . . . 378 Results from Simulations 398.1 Impact of the Various Cuts . . . . . . . . . . . . . . . . . . . . 418.2 Exclusion and Discovery Limits . . . . . . . . . . . . . . . . . 448.3 Conclusions from Simulations . . . . . . . . . . . . . . . . . . 47



9 Analysis of the 95-P3 data 489.1 Tuning Quality Cuts . . . . . . . . . . . . . . . . . . . . . . . 489.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5710 Conclusions 58A The Charged Higgs Cross Section 59A.1 The Electromagnetic Term . . . . . . . . . . . . . . . . . . . . 59A.2 The Weak Term and the Interference Term . . . . . . . . . . . 61B Discovery and Exclusion 63



1 IntroductionIn 1932 physicists knew of four elementary particles, the proton, the neutron,the electron and the photon. Twenty years later the number was �fteen andduring the �fties it continued to grow. The situation resembled the one inthe 19th century when most of the chemical elements were discovered. Therewas a need for a systematic classi�cation, something like Mendeleevs periodictable.In 1960-61 Murray Gell-Mann and Yuval Ne'eman independently discov-ered that the particles could be assigned to multiplets with eight and tenmembers. Gell-Mann saw that in one of these multiplets there was an emptyspace and predicted the existence of 
�, a particle with spin 32 and certaindecay channels. It was discovered in 1964 with the correct properties.The underlying structure of this classi�cation scheme is the structure ofthe symmetry group SU(3)[1]. By studying decays it could be deduced inwhich multiplets the particles belong. There is a close connection between thebranching ratios and the Clebsch-Gordan coe�cients, the numbers describingthe relation between the various multiplets.What Gell-Mann and Ne'eman had done was to �nd the symmetry ofthe system. When the symmetry was discovered predictions could be madeabout which decays were legal and which were not. Also, when there was anincomplete multiplet one knew that there were particles yet to be discovered.Finding the symmetry has become the ultimate question in particle physics.Today, the particles considered as elementary are the quarks and theleptons. All the particles discovered in the �fties and sixties are formed by twoor three quarks. In addition there are gauge bosons which mediate the forcesrelevant when looking at the microscopic world, that is the electromagnetic,the weak and the strong force.For several reasons it is widely believed that the interactions are describedby a gauge theory[2, 3], a theory de�ned by a symmetry. The basic idea be-hind this theory is that the interactions are invariant under certain gaugetransformations. However, this assumption leads to the problematic predic-tion that all particles have zero mass, and this is indeed not in agreementwith experiments or everyday experiences. Another problem is that at highenergies certain processes have a probability above one.The Higgs mechanism invented by Peter W. Higgs gives a solution toboth these problems. In a very elegant and simple manner it gives massesto the particles and no processes have probabilities above one. Following theintroduction of a Higgs �eld comes the prediction of Higgs bosons.It is not given what the Higgs �eld should look like. Various choices givedi�erent numbers of Higgs particles. Except for the simplest choice with one1



doublet there will be charged Higgs bosons, H�. The subject of this thesisis how to search for these particles using the DELPHI detector at LEP200.More speci�cally it is a search for charged Higgs particles decaying only totaus and tau-neutrinos.LEP is the Large Electron Positron accelerator situated at CERN, theEuropean Laboratory for Particle Physics, in a 27 km long tunnel. It wasbuilt during the 80's mainly to produce Z0's, and with an energy of 91GeV it is the worlds largest electron-positron collider. The tunnel housesfour independent experiments: DELPHI, OPAL, L3 and ALEPH. Norwegianphysicists are members of the DELPHI Collaboration.As this is written an upgrading of LEP is in progress, one is going fromLEP1 to LEP2. The energy is increased up to 192 GeV with intermediaterunning at 130-136 GeV, 161 GeV and 175 GeV. The runs at 130-136 and 161GeV are completed but only the 130-136 GeV data are available for analysis.According to the Particle Data Group[4] the highest 95% con�dence masslimit obtained so far is the limit published in [5] by the DELPHI Collabora-tion. For a charged Higgs with B(H� ! ��� ) = 1 it is 45.4 GeV, with noassumptions about the decay it is 43.5 GeV. The second and the third bestlimits are obtained by two of the other LEP experiments, L3 and ALEPH.L3 has excluded masses up to 44 GeV with B(H� ! ��� ) > 0:4 and up to41 GeV for arbitrary B(H� ! ��� )[6]. ALEPH has for B(H� ! ��� ) = 1 alimit of 45.3 GeV and for arbitrary B(H� ! ��� ) 41.7 GeV[7].The �rst sections in this thesis are intended to give some understandingof the Higgs mechanism, they give the motivation for doing Higgs searches.Then a brief discussion of the DELPHI detector is given so that one can geta feeling for the process of event reconstruction.After these opening sections the analysis can be presented. The inten-tion is not only to give a description of the analysis but also to give someunderstanding of the ideas behind it. The subsequent examination of theresults from simulations is also meant to illustrate how the analysis works.Finally the data accumulated at 130-136 GeV (also called the 95-P3 data)are treated.
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2 The Higgs MechanismIt is an amazing fact that the couplings of the Standard Model can be derivedonly by demanding what is called local gauge invariance. As an example ofgauge invariance one can study the electromagnetic interactions.In the absence of external forces fermions obey the relativistic Dirac equa-tion (i
�@� �m) (x) = 0: (1)Demanding local U(1) invariance means that the transformation (x)!  0(x) = e�iqf(x) (x) (2)should leave (1) invariant where f is an arbitrary function. It is quite obviousthat this is not the case unless something more than transforming the �eldis done. The solution is to substitute the derivatives:@� ! D� = [@� + iqA�(x)] (3)and let the gauge �eld A transform asA�(x)! A0�(x) = A�(x) + @�f(x): (4)(1) becomes (i
�@� �m) (x) = �e
�A� (x): (5)The coupled transformation (2) and (4) is referred to as a gauge transfor-mation and (5) is gauge invariant. If q = �e and A is interpreted as theelectromagnetic potential this is nothing else but the equation for the elec-tron in an electromagnetic �eld which is the basis for QED (quantum electrodynamics). Technically speaking q is the generator of a U(1) symmetry groupof electromagnetic interactions.Electromagnetism and weak interactions are uni�ed in what is called theelectroweak theory[8]. This theory is invariant under SU(2)L � U(1)Y trans-formations. SU(2)L invariance means invariance under rotations in the weakisospin space while U(1)Y invariance means that phase transformations like(2) with the hypercharge, Y , as the generator, should leave the physics unal-tered. If one starts with (1) and demands that the physics should be invariantunder SU(2)L � U(1)Y the electroweak theory emerges just as QED did. Ifin addition invariance under rotations in colour space is imposed, the stronginteractions are added to the theory.The problem arising when requiring gauge symmetry in the electroweaksector, is that masses are forbidden as they break the symmetry. In other3



words, no particles can have masses. This is not at all in agreement withwhat we see.So, why don't we discard the symmetry and allow the masses? One reasonfor not doing this is that gauge invariant theories are renormalizable[9], i.e.in�nities appearing when higher order terms are included can be removed ina systematic way.Symmetries are best discussed in the framework of Lagrangian �eld theory[10].Di�erent terms in a Lagrangian are interpreted as interactions, kinetic en-ergies, potential energies and �nally mass terms. In a gauge theory massterms like 12mA�A� are forbidden because they break the symmetry. Giventhe Lagrangian, L, as a function of the �elds �r(x) the �eld equations arederived by substituting for L in the Euler-Lagrange equations@L@�r � @@x�  @L@�r;�! = 0 (6)where �r;� � @�r@x� .Before entering the mathematics of the Higgs Mechanism it is appropriatewith an analogy. Consider an in�nitely extended ferromagnet. The equationsdescribing this system are invariant under rotations. In the ground state allthe elementary spins are aligned in a particular direction. This direction isarbitrary and the system does not have a rotational symmetry.The point is that one particular state is not invariant under rotationalsymmetry while the equations describing the system are. This is what isgoing on in the Higgs mechanism. A new �eld possessing the SU(2)L �U(1)Y symmetry is added. Then a particular ground state is chosen and thesymmetry is thereby broken. This is called spontaneous symmetry breaking.As the mathematics of local SU(2)L�U(1)Y symmetry breaking is rathercomplicated a much simpler example will be used to illuminate the process,the spontaneous breaking of a U(1) symmetry. Consider the Lagrangian ofa complex scalar �eld � = (�1 + i�2)=p2:L = (@��)�(@��)� �2���� �(���)2 (7)As shown above we now demand this Lagrangian to be invariant underU(1) transformations so that the result is a U(1) gauge invariant Lagrangian:L = (@� + ieA�)��(@� � ieA�)�� �2���� �(���)2 � 14F��F �� (8)where F�� � @�A� � @�A�. The last term, a kinetic energy term, is notnecessary to restore the symmetry, but if we look at A as a physical �eld,the kinetic energy should be added, and it does not break the symmetry.4



The potential of (7) is V (�) = �2���+ �(���)2. Now assume that � > 0and �2 < 0. Then there is a circle of minima in the �1; �2 plane with radiusv where v2 = ��2� : (9)� = 0 does not represent an energy minimum. It is natural to write thepotential as 
uctuations around a minimum, so a change of variables is done.However, as there is a circle of minima a particular choice of ground statehas to be chosen. This is the symmetry breaking. As there is no preferredchoice of direction one might as well use �1 = v and �2 = 0. The �eld cannow be written as �(x) = s12(v + h(x))ei�(x)=v (10)� can be thought of as a vector in the complex plane with length v + h.The angle between the real axis and the vector is �=v. As the potential isinvariant under rotations the physics should be independent of �, and this isindeed the case.The thing now is that there is no di�erence between giving �(x) a certainvalue in (10) and doing the transformation (2) with f(x) = �(x). That is,one of the degrees of freedom corresponds to the freedom to make a gaugetransformation. When this is discovered the gauge �eld must undergo theappropriate transformation, that is the transformation corresponding to thetransformation �! ei�(x)=v�:A� ! A� + 1ev@�� (11)The resulting Lagrangian isL = 12(@�h)2��v2h2+12e2v2A2���vh3�14�h4+12e2A2�h2+ve2A2�h�14F��F ��:(12)Here we have a massive scalar h with m = p2�v2 and most important,the gauge �eld has acquired a mass m = ev.The spontaneous breaking of the SU(2)� U(1) invariance is done in thesame way, except that a Higgs doublet or more complicated Higgs represen-tations has to be used instead of a singlet. Fermions are given masses byadding a coupling term between the Higgs doublets and the fermion �elds.It is not obvious that the Standard Model is renormalizable with thisspontaneously broken symmetry. The proof by 't Hooft was not completedbefore 1971. 5



3 The Charged HiggsWhen the SU(2)L � U(1)Y symmetry in the electroweak sector of the Stan-dard Model is broken with one Higgs doublet, one neutral Higgs particle isintroduced. So, where is the charged Higgs?Only one doublet is needed to break SU(2)L � U(1)Y . However, there isno reason not to introduce a more complicated Higgs sector. This will resultin phenomena like the charged Higgs.There are a few theoretical arguments that place some general constraintson the Higgs sector. First, it is an experimental fact that � =M2W=(M2Z cos2 �w)is very close to one. In the standard model this value is determined by theHiggs sector, and with one doublet � = 1 automatically. However, this isalso true for any number of singlets and doublets[11].The second constraint is the severe limits on 
avour-changing neutralcurrents (FCNC). A theorem of Glashow and Weinberg[12] states that in amodel with more than one doublet FCNC's are absent if all fermions of aparticular charge couple to only one doublet.A third requirement of the Higgs sector is that high-energy divergencesof processes like W+W� !W+W� must be canceled out.In this thesis the charged Higgs of a model with two doublets will beconsidered. Attractive features of a two-doublet model are:� The low number of parameters.� � is automatically equal to one.� It is easy to choose couplings so that FCNC's are absent.� The high-energy divergences in the Standard Model are canceled out.In the previous section U(1) symmetry was broken by the help of a Higgssinglet. As the singlet is complex it contains two degrees of freedom. Gaugeinvariance was established by introducing one gauge �eld. As was shown,one of the degrees of freedom corresponded to the freedom to make a gaugetransformation, and did not result in any particle. In the Standard Model,when breaking the symmetry in the electroweak theory, a doublet with fourdegrees of freedom is used. Four gauge �elds are needed for SU(2)L�U(1)Ygauge symmetry. However, U(1) symmetry is retained for the electromag-netic interactions (U(1)em is a subset of SU(2)L�U(1)Y ) leaving the photonmassless. Only three of the degrees of freedom are absorbed by the gauge�elds, and one Higgs particle emerges.Using two Higgs doublets instead of one gives four extra degrees of free-dom, the total is �ve. This gives a much richer particle content. Three6



neutrals, A0, H0 and h0, and �nally two charged Higgs particles, H�, withequal mass.As the charged Higgs bosons have equal mass, there must be anotherdegree of freedom in addition to the masses. This is the ratio between thevacuum expectation values of the two Higgs doublets, usually denoted bytan �.In order to remove FCNC's it su�ces to make all fermions with a particu-lar charge couple to one doublet only. However there are still several choicesof couplings to the fermions. One possibility is to let all the fermions coupleto only one of the Higgs doublets. This is what is denoted as Model I in [13].Another choice is to let �1 couple to down-type quarks and leptons and �2to up-type quarks and neutrinos. This is denoted as Model II.The expression for �H� used in this thesis is independent of which of thetwo models is used. The coupling between Higgs particles and gauge bosonsare the same. What is model dependent are the couplings to fermions.As an example, consider the term in the Lagrangian describing the inter-action between charged Higgs bosons and fermions. In Model I it is givenby g cot �2p2MW (H+ �U [MUK(1� 
5)�KMD(1 + 
5)]D + h:c:)and in Model II byg2p2MW (H+ �U [cot �MUK(1� 
) + tan �KMD(1 + 
5)]D + h:c:):where h.c. means hermitian conjugate terms. K is the CKM mixing ma-trix (Cabibbo-Kobayashi-Maskawa),MD andMU are diagonal mass matrixesfor respectively down-type quarks (leptons) and up-type quarks (neutrinos).K = 1 for leptons. One can see that the couplings are proportional to themasses which is typical for all Higgs couplings. In Model I tan � is deter-mining the strength of the coupling to fermions and the tan � dependence isthe same for all the couplings. In Model II the dependence is related to themasses. For the coupling between a charged Higgs and a pair of fermions,large tan� favours heavy down-type quarks (leptons), small tan� favoursheavy up-type quarks (neutrinos).This means that by giving tan� a value that is large enough the branchingratio of the charged Higgs to the heaviest kinematically allowed lepton andthe corresponding neutrino will be larger than the branching ratio to anyquark pair given that the heaviest allowed down-type quark is lighter thanthe lepton. Even though the b-quark is more than twice as heavy as the� -lepton, as long as the t-quark is not allowed large tan � will give largebranching ratios to ��� . The reason is that the bc decay is suppressed by7



the CKM matrix. Small tan � will give large branching ratios to cs. Thisthesis is treating charged Higgs particles with B(H ! ��) = 1 and as thisdiscussion has shown this is equivalent to large tan � in Model II.A theory given much attention in recent years and which some have con-sidered as promising, is Supersymmetry[13]. The minimal version, The Min-imal Supersymmetric Extension of the Standard Model (MSSM), containstwo Higgs doublets and the Higgs-fermion couplings are those of Model II.The cross section for charged Higgs production in an e+e� collider is thesame as the one derived in appendix A.In a supersymmetric model the number of free parameters in the Higgssector is lower due to the additional symmetry. Without supersymmetrythere were �ve parameters, the Higgs masses and tan�. In the MSSM modelthere are two. Usually tan � and MH� are adopted as the independent pa-rameters. The other masses are functions of these.Speci�cally the mass of A0 is related to MH� byM2A0 =M2H� �M2W :This means that the mass of the charged Higgs must be greater than themass of the W. As A0 has been excluded up to masses of 22 GeV, the limitis even higher. A discovery of a charged Higgs with a mass below 83 GeVtherefore eliminates MSSM as a possible theory.As an experimentalist one should not be overly concerned with whichtheory one is trying to con�rm or reject. This search should be looked atsimply as a search for a charged scalar with B(H� ! ��) = 1, not as asearch for the charged Higgs of a Model II of a two-doublet Higgs Sector. Ifa charged scalar is found, it could as an example equally well be a techni-pion[14]. One can never know for sure what the theory should be like, butthe inspiration for doing this search comes from the Higgs models containingcharged Higgs bosons.
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Figure 1: The Delphi Detector.4 The DELPHI DetectorDELPHI[15], a DEtector with Lepton, Photon and Hadron identi�cation,is one out of four detectors operating at LEP. It is a 4� detector designedwith emphasis on particle identi�cation, but at the same time it is a generalpurpose detector.The detector is installed in a cavern 100 m below ground. It can bedivided in two parts, the cylindrical barrel and the endcaps. See �gure 1 foran overview of the whole detector. The endcaps can be moved parallelwiseto the beam pipe giving easy access to the detector.The barrel covers the polar region from 45� to 135� while the endcapscover the regions 10� � 40� and 140� � 170�. In the intermediate regionsthe detection is incomplete and this represents a weakness of the DELPHIdetector. New subdetectors have been installed to improve on this, butdetection in this polar region is still a problem. For a description of theperformance of the DELPHI detector, see [16].In the descriptions given below, terms like \drift chamber", \Multi WireProportional Chamber" or \Silicon Strip Detector" will not be explained.See [17] for an introduction to the various detector types.9



R [cm] jzj [cm] � [deg]Vertex Det. 6.3/9.0/11.3 12 11-169ID: jet 11.8-22.3 � 105 15-165ID: trigger 23-28 � 105 15-165TPC 35-111 � 134 20-160OD 198-206 � 232 43-137B-Muon � 445 � 185 52-138� 485F-CHA 30-103 155-165 11-33F-CHB 53-195 267-283 11-35F-Muon 70-460 463 9-43500Table 1: Regions covered by the tracking detectors.4.1 The Superconducting SolenoidDetermination of charged particles momenta in the DELPHI detector is basedon measurements of the curvature of the particle trajectories which is a resultof the magnetic �eld produced with the solenoid. The solenoid has a lengthof 7.4 m and an inner diameter of 5.2 m. The current of 5000 A sets upa magnetic �eld in the beam direction of 1.2 T. The azimuthal variation isnegligible and the radial component is < 5 G, requirements necessary forgood track reconstruction. The solenoid is cooled by liquid helium at 4.5 K.4.2 Tracking DetectorsThis section gives a brief description of the tracking detectors, that is thedetectors used for track reconstruction. Table 1 gives an overview of theregions covered.Vertex Detector The main purpose of this detector is to provide maximumR�-resolution, in particular for the study of heavy 
avour physics. Itconsists of three concentric shells of Si-strip detectors at radii of 6.3(Closer), 9.0 (Inner) and 11.0 (Outer layer) cm which cover the centralregion over a length of 24.0 cm. Each shell consists of 24 modules withfour detectors along z. The resolution is 5�m for single tracks and thedouble track separation is less than 100�m.In order to increase the angular angle acceptance endcaps are addedto the VD before LEP200 runs[18]. They are called the Very Forward10



Tracker (VFT). Motivations for doing this are that the channels withthe largest cross sections (f �f
, 

 channels) are peaked in the forwarddirection and Higgs searches require good hermeticity. The VFT coverthe polar angles 11� � 25� and 155� � 169�.The space point resolution is expected to be better than 70�m and theangular resolution better than 1 mrad.Inner Detector The ID is made up of two concentric parts, an inner driftchamber and 5 straw tube detector layers. The straw detector wasinstalled in 1995 substituting MWPC's[19, 20].The drift chamber has jet-chamber geometry with 24 points in R � �.It is divided into 24 azimuthal sectors. It has a single wire precisionof 85 �m and local track element precisions of �(R�) = 40 �m and�(�) = 0:89 mrad.The straw detector has a length of 2.1 m and consist of 5 concentric lay-ers. Each layer has 192 straw tubes. It provides R� measurements usedin triggering and for solving left/right ambiguities in the jet-chamber.Time Projection Chamber The TPC is the principal tracking device ofthe DELPHI detector. It extends radially from 35 to 111 cm and tojzj = 134 cm in z giving a polar acceptance of 20� to 160�.At z = 0 there is a high voltage plane dividing it into two drift cham-bers. At the endcaps there are MWPC's consisting of 6 sector plateswith 192 wires. The drift velocity is 66:94� 0:07 mm/�s and the num-ber of ionized electrons is about 70 per cm of gas. The MWPC's canprovide up to 16 space points for a non-looping particle.The R� resolution is in the range 180-280 �m (depending on � andz), in z it is about 900 �m. The TPC also provides a measurement ofdE=dx with a resolution of � = 5:8% for muons at 45 GeV and 7.5%for pions between 280 and 400 MeV.Outer Detector The OD was introduced in order to improve the momen-tum resolution in R�. It also gives some trigger information.It is composed of 24 modules, each covering a 15� sector in �. Everymodule contains 145 drift tubes in 5 layers. The OD is shaped as acylinder with radii of 198 and 206 cm and length 464 cm giving a polaracceptance of 43� to 137�. The structure provides 5 space points in R�and 3 in z.The resolutions are 300 �m in R� and 4.4 cm in z.11



The Muon Chambers In DELPHI there are three muon chambers, TheBarrel Muon Chambers (MUB), The Surround Muon Chambers (SMC)[21]and the Forward Muon Chambers (MUF). They constitute the outerlayer of the DELPHI detector.The purpose of these detectors is to detect muons and to know that theyreally are muons. They exploit the fact that muons have the uniqueability of penetrating the iron of HCAL, they are the only particlesreaching these detectors.The MUB, SMC and MUF cover a polar angle of 52�� 128�, 40�� 50�(130�� 140�) and 10�� 43� (130�� 140�), respectively. The SMC wereinstalled in 1994 to close the gap between the MUB and MUF. All themuon chambers are drift chambers.The accuracy for the MUB is 1mm in R� and 10mm in z. In the MUFthe coordinates of a hit are determined with an uncertainty of 5mm, inthe SMC with an uncertainty of 1cm.Forward Chamber A (FCA) and Forward Chamber B (FCB) Thesedetectors provide powerful tracking in the forward region. They areboth streamer chambers. Their space resolution is about 150 �m.4.3 CalorimetryIn DELPHI there are three types of calorimeters, the electromagnetic calorime-ters, the hadronic calorimetry and the electromagnetic calorimeters for Bhabhaevents in the forward region. The last category is used for luminosity mea-surements. Table 2 shows the acceptance of the calorimeters.When the luminosity is to be determined the de�ning equation N = � � Lis used. N is the number of events, � is the cross section and �nally L isthe luminosity. As the cross section for Bhabha scattering is calculable fromtheory this channel is well suited for luminosity measurements. In additionthe cross section is very large in the forward direction, and the luminositycan therefore be determined with small uncertainties.High Density Projection Chamber (HPC) The purpose of the HPC isto measure the three-dimensional charged distribution induced by elec-tromagnetic showers with high granularity in all coordinates. Thisallows detection of e.m. showers and thereby separation from hadrons.As one of the �rst the HPC utilizes the time-projection principle forcalorimetry. 12



R [cm] jzj [cm] � [deg]HPC 208-260 � 254 43-137FEMC 46-240 284-340 10-36.5STIC 6.5-42 220 29-185 mradVSAT � 6� 9(jxj) 770 5-7 mradHCAL B. 320-479 < 380 10-170HCAL F. 65-460 340-489Table 2: Regions covered by the calorimeters.In the HPC there are 41 walls spaced by 8mm gas gaps. Each wallis formed by thin lead wires glued to both sides of a �berglass-epoxysupport. A voltage gradient between neighbouring wires sets up a drift�eld. At one end of each module there is a single proportional wireplane reading out the ionization charge.The HPC detector covers the barrel area inside the magnetic �eld with144 separate modules using a segmentation of 24 in azimuth and 6along z. The polar angle coverage is 43� to 137�Forward Electromagnetic Calorimeter (FEMC) The FEMC consistsof two 5 m diameter disks with a total of 9064 glass blocks. They coverpolar angles 10�� 36:5� and 143:5�� 170�. The lead glass counters areread out with vacuum photo triodes.The energy resolution for Bhabha events was 4.8% in the 1994 data.Hadron Calorimeter (HCAL) The barrel part of HCAL covers polar an-gles between 42:6� � 137:4�, the endcaps 11:2� � 48:5� and 131:5� �168:8�. The barrel consists of 24 sectors with 20 layers of detectors.For each layer there are 5 cm iron plates making muons the only par-ticles passing HCAL. The endcaps contain 19 layers constructed in asimilar manner. The detectors are wire chambers which consist of aplastic cathode froming 8 cells of 9 � 9 mm2 with one anode wire ineach.Performance studies on Z0 events show that there is a good linearitybetween the energy measured in HCAL and the momentum obtainedfrom the TPC for particles with energy up to 10 GeV. The resolutionin HCAL is determined to 120%=pE.Small Angle Tile Calorimeter (STIC) The STIC[22, 23] provides calori-metric coverage in the very forward direction. It was installed in 199313



replacing the SAT, the Small Angle Tagger. This was done because ofthe need for more accurate luminosity measurements, and the physicsat LEP2 sets up new requirements. To be more precise, there was agap in the polar coverage between the FEMC and the SAT. With theSTIC installed there is no gap, and it also covers smaller polar anglesthan the SAT did.The STIC is a lead-scintillator calorimeter where the light produced bythe electromagnetic showers in the scintillators is carried to the photodetectors at the back of the calorimeter by means of plastic �bers. Itis formed as two cylinders placed at jzj = 220 cm covering the angularregion 29-185 mrad. It extends from 6.5 to 42 cm in radius.Originally there was a tungsten mask in front of the STIC so that theacceptance could be determined very accurately. It has been removedin 1996 before the upgrading of LEP to LEP1.5.Very Small Angle Tagger (VSAT) VSAT is used for fast monitoring ofboth luminosity and machine operation. The arms are placed at jzj =7:7 m and cover polar angles 5-7 mrad. They consist of 12 wolframplates interleaved with silicon detectors. In addition there are threesilicon planes inserted after 5,7 and 9 radiation lengths.4.4 The DELPHI Ring Imaging Cherenkov Counter(RICH)This detector was installed into DELPHI in order to provide particle iden-ti�cation. There is a barrel RICH and a forward RICH. It relies on theCherenkov e�ect: particles going through matter with velocity higher thanthe speed of light (the speed of light in the medium in which the particlegoes) radiate photons.In both the barrel and the forward RICH there are two media, gas andliquid. The threshold Lorentz factors of the media in the barrel are 
 = 15:9and 
 = 1:6, in the endcaps 
 = 18:3 and 
 = 1:6. The inner layer is theliquid radiators, then there is a drift tube and as the outer layer one has thegas radiators. The photons from the gas radiators are re
ected back towardsthe drift tube with the aid of mirrors.The angle between the direction of the radiated photons and the directionof the particle is a function of the particles speed. When the momentum ismeasured in the tracking system the radiation angle for various particles arecalculated. When the angle has been measured one knows the identity of theparticle. If there is no Cherenkov radiation one can exclude particles withmasses lower than some limit. 14



5 Charged Higgs EventsIn section 3 it was explained how the charged Higgs emerges as a result ofadding an additional Higgs doublet. Below a description is given of the eventswe are looking for, that is what is happening with the charged Higgs bosonsafter they have been formed in an electron-positron annihilation. When theanalysis is to be designed it is crucial to have exact knowledge of what one issearching for. To ease the reading, in the rest of the thesis a charged Higgsis sometimes referred to only as a Higgs.5.1 The Topology of Higgs EventsWith a branching ratio B(H� ! ��� ) = 1 the Higgs events are quite simpleand easy to classify. The most important decay channels of �� are� ������� , 17.7%� e���e�� , 18.0%� h� � 0 neutrals �� , 49.8%� 2h�h+ � 0 neutrals �� , 14.4%where h� stands for �� or K�[4].From these numbers one �nds that in 73% of the events there will be twocharged particles, in 25% there will be four charged particles and in 2% therewill be six charged particles. In other words, Higgs events are low multiplicityevents.In a Higgs event there will always be at least four neutrinos. Two fromthe decays of the Higgs particles and at least two from the tau decays. Ifthe taus decay to leptons there can be up to six neutrinos. In other wordsthere will be large missing momenta and energies. See �g. 2 for a sketch ofthe decay sequence.Missing momenta give large acoplanarity angles, and this is perhaps themost useful characteristic of Higgs events apart from the low multiplicity.Another useful feature is the polar angle distribution. The cross section isproportional to sin2 � where theta is the angle between the beam axis andthe direction of the Higgs particles. The di�erential cross sections of all thebackground processes have their largest values in the forward direction, thatis with small �.
15



5.2 The Cross Section of Higgs EventsOne of the main problems when looking for charged Higgs particles is thesmall cross section. For energies between 130 and 192 GeV it will neverexceed 0.6 pb for masses above 50 GeV. The �rst order expression is (seeappendix A)� =M4WG2f (1� 4MH=s) 3224�s  cos2 2�wcos4 �w c2V + c2A(1�M2Z=s)2+ 16 sin4 �w + 8 tan2 �w cos 2�w cV(1�M2Z=s)! :See �g. 3 for a plot of the cross section as a function of MH� and ps. Itshows that higher energy does not necessarily give a bigger cross section.
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6 Background ProcessesWith the increased energy at LEP2 there will be processes that did not existat LEP1 or they had cross sections that were very small. Most importantfor this analysis is the W-pair production, e+e� ! W+W�, but also theprocesses e+e� ! Z0Z0, e+e� ! Ze+e� and e+e� ! We� have to be con-sidered. In addition to these new processes we will have the familiar fermionanti-fermion production, the 

 production and the Bhabha scattering tocontend with.6.1 f �f Production, e+e� ! 
=Z0! f �fFermion-antifermion production is a process where the electron and positronannihilate to form a virtual photon or a Z0-particle which subsequently de-cays to a fermion pair (See �g. 4). At LEP2 energies there will in most ofthese events be a hard ISR (Initial State Radiation) photon which lowersthe center of mass energy so that an on-shell Z0 is produced. The ISR pho-tons are going very much in the forward/backward direction and in mostcases they are not detected. In those events the remaining energy is s+m2Z2ps .Otherwise the Z0-particle is virtual with an energy equal to ps.
+e

-e

f

γ/Ζ0

fFigure 4: e+e� ! 
=Z0 ! f �fIf the �nal state fermions are quarks, muons or electrons it is probablethat most of the energy that is left after ISR is detected. For that reasonsuch events are not a di�cult background when searching for charged Higgsparticles. The only fermion pairs that represent a problem are the tau pairs.If there is a hard ISR photon so that the total energy of the event is loweredsuch an event happen to resemble a charged Higgs event.
18



6.2 

 EventsIn a 

 event the initial electron-positron system radiates two photons1 whichform a new system consisting of a fermion pair: e+e� ! e+e� + f �f . Fig. 5gives an example of the many diagrams contributing to the 

 cross section.The invariant mass of this system is in most events very low, and thedirections of the positron and electron after the radiation are very muchalong the beam direction. That means that in almost all these events thepositron and electron are not detected. Another characteristic of these eventsis that the energy of the 

 system is rather low. Again the tau events arethe most problematic. They tend to have higher transverse momenta andare more acoplanar.
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e- Figure 5: A 

 diagram6.3 Bhabha Scattering, e+e� ! e+e�Two diagrams give the major part of the Bhabha cross section. The annihi-lation diagram is included in the f �f background, the scattering diagram isshown in �g. 6.Even though shower formation is quite frequent in the forward directiondue to the large amounts of material with which the electrons/positrons caninteract, the Bhabha events represents no problem in this analysis. They arementioned here because they have to be included when a preselection of theP3 data is compared to a sample of simulated events.6.4 W-pairsAt LEP2 energies higher than twice the W mass will be reached, and for the�rst time W-pairs will be produced. See �gure 7 for the lowest order Feyn-1The electron and positron do not radiate photons in all the diagrams, but all thediagrams contain two internal photon lines.19
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Figure 6: The Bhabha scattering diagramman diagrams contributing to the cross section. When searching for chargedHiggs particles decaying to taus and tau-neutrinos this is a disadvantage. Ifboth the W particles decay to taus and tau-neutrinos the event has exactlythe same signature as a charged Higgs event. The only di�erence is in thepolar angle distribution. The di�erential cross section for Higgs productionis proportional to sin2 � while the WW production is pointing more in theforward direction.Hadronic decays and decays to muons and electrons are more easily dealtwith. More of the energy is detected and in hadronic decays the events havesmall acoplanarity angles.
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Figure 7: WW production diagrams6.5 Z-pairsAs for the W-pairs, Z-pairs will be produced for the �rst time at LEP2. TheFeynman diagrams are shown in �gure 8. Z particles mostly decay to hadronsand the charged multiplicity is usually high, but there is a 312% chance forthe Z to decay to each of the lepton pairs[4]. If one Z decays to a neutrinopair and the other decays to a tau pair, the event looks very much like aHiggs event. 20
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Figure 8: The ZZ production diagram6.6 We� and Z0e+e�Of these two backgrounds it is the We� that is the most di�cult. Theneutrino takes away some of the momentum and energy and quite often theelectron/positron is not detected. Fortunately the cross section is small, it iscomparable the cross section for Higgs production.Also in the Z0e+e� background the electron and/or the positron is oftenlost, but the Z's branching ratio to leptons is much smaller than it is for theW particle. That means that the charged multiplicity is mostly high, andthe number of jets tends to be greater than two.6.7 Cross SectionsThe total cross sections for background processes are generally much biggerthan the signal cross section. The numbers are given in table 3. Cross sectionsfor the various 

 channels are not included. They are extremely large, andwhen simulations are done only a subset of the phase space is explored. Asan example, the DST's containing 

 ! hadrons produced according to theVDM model only have events were the polar angle of the charged tracks islarger than 15 degrees, the minimum momentum of the tracks is larger than0.2 GeV and the invariant mass of the two-photon system is larger than 2GeV. The cross section for this channel with these limitations is 6.1 nb.f �f W+W� Z0Z0 We� Z0e+e�136 401 0.5 0.45 0.09 6.0161 228 3.4 0.46 0.53 6.4175 174 15 0.47 0.65 6.6192 134 18 1.2 0.90 6.7Table 3: Background Cross Sections in pb�1.21



As one can see from the table, in this energy region the cross section forf �f decreases with increasing energy while the opposite is true for the otherprocesses. W-pair and Z-pair production have a steep climb at thresholdenergies.The cross section for the f �f production is very much larger than the othercross sections. This means that even though the fraction of dangerous taupairs from f �f is small, the f �f background gives some irreducible background.As for the W-pairs, this is not a problem before the energy is above 160 GeV.At higher energies it is the most important background.
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7 AnalysisAs described earlier the main characteristics of a Higgs event with tau-decaysare the low multiplicity, the missing momenta giving acoplanarity and themissing energy. In this analysis these characteristics are exploited whenremoving background events.7.1 SimulationsWhen designing and testing this analysis it is necessary to do simulations.Working with real data one can never know with certainty which kind ofevent has occurred. The plots presented in this section are all results ofsimulations.The �rst step is to simulate the physics before anything is measured inthe detector, i.e. the processes we wish to investigate. This is done withevent generators. Most of the events were produced with PYTHIA[33] andTWOGAM[25].The next step is to simulate what happens in the detector, what is reallymeasured. DELSIM[26] is taking care of that part and is giving \Raw Data"as output with the same format as real DELPHI data. Finally DST's[27](Data Summary Tapes) are produced by DELANA[28]. They can be readwith the help of PHDST[29], a program package written in order to ease theaccess to data.In an analysis designed to �nd rare events like Higgs events it is im-portant that all backgrounds are minimized. Estimating small remainingbackgrounds takes quite a lot of simulation as the relative uncertainty islarge for small numbers. In particular if zero events pass the cuts and thecross section is large there is a problem. If the true expectation value is 1,2 or 3 the chance for �nding zero events is 0.368, 0.135 and 0.050[30], i.e. itis not unlikely that the expectation value is 1,2, or 3 when zero events areobserved. Therefore it is important to do enough simulations so that theuncertainty is scaled down. The uncertainty is scaled down if the equivalentintegrated luminosity of the simulations are higher than the real integratedluminosity.The problem of doing numerous simulated events is that it can take sev-eral minutes to do the calculations of one single event. In other words itis a question of available computing resources. For this analysis only thesignal events were produced in Oslo. Even though the signal events are oflow multiplicity and the number of events simulated is not very high, it tookseveral weeks to produce the DST's. 23



7.1.1 

 ! hadronsThe interactions between two photons leading to hadronic �nal states aredescribed by combining contributions from three di�erent models: the VectorDominance Model (VDM), the Quark Parton Model (QPM) and the QCDmodel[31].The VDM model describes the interaction between bound state vectormesons. The 

-system of the events generated according to this modelmainly have low four momentum transfer (Q2) and low transverse momenta.The QPM model assumes direct (QED) coupling of the photons to a quarkpair, and describes higher momentum transfer photons than the VDMmodel.In the QCD model one or both of the photons is resolved into partonicconstituents. This model has the highest invariant masses and transversemomenta.7.2 Quality CutsUnfortunately it is not unusual for spurious events to resemble Higgs events.Before inventing cuts to eliminate the background already described, spuriousevents have to be taken care of. Spurious events are events not originatingfrom collisions between the accelerated electrons and positrons. This couldbe beam gas events where accelerated particles have hit some of the few gasparticles in the beam pipe, beam wall events were electrons/positrons havehit the wall of the beam pipe or it could be cosmic events, radiation fromoutside. Another problem is the resolution of the detector. For example,the relative error in calorimeters is proportional to 1pE meaning that therelative error is large for small energies. To overcome these di�culties somepreliminary quality cuts are applied.In a typical spurious event the particles do not come from the collisionspot of the experiment. Variables commonly used as measures of this prop-erty are the impact parameters, br�� and bz. As shown in �gure 9 br�� isde�ned as the smallest distance from the particle trajectory to the beamspot in the r � � plane, bz as the smallest distance in the z direction, thedirection parallel to the beam direction.First all tracks with p < 1 GeV are removed from the event. In thisanalysis it is not very important that this limit is set so that energy of theevent can be measured with the best possible accuracy. What matters iswhether there are large missing energies or not.Secondly it is demanded that for all the remaining charged tracks� the impact parameter in the r � � plane, br��, be less than 2 cm,24
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Figure 9: De�nitions of br�� and bz.� the impact parameter in the z (beam) direction, bz, be less than 6 cm� and the track length be greater than 50 cm.If only one of the charged particles doesn't ful�ll these requirements the wholeevent is rejected. The reason for not just removing the charged particles thatare not OK, is that the Higgs events have low multiplicity and the chargedparticles are usually energetic and thereby well detected. If there is somethingwrong with one of the charged particles it is therefore probably not a Higgsevent. The limits of br�� and bz have been �xed by comparing real data andsimulations, see section 9.1. Finally, an upper limit is set on the absolutevalue of the total charge of the event, jCj < 2, to ensure that not more thanone charged particle is lost.7.3 Jet ReconstructionSince all the �nal state particles in a Higgs event come from the tau decays,they will most likely form two well separated jets. It is therefore demandedthat a Higgs candidate event should contain exactly two jets.In this analysis the LUCLUS routine is used, a part of the JETSETpackage[24], for the jet reconstruction. The basic idea of the algorithm is toassign to each pair of particles i and j a \distance" dij. The distance measureused in LUCLUS isd2ij = 12 (j~pijj~pjj � ~pi � ~pj) 4j~pijj~pjj(j~pij+ j~pjj)2 = 4j~pij2j~pjj2 sin2(�ij=2)(j~pij+ j~pjj)2where ~pi and ~pj are the momenta of the the particles and �ij is the anglebetween them. For small �ij sin(�ij=2) � 12 sin �ij and cos �ij � 1 ) (j~pij +25



j~pjj)2 = j~pij2 + j~pjj2 + 2j~pijj~pjj � (~pi + ~pj)2 and the expression is reduced todij � j~pi � ~pjjj~pi + ~pjj :In this limit the distance measure is equal to the transverse momentum ofeither of the particles with respect to the direction of the sum of the twomomenta. If the particles are back-to-back dij is more related to the invariantmass.Initially all the particles are assumed to be a cluster by themselves. Thenthe two clusters with the smallest dij are found, and if dij is smaller thandjoin which is set by the user, the two clusters are joined to one. This isrepeated until all the dij are greater than djoin.After a joining and the corresponding calculation of the new cluster mo-mentum, it might be that some particles belonging to this cluster actuallyare closer to some other cluster. Because of this a reassigning procedure hasto be done for every joining.When this routine is used in an analysis treating real data the momenta,the ~pi's, are the momenta associated with reconstructed tracks. It is not cor-rect to call them \particle momenta" as the momenta stored in the DST's arethe momenta calculated from measurements in the detector. More preciselythey can be called \track momenta".The setting of the djoin value is rather important as it determines thenumber of jets LUCLUS will form. When looking for hadronic jets it hasbeen customary to use djoin = 5 with LEP2 energies[32]. However, whenthe charged Higgs particles decay to taus and neutrinos the visible energyis halved and besides the tau events tend to have small jet opening angles.Therefore a smaller value can be used. Using the same sample of simulatedcharged Higgs events djoin = 4 GeV gives 630 two-jet events, djoin = 2:5 GeVgives 687 and djoin = 1 GeV gives 719.A smaller value will give more Higgs events with two jets, but as canbe seen in �g. 10 the extra two-jet events gained have small angles betweenthe two jets. To ensure that possible Higgs candidates have well separatedjets djoin should therefore not be set too low. Taking into account both thenumber of jets and the angles between the jets djoin = 2:5 GeV have beenchosen.Figure 11 shows a frequency plot of the number of jets in some backgroundchannels and in the signal. As expected only a few percent of the signal isrejected by demanding two jets. In this plot it seems to be quite an e�ectivecut, especially in the W-pair and in the Z-pair backgrounds, but of coursethe number of jets is correlated to other variables, as the acoplanarity angle,and it is not crucial to the analysis as a cut by itself.26
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Figure 10: Plots of the distribution of the angle between the jets in two-jet Higgs events, �1;2. The same sample of H+H� events (1000 events withmH = 60 GeV, ps = 161 GeV) have been used in all the plots and as can beseen the number of two-jet events increases as djoin gets smaller. At the sametime the number of events with small angles between the jets also increases.27
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Figure 11: The number of jets in background and signal events after thequality cuts have been implemented.28



However, when the two-jet events have been selected one can demandthat each jet should contain at least one charged particle. This is naturalas the jets both originate from a charged Higgs particle. The total chargedmultiplicity is to be less than 7. Another reason to select the two jet eventsis that it is easy to de�ne the acoplanarity in terms of the jet axes.7.4 Thrust Axis and AngleIn the LUTHRUST routine, also a part of the JETSET package, the thrustT is de�ned by T � maxj~nj=1 Xi j~n � ~pijXi j~pijand the thrust axis is de�ned as the ~n vector for which the maximum isobtained[34]. As one can see T is the sum of the projections of the momentaonto the thrust axis divided by the scalar sum of all the momenta. A two-jetback-to-back event gives T � 1 while an isotropic event gives T � 12 . Thethrust axis represents an average direction of the event.As mentioned earlier the di�erential cross section for charged Higgs pro-duction is proportional to sin2 � (see appendix A) while the background ispointing more in the forward direction. That makes it natural to put anupper limit on the thrust angle, the angle between the thrust axis and thebeam axis.This cut is most e�ective on the various 

 channels as they are verymuch peaked in the forward direction, especially the hadronic. In �gure 12one can see that most of the hadronic and a substantial part of the leptonic

 events are removed by setting the upper limit for j cos �j to 0.85. However,as will be shown later this cut is actually not crucial for the removal of two-photon events. It turns out that it is more important in the W- and Z-pairchannels.7.5 AcoplanarityIn the analysis the acoplanarity angle � is de�ned as follows: Let each of thejet momenta, ~p1 and ~p2, form a plane with the beam axis. The acoplanarityangle is then the angle between these two planes. See �g. 13. It is a measureof the \twisting" of the event. An equivalent de�nition is to let � be equalto the angle between ~p1 and ~p2 in the R� � plane. See �g. 14.As can be understood from the de�nition a perfectly reconstructed eventwhere all the particles have been detected and all the particle trajectories29
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 event possesses both these characteristics andall of the events that remain after the cuts on polar angle and acoplanarityare rejected by this cut which has been set to 8.5% of the center of massenergy. The transverse momentum is de�ned bypt = 2Xi=1 pi sin �where pi is the momentum of jet i. See �g. 17.7.7 Energy DistributionsBackground left after the cuts discussed so far is mostly leptonic W-pairs.If both the W's decay to taus (happens in 1.17% of the WW events[4]) the31
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Figure 16: The � distribution in two-photon events. The events used in theseplots have two jets with at least one charged particle.33



Transverse momentum/Ecm, Ecm=161 GeV
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Figure 17: The pt distribution in 

 and Higgs events. The events used inthese plots have two jets with at least one charged particle.34



Charged energy/Total energy, Ecm=161 GeV
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Figure 18: Frequency plot of the fraction of charged energy in the totalenergy. Only two-jet events with total energy higher than 1/4 of Ecm andwith at least one charged particle in each jet are included. They also haveto pass the cuts on j cos �j and �.event looks exactly like a Higgs event and anything that is done to removethese events will remove Higgs events with the same probability. If one orboth of the W's decay to an electron or a muon there is one or two neutrinosless than in a Higgs event, and thereby a higher visible energy. In such anevent the visible energy is all charged energy, there are no neutral particles.In Higgs events with Br(H� ! ��) = 1 there will in more than 50% ofthe cases be neutrals. Due to this the peaks in the distributions in chargedenergy for signal and W-pairs are better separated than in the distributionof total energy. It has therefore been chosen to have a cut in charged energyrather than in total energy.Fig. 18 shows the distribution of the ratio between charged energy andtotal energy, and as one can see the fraction of charged energy is higher inW-pairs than in Higgs events. Only the events with total energy higher than1/4 of the center of mass energy are included as events with lower energyare of no interest. The upper limit on charged energy has been set equal to35



Charged energy/Ecm, Ecm=161 GeV
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Figure 19: Frequency plot of charged energy divided by Ecm. Only two-jetevents with at least one charged particle in each jet are included.1/4 of the total energy and as �g. 19 shows this removes most of the W-pairbackground.The simulations show that all the 

 background is removed with the cutsdescribed so far, but very large cross sections make it di�cult to do enoughsimulations to get su�cient statistics. A lower bound on the charged energyis set so that one can be more con�dent that no 

 events slip through.Events with ordinary tau pairs decaying to hadrons occasionally have lowcharged energies but high neutral energies. To get rid of these a rather loosecut on the total energy, Etot < 45% of Ecm, has been applied.With center of mass energies lower than threshold energy for W-pairproduction, it is unnecessary with a hard cut on charged energy. At P3energies the cut is loosened up to a limit of 3/8 of Ecm. The idea behind thislower bound is that tau pairs decaying to hadrons can give charged energiesof about one half the center of mass energy, and to be sure they are removedthe limit is set somewhat lower.The �nal demand is that the deposited energy in the forward/backward30� cones has to be lower than 7% of the center of mass energy. The purpose36



is to reject poorly reconstructed events in the forward region.7.8 Summary of CutsTo summarize the results from this discussion of how to search for chargedHiggs bosons, a list of the cuts are given below. It is meant to give the readeran easy access to the exact details of the analysis.In all detectors there will be noise and the resolution is not in�nite. There-fore all tracks with� all p < 1 GeVare removed from the events. To remove cosmics, beam wall and beam gasevents the remaining charged tracks are demanded to have� br�� < 2 cm� bz < 6 cm� ltrack > 50 cmTo ensure that not more than one charged particle is lost� jQj < 2where Q is the total charged of the event. After these quality cuts the restof the cuts can be implemented. They exploit the characteristics of chargedHiggs events: two jets with at least one charged particle, low multiplicity,missing momenta and energy and large polar angles.� Njets = 2� Ncha;1 � 1, Ncha;2 � 1� Ncha < 7� j cos �j < 0:85� � < 20�� pt > 8:5% of ps� E�<30� < 7% of ps� 4% of ps < Echa < 14ps (38 if ps is less than W-pair threshold.)� Etot < 45% of ps 37



Njets: number of jets, Ncha;n: charged multiplicity of jet n, Ncha: totalcharged multiplicity, �: angle between thrust axis and beam axis, �: acopla-narity angle, pt: transverse momentum, E�<30� : energy in forward/backward30� cones, Echa: total charged energy, Etot: total measured energy.
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8 Results from SimulationsIn the previous section an analysis was designed to �nd charged Higgs bosons.Now that the exact cut values are ready one can estimate the backgroundproblems and expected signals. This is accomplished with the aid of simula-tions. Ideally, development and testing of the analysis should be done withindependent samples of simulated events. However, as already mentioned,doing simulations takes a lot of computing resources, so the same set of DST'sare used for both tasks.The results from simulations are summarized in tables 4-8. The columnscontain the total numbers of simulated events, the equivalent integrated lu-minosities, the number of events passing all the cuts, the corresponding frac-tions, the cross sections and the number of background events expected withthe integrated luminosity given on top of each table.As already mentioned it is important to do enough simulations so that theuncertainty in background is small. Unfortunately it has not been possible to�nd enough/any simulations for all the two-photon channels with the variouscenter of mass energies. It is only at ps = 161 GeV that the numbers ofMonte Carlo two gamma events are satisfactory, but even at that energy onechannel is missing, the e+e� ! e+e�e+e� channel.At ps = 161 GeV none of the 

 channels seem to give any backgroundat all. This is also the case with ps = 136 GeV, but those results cannot begiven much weight as the corresponding luminosities are quite low. Anyway,when estimating the total expected background a two-photon backgroundequal to zero is assumed for all the center of mass energies. This eliminatesthe problem of overlap between the various hadronic simulations, QCD, VDMand QPM.As the events are independent it is natural to use binomial statistics. Thenumber of expected real events of a particular kind is thereby estimated byNi = Nb;iNs;i�i Z Ldtwhere Ns;i is the number of simulated events, Nb;i is the number that passedthe cuts and �i is the cross section. The total background isN =Xi Ni:The uncertainty in background i is�Ni = � R LdtNs sNb �1� NbNs�39



Simulations with ps = 192 GeV, R L dt = 300pb�1MC R Ldt After Fraction � #Channel events (pb�1) cuts (%) (pb) eventsBackgroundf �f 37827 282 3 0.0079 134 3:2� 1:8W+W� 27933 1551 188 0.67 18 36� 3Z0Z0 8651 7209 51 0.59 1.2 2:1� 0:2We� 1000 1111 7 0.70 0.90 1:9� 0:7Z0e+e� 3220 481 1 0.031 6.7 0:62� 0:62Total background 44� 4SignalMH = 50 1000 2083 270 27 0.48 39� 2MH = 60 1000 2702 286 29 0.37 32� 2MH = 70 1000 4000 299 30 0.25 22� 1MH = 80 1000 7692 301 30 0.13 11� 0MH = 90 1000 30303 301 30 0.033 3:0� 0:0Table 4: Results from simulations with ps = 192 GeV . The last column isthe expected number of events corresponding to 300pb�1.and the total uncertainty is given by�N = sXi (�Ni)2:Tables 4-6 show that for ps � 161 GeV the W-pair background is themost important one, especially for 175 and 192 GeV. The W-pair cross sectionhas a steep climb around twice the W mass and the fraction of tau decays isnot changing with varying energy so this is not hard to understand.The behaviour of the W-pair cross section suggests that the best center ofmass energy to look for charged Higgs particles with masses of 50 or 60 GeVis somewhat below the W-pair threshold. Also the cross section is actuallylarger with ps = 160 GeV than for higher energies with such masses. Forhigher masses the cross section is small, and the center of mass energy hasto be raised.Another aspect worth noticing is that higher masses give higher e�cien-cies, more of the Higgs events passes the cuts if the mass is high. Unfortu-nately the cross section drops dramatically when the mass approach half thecenter of mass energy. 40



Simulations with ps = 175 GeV, R L dt = 300pb�1MC R Ldt After Fraction � #Channel events (pb�1) cuts (%) (pb) eventsBackgroundf �f 34154 196 2 0.0058 174 3:1� 2:2W+W� 5017 334 41 0.82 15 37� 6Z0Z0 1500 3191 12 0.80 0.47 1:1� 0:3We� 1746 2686 12 0.69 0.65 1:3� 0:4Z0e+e� 1715 260 1 0.058 6.6 1:1� 1:1Total background 44� 7SignalMH = 50 1000 1887 298 30 0.53 47� 2MH = 60 1000 2702 302 30 0.37 34� 2MH = 70 1000 4761 315 32 0.21 20� 1MH = 80 1000 15625 324 32 0.064 6:2� 0:3Table 5: Results from simulations with ps = 175 GeV . The last column isthe expected number of events corresponding to 300pb�1.8.1 Impact of the Various CutsWhen designing an analysis one looks at the various distributions and if thereis a di�erence between signal and background a cut can be done. But thismethod does not take into account the correlations between the variables inwhich the cuts are made. It is of course possible to make scatter plots andin that way examine the correlation between two variables. However, thereis often a connection between more than two variables, and it is getting verycomplicated. To really see the importance of a cut, to see if the cut reallydoes any good, the cut should be applied as the last one, and the impact canbe evaluated.Tables 9-11 give the number of events removed by the individual cutswith the cut in question applied as the last one, i.e. after the other cuts havebeen applied. The cuts in cos � and E�<30� are treated as one cut as they areexpected to be very much correlated. This is also the case for pt and Echa.When compared with the total number of simulated events and the numberleft after all cuts, these tables should give a good picture of the importanceof the various cuts.It is somewhat surprising that the demand that each of the two jets shouldcontain at least one charged particle is important for the rejection of W-pairs.41



Simulations with ps = 161 GeV, R L dt = 10pb�1MC R Ldt After Fraction � #Channel events (pb�1) cuts (%) (pb) eventsBackgroundf �f 48002 210 1 0.0021 228 0:047� 0:47W+W� 51312 15091 347 0.68 3.4 0:23� 0:1We� 1997 3767 20 1.0 0.53 0:053� 0:012

 !had(VDM) 5291 0.79 0 0 6700 0

 !had(VDM) 172276 24 0 0 7200 0

 !had(VDM) 71113 10 0 0 6900 0

 !had(QPM) 9537 12 0 0 820 0

 !had(QPM) 47796 50 0 0 960 0

 !had(QCD) 5807 2.9 0 0 2000 0

 !had(QCD) 53065 28 0 0 1900 0

 ! �+�� 10854 27 0 0 396 0

 ! �+�� 51223 26 0 0 1937 0Total background 0:33� 0:11SignalMH = 50 1000 1754 257 26 0.57 1:5� 0:1MH = 60 1000 2857 304 30 0.35 1:1� 0:1MH = 70 1000 7142 293 29 0.14 0:41� 0:02Table 6: Results from simulations with ps = 161 GeV . The last column isthe expected number of events corresponding to 10pb�1.
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Simulations with ps = 136 GeV, R L dt = 2:9pb�1MC R Ldt After Fraction � #Channel events (pb�1) cuts (%) (pb) eventsBackgroundf �f 27582 69 2 0.0073 401 0:087� 0:061W+W� 60 120 0 0 0.5 0Z0Z0 60 133 2 3.3 0.45 0:045� 0:032We� 60 666 1 1.7 0.09 0:0045� 0:0045Z0e+e� 120 20 0 0 6.0 0

 !had (QPM) 5694 7.2 0 0 790 0

 !had (VDM) 8217 1.3 0 0 6100 0

 !had (QCD) 6183 4.2 0 0 1480 0

 ! �+�� 1656 79 0 0 21 0

 ! �+�� 11432 5.4 0 0 2109 0

 ! e+e� 2163 5.4 0 0 401 0Total background 0:14� 0:07SignalMH = 50 998 1720 345 35 0.58 0:60� 0:026Table 7: Results from simulations with ps = 136 GeV . The last column isthe expected number of events corresponding to 2.9pb�1.Simulations with ps = 130 GeV, R L dt = 3:0pb�1MC R Ldt After Fraction � #Channel events (pb�1) cuts (%) (pb) eventsBackgroundf �f 28361 61 4 0.014 463 0:20� 0:1W+W� 60 150 1 1.7 0.4 0:020� 0:020Z0Z0 60 133 1 1.7 0.45 0:022� 0:022We� 60 666 1 1.7 0.09 0:0045� 0:0045Z0e+e� 120 20 0 0 6.0 0Total background 0:25� 0:10SignalMH = 50 998 1720 345 35 0.58 0:6� 0:03Table 8: Results from simulations with ps = 130 GeV . The last column isthe expected number of events corresponding to 3.0pb�1.43



The �nal number of W-pairs is 188 out of 27933, and if this cut had not beenincluded it would have been 36 more.The cut in cos �=E�<30� is very important in the W-pair channel. Asmentioned earlier the WW events with tau decays are very similar to theHiggs events. The only di�erence is in the polar angle distribution, and thiscut exploits this fact.As expected the cut in acoplanarity angle is crucial for rejecting f �f events,but it also plays a substantial role in the rejection of the other backgroundchannels, especially the two-photon channels.The upper limit on charged energy is absolutely necessary in order toavoid a large W-pair background. Without this there would be over threetimes as many W-pairs slipping through. Also for the Z-pairs it is importantas it halves this background, but as the cross section is very small it wouldnot have been necessary to have the cut this tight if there were no W-pairs.The crucial cut for removing two-photon events is the cut in transversemomenta. Especially in the part of the hadronic channel that is simulatedusing the Vector Dominance Model it turns out to be of great importance.It is interesting to see that the cuts in cos �=E�<30� and charged energyreject more signal events if the Higgs masses are high than with low masseswhile the opposite is true for the cuts in � and pt=Echa.The reason that more events are rejected by the cut in cos � with highmasses can be understood when considering the sin2 � dependence of thedi�erential cross section. Higgs particles at rest decay isotropically. Whenboosted the decay particles are also boosted, and they will tend to be movingin the Higgs particles direction and thereby mainly have large thrust angles.The same argument can be used to explain the mass dependence of thee�ect of the cut in acoplanarity angle for signal events: The more the decayparticles move in the Higgs particles direction the smaller the acoplanarityangles.8.2 Exclusion and Discovery LimitsWhen estimates of background and signal e�ciencies are ready, relevant ques-tions are: With a certain luminosity, what is the highest Higgs mass that canbe excluded? Or, how high can the mass be if a discovery is to be made?Discovery and exclusion are de�ned in appendix B.Before answering these questions one has to decide the type of result oneshould use in these calculations. In [35] a typical result has been chosen.When talking about exclusion it means a result equal to the expected back-ground, for discovery it is a result equal to the expected background andsignal. 44



f �f W+W� We� Z0e+e� Z0Z0Events simulated 37827 27933 1000 3220 8651After all cuts 3 188 7 1 51Ncha;1;2 � 1 6 36 6 1 4Ncharged < 7 1 8 18 0 47cos � < 0:85E�<30� < 7% of ps 1 36 2 1 7� < 20� 284 56 2 5 31pt > 8:5% of psEcha > 4% of ps 2 2 4 0 5Echa < ps4 0 448 3 2 79Etot <45% of ps 0 4 0 0 1Table 9: Numbers of events removed by the individual cuts after all the othercuts have been applied at ps = 192 GeV.


 !hadrons 

 !lepton pairsQPM VDM QCD �+�� �+��Events simulated 47796 172276 53065 10854 51223After all cuts 0 0 0 0 0Ncha;1;2 � 1 0 0 0 0 0Ncharged < 7 0 0 0 0 0cos � < 0:85E�<30� < 7% of ps 0 2 0 0 2� < 20� 10 60 0 2 38pt > 8:5% of psEcha > 4% of ps 17 72 6 20 42Echa < ps4 0 0 0 0 0Etot <45% of ps 0 0 0 0 0Table 10: Numbers of two-photon events removed by the individual cuts afterall the other cuts have been applied at ps = 161 GeV.
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SignalMH = 50 MH = 60 MH = 70 MH = 80 MH = 90Events simulated 1000 1000 1000 1000 1000After all cuts 270 286 299 301 301Ncha;1;2 � 1 21 23 11 23 11Ncharged < 7 0 0 1 0 0cos � < 0:85E�<30� < 7% of ps 16 5 35 35 46� < 20� 96 94 78 55 61pt > 8:5% of psEcha > 4% of ps 60 53 51 40 28Echa < ps4 74 96 87 117 119Etot <45% of ps 5 3 1 3 3Table 11: Numbers of signal events removed by the individual cuts after allthe other cuts have been applied at ps = 161 GeV.Table 12 gives the corresponding mass limits for discovery and exclusionwith a given luminosity. The estimates of the backgrounds have been usedwithout taking into account the uncertainties. The de�nitions of exclusionand discovery only consider exact expectation values.If the result is equal to the expected background, masses up to MExclcan be excluded. If Higgs bosons exist with a mass lower than MDisc andthe result is greater or equal to the sum of the expected background and thesignal corresponding to the mass of the existing Higgs boson, then a discoverycan be announced.Only center of mass energies of 175 and 192 GeV are considered. Withps = 161 GeV the expected backgrounds are small and the term typicalresult is not well de�ned as only integer numbers can be used in the de�nitionof exclusion. For example, with R Ldt = 40pb�1 the expected background is1.32. What is the typical result?The most probable result is 1. With that result the upper limit on thesignal is 4.0 which corresponds to MH = 61 GeV. In other words, withps = 161 GeV and R Ldt = 40pb�1 masses up to 61 GeV can most likelybe excluded if there is no signal. Compared to the numbers for 175 and 192GeV, this is a much better result.With R Ldt = 300pb�1 at 161 GeV and using the typical result for calcu-lations, discovery can be made with masses up to 67 GeV. Masses up to 72GeV can be excluded. 46



175 192R Ldt MExcl MDisc MExcl MDisc40 43 - 47 -80 60 - 60 -120 67 32 65 42160 71 40 68 47200 74 48 70 52240 76 54 72 56280 76 57 73 58Table 12: Mass limits corresponding to the integrated luminosities.As this thesis is written, 10 pb�1 has been collected at 161 GeV andupgrading of the accelerator to higher energies has started. With this lumi-nosity the expected background is 0.33, and if the result is zero, this excludesmasses up to 26 GeV, not very interesting as masses up to 45.4 GeV alreadyare excluded[5].8.3 Conclusions from SimulationsDuring the LEP200 running (1996-98, possibly 99) an accumulated luminos-ity of more than 300 pb�1 is assumed to be collected. If most of the datahave a center of mass energy equal to 192 GeV, as planned, Higgs masses upto at least 76 GeV can be excluded. Discovery cannot be done with masseshigher than 57 GeV.The best energy to search for charged Higgs bosons is around W-pairthreshold or somewhat below. The W-pair background will be small andexclusion and discovery require much less luminosity.
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9 Analysis of the 95-P3 dataIn November 1995 LEP was, as the �rst e+e� collider, able to obtain acenter of mass energy higher than the Z0 mass and this meant possibilitiesof discovering \new" physics. During a period of a few weeks, DELPHIaccumulated a total integrated luminosity of 5.9pb�1, 2.9 at 136 GeV, 3.0at 130 GeV and 0.03 at 140 GeV. Unless the cross sections of the possible\new" processes are rather large, this is too little for exclusion or discovery.Anyhow, one can never know for sure what the cross section of a chargedscalar is, so a search should be done. This was also a good opportunityfor testing the analysis, and the quality cuts in impact parameters could beinvestigated.9.1 Tuning Quality CutsAs there were no available simulations of spurious events, beam wall, beamgas events, cosmics etc., there was no obvious way of eliminating them fromthe data. The method used in this analysis is to assume that all the otherbackgrounds are included in the simulations and then call the di�erence be-tween data and simulations for spurious events. The quality cuts were thentightened until there was a good agreement between data and simulations.In all the �gures in this section a preselected sample is used, consisting oftwo jet events with at least one charged particle in each jet.In �gure 20 the distribution in cos � is plotted for P3 data and the totalsimulated backgrounds with various limits on br�� and bz. The backgroundsincluded are f �f , W+W�, Z0Z0, We�, Z0e+e�, Bhabha scattering and allthe two-photon processes.As there were no available simulations of two-photon processes at 130GeV, the results from 136 GeV were also used for 130 GeV. The Bhabhacontribution is put together from what is called \Bhabha Barrel", Bhabhaswith � greater than 37�, and \Bhabha Forward" which is produced with agenerator optimized for the forward direction. All the events from \BhabhaBarrel" are used while only events with thrust angle greater than 37� areused in \Bhabha Forward". The Bhabha events in the f �f samples are notincluded as they are already included.As can be seen it is very important that the setting of the upper limits ofbr�� and bz is done properly. There is a large excess of data in the two upperplots were the limits are 6 and 18 cm and 4 and 12 cm. In the two lowerplots where the limits are 2 and 6 cm and 1.5 and 4.5 cm the agreement isquite good. As tighter cuts give less signal e�ciency the cuts of 2 and 6 cmare used. The preselection of P3 events satisfying these cuts contains 295048



Cosθ in Monte Carlo and P3-data, θ=thrust angle
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Figure 20: Plots of the cos � distribution in Monte Carlo and data. Theupper limits on br�� and bz are decreased from 6 and 18 cm in the upper plotto 1.5 and 4.5 cm in the lower plot. Only events with two jets and at leastone charged particle in each jet are included.49



events. According to simulations it should have been 3099.If one in addition requires that j cos �j < 0:85 then the number of P3events is 1550, and the number of simulated events is 1485. In order tounderstand of what kind these excess events are, the same comparison isdone in the distribution of charged energy divided by the center of massenergy. See �gure 21.The agreement is again quite good except for the �rst bin where there areless simulated events than there are data events. There are also too manysimulated events in the high energy region between 0.9 and 1.0.It is not clear what the origin of these discrepancies is. In the low energyregion it could be the uncertainties due to the small integrated luminositiesof the two-photon simulations. The estimated cross sections can be too smallor the fraction of events passing the cuts can be too small.In the high energy region the explanation most probably is in the Bhabhasimulations as this background is the dominant one. It could be that thereconstruction in the simulations are too optimistic, i.e. the events are betterreconstructed than they should be, or again that the cross section given withthe Monte Carlo DST's are wrong.If the cuts in charged energy are applied, 4% of ps < Echa < 38ps,the number of P3 and simulated events are respectively 664 and 623. In�gure 22 the distribution in acoplanarity angle is plotted. The agreement isnot perfect, but one should remember that the axis is logarithmic, i.e. thenumber of events with large acoplanarity angles is small.In �gure 23 the distribution in impact parameters for signal events areshown. It is clear that the cuts in impact parameters are not removing muchsignal. In other words there is no problem associated with combining highsignal e�ciency and rejection of spurious events.Even though the cuts in impact parameters make the distributions in dataand simulations quite similar one should try to make at least a crude estimateof the background consisting of spurious events. As the �nal result in the P3data is zero and the distributions in data and simulations are in reasonableagreement it is not very relevant for this analysis, but as a preparation forthe analysis of the LEP2 data it is important. The �nal result of zero P3events indicates that the background from spurious events is close to zero,but this could be by chance only. What is needed is a sample of spuriousevents that is larger than the sample included in the preselection so that theuncertainty can be decreased.Spurious events have not been simulated so one can not just apply thecuts and then see what fraction of the spurious events that is left. However,if one could select a part of the P3 data containing only spurious eventsthis could be used as an independent sample. The obvious way to do this50
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Figure 21: Plots of charged energy divided by ps in Monte Carlo and data.The upper limits on br�� and bz are decreased from 6 and 18 cm in the upperplot to 2 and 6 cm in the lower plot. Only events with two jets and at leastone charged particle in each jet are included, and j cos �j < 0:85.51



Acoplanarity angle in Monte Carlo and P3-data
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Figure 22: Plots of the acoplanarity angle in Monte Carlo and data.# jets=2, at least one charged particle in each jet, j cos �j < 0:85 and4% of ps < Echa < 38ps. 52



Impact Parameters in Signal Events
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Figure 23: Plots showing the distribution in impact parameters, br�� and bz.For each event only the highest values found among the charged particles areused as these are the values in which the cuts are made. Only events with atleast two charged particles are considered. The center of mass energy is 136GeV.
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is to exploit the characteristics of the wanted events, that is large impactparameters.The largest impact parameter in events going in the forward directiontend to be higher than in other events. Hence, before selecting spuriousevents by demanding large impact parameters, events with j cos �j > 0:85 areremoved so that the number of events with large impact parameters that areincluded in the simulations is reduced. Also, only events with two jets andat least one charged particle in each jet are considered.In �gure 24 the distributions in impact parameters are compared for P3data and simulated events. The simulated events are scaled to the integratedluminosity of the P3 data, 5.9 pb�1. In the P3 distribution in bz there is anodd peak at bz � 172 cm. It turns out that the events constituting thispeak all have an acoplanarity angle equal to approximately 180 degrees andthe angle between the jets is 60.7 degrees. These events cannot be ordinaryevents, and therefore only events with bz < 150 cm are considered. If theremaining P3 events with br�� > 10 cm and bz > 20 cm are selected one cansee that only a very small fraction are events included in the simulations.The number of events in this sample is 15075. When all the cuts are applied10 of these events slip through.As �gure 25 shows these events are not located in one particular areaof impact parameter space. This indicates that the other variables are notstrongly correlated to the impact parameters.The number of P3 events with br�� < 2 cm and bz < 6 cm is 1550 whilethe number predicted by simulations is 1488. The di�erence is 62. In order tomake a conservative estimation of the background from spurious events onecan say that the selected sample of P3 events contains 150 spurious events.This corresponds to the di�erence of 62 plus 2� where � is the uncertaintyin the di�erence. If one assumes that the same fraction of these spuriousevents slip through as for the spurious events with large impact parameters,this will give a background of 0.1 events.It is of course quite unlikely that all the variables in which there is acut are totally independent of the impact parameters. In other words, thefraction of spurious events slipping through with low impact parameters isprobably not the same as with large impact parameters. However, using150 as the number of spurious events with low impact parameters is ratherconservative, so the background from spurious events should not be a problemwhen the LEP200 data are analyzed.
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Figure 24: Plots showing the distributions in impact parameters, br�� andbz. For each event only the highest values found among the charged particlesare used as these are the values in which the cuts are made. Events usedhave two jets, at least one charged particle in each jet, j cos �j < 0:85, andless than seven charged particles. 55
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9.2 ResultsTable 13 gives the numbers of events remaining after each cut. The MonteCarlo results are divided into fermion-antifermions, Bhabhas, two-photonevents and other events (W and Z pairs, We� and Z0e+e�1).When all the cuts are applied there are zero P3 events left. The expectednumber from simulations is 0:39� 0:12. Using 0.39 as the expectation valueof the background Higgs masses up to 30 GeV are excluded with a con�dencelimit of 95%. With 90% con�dence masses up to 38 GeV are excluded.P3 Simulationsf �f Bhabha 

 Other TotalPreselection 2950 277 902 1920 4 3103j cos �j < 0:85 1550 253 581 651 3 14884% of ps < Echa < 38ps 664 68 17 538 2 625pt > 8:5% of ps 184 67 17 68 0 152� > 20� 1 1.0 0 0 0.1 1.1All Cuts 0 0.28 0 0 0.11 0.39Table 13: The row marked 'Preselection' gives the number of events satisfyingthe preselection criteria. In the next row the cut in cos � is applied, then thecuts in charged energy are added and so on. In the bottom row all the cutsare included.
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10 ConclusionsSo far we have no experimental information about the Higgs sector. We donot even know if Higgs bosons exist. The main reason for this is that theHiggs bosons are heavy and they couple to mass and thereby only weakly tothe fermions ordinary matter is made of. The upgrading of the LEP accel-erator means new possibilities for discovery. An analysis has been designedto �nd the charged Higgs boson. The Standard Model does not containcharged Higgs bosons, but if it is extended with an extra Higgs doublet itdoes. There are no experimental or theoretical results indicating the numberof Higgs doublets.As this is written runs at 130, 136 and 161 GeV are completed. The95-P3 data (130 and 136 GeV) have been analyzed. Comparisons betweendata and simulations have been done in some of the variables used in theanalysis. With proper settings of the cuts in impact parameters there is agood agreement. It is crucial that the upper bounds on impact parametersare tight enough.With all the cuts applied there are zero charged Higgs events in the 95-P3data. This result does not improve the present mass limits on the chargedHiggs mass as the statistics are low. However, the analysis of the P3-datahas not been useless as these data have provided a possibility to set the limitson impact parameters.175 GeV will be reached within 1996 and runs at 192 GeV are scheduledfor 1997-1999. The potential for discovery and exclusion of a charged Higgsparticle with B(H� ! ��� ) = 1 has been explored. If a discovery is madeat LEP200 the Minimal Supersymmetric Extension of the Standard Model isruled out as a possible theory. The �rst order mass relation M2A0 = M2H� �M2W in this theory gives a lower bound on the mass equal to 83.5 GeV as thepresent mass limit on A is 22 GeV.The process representing the major part of the background at these en-ergies is the W-pair production. The best center of mass energy to lookfor charged Higgs bosons with B(H� ! ��� ) = 1 is therefore around orsomewhat below W-pair threshold as the cross section for W-pairs has asteep climb around threshold energies. Unfortunately only 10 pb�1 has beencollected at 161 GeV.If 300 pb�1 is collected at 192 GeV as planned, masses up to 76 GeV canbe excluded, discovery can be made with masses up to 57 GeV. If we couldhave the same luminosity at 161 GeV the numbers are 72 and 67 GeV. Inother words, higher masses can be excluded at 192 GeV than at 161 GeV,but the opposite is true for discovery. 192 GeV is for the pessimists, 161GeV is for the optimists. In any case, LEP200 will give us more knowledgeabout the Higgs sector, either as improved exclusion limits or as discoveries.58



A The Charged Higgs Cross SectionThe di�erential cross section is given byd� = jMj2FN dQ[8] where dQ is the Lorentz invariant phase space factor (dLips), F is the
ux and N is the density of target particles. A Higgs pair can be producedthrough an intermediate 
 or Z0 and the corresponding vertex factors are�ie(P +P 0)� and �ig cos 2�w2 cos �w (P+P 0)� where P and P 0 are the four momenta ofthe Higgs particles[13] (~P is pointing towards the vertex while ~P ' is pointingaway from the vertex.). The total Feynman amplitude can therefore bewritten as a sum. M =M
 +MZ0The di�erential cross section consists of three terms, the electromag-netic, the weak and the interference term originating from jM
j2, jMZ0j2and Re(2M
MZ0).A.1 The Electromagnetic TermUsing the Feynman rules[8] and some identities of the 
� matrices2 one �ndsthat �iM
 = �v(p0; s0)ie
�u(p; s) ig��q2 (�ie)(P + P 0)�and iM�
 = (P + P 0)�ieig��q2 �u(p; s)(�ie)
�v(p0; s0):When averaging over the possible spin con�gurations and using the com-pleteness relations3 and some trace theorems4 one �nds (in the center ofmass system) thatjM
j2= 14Xs;s0 e4q4 �v(p0; s0)
�u(p; s)(P + P 0)�(P + P 0)��u(p; s)
�v(p0; s0)2(
0)2 = 1, 
�y = 
0
�
03Ps;s0 u(p; s)�u(p0; s0) =6p+m, Ps;s0 v(p; s)�v(p0; s0) =6p0 �m4The trace of an odd number of 
�'s vanish.Tr(6a 6b 6c 6d) = [(a � b)(c � d)� (a � c)(b � d) + (a � d)(b � c)]Tr(6a 6b) = 4a � b 59



= 14Xs;s0 Xa;b;c;d e4q4 �va
�abub(P + P 0)�(P + P 0)��uc
�cdvd= 14Xs;s0 Xa;b;c;d e4q4 (u�u)bc
�cd(v�v)da
�ab(P + P 0)�(P + P 0)�= 14 Xa;b;c;d e4q4 (6p+m)bc(6P+ 6P 0)cd(6p0 �m)da(6P+ 6P 0)ab= 14 e4q4Tr [(6p+m)(6P+ 6P 0)(6p0 �m)(6P+ 6P 0)]= 14 e4q4 nTr [6p(6P+ 6P 0) 6p0(6P+ 6P 0)]�m2Tr [(6P+ 6P 0)(6P+ 6P 0)]o= e4q4 [2(p � (P + P 0))(p0 � (P + P 0))� (p � p0)((P + P 0) � (P + P 0))�m2(P + P 0) � (P + P 0)i= e4q4 �2�s2 � 2j~pjj~P j cos ���s2 + 2j~pjj~P j cos ��� �s4 + j~pj2 +m2� �s� 4j~P j2��= e4q4 "s22 � 8j~pj2j~P j2 cos2 � � s2 �s� 4j~P j2�#= 2e4q4 j~P j2 �s� 4j~pj2 cos2 ��� 2e4q4 j~P j2s sin2 �The 
ux is the relative velocity times the density of particles.F = vrelNIn the completeness relations a normalization corresponding to a particledensity of 2E was assumed, and working in the mass center system one �ndsF = 2 j~pjE 2E = 2 j~pjps2 2ps2 = 4j~pj � 2psdLips is given bydQ = (2�)4 �(4)(P + P 0 � p� p0) d3P(2�)3 2EH+ d3P 0(2�)3 2EH�Putting it all togetherd6� = jM
j22s2 1(2�)2 �(4)(P + P 0 � P � P 0) d3P2E2H+ d3P 02E2H� ;60



and after the integration of P 0 one getsd3� = jM
j22s2 ������~P+~P 0=~p+~p0 1(2�)2 �(Ef � s) d3P4EH+EH�A change of variable in the �-function gives�(Ef � Ei) = Ef4j~P j�(j~P j � ~P )where ~P is the Higgs momentum that correspond to a Higgs energy equal tothe energy of the electron/positron. The integration over j~P j givesd2� = jM
j28s 32 1(2�)2 ~P d
= e44s 52 1(2�)2 ~P 3sin2� d
= e416�2s 52 �s4 � 4M2H�32 sin2 � d
= e4128�2s  1� 4M2Hs !32 sin2 � d
The total electromagnetic cross section is given by� = e448�s �1� 4MHs � 32 :A.2 The Weak Term and the Interference TermThe weak part of the Feynman amplitude is given by�iMZ = K�v
�12 �cV � cA
5�ug�� � q�q�=M2Zq2 �M2Z (P � P 0)�and iM�Z = K�(P + P 0)�g�� � q�q�=M2Zq2 �M2Z �u12(cV + cA
5)
�vwhere K = ig2 cos 2�w2 cos2 �w :61



For leptons cV = 1=2 � 2 sin2 �w and cA = 1=2. Because me � ps theelectron mass can be ignored, and the Dirac equation readsp0��v
� = 0for the positron and p�
�u = 0for the electron. That means that q�q� can be deleted from the propagatorbecause q = p + p0. Now let cR = cV � cA and cL = cV + cA. We then �ndthat cV � cA
5 = cRPR + cLPLand cV + cA
5 = cRPL + cLPRwhere PL = 12(1 � 
5) and PR = 12(1 + 
5) are the left- and right-handprojection operators. In the relativistic limit these operators are equal to thehelicity operators[8]. The matrix part of jMZj2 is�v
�(cRPR + cLPL)u�u(cRPL + cLPR)
�v:When inserting spinors with the four helicity combinations one �nds thatonly the two with opposite helicities give non-vanishing contributions,�vR
�uL�uL
�vRc2Land �vL
�uR�uR
�vLc2R:These expressions do not contain any 
5's, and except for a constant they areequal to the corresponding electromagnetic expressions. The amplitudes ofthese particular reactions are proportional to the entries d11;0 = �d1�1;0 = sin �of the rotation matrix, and when squared they are equal. That means thatthe factors c2L and c2R can be replaced with the average of the two, c2V + c2A.The trick now is to add two similar expressions with equal helicities (pos-itive and negative) for the electron and positron. This can be done becausethey are equal to zero: �uR
�vR = �uRPL
�PLvR = �uR
�PRPLvR = 0. It isnow possible to average over all the helicity states and the rest of the calcu-lation is done in the same way as for the electromagnetic cross section. Thecalculation of the interference term goes very much like the calculation of theweak term. The total cross section �nally reads� =M4WG2f (1� 4MH=s) 3224�s  cos2 2�wcos4 �w c2V + c2A(1�M2Z=s)2+ 16 sin4 �w + 8 tan2 �w cos 2�w cV(1�M2Z=s)!62



where the Fermi coupling constant is related to g by g2 = 8M2WGfp2 .B Discovery and ExclusionWhen estimates of backgrounds and signal are ready, what will a certainhypothetical experimental result say about the existence of the charged Higgsbosons? It is impossible to say that it does not at all exist or that it existsfor sure, but one can say that with a certain probability there is a signal orthat the cross section must be lower than a certain limit. The de�nitions ofexclusion and discovery agreed upon by all the LEP experiments are givenbelow[35].Discovery A result can be called a discovery if the probability of �ndingmore than the observed number, n0, with the estimated background�B in the absence of a signal is less than the probability of getting aresult outside the 5� limit in a Gaussian distribution, that is with aprobability less than 5:7� 10�7.Exclusion The expectation value of the signal, �S, is excluded down to thevalue N with con�dence limit � where N is de�ned as follows: In arandom repeat of the experiment, given that the contribution from thebackground, nB, is less or equal to n0 and the expectation value of thesignal �S = N , the probability of getting a result, n1, higher than n0is equal to 1� �. It is common practice to use � = 0:05.In detail, using Poisson probabilities, it is a discovery if1� e��B n0Xi=0 �iBi! � 5:7� 10�7:The probability p of �nding more than n0 events given that nB � n0 with�S = N isp = P (n1 > n0 j nB � n0) = 1�P (n1 � n0 j nB � n0) = 1�P (n1 � n0 \ nB � n0)P (nB � n0) :But if n1 � n0 then nB � n0 andp = 1� P (n1 � n0)P (nB � n0) = 1� e�(�B+N) n0Xi=0 (�B +N)ii!e��B n0Xi=0 �iBi! :N is varied until p = 1� �. 63
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