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AbstractThis thesis is dedicated solely to the coming search for the Standard ModelHiggs Boson at LEP200. Moreover the study is limited to a particular channelof the Higgs signal, the H0��� channel. As this channel is only 20% of the totalHiggs signal, and the background is rather severe, it proves di�cult to base aHiggs search on this channel alone, but added to other searches, in the leptonand quark channels of the Higgs signal, it will be most helpful. This searchis based entirely on events simulated by the Monte Carlo program DELSIM.LEP200 con�gurations of Ecms = 175, 192 and 205 GeV are discussed, but afterthis study started, the 205 GeV option was omitted by the LEP Committee atCERN. Luckily the scheduled upgrade of LEP, to Ecms = 192 GeV in May 98,was approved recently. LEP will also run at Ecms = 175 GeV soon, but theintegrated luminosity of this run will be far less than the 500 pb�1 used in thisstudy.
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Many aspects of particle physics have been thoroughly investigated in recentyears, and great progress has been made. Many new particles have been dis-covered, and with them, new particle properties. Gell-Mann's quarks, the elec-troweak theory and enormous improvements of accelerators and detectors, pro-mised the possibility of a complete description of nature, at least at small dis-tance scales. But nature wanted it di�erent. The problem of integrating di�erenttheories, especially general relativity and quantum mechanics turned out to bea head-on collision with reality! Many young physicists grew grey hair in thosedays, trying to �gure out the physical implementation of string theory and su-pergravity. Lately the optimism concerning the synthesis of all theories into onehave cooled, and more emphasis has been put on less extensive, but yet veryimportant �elds. The �eld considered by many as the most important is theproblem of mass.Though mass is of the utmost importance in all physical theories, its natureis mysterious. The mass is not merely some new quantum number with a simpleassociated operator like the spin of a particle. There seems to be no elementarymass quantum, like the elementary charge, which all other masses are multiples of.Many particle physicists believe, or want to believe, that the masses of di�erentparticles are not merely random numbers generated in the mind of God. If sothey will always be free parameters in the laws of particle physics, only limitedby actual observations of nature. Particle physicists try to �nd laws relatingthe masses of di�erent particles in a hopefully understandable way. The mostpromising theory so far seems to be that of Peter Higgs, presented thirty yearsago. Higgs introduced a �eld, later called the Higgs �eld, present everywherein space, also in vacuum. The associated �eld boson is called the Higgs boson.The idea is that without this additional �eld the elementary particles would haveno mass, but the particles interact with the Higgs �eld, with various strengths,thereby obtaining their characteristic masses. A particle heavily interacting withthe Higgs boson will obtain a large mass, while the electron, almost invisibleto the Higgs �eld, will be virtually massless. The Higgs bosons also interactamong each other, in various loop diagrams, thereby obtaining mass themselves.Chapter 3 contains a further discussion on the Higgs theory.Many particle physicists dislike the introduction of a new �eld, and drawparallels to the ether, but this does not stop all those intrigued by the possibilityof �nding an entirely new mechanism of mass generation. With the developmentof new accelerators, particularly LEP and LEP200, and the approval of the LargeHadron Collider (LHC), there has been a surge in Higgs hunting activities. Themost thorough study yet, at LEP, rules out a Higgs boson of less than 65 GeVmass, at 95% con�dence level [1]. The search will continue at LEP200, thefuture upgrade of LEP, which is the subject of this thesis. In the years afterthe �rst presentation of the Higgs theory, a swarm of di�erent related theorieshave emerged, mainly concerning supersymmetric extensions of the theory, butthey are only mentioned briey in this thesis. The H0��� channel of the Standard4



Model Higgs production is studied at center of mass energies of 175, 192 and205 GeV. LEP will be upgraded to Ecms = 192 GeV in May 1998, but a furtherupgrade to Ecms = 205 GeV was not approved by the LEP Committee at CERN.
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2.1 The LEP200 acceleratorThe Large Electron Positron (LEP) collider at CERN was originally designed torun at beam energies of �46 GeV, the energies required for the production of Z0bosons. It's a synchrotron of 27 km circumference assembled in a circular tunnelsituated underground between the Jura mountains and the airport of Geneva.Bunches of electrons and positrons are accelerated in opposite directions inside asingle vacuumized beam pipe. After running at 46 GeV for several years, it hasbecome increasingly interesting to run at higher energies. Two options have beenof main interest;� To run at �80 GeV to produce W pairs.� To run at maximum obtainable energy in the hunt for the Higgs boson.The Higgs hunting has received most attention, in the scienti�c community atCERN. After a few years of planning and tests, the �rst preparations for thehigh-energy run of LEP have already started. In the autumn of 1995, LEP wasprepared for a 70 GeV run, and during October and November, 5 pb�1 of inte-grated luminosity were delivered at this energy. In May 98 the proposed beamenergy of 96 GeV will be reached. The upgrade of LEP is mainly a matter ofinserting more RF cavities into the ring, but rapidly increasing synchrotron radia-tion of the accelerating electron beams prevents further upgrades beyond LEP200.The maximum obtainable beam energy of LEP is thought to be approximately105 GeV, but practical problems and cost limitations lowers the actual upgradeproposal to 96 GeV.2.2 The DELPHI detectorThere are eight crossing points of the beams along the LEP accelerator ring,but detectors are located only at four points. The four detectors are OPAL, L3,ALEPH and DELPHI[2]. This thesis is concerning Higgs search at the DELPHIdetector which has been operational since 1989. Since then, there have been somechanges, the most important being the installation of STIC, described below,and the upgrade of the micro vertex detector. The DELPHI detector naturallyconsists of many sub-detectors of varying size and complexity. Various parts ofthe DELPHI detector, sketched in Fig. 2.1, are described briey below:Micro Vertex Detector, VD This is a silicon-strip detector, with three layers.At �rst it had R�-coverage down to 43� in the forward direction, but in theexpanded 1996 version it has coverage down to 25� in the forward direction,and some of the silicon modules are double layered, giving informationabout the z coordinate too. It's very small, only 46 cm long, and with adiameter of just 22 cm. Resolution of the detector in R� is 5 �m, with a7



readout pitch of 50 �m, while resolution and readout pitch in the z directionvaries depending on the incident angle �. In the forward direction, at �ranging from 25� to 38�, the readout pitch is 150 �m with a resolution of30 �m at 38� and 50 �m at 25�. At angles of 38� to 58�, the readout pitchis 100 �m and the resolution is improved to approximately 20 �m. At 58�to 90� the pitch is further improved to 50 �m with an associated resolutionof 10 �m. The tiny micro vertex detector is probably the most importantin B physics and Higgs searches, as it provides excellent track and vertexreconstruction.Inner Detector, ID The inner detector is a small drift chamber situated out-side of the micro vertex detector. Resolution in R� is 90 �m, and 5 cylin-drical layers of circular cathode strips provide additional resolution of 1mm in the z direction. The inner detector provides trigger information andtrack reconstruction. E�ciency for the drift chamber is above 90% for jetevents, and the outer layers give >95% trigger e�ciency for single tracks.Time Projection Chamber, TPC This is a very useful detector in any anal-ysis at DELPHI. It's basically a barrel shaped box, �lled with gas and �eldshaping wires. It's positioned outside the inner detector. Tracks of chargedparticles are reconstructed in an accurate way, useful for determining mo-menta of particles associated with tracks curved by the magnetic �eld ofthe superconducting solenoid. Resolution is 0.23 mm in R�, and 0.9 mmin z.Outer Detector, OD The outer detector, composed of 24 modules, mountedon the barrel RICH, and each containing 145 drift tubes in 5 layers, providesfast trigger information and improved momentum resolution, particularlyfor fast particles. Tracks of fast particles are only slightly curved in thetime projection chamber, making momentum calculations based on trackcurvature very uncertain. As such the outer detector becomes an extensionof the TPC, added to overcome part of the problems caused by the reductionof the TPC, due to introduction of the barrel RICH. It becomes possibleto extrapolate tracks from the TPC, into the outer detector, to determinecurvatures in a much more precise way. Resolution is 0.11 mm in R�, and4.4 cm in z.Ring Imaging Cherenkov counter, RICH This is one of the most complexdesigns at DELPHI. It's a combined gas and liquid Cherenkov detector,situated outside of the TPC, and with separate modules in the forwarddirection. For several years this detector was almost not used, because oftechnical problems, but now it turns out to be one of the most prominentdetectors and it has been of great use lately, particularly in B physics.The RICH is very useful in conjunction with the TPC and OD, described8



above. Tracks of charged particles are reconstructed using the TPC andOD, allowing accurate measurements of momenta as previously described.On the other hand, the RICH measures speeds, and not momenta of thesame particles. Knowing both speeds and momenta of the charged particles,calculation of their masses becomes trivial. This makes the RICH perfectfor hadron identi�cation, as separation of � mesons, K mesons and protons,becomes possible using mass calculations.High density Projection Chamber, HPC This is an electromagnetic calori-meter, placed outside of the RICH. The calorimeter is especially designedto measure the energies of electrons and photons. It's one of the �rstlarge-scale applications of a time-projection chamber in calorimetry. Thismeans that the HPC is a gas detector based on the same principles as theTPC. Instead of using the ionized gas, left by a passing particle, for trackreconstruction, the amount and distribution of the ionized gas is used forestimation of the energy of the passing particle. Electrons and photonsare often totally stopped by the lead walls of the HPC, depositing all oftheir energy within the detector. The dynamical range of the detectorallows electromagnetic showers of up to 50 GeV with, simultaneously, fullsensitivity to minimum ionizing particles. The HPC only covers the barrelregion down to incident angles, �, of 43�, and the shower resolution is23%/pE + 1.1%. Readout granularity is �1� in �, and 4 mm in z.Hadron calorimeter This detector constitutes the bulk of the DELPHI detec-tor. It's a very heavy gas calorimeter, situated outside of the supercon-ducting solenoid and in the two end-caps. The barrel is constructed of 24sectors, with 20 layers of limited streamer mode detectors inserted into 2cm slots between the 5 cm thick iron plates. The calorimeter is not veryaccurate and it has a large granularity, making it hard to separate nearbytracks. As the name suggests, it's used to measure energies of hadrons likeprotons, neutrons and K mesons. The hadron calorimeter is also usefulfor muon detection, as most particles, except muons, are stopped by theiron plates of the calorimeter. This makes the calorimeter act as a �lter,that removes all particles but the muons and some � mesons. Dedicatedmuon chambers are placed around the entire detector, outside of the hadroncalorimeter, to detect the escaping muons. Shower resolution of the hadroncalorimeter is 120%/pE. Readout granularity is 3.75� in �, and 3.0� in �.Forward Chambers A, FCA The forward chamber A provides tracking andtriggering for �=33� down to �=11�. The double layered streamer chamberis mounted on the end of the TPC. Resolution of the detector is �0.3 mm,and the trigger e�ciency for single tracks is �95%.9



Forward Chambers B, FCB This gas detector is placed between the forwardRICH and the FEMC, described later. It provides precise tracking and theresolution in the plane of the detector is 120 �m. It covers incident angles,�, of 35� down to 11�.Forward Electro-Magnetic Calorimeter, FEMC This electromagnetic ca-lorimeter was designed to give good energy resolution and granularity inthe forward direction. It covers angles, �, ranging from 36.5� down to 10�.The FEMC consists of two disks, of 5 m diameter, with a total of 9064lead glass blocks shaped as truncated pyramids, arranged to point towardsthe interaction point. Readout granularity is 1� in � and 1� in �, and theenergy resolution is 4% for Bhabha scattered electrons at 45.6 GeV.STIC This is the low angle calorimeter, covering incident angles, �, of 10.3� downto just 1.7�, that replaced the less accurate SAT detector. The calorimeterconsists of tiled layers of lead with scintillators in between. The layers ofscintillator plates are cut into 10 rings, each with 16 sectors, and contraryto the old detectors of DELPHI, the STIC has been optimized for LEP200physics. This means that it will be able to handle Bhabha scattered elec-trons of �96 GeV energy, much better than the previous SAT detector,which was optimized for electrons of only 46 GeV energy. The importantluminosity determinations are based on measurements of Bhabha scatteredelectrons. Energy resolution at 45 GeV is as good as 3%.Forward and Barrel Muon chambers, FMU and BMU The barrel muondetector is composed of 2 layers. The �rst layer of 48 muon detectors isinserted into the hadron calorimeter, with 90 cm of iron separating the in-teraction point and the muon chambers. Each muon detector is shaped asa long plank, and contains 3 staggered drift chamber planes. The secondlayer of muon chambers is mounted on the outside of the hadron calorime-ter, behind a further 20 cm of iron. This layer consists of overlapping muonchambers, each containing two staggered planes of drift chambers. Reso-lution is �1 mm in R�, and �10 mm in z, and the individual chambere�ciency is �95%. Overall e�ciency for a muon track, with typically 4hits per track, is therefore high. The forward muon detectors also havetwo layers of chambers, one inside the forward hadron calorimeter, and onemounted on the outside of it. Each layer or plane, covering �80 m2, is com-posed of 4 quadrants consisting of 2 orthogonal layers of 22 drift chambers.De�ning a xy-plane in the plane of the muon detector, resolution is �1mm in both directions. The e�ciency per detector layer, averaged over alllayers, is �89%, but again a single muon will pass several muon chambers(4 detector layers), giving a much better overall e�ciency. As previouslydiscussed the hadron calorimeter removes all particles, but the muons anda few � mesons. These escaping muons are detected in the muon chambers10



surrounding the entire detector, thereby allowing separation of muons fromother particles.Time of Flight counters, TOF The time of ight counters serve as fast trig-ger for beam events and cosmic events and may be used to veto cosmicmuons during beam crossings. The TOF system in the barrel region con-sists of a single layer of 172 counters mounted on the inside of the returnyoke just outside the solenoid. Each counter is 355 cm long, 19 cm wide and2 cm thick. They are made of plastic scintillators wrapped in aluminiumfoils. In the forward region, the TOF system, also called the forward ho-doscope, has a similar design as in the barrel region. It consists of longplastic scintillators, mounted to form a single scintillator plane of �70 m2.The forward hodoscope is mounted between the end-cap yoke and the sec-ond muon chamber layer.40� taggers During the 1993/94 LEP shutdown, the �rst scintillator-lead coun-ters were installed at three di�erent positions in the intersection betweenthe barrel and the forward RICH, inside the DELPHI detector, to givemaximum angular coverage. Their purpose is to tag the electromagneticenergy which escapes detection in the cracks between the barrel and theend caps, thus improving the detector hermiticity. As later shown, this isparticularly important for LEP200 data taking when missing energy willplay a major role. Each counter consists of a 2 cm thick lead plate and a1 cm thick scintillator. Detailed studies of the 40� taggers [3], reveal thatthey are unfortunately not capable of providing reliable energy estimates.They are never the less useful in this Higgs study, as Chapter 6 will show.Superconducting coil The superconducting solenoid is placed between theHPC and the hadron calorimeter. It has a length of 7.4 m, and an innerdiameter of 5.2 m. A �eld of 1.2 T is produced by a 5000 A current runningthrough the aluminiumwire of the solenoid. It's the powerful magnetic �eldthat causes bending of tracks of charged particles, allowing determination ofparticle momenta and charges. The coil is cooled by owing liquid helium.
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3.1 Standard Model Higgs theoryFormulas and most theoretical considerations of this chapter have been takenfrom the book called The Higgs Hunter's Guide [4]. The Higgs mechanism was�rst suggested by Peter Higgs[5] in 1964 as a way to explain how the gauge bosonsof the electroweak part of the Standard Model obtain mass. Recall that Quan-tum Chromo Dynamics (QCD), now included in the Standard Model, was notdeveloped in 1964. The Higgs mechanism has its direct physical manifestationin a single boson called the Higgs boson. The Standard Model is a gauge the-ory, and the SU(2)�U(1) gauge invariance of the electroweak part of the theoryrequires masses of the gauge bosons to be zero, since the presence of a massterm for the gauge bosons violates gauge invariance (M2A�A� is not invariantif A� ! A� � @�� where � is a function of position in spacetime, so M2 mustbe zero). The Higgs mechanism circumvents this constraint by beginning with agauge invariant theory having massless gauge bosons, and ending with a spectrumhaving massive gauge bosons, after algebraic transformations on the Lagrangian.The physics leading to a gauge boson mass and a physical Higgs boson is con-tained in the Abelian case, which follows in a brief description.Assume there exists a complex scalar boson � and a massless gauge bosonA�. Assume the Lagrangian of the theory has the formL = (D��)�(D��) + �2���� �(���)2 � 14F ��F��The parameters are constrained by � > 0 (so that the potential is bounded frombelow), and �2 > 0. F �� is the antisymmetric tensor of the gauge boson �eld,F �� = @�A��@�A�. Invariance of the theory under a local gauge transformation,�! �0 = eig�(x)�A� ! A0� = A� � @��(x)is guaranteed if in the Lagrangian we use the covariant derivativeD� = @�+igA�,in place of the ordinary partial derivative @�. The potential for the scalar �eldhas its minimum value at � = v=p2 = q�2=2�: It is appropriate to expand �near its minimum to �nd the spectrum of the theory, so write� = v + h(x)p2where h(x) is a real �eld. Substituting this into L, we have explicitlyL = 12[(@� � igA�)(v + h)(@� + igA�)(v + h)]+12�2(v + h)2 � 14�(v + h)4 � 14F ��F��14



This contains several important terms. There is a term (g2v2=2)A�A� that shouldbe interpreted as a mass term for the gauge boson. There is a term ��v2h2 thatis a mass term for the scalar boson. There are interaction terms h3; h4; hAA, andh2AA, with related strengths. The theory with a complex scalar boson and amassless gauge boson has been reinterpreted as a theory with a real scalar bosonand a massive gauge boson, because the scalar potential had its minimum at avalue of � that was non-zero. This way of giving mass to the gauge boson iscalled the Higgs mechanism.Four things should be emphasized for our purposes. First there is a realboson, h, that should occur as a physical boson, the Higgs boson. Second, itsmass depends on � and on v. The gauge boson mass determines v, but the �is a parameter characteristic of the scalar potential and no one has ever found away to calculate or determine � without �nding experimental information aboutthe Higgs spectrum itself. Therefore the mass of the Higgs boson is unknown.Third, the interaction terms (plus those that occur when fermions are given mass)determine the production mechanisms and decays of the Higgs boson. The self-interaction terms depend on � but the terms describing the interaction of h withA do not depend on �, so their strength is known. Fourth, the counting of thenumber of independent states is consistent. This example began with one complexscalar �eld �, having two real �elds since it's complex. The massless gauge bosonhad two polarization states, just as a photon would. After the reinterpretation,there is one real Higgs boson, plus the three polarization states (JZ = 1; 0;�1) ofa massive spin-one boson. In both cases the total number of degrees of freedomis four.Continuing the counting, when we consider the Standard Model we add anSU(2) internal quantum number to the Higgs �elds, so there is an SU(2) doubletof complex scalars, with four real �elds. There are three massless gauge bosons,W� and Z, with two polarization states each, so the total number of independent�elds is ten. Symmetry breaking is initiated by giving a vacuum expectationvalue <�0> = v=p2 to the neutral Higgs �eld. The result is three massive gaugebosons, with nine degrees of freedom, so there will be one physical Higgs bosonthat should appear as a real particle.In a supersymmetric theory the added symmetry implies that two SU(2) dou-blets of complex Higgs �elds are required to give mass to fermions, so there will beeight real scalar �elds, plus six massless gauge boson degrees of freedom, fourteenin total. After the Higgs mechanism operates the same nine states are requiredfor the gauge bosons, so �ve real �elds remain, and there should be �ve spin-zeroHiggs �elds in the spectrum. This is one of the many experimentally checkablepredictions of the Minimal Supersymmetric Model. In this case, three of thescalar bosons are neutral (the h0, A0 and H0) while the other two are a chargedpair (H+ and H�).Any theory with additional physics beyond the Standard Model will have aspectrum of spin-zero Higgs �elds (one or two more states, SU(2) singlets or dou-15



blets or triplets, etc.) that leads to a speci�c number of spin-zero bosons. Inaddition, de�nite relations (often depending on parameters with completely un-known values) hold between masses and coupling strengths of the various bosons.Ultimately it will be necessary to determine experimentally the full spectrum ofscalar bosons, from zero-mass through the TeV region, in order to be con�dentthat any particular theory is correct. Only by �nding some spin-zero bosons, orby knowing conclusively that they are not present with the necessary couplingsover various mass regions, will it be possible to achieve any consensus on whattheory is correct. To arrive at a fully valid theory of the Higgs sector will requiredetailed and complete experimental information.The problem with all Higgs theories is that they, as previously stated, containone or several parameters of unknown value. These parameters can behave invery strange and unphysical ways, particularly in the Supersymmetric Models.Fortunately they all seem to have at least one light Higgs boson, which is supposedto be in the one TeV range. This means that the Large Hadron Collider, whichwill be able to produce very massive Higgses, will as far as possible settle thequestion, whether there is a Higgs sector or not. Detectors at LEP200 will beable to discover a neutral Higgs boson of up to 96 GeV mass, far less than themass obtainable at LHC, but in an important energy region that is very hard toaccess at LHC, due to background problems.In the Standard Model a single Higgs doublet can give mass to both thegauge bosons and the fermions. In supersymmetric theories, although there aretwo doublets, this aspect is basically unchanged. The two vacuum expectationvalues contribute in the combination v21 + v22 to the gauge boson masses, whiledown-type fermions have mass proportional to v1 and up-type fermions have massproportional to v2. However, in non-supersymmetric models it is not necessarythat the same Higgs �eld give mass to both fermions and gauge bosons, nor is itrequired that the Higgs �elds that give mass to the up and down type quarks bedi�erent.It is worthwhile looking at the role of Higgs bosons from a di�erent pointof view, following the arguments of Ref.[6]. If the process f �f ! W+W� isconsidered, when the produced W's are longitudinally polarized (those W's thatarose above by the Higgs mechanism) there are contributions from s-channelgauge bosons and t- or u-channel fermions. If the couplings are in precisely theratios required for a gauge theory, a term in the cross section that is quadraticin s vanishes, because of cancellations among the contributions. However, thereis still a term in the cross section that grows as m2fs. This is the piece cancelledby the contribution of an s-channel Higgs boson that couples proportional tomf (by considering other channels, such as WW ! WW the couplings can beuniquely determined). This argument makes clear the fact that a physical Higgsboson, or scalar interaction, must be included along with the gauge bosons tohave a sensible theory. Without such a contribution, some amplitudes exceedtheir unitarity limits at large s. In addition, when tree-level processes which16



violate unitarity appear as sub diagrams within higher loop diagrams of thetheory, in�nities result which cannot be removed by renormalization. The theorywould, therefore, not be renormalizable. However, it could happen that thescalar interaction is not due to a single fundamental boson, but is generated bynon-perturbative behavior of the theory. Whatever happens, some new spin-zerointeraction must occur, and it can be discovered experimentally.It should be emphasized that there are no de�nite theoretical upper or lowerlimits on Higgs boson masses relevant to experiments. A possible lower limitderiving from the requirement that the symmetry-breaking vacuum be the abso-lute minimum is dependent upon knowledge of fermion masses. For example, inthe minimal Standard Model, when radiative corrections from gauge boson andfermion loops are included in the Higgs potential, there are two possible min-ima: the symmetric minimum at � = 0 and the symmetry-breaking minimum at� = v=p2. Insisting that the minimum at � = v=p2 be the lower one gives acondition m2�0 > 3(2m4W +m4Z)� 4Plm4l � 12Pq m4q16�2v2where v = (p2GF )�1=2 ' 246 GeV. Each particle enters in proportion to its num-ber of charge, spin and color states. We sum over three generations of quarks (q)and leptons (l). If all fermions have small masses compared to mW and mZ, theabove equation yields the bound m�0 > 7 GeV. However, if a heavy fermion (e.g.,the top quark) with mf � mW exist, as the recent Fermilab results show, thereis no lower limit on m�0, even in this minimal model. Beyond minimal models,limits are more model dependant and generally apply only to a combination ofscalar masses. For example, in the two-Higgs-doublet model, in the absence ofinformation about scalar masses and mixing angles, there is only a lower limitfor the heavier of the two neutral (CP-even) scalars. Any lower Higgs mass limitdepends on assumptions about the fermion and boson spectra. Some lower limitwill occur in any particular theory, but such lower limits should not be used tobias the manner in which experimental searches for scalar bosons are carried out.The existence of a model independent upper limit on m�0 is less certain.In fact, it is entirely possible that no scalar particle exists which is su�cientlylight to prevent some amplitudes of WW!WW from approaching their unitarylimit, at which point the true theory must begin to di�er from the perturbativepredictions of the Standard Model. For large m�0, the value of psWW wheresigni�cant non-perturbative behavior sets in di�ers from model to model, but isnormally around 1.2 TeV. Sometimes this is described as an upper limit on m�0,but it is perhaps most desirable to simply view this as being the scale whereperturbative analysis ceases to be useful. At the present state of the art, it seemspremature to limit the Higgs mass range over which experimental searches areconducted.Figure 3.1 shows the possible production mode of Standard Model Higgsbosons at LEP200. A Higgs boson is radiated o� a very massive Z?, that re-17
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Ecms mH0 cross section(GeV) (GeV) (pb)175 70 0.75280 0.28390 0.032192 70 0.78480 0.59490 0.374100 0.083205 70 0.70480 0.58290 0.450100 0.301Table 3.1: Cross section of the H0Z0 signal at 175, 192 and 205 GeV. The crosssections are presented for di�erent values of mH0.mH0 b�b �+�� c�c gg W?W? Z?Z? 70 87.6 9.2 2.8 0.4 - - -80 87.1 9.5 2.8 0.4 0.1 - 0.190 86.7 9.6 2.8 0.6 0.2 - 0.1100 85.3 9.7 2.7 0.7 1.3 0.1 0.2110 80.8 9.4 2.6 0.8 5.7 0.5 0.2Table 3.2: Branching ratios of the Higgs boson at various masses relevant tothe Higgs search at LEP200. The Higgs mass, mH0, is in units of GeV and thebranching ratios are in %. 19



Chapter 4Background processes at LEP200
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4.1 Main backgrounds at LEP200The Higgs signal at LEP200 is very small, only at the order of 0.5 pb or less, asshown in Chapter 3. This makes the signal very vulnerable to any backgroundprocesses. Even though there are some big background processes causing di�cul-ties, they are fortunately not of the character that completely blurs the signal.The most abundant background process, illustrated with a Feynman diagram inFig. 4.1, is the production of fermion pairs, through annihilation of the collidingelectrons. Most of this production, around 75%, comes from radiative return tothe Z0 boson, as shown in Fig. 4.2. This means that one, or both, of the collidingelectrons radiate a very energetic photon in the initial state of the interaction.The photon radiation is such that the center of mass energy of the colliding elec-trons is lowered to around 91 GeV, the energy needed for production of a singleon-shell Z0. In Chapter 6, it's shown that this process is an important back-ground to the neutrino channel of the H0Z0 signal, the channel treated in thisthesis. The remaining 25% of the fermion pair production comes from annihila-tion of the electrons, without any powerful initial state radiation. This process,turns out to be a background to the four jet channel of the H0Z0 signal. Theentire fermion pair production is referred to as the ?/Z0 process. The type offermions that come from fermion pair production is governed by the decay modesof the Z0 boson. This means that 70% of the fermions are quark pairs, 20% areneutrino pairs, and the last 10% are charged leptons.
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their characteristics. Characteristics of the Higgs signal will be discussed furtherin Chapter 5.Other backgrounds, some of which are quite similar to the ones describedabove, are� e+e� ! (e+e�)f �f� e+e� ! We�e� e+e� ! Z0e+e�� e+e� ! Z0���The (e+e�)f �f background has a rather big cross section, but it is very di�erentfrom the H0Z0 signal, and thus of minor importance. The three other backgroundsare small and turns out to be handled nicely by the cuts imposed on the moresevere backgrounds. This is discussed in chapter 7, where results of the full sim-ulations are presented. The cross sections of the most important backgrounds, atthe three chosen energies, are shown in Table 4.1. These cross sections were gen-erated, with initial state radiation, using the Monte Carlo program PYTHIA[9].Ecms �?=Z0 �W+W� �Z0Z0(GeV) (pb) (pb) (pb)175 171 15.1 0.46192 136 18.1 1.22205 115 18.3 1.47Table 4.1: Background cross sections.
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Chapter 5Monte Carlo Simulation of Higgsevents
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5.1 Why do simulations?The most important work of the Higgs search at DELPHI is actually done be-fore the high energy runs at LEP200 start. It's impossible to see tracks of Higgsbosons, because of their very short lifetimes. Only decay products of the Higgsbosons can be seen. These decay products will hopefully have special character-istics, like particular energies, or special angular distributions. These character-istics will then be used to con�rm the presence, or absence, of Higgs events. To�nd such characteristics, extensive simulations of Higgs events, using a MonteCarlo program, have to be performed �rst. The program chosen was PYTHIA(containing JETSET[10]). To produce �nal simulation results, it's necessary torun a full DELPHI detector simulation called DELSIM[11], but this is very com-plex and time consuming, so most of the simulation work was done at generatorlevel, only using PYTHIA. The full simulations are subject of the next chapter.5.2 What do Higgs events look like?The PYTHIA program produces a very extensive and complete list of all particlesresulting from a single event. This list is easy to read, but it often containshundreds of particles, and it's virtually impossible to perceive a vivid picture of acomplicated event. A few graphical images of events were therefore created. Oneparticularly nice event is presented in Fig. 5.2. It was generated at an energy of192 GeV in the centre of mass system and with a Higgs mass of 80 GeV.Fig. 5.1 shows a Higgs boson and a Z0 boson decaying into four B mesons.The �gure is in the xy plane of a Cartesian coordinate system, where the primaryvertex de�nes the origo, and the beam pipe de�nes the z axis. It's only theremnants of the B mesons that are presented in the �gure. The scale of the �gureis in millimeters. The B mesons typically travel a few millimeters before theydecay into D mesons and other particles. It's only long living particles that arepresented by a line. The lines represent the momentum of particles, where theirlength is given in GeV/c. Shortlived particles are only seen as they decay, markedby a small circle, into lighter particles, mainly gammas and � mesons. First theHiggs boson and the Z0 boson decay into four B mesons. All of these then decayinto D mesons plus gammas and � mesons. The gammas and � mesons are visible,but the D mesons are not. They travel a few millimeters, except the one in theupper left corner of the �gure which decays at once, and then they decay into Kmesons plus gammas and � mesons. The decays of the K mesons usually happenoutside the range of the �gure.Fig. 5.2 is the same as Fig. 5.1, except that all stable particles have beenincluded. It's obvious that many particles come directly from the primary vertex,even though most come from the B jets. The particles from the primary vertexare coming from various resonances that quickly decay. These resonances are26



produced during the fragmentation process of the initial quarks that the H0 andZ0 bosons decayed into. The particles from the primary vertex tend to head inone particular direction, which often results in a �fth jet, similar to the others.The jets of this event are very well de�ned, but often the B jets mingle intoeach other, and sometimes jets from the primary vertex may be dominant. Suchcases are common, but fortunately, di�erent routines, like the clustering routineLUCLUS[12], helps bring order to the mess.

Figure 5.1: A simulated H0Z0 ! b�bb�b event, where only the decay products ofthe B mesons are shown. Ecms = 192 GeV and mH0 = 80 GeV.Fig. 5.3 shows the energy distribution, of the same event as the one in thetwo previous �gures, as a function of the spherical coordinates � and �, with theprimary vertex at the center. Again, this turns out to be a nice event, as all jetsare depositing their energies in the barrel of the detector. There are almost no27



particles in the forward region. Luckily the jet from the primary vertex mixeswith the jet in the upper left corner of Fig. 5.2, leaving only four well de�ned jetsin the detector.

Figure 5.2: Same event as in Fig. 5.1, but with tracks of all stable particlespresent.A single H0Z0 event has been presented, but still little has been said aboutthe speci�c characteristics of Higgs events compared with the background events,described in chapter 4. As mentioned in chapter 3, the Higgs bosons have avery high rate of decay into b�b. At the Higgs masses obtainable at LEP200,the branching ratio of Higgs into B mesons is 87%, so looking for B mesons isobviously the best way to start the hunt. The remainder of the Higgses decayinto tau leptons, charm quarks and other particles, but it is only the processes ofHiggs decay into b quarks that have been studied in this thesis.28



Figure 5.3: Energy distribution in the ��-plane, of the Higgs event displayed inFig. 5.1 and Fig. 5.2.
29



Fig. 5.4 shows a simulated h0A0 ! b�bb�b event projected onto a plane perpen-dicular to the beam pipe of the DELPHI detector, where h0 and A0 are the twolightest of the �ve Higgs bosons of the Minimal Supersymmetric Model. It wassimulated at Ecms = 192 GeV and with h0 and A0 masses around 90 GeV. This 4bevent is very similar to 4b events of the H0Z0 signal, such as the one displayed inFig. 5.2. The three circles consisting of connected bars, or silicon detector mod-ules, is the micro vertex detector of DELPHI. Unfortunately, the program usedto display the 4b event extrapolates all tracks into the primary vertex, destroyingthe possibility to observe secondary vertices as those in Fig. 5.1 and Fig. 5.2.Secondary vertices and o�sets of the tracks are however still present in the datatapes, and prove very helpful, as discussed later in this chapter.5.3 How to �nd B mesonsHigh energy B mesons resulting from the decay of a Higgs boson typically travela few millimeters, as Fig. 5.1 shows, before they decay into other particles. TheB mesons usually decay into D mesons, which decay into K mesons, which �nallydecay into � mesons. This chain of decays produces a shower of stable particles,which we detect. Such showers or jets from B mesons can have a great varietyin particle abundance, from just a few and up to 50 or so. Even though B jetsgenerally have more particles than jets from lighter mesons, the particle abun-dance is not suited for B jet search. It turns out that jets of light mesons, oftenhave substantial numbers of particles too, and the particle content of di�erentkinds of jets is much too varying for any categorization of jets on that basis. Itseems that the number of particles of a jet is mainly governed by the energy ofits original particle, and not by its speci�c character.The next step was to look at the speci�c particle content of di�erent jets.The idea was to see an abundance of K mesons in B jets, because of decay ofB mesons into D mesons and eventually K mesons, but this actually failed. Itturned out that jets from light up and down quarks often contained several Kmesons. The number of K mesons in di�erent jet types seemed to vary randomly,even more than the number of particles. And so the K meson content of jets ispossibly even worse than particle abundance in categorizing di�erent jet types.The other particles in jets are usually � mesons and gammas of little interest.The characteristics of the B jets are not obvious to �nd, but there is one thingthat comes to aid.The B mesons are heavy particles, with masses around 5 GeV. As they decay,this invariant mass has to be conserved. The only way for the lighter fragmentsto achieve this conservation of invariant mass, is to spread out. Seen in thesystem of rest in the B meson reference frame, the decay fragments will spread inall directions, but in a typical laboratory setup, the B mesons will move at greatspeeds, leading to the formation of jets. Even though the great momentum of the30
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Figure 5.4: Graphical display of simulated h0A0 ! b�bb�b event at Ecms = 192GeV. All tracks are extrapolated into the primary vertex.31



decaying B mesons somewhat blurs the small momenta of individual fragments,resulting from the decay of the B meson, the e�ect is still useful. Some of theB mesons decay into a muon plus hadrons. This decay mode is particularlyuseful, because of the high transverse momentum of the muon compared to themomentum of the associated B jet. Unfortunately, the branching ratio of thisprocess is only 0.11, so some other identi�cation technique is obviously needed.Fortunately the B mesons have a relatively long lifetime, giving them a typ-ical decay length of 3 millimeters. The great transverse momenta of the decayproducts of a B meson relative to the momentum of the original B meson and itsdecay outside of the primary vertex leads to big impact parameters of the decayproducts. The impact parameter of a track is de�ned as the distance betweenthe primary vertex and the point of the track, closest to the primary vertex.Negative impact parameters occur when tracks are assigned to particular jets, asdescribed below. The clustering routine LUCLUS was used to reconstruct jets.A track assigned to a particular jet, obtains a negative impact parameter if itpasses behind the primary vertex, seen from the direction of the jet. Negativeimpact parameters should ideally not occur, but uncertainties in the measuringof impact parameters and partial mixing of di�erent B jets, lead to such impactparameters. These e�ects are illustrated in Fig. 5.5, where the dotted lines aretracks assigned a negative impact parameter.Fig. 5.6 shows the distribution of impact parameters of 20000 H0Z0 events,generated by PYTHIA. Almost all tracks have impact parameters above -2.0 mmand below 2.0 mm, so these numbers were chosen as natural boundaries. Theactual impact parameters obtained from PYTHIA had no uncertainties, so un-certainties were added, following a Gaussian distribution of 150 micron width, toall tracks. This is somewhat worse than the actual accuracy of the micro vertexdetector. The gaussian uncertainties smeared the very sharp peak at origo, ob-tained directly from simulations, into the relatively broad peak of the �gure. Thelong tail of the negative impact parameters, are mainly a result of partial mixingof jets as Fig. 5.5 shows. The �gure obviously has a great abundance of positiveimpact parameters, which is of course expected, as almost all H0Z0 events con-tain B jets. D jets too, have an abundance of positive impact parameters, thoughnot as many or as large as those from B jets. Impact parameter distributions ofevents without any B or D jets are almost symmetric, with only small tails onboth sides of the central peak.5.4 The B tagging procedureThe trick is to decide whether a particular track is actually from the primaryvertex or not. This is not simply stated as a yes or no, but as a probabilityranging from zero to one. Such a probability should depend on the measuredimpact parameter of a track and the distribution of tracks that actually had zero32



Jet 1

Jet 2Figure 5.5: Illustration of how the sign of the impact parameter is de�ned. Dottedtracks are assigned a negative impact parameter. The primary vertex is denotedby a black dot, and secondary vertices are denoted by small ellipsoids. Note howone of the dotted tracks is assigned to a wrong jet, while the other gets a negativeimpact parameter because of bad track reconstruction.
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Figure 5.6: Impact parameters of all tracks in 20000 H0Z0 events.
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impact parameter originally.It was decided that the probability, or positive track probability, should bede�ned as an integral of a normalized function closely resembling the impactparameter distribution of tracks that originally had impact parameters of zero.Such a normalized function is called a resolution function. The distribution ofnegative impact parameters in Fig. 5.6 is thought to closely resemble the dis-tribution of positive impact parameters if no B or D jets were present, hence ifall tracks were originally from the primary vertex, this can be used to �nd theresolution function, as Fig. 5.7 shows.

Figure 5.7: Negative impact parameters with a resolution function �t.Now, the idea is to pick the measured positive impact parameter of a trackand do an integral of the resolution function from the measured impact param-eter to the boundary at 2.0 mm. The tracks with very small positive impact35



parameters get a track probability very close to one, because the integration ofthe resolution function is done almost along the entire interval of the function.The normalization of the function secures the fact that a track with an impactparameter of zero ought to have a track probability of exactly one. This meansthat the track is thought to come exactly from the primary vertex.On the other hand, tracks with positive impact parameters close to 2.0 mm,get a very small track probability, because of the slim tail of the resolution func-tion. This means that these tracks are given a very small chance that theyactually came from the primary vertex. This is where we hope to �nd our tracksfrom B jets. In this process of probability calculations, only the positive impactparameters between 0.0 and 2.0 mmare used, because this is where the interestingimpact parameters of B jets are found.The individual track probabilities of each track have been de�ned, but a singleprobability of an entire event is needed. It was suggested by Brown[13] that sucha N-track probability should be de�ned as a weighted product of the individualtrack probabilities of the event in the following wayPN � � � N�1Xj=0 (�ln�)jj!where � � NYi=1P (si)and P (si) are the individual track probabilities. This formula turns out to be wellsuited for our purpose. The N-track probability, PN , is ranging from zero to one,as it ought to, and it is not sensitive to the number of tracks in an event, onlyto the magnitude of the individual track probabilities. Many track probabilitiesclose to one, ie. there is a great chance that the tracks are originally from theprimary vertex, leads to a N-track probability close to one. This means thatthe event is likely not to be a B jet event, while a very small N-track probabilityindicates a B jet event. The N-track probability is a continuous parameter, whichimplies that the purity and e�ciency of a sample containing B jets, can be tunedexactly for our needs. A tight cut, very close to zero, generates a pure sample,containing mainly B events, but many B events are lost in the process and thee�ciency drops. If, on the other hand, a loose cut is made, we will keep most ofthe B events in the sample, and thereby obtain a high e�ciency, but the puritydrops, as we introduce more new background than new B events into the sample.Fig. 5.8 shows the N-track probability distribution of 20000 H0Z0 events. Thesample obviously contains many B events, as the very high peak at zero shows.In comparison, the distribution of a sample without any B or D events is ideallyat, because of the speci�c B tagging procedure, though it usually got a smallpeak at zero or one, depending on the quality of the calibration of the resolutionfunction. 36



Figure 5.8: Positive N-track probabilities of 20000 H0Z0 events.
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The discussion in this chapter has only concerned general aspects of the Higgsevents so far, and only events simulated by PYTHIA have been studied. Thesebasic simulations are naturally obsolete, and much more thorough and detailedsimulations are needed. Such full simulations are performed by a program calledDELSIM, which is continuously developed, to account for characteristics of newdetectors and more detailed physics analysis. It would be far out of the scopeof this thesis to describe in detail how this simulation program works but thebasic lines can be drawn. First, a basic event is generated using PYTHIA andJETSET. Each track of the generated event is then guided through the detectorto simulate its detector response. This is a very complicated process that has totake many factors into account. The e�ect of the magnetic �eld has to be calcu-lated, and every time a particle passes through regions of dense matter, energyloss and secondary interactions have to be considered. DELSIM also simulateshow the di�erent detectors respond to a given particle. The particle may passthrough a detector module, depositing most of its energy or perhaps nothing!Such random behavior, that is exhibited by most particles running through thedetector, also has to be simulated in a correct way. After this comprehensive andcomputer power consuming process the DELSIM results are �nally analysed byDELANA[14] to obtain the full Data Summary Tape format (DST[15] format),which was used in this analysis. DELANA is also used for analyzing the detectorreadout of real events. The program uses all the acquired data from the DELPHIdetector, or from DELSIM, to reconstruct tracks and momenta of the originalparticles in a given event.This chapter has considered broad aspects of Higgs events, but the next chap-ter will consider much more speci�c characteristics of these events and only of theneutrino channel, ie. only Higgs events where the Z0 decays into two neutrinosand the Higgs boson decays into b�b, have been studied.
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Chapter 6Optimization of event selectionbased on full simulations
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6.1 Characteristics used for event selectionThis chapter explains the various characteristics used for selecting events in theneutrino channel, e+e� ! H0���, of the Higgs process, and presents �gures toshow exactly how distributions of each characteristic are cut and the e�ect onboth signal and each of the most important backgrounds. Each cut has beencarefully chosen to select Higgs events of the neutrino channel with high e�ciencywhile reducing the background to an acceptable level. The characteristics thatwill be used for event selection are the following;� Number of jets, as reconstructed by LUCLUS.� Angle between total momentum and the beam pipe.� Acoplanarity of events.� Total visible energy of events.� Energy deposited in the STIC, the HPC and the FEMC sub-detectors ofDELPHI.� The N-track probability, found using the B tagging procedure explained inthe previous chapter.� A graphical cut in total momentum versus acolinearity.� And �nally the charge generated in the 40� taggers.All �gures in this chapter are made using simulations at Ecms = 192 GeV, andmH0 = 90 GeV, unless otherwise stated. 192 GeV is the maximum energy thatwill be obtained at LEP200, and hence the most interesting to study in detail.The �nal upgrade of LEP to 192 GeV will occur in May 1998.6.2 Number of jetsThe Higgs signal studied in this thesis, is the part of the H0Z0 signal whereZ0 ! ��� and H0 ! b�b. This means that the sought Higgs events only containtwo jets, the two B jets. The B jets have a strong tendency of breaking upinto small jets, but this can to some extent be accounted for by allowing a largedjoin parameter when using LUCLUS, as described below. The djoin parameteressentially describes how far, in transverse momentum, two particles can be fromeach other before they are joined into one jet by LUCLUS. If the parameter is setto a small value, say 1 GeV, the clustering routine will only join particles thatare very near in momentum into clusters, and many small clusters will be theresult. If on the other hand, 10 GeV is used for the djoin parameter, things will40
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look di�erent and the various small clusters are joined into a few big ones. Theusual values for djoin which have been used for reconstructing clusters at LEP is3-4 GeV, while this analysis was made with the relatively big value of 10 GeV.Fig. 6.1 shows the number of jets reconstructed by LUCLUS using djoin = 10GeV. In addition it was required that each jet had more than 10 GeV of visibleenergy and more than four tracks. These extra conditions were adopted to ignorejets that consist of one or just a few tracks, and jets of very low energy. These jetsare of little interest and unlikely B jets. The simulated data contain many eventswith no tracks at all. These are mostly ?/Z0 events where initial state radiationphotons travel down the beam pipe and the Z0 decays into two neutrinos. Tokeep things tidy and avoid annoying empty events in the �gures, events with lessthan two jets have been left out of all further �gures in this chapter.It is clear that a great majority of the Higgs neutrino events have two wellde�ned jets as expected. Most of these are B jets. The ?/Z0 background alsohas an abundance of two-jet events, as the Z0 usually decays into two quarks.The other two background processes W+W� and Z0Z0 also have an abundanceof two jets but these also have considerable amounts of events with three or fourjets. The four-jet events of the W+W� process are mainly a result of both Wbosons decaying into two quarks, while the four-jet events of the Z0Z0 processoccur when both Z0 bosons decay into quarks or leptons.Demanding two jets in the candidate Higgs events not only serves to removesome background events, but the stage is also set for clean calculation of othercharacteristics such as acoplanarity and acolinearity.6.3 Angle between total momentum and beampipeThe momenta of all visible tracks in the event are summed to �nd the total mo-mentum of the event. The total momentum is ideally supposed to be zero asthe momentum was before the e+e� interaction, but all particles are capable ofavoiding detection, either because of their non-interactive nature or because ofcracks and holes in the detector. The holes in the detector along the beam pipeare of particular importance when considering the ?/Z0 background, becausethe initial state radiation photon, resulting from radiative return to Z0, usuallyis emitted along the beam pipe. This leads to large missing momenta, or equiv-alently, large visible total momenta. These visible total momenta of the ?/Z0events are also pointing along the beam pipe but in the opposite direction of theescaping photons. This is illustrated in Fig. 6.3.Fig. 6.2 shows exactly this behavior. The �gure, again at 192 GeV, andonly with events of at least two jets, displays the angle between the total visiblemomentum and the beam pipe. All momenta are rather equally distributed42
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The DELPHI detector
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Figure 6.3: Illustration of the total momentum of a ?/Z0 event where the initialstate radiation photon, from radiative return to Z0, escapes down the beam pipe.in space except the ?/Z0 momenta which has a very strong bias towards thebeam pipe direction. A cut at 27 degrees is very e�ective in reducing the ?/Z0background while only a small portion of the Higgs signal is removed. This cutis designed for the ?/Z0 background, so it doesn't do much for the W+W� andZ0Z0 backgrounds.The direction of the momenta has proven useful, but the magnitude of themomenta also promise progress. There is a signi�cant correlation between themagnitude of the total momentum, of each event, and the corresponding acolin-earity of the same event. This makes it pro�table to construct a graphical cut inmagnitude of total momentum versus acolinearity. Such two-dimensional scatterplots are presented for all three energies, 175, 192, and 205 GeV, later. The nextcharacteristic to be studied also relates to the ?/Z0 background in particular.This is the acoplanarity.6.4 Acoplanarity of eventsThe cut in acoplanarity is certainly one of the most important in the entire analy-sis. To calculate acoplanarities it's necessary to de�ne a plane which acoplanarityangles are relative to. In this thesis the preferred plane was the one spanned bythe most energetic of the two jets and the beam pipe. Recall that events with twojets have been selected. The acoplanarity is then de�ned as the angle betweenthe second jet and the plane of the most energetic jet and the beam pipe. This isillustrated in Fig. 6.5 where both the H0��� signal and the important ?/Z0 back-44
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ground are displayed. The �gure illustrates how the rather broad distributionof acoplanarities of the signal events, shown in Fig. 6.4, is obtained. The verynarrow peak of the acoplanarity, at zero, for the ?/Z0 background also �nds itsexplanation in the illustration. As pointed out above, when studying the anglebetween the total momentum and the beam pipe, the initial state radiation pho-tons, from radiative return to Z0, are usually emitted in the direction of the beampipe. This leads to a much more bound con�guration for the ?/Z0 backgroundthan for the signal events. As an initial state radiation photon travels down thebeam pipe, the conservation of momentum forces the momenta of the two jetsfrom the decayed Z0, and the momentum of the escaping photon to constitute aplane. This means that the two jets and the beam pipe are forced to constitutea single plane, thereby limiting the acoplanarity of events to a very narrow peak.This is certainly not the case with the signal events, as the two neutrinos from thedecayed Z0 of the H0Z0 signal are free to escape, with much of the momentum,in any direction.
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Figure 6.5: Illustration of the acoplanarity of both the H0��� signal and the ?/Z0background. The powerful initial state radiation photon heading down the beampipe, locks the two jets of the ?/Z0 background into a con�guration of minimalacoplanarity.Fig. 6.4 displays the acoplanarities of the di�erent processes. The acoplanari-46



ties were calculated based on jet reconstruction by LUCLUS. A cut at 7� turnedout to be most pro�table. This leaves only the small tail of the ?/Z0 backgroundwhile most of the signal survives. The cut was carefully chosen at 7�, to avoidtoo much impact on the signal yet cutting most of the background.6.5 Visible Energy in the detector
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After studying some cuts especially aimed at removing the ?/Z0 background, at-tention is put on energy deposits in various parts of the DELPHI detector. Thetotal visible energy of events, at a center of mass energy of 192 GeV as in theprevious �gures, is shown in Fig. 6.6. It is immediately clear that the two neutri-nos of the H0��� signal escape with almost half of the available energy, leaving thesignal events below 100 GeV. A cut at 95 GeV was chosen, leaving most of thesignal events untouched, while particularly the W+W� background su�ers greatreduction. The energy distribution of the ?/Z0 background is roughly resemblingtwo super positioned distributions, one for events from radiative return to Z0, andone for events without any powerful initial state radiation. The distribution ofthe dangerous events from radiative return to Z0, is peaked at around 90 GeV,while the other distribution is peaked at much higher energies, probably �130GeV. This means that a selection of events with less than 95 GeV energy willremove most of the ?/Z0 events without powerful initial state radiation, whilemost of the dangerous events from radiative return to Z0 will survive. In additionit was decided that the visible energy is also supposed to be higher than 35 GeV.This cut has no impact on the signal, and only barely scratches the backgrounds.It is just meant as a precaution to avoid (e+e�)f �f events, beam-gas events, andother backgrounds of very low energy.6.6 Energy in the STICLooking at the entire visible energy in the detector is useful, but it turns outthat a more detailed study of the energy depositions promise further progress.As mentioned previously, �75% of the ?/Z0 events, radiate a very powerfulphoton in the direction of the beam pipe. Being emitted at a very low angle,the photon exits through the beam pipe out of reach of the detector. Howeverit happens quite often that the photon enters the low angle STIC calorimeter.Fig. 6.7 shows the sum of the energies deposited in both STIC calorimeters, onefor each side of the detector, using a logarithmic scale. Few of the signal eventsdeposit more than 1 GeV of energy in both STICs, and so it was decided thatno more than 1 GeV of energy deposited in the STIC calorimeters should beallowed. This removes some of the ?/Z0 background and only very little of thesignal. Trying to decide exactly which type of particles that have entered theSTIC is possible, but not necessary. As soon as clusters of high energy appearin the STIC, the event is cut, whether the cluster was a result of a high energyelectron, a photon or something else. This is done to remove events where apowerful photon pair produces electrons that enter the STIC. The STIC is thebest suited detector module for full or partial detection of photons from radiativereturn to Z0, as the photons are emitted at very low incident angles. Howeverthe forward electromagnetic calorimeter, or FEMC, is also useful.48
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6.7 Energy clusters in the FEMC
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6.8 Energy clusters in the HPC
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and small angle between beam pipe and total momentum, do not apply if thephoton escapes through a crack in the barrel region of the detector. The HPCluckily handles most of these dangerous ?/Z0 events.Fig. 6.9 shows the energy of the most energetic cluster deposited in the HPC,again using a logarithmic scale. Since the HPC is situated in the barrel region itusually gets hit by one or both jets of a potential Higgs event. The jets containseveral high energy tracks that often deposit considerable amounts of energy inthe HPC calorimeter. A low cut in energy as those applied to the STIC and theFEMC, would totally ruin the signal, so a cut at 17 GeV was chosen. It's not astight as the FEMC and STIC cuts but it is still capable of removing the obvious?/Z0 events at least. The next characteristic to study is impact parameters andB tagging as thoroughly explained in the previous chapter.6.9 B tagging the eventsFinally comes the much awaited B tagging procedure. This was done by usingthe B tagging program called AABTAG[16] especially designed for the DELPHIdetector. The program uses exactly the same method as the one explained inthe previous chapter. A resolution function �tted for the high energy runs ofLEP, was used to calculate the N-track probabilities. This probability, rangingfrom zero to one, indicates whether the selected event contains B jets or not. Aprobability close to zero means that the event is likely to have at least one Bjet, while a probability considerably greater than zero or close to one means thatthe event is probably without B jets. Events containing jets coming from charmquarks also have a tendency of getting N-track probabilities close to zero, butthese probabilities are usually not as low as those for events with B jets.Fig. 6.10 shows the N-track probabilities calculated by AABTAG, using alogarithmic scale. Events with N-track probabilities of less than 0.001 are se-lected. This is a very e�ective selection, removing almost all the W+W� events,and most of the ?/Z0 and Z0Z0 events. The selection is particularly hard onW+W� events as these contain very few B jets. The great majority of initialquarks from decaying W bosons are either u and d quarks, or s and c quarks.This leaves the W+W� events almost free of b quarks and hence free of B jets.Unfortunately, the other two backgrounds, ?/Z0 and Z0Z0, have much more Bjets from decayed Z0 bosons. The cut however removes most of the ?/Z0 andZ0Z0 events that don't have any B jets, and these are the great majority, as only15% of the Z0 bosons decay into two b quarks. The selection is hard on thesignal too, removing a considerable amount of events, but it's absolutely vitalin limiting the backgrounds to acceptable levels. Figure 6.11 has been added tozoom in on the range in which the selection cut is done.52
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6.10 Graphical cuts in acolinearity vs. total mo-mentumTwo things have not been discussed yet. These are the magnitude of the totalmomentum and the acolinearity of the two jets. The acolinearity is de�ned asthe complement of the angle between the two jets of the events. Recall thatevents with two jets have been selected. This means that if the angle betweenthe two jets is �, then the acolinearity will be 180 � �. Separate cuts in thesecharacteristics are possible, but it's immediately obvious that there is a strongcorrelation between them. An event with jets pointing in opposite directions, willhave little acolinearity and the jet momenta will cancel each other leaving only asmall magnitude of the total event momentum. On the other hand, jets pointingin the same direction will lead to a total momentum of great magnitude and nat-urally a large acolinearity. This strong correlation makes it worthwhile creatinggraphical event selections, or cuts, in total momentum versus acolinearity.Di�erent characteristics at di�erent energies make it necessary to create ded-icated scatter plots at each energy. Plots at 175, 192, and 205 GeV are presentedin Fig. 6.12, Fig. 6.13 and Fig. 6.14 respectively. The graphical cut at 175 GeVwas made using simulated data based on a Higgs mass of 80 GeV, the cut at 192GeV used data based on a Higgs mass of 90 GeV, and �nally the cut at 205 GeVused data based on mH0 = 100 GeV.The data displayed in the two-dimensional scatter plots had to undergo somevery rudimentary initial cuts to make them suited for drawing of the graphicalcuts. At 192 GeV, special data containing only H0��� events were available, butthis was not the case for the 175 GeV and 205 GeV simulated events. At thesetwo energies, only H0Z0 events were available. These contain only 20% H0���events, leaving them unsuited for drawing of graphical cuts. Introducing a singlerestriction demanding exactly two jets, solved the problem and stripped awaymost of the unwanted events. This is naturally because most of the unwantedH0Z0 events contain four hadronic jets. After this simple cut, the H0Z0 datawas ready for use in drawing of the graphical cuts. The two-dimensional plotsshow the very strong correlation between acolinearity and total momentum inthe ?/Z0 events. It's also clear that the H0��� events tend to have quite smallacolinearities and total momenta, separating them well from the backgroundevents. Properly chosen graphical cuts like those shown in the �gures, reducebackgrounds a lot. The shape of the selected areas, or graphical cuts, is a bitpeculiar, as ellipsoid shapes would have been anticipated. The reason is that fewbackground events are located in the upper left corner of the selected areas ofthe scatter plots. This is particularly true when all other cuts have been applied.Expanding the selected areas to the upper left introduces considerable amounts ofsignal events, and almost no extra background. Separate cuts in acolinearity andtotal momentum also work, but give considerably worse results. The graphical55
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cuts remove most of the remaining background events that survived all the othercuts.The background events that survive look exactly like H0��� events, they con-tain two B jets that point in opposite directions, have low total energy and largeacoplanarities.
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6.11 Hits in the 40� taggers
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but only in a small bank containing crude information directly from the taggers.Some of this information is displayed in Fig. 6.15, which shows the total charge,given in pico Colomb, generated in the 40� taggers, using a logarithmic scale.At �rst glance the di�erent distributions are very similar, and it seems likea very uninteresting characteristic to do a cut in. This is only until Table 6.3,has been studied. Surprisingly, the cut at 25 pC removes two out of the threeremaining ?/Z0 events! This is quite amazing and the cut removes some of the�nal events at 175 GeV and 205 GeV too. A closer study reveals that the two?/Z0 events removed at 192 GeV, have angles between the beam pipe and totalmomentum of, 46:4� and 48:1�. In other words, the missing momentum of theseevents points in the direction of the 40� cracks, clearly suggesting that the photonsproduced by radiative return to Z0 has left the detector unnoticed through thesecracks. Luckily these two escaping photons were detected by the 40� taggers,stopping the corresponding events from being accepted as Higgs events. The�nal ?/Z0 event at 192 GeV has an angle of 74:8� between total momentum andbeam pipe. The powerful  of this event probably escaped through some crackother than the 40� crack, or possibly even through a defect detector module. Aslong as the DELPHI detector isn't hermetically closed, a few gammas will escape,opening the possibility of ?/Z0 events being accepted as Higgs events.6.12 Selections at all energies and their e�ecton dataThis section is dedicated to various tables stating the selections applied at thethree energies 175, 192, and 205 GeV, and showing the results of applying thesecuts to the di�erent backgrounds and the signal. The selections are tabulated inTable 6.1, while the e�ect of the selections on simulated data at 175, 192, and 205GeV, are shown in Table 6.2, Table 6.3 and Table 6.4 respectively. The selectionsare applied cumulatively, one at a time.
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Cuts applied at 175 GeV 192 GeV 205 GeVNumber of Jets = 2 2 2Rho > 30� 27� 27�Acoplanarity > 9:0� 7:0� 7:0�35.0 GeV < Evis < 85.0 GeV 95.0 GeV 105.0 GeVTotal STIC energy < 1.0 GeV 1.0 GeV 1.0 GeVMax FEMC hit < 4.5 GeV 5.0 GeV 5.5 GeVMax HPC hit < 16.0 GeV 17.0 GeV 18.0 GeVB tag < 0.001 0.001 0.00140� tag < 24 pC 25 pC 26 pCPlus Graphical cut in total momentum vs. acolinearityTable 6.1: The cuts applied at 175, 192, and 205 GeV.Cuts at 175 GeV H0Z0 ?/Z0 W+W� Z0Z0Initial events 999 27450 5017 1500Number of Jets = 2 304 14094 1863 559Rho > 30� 257 5755 1614 368Acoplanarity > 9:0� 137 843 1193 18935.0 GeV < Evis < 85.0 GeV 112 466 554 97Total STIC energy < 1.0 GeV 94 200 478 83Max FEMC hit < 4.5 GeV 91 127 429 71Max HPC hit < 16.0 GeV 90 112 314 62B tag < 0.001 62 14 7 5Graphical cut 50 2 0 340� tag < 24 pC 47 1 0 3Final events 47 1 0 3Table 6.2: Number of events left after each cut at 175 GeV. mH0 = 80 GeV waschosen for the H0Z0 signal. Cuts are applied cumulatively.61



Cuts at 192 GeV H0��� ?/Z0 W+W� Z0Z0Initial events 1000 32377 8556 3958Number of Jets = 2 830 16205 3128 1401Rho > 27� 755 6963 2674 1146Acoplanarity > 7:0� 626 1370 2257 82135.0 GeV < Evis < 95.0 GeV 597 829 1363 600Total STIC energy < 1.0 GeV 547 355 1158 537Max FEMC hit < 5.0 GeV 535 236 1027 511Max HPC hit < 17.0 GeV 511 203 698 471B tag < 0.001 360 21 20 99Graphical cut 339 3 2 8940� tag < 25 pC 333 1 1 85Final events 333 1 1 85Table 6.3: Number of events left after each cut at 192 GeV. mH0 = 90 GeV waschosen for the H0Z0 signal. Cuts are applied cumulatively.Cuts at 205 GeV H0Z0 ?/Z0 W+W� Z0Z0Initial events 999 36634 5003 998Number of Jets = 2 260 17798 1833 341Rho > 27� 221 7601 1525 266Acoplanarity > 7:0� 178 1589 1275 21735.0 GeV < Evis < 105.0 GeV 145 1009 901 169Total STIC energy < 1.0 GeV 125 431 755 146Max FEMC hit < 5.5 GeV 119 289 665 137Max HPC hit < 18.0 GeV 115 231 446 119B tag < 0.001 81 22 18 23Graphical cut 77 5 3 2140� tag < 26 pC 73 3 3 21Final events 73 3 3 21Table 6.4: Number of events left after each cut at 205 GeV. mH0 = 100 GeV waschosen for the H0Z0 signal. Cuts are applied cumulatively.62



Chapter 7Final results
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7.1 Signal e�cienciesAll cuts and their e�ects on the di�erent backgrounds have now been discussed,but a �nal summary of results has not been presented yet. This is the subject ofthis chapter.Table 7.1, shows the e�ciencies of the di�erent Higgs signals that were sim-ulated by DELSIM. The e�ciencies are presented for di�erent Higgs masses andenergies. The signal events at mH0 = 90, 95, and 100 GeV, and at Ecms = 192GeV, are pure H0��� events, but the rest of the signals are full H0Z0 simulationswith only 20% H0��� events. A separate column of expected signal events, at atotal integrated luminosity of 500 pb�1, at 175 GeV, and 300 pb�1, at 192 and205 GeV, has been included. It's immediately clear that only a few H0Z0 events,9.7 at best, will be observed if the Higgs is light enough. The statistical errors ofthe signal e�ciencies are given by the following formula�� = q�(1� �)pNwhere N is the number of total signal events in each dataset, and � is the corre-sponding signal e�ciency. The statistical errors of both the signal e�ciencies andthe number of expected events have been included in Table 7.1. It is importantto notice that even though the H0Z0 datasets contain 1000 events, only 200 ofthese are H0��� events, which means that N = 200 when calculating uncertain-ties for these datasets. Strictly, this approach presumes that cuts designed toremove the background will also remove all background Higgs events, i.e. theHiggs events not belonging to the neutrino channel. This is not an unreasonablepresumption to do, as the background Higgs events contain either b�bq�q or b�bl�lwhere l is a charged lepton. These events contain too many jets and have toohigh energy to be accepted as Higgs events of the neutrino channel. The crosssections of the various Higgs signals have also been included in the table, and theones corresponding to the H0��� signal have been adjusted to suit these events.These cross sections are only 20% of the full H0Z0 cross sections.7.2 Total backgrounds and their statistical er-rorsTable 7.2 shows all background data available at Ecms = 175 GeV. In additiondata at Ecms = 170 and 180 GeV have been added to increase statistics. Thesedata were created, using DELSIM, right before it was decided to run simulationsat 175, 192 and 205 GeV. This means that the version of DELSIM used at thesesimulations was very similar to the version used at the later 175, 192 and 205GeV simulations. The di�erence in energy of the 170 and 180 GeV data relative64



Signal mH0 Accepted events E�ciency � expected events(GeV) (%) (pb)175 GeV 500 pb�1H0Z0 80 47/999 24:5 � 3:0 0.283 6:7� 0:8H0Z0 85 45/999 23:5 � 3:0 0.158 3:6� 0:5192 GeV 300 pb�1H0Z0 80 30/1000 15:6 � 2:6 0.594 5:4� 0:9H0Z0 85 67/1000 34:9 � 3:4 0.484 9:7� 0:9H0��� 90 333/1000 33:3 � 1:5 0.075 7:5� 0:3H0��� 95 341/1000 34:1 � 1:5 0.046 4:7� 0:2H0��� 100 215/1000 21:5 � 1:3 0.017 1:1� 0:1205 GeV 300 pb�1H0Z0 90 56/999 29:2 � 3:2 0.450 7:6� 0:8H0Z0 100 71/999 37:0 � 3:4 0.301 6:4� 0:6H0Z0 105 78/999 40:7 � 3:5 0.227 5:3� 0:5Table 7.1: Signal e�ciencies and their uncertainties.
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to the desired 175 GeV data is unfortunate, but the huge increase of statistics isfar more important than the slight variation of energy. This is particularly visiblein Table 7.3, which presents all background data available at 192 GeV. If onlythe 192 GeV data were included the results for both the ?/Z0 and the W+W�backgrounds would be much better than the corresponding ones at 175 and 205GeV. Instead, the great increase of statistics by the introduction of datasetsof a slightly di�erent cms energy, reduces the statistical errors by considerableamounts, thereby giving more reliable results. The (e+e�)f �f events at 192 GeVwere created using the DELPHI Monte Carlo program TWOGAM[17].Background Ecms Accepted events � expected events(GeV) (pb) 500 pb�1?/Z0 170 1/30600 171175 1/27450180 1/223003/80350 3:2 � 1:8W+W� 175 0/5017 15.1180 5/173405/22357 1:7 � 0:8Z0Z0 175 3/1500 0.46 0:5 � 0:3We� 175 1/748 0.65 0:4 � 0:4Total events 5:8 � 2:1Table 7.2: Background events at Ecms = 175 GeV.The statistical errors of the individual background processes are given by�bg = ksNb(1 � NbNs )where k is a scaling factor given by Ntot=Ns. Ntot is the total number of events of aparticular background at a given cms energy and integrated luminosity, and Ns isthe total number of simulated events of the chosen background. Nb is the numberof events passing the cuts. Individual statistical errors have been included in allthree tables, as well as the total statistical error given by�tot = q�2?=Z0 + �2W+W� + �2Z0Z0 + �2We�66



Background Ecms Accepted events � expected events(GeV) (pb) 300 pb�1?/Z0 190 8/67000 136192 1/323779/99377 3:7 � 1:2W+W� 190 6/10564 18.1192 1/102437/20807 1:8 � 0:7Z0Z0 190 7/512 1.22192 85/395892/4470 7:5 � 0:8Z0e+e� 190 0/1978 6.7192 0/32200/5198 0(e+e�)f �f 190 0/5896 25.0192 0/24540/8350 0We� 190 1/997 0.83 0:2 � 0:2Total events 13:2 � 1:6Table 7.3: Background events at Ecms = 192 GeV.67



Background Ecms Accepted events � expected events(GeV) (pb) 300 pb�1?/Z0 200 3/20300 115205 3/36634210 2/160008/72934 3:8 � 1:3W+W� 200 0/2110 18.3205 3/5003210 0/23973/9510 1:7 � 1:0Z0Z0 205 16/998 1.47 7:1 � 1:8Z0e+e� 205 0/1491 7.3 0Total events 12:6 � 2:4Table 7.4: Background events at Ecms = 205 GeV.
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Errors of backgrounds with zero events passing the cuts are hard to �t intothis scheme, but using Poisson statistics it's possible to estimate an upper limitof a particular background that seems to be totally removed. According to Pois-son statistics, the expected background of (e+e�)f �f , at 192 GeV and integratedluminosity of 300 pb�1, is less than 2.1 at 90% con�dence level. The limit hasbeen scaled to take both the number of (e+e�)f �f events, at 192 GeV and 300pb�1, and the total number of simulated (e+e�)f �f events into account. Thisupper limit of the (e+e�)f �f background, is rather conservative though, as the(e+e�)f �f events have a very strong bias in the forward direction. Circumstanceshave to be very special for a (e+e�)f �f event to be mistaken as a H0��� event. Thecuts designed to remove the ?/Z0 events, which also have a strong bias in theforward direction, are also very e�ective in removing the (e+e�)f �f events. Thefew events that survive these cuts are removed by others, especially the strict Btag cut. The cross section of the presented (e+e�)f �f events is far less than thecross section of the total (e+e�)f �f background, because of severe introductory�ltering of the data. This has been done to avoid a dataset completely crammedwith empty events, as most of the fermions produced in this process pass out thebeam pipe.The other background to be treated by Poisson statistics is the Z0e+e� back-ground, which is far more relevant as a dangerous background than the (e+e�)f �fprocess. This background will eventually introduce Higgs-like events, though onlya few at most. At 192 GeV and an integrated luminosity of 300 pb�1, the upperlimit at 90% con�dence level is 0.9 using Poisson statistics. Again, the limit hasbeen scaled to take both the number of background events, at 192 GeV and 300pb�1, and the number of simulated events into account. The reason for the muchlower limit in this case compared to the previous (e+e�)f �f limit, is the higherstatistics relatively speaking. Unfortunately, the statistics of the Z0e+e� processare much lower at 205 GeV, with only 1491 simulated events compared to the5198 simulated events at 192 GeV. This leads to an upper limit of 3.4 eventsfor the Z0e+e� background, at 205 GeV, integrated luminosity of 300 pb�1, and90% con�dence level, according to Poisson statistics. This upper limit is howeververy pessimistic, as the corresponding limit at 192 GeV is only 0.9 events at 90%con�dence level.One background, mentioned in chapter 4, has not been considered yet. Thisis the Z0��� background. Unfortunately, no simulated events of this process wereavailable to study, and available Monte Carlo programs did not have the pro-cess implemented. A closer look at the diagrams responsible for Z0��� productionreveals four bremsstrahlung diagrams with a Z0 radiated o� an electron or neu-trino, one fusion diagram and two annihilation diagrams with a Z0 radiated o� aneutrino in the �nal state of the interaction. These diagrams are complicated andinvolve heavily suppressed couplings, leading to very low cross sections, at leastat cms energies in the order of 200 GeV. In addition, the four bremsstrahlungdiagrams involve a Z0 radiated along the beam pipe, making the background very69



vulnerable to the cuts imposed on the ?/Z0 background. These considerationslead to a probable cross section, of the Z0��� background, of the order of a fewpicobarn at most.Looking at the tables presenting the expected events of the analysed back-grounds, the Z0Z0 process alone turns out to be responsible for more than halfof the total background at 192 and 205 GeV. This has been discussed in previ-ous chapters, and the reason is, as mentioned, the fraction of Z0Z0 events thatdecay into b�b���. The center of mass energy of simulations at 175 GeV is rightbelow the threshold of Z0Z0 production, and the few Z0Z0 events produced areall crippled by one or two o�-shell Z0 bosons. These o�-shell Z0 bosons exhibitedbad behavior in replicating Higgs bosons, as they usually decay into jets of fewparticles and low energy.7.3 Exclusion and Discovery limitsEcms RLdt Background Exclusion Discovery(GeV) (pb�1) (signal events) (signal events)175 500 5:8� 2:1 7.3 17.4192 300 13:2 � 1:6 9.2 22.5205 300 12:6 � 2:4 9.3 22.5Table 7.5: Number of signal events needed for exclusion and discovery, at thethree energies.Exclusion and discovery limits, calculated with the prescription agreed on byall LEP experiments[18], are presented in Table 7.5. The exclusion limits areat 95% con�dence level using Poisson statistics, and the discovery limits are atapproximately 5pbg, where bg is the number of background events. Calculationof the limits is based on expected integrated luminosity, number of backgroundevents and their uncertainties.7.4 ConclusionComparing Table 7.5 with Table 7.1, it immediately becomes clear that the ex-pected number of signal events at various energies and Higgs masses is far toolow for any discovery, and only in two cases, at Ecms = 192 GeV and mH0 = 85or 90 GeV, is the number of signal events above the exclusion limit. It is howeverimportant to remember that the neutrino channel treated in this thesis is only20% of the total H0Z0 signal. The quark and lepton channels of the H0Z0 signal70



have been studied in great detail too, and adding results of all three channelsimproves the results a lot. Adding all channels, it is possible for DELPHI toexclude a Higgs boson of up to 96 GeV mass, at Ecms = 192 GeV and integratedluminosity of 300 pb�1, while discovery is possible for a Higgs boson of up to 90GeV mass.These results are good and covers a wide range of Higgs masses not accessibleat the old LEP accelerator, and probably not at the future Large Hadron Collider,either. Higgs masses of less than 100 GeV are very hard to study at the LHC,because of modest Higgs production and severe background. Combining resultsof all four LEP experiments will give even better results and allow discovery ofa Higgs boson of up to 96 GeV mass, and exclusion of a Higgs boson of 99 GeVmass or less, at Ecms = 192 GeV and integrated luminosity of 300 pb�1 for eachexperiment. If not found at LEP200, the search for the Higgs boson will continuewith full strength at LHC. At LHC other modes of Higgs production will bestudied and circumstances will be very di�erent from the ones at LEP200. Thebackground will be severe, entirely dwar�ng the LEP200 background, but theHiggs production will also be much bigger than the one at LEP200, if the Higgsboson really exists. The only thing certain is that Higgs searches at LEP200 andLHC will keep particle physicists and students busy for many years to come.
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