
Generation of the Higgs Boson withthe HZHA Event GeneratorThomas Fr�ag�at

Thesis submitted in partial ful�llmentof the requirements for the degree Cand. Sient.at the Department of Physis, University of OsloAugust 2000





AbstratIn this thesis a desription of some of the event generation tehniques used in partilephysis is given. One of these tehniques is then applied to the inlusion of the interfereneterm between Higgs-strahlung and WW fusion. The interferene term arises from thetwo prodution amplitudes when the Z boson of the Higgs-strahlung deays into eletronneutrinos. A omparison between two di�erent implementations of the interferene term,is also made.
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Chapter 1IntrodutionPartile physis is a hild of 20th entury physis, although already the anient Greekshad some thoughts about what it was that made up the world. The tiniest piees inour universe that we know today are the quarks together with the leptons and the forearriers. These partiles are alled elementary partiles and are the fundamental pieesin everything around us. In this ontext fundamental means what we at present state areable to observe in experiments. This is to all times dependent on the total energy reahedin experiments.In the last entury a lot of partile physi experiments were built, and a stream of newknowledge broke through the surfae. Although the �eld of partile physis is fundamentalsiene, it has a lot of spin-o�s with a wide range of appliations and it has had a greatinuene on our history as we will see in the next setions.Still big experiments are ontinued and new ones are under onstrution. One of themain �elds in partile physis today, is the searh for the Higgs boson whih is preditedby the Standard Model but is still not found. The main topi for this thesis is one ofthe tools used in the Higgs boson searhes: The event generator. More preise, we willsee how the inlusion of the interferene term, arising from the prodution amplitudes ofthe WW fusion and Higgs-strahlung with eletron neutrinos in the �nal state, is inludedinto the HZHA generator.In the next setions a presentation of some of the ativities at CERN is made. A loserlook at one of the four LEP expreiments, DELPHI, is also taken.In Chapter 2 a presentation of the theoretial framework of the Standard Model (SM)and the Minimal Supersymmetri extension of the Standard Model (MSSM) is done. Adesription of the three main Higgs prodution hannels (Higgs-strahlung, WW fusionand ZZ fusion with interferene) has also been made.Chapter 3 ontains the tehniques used to generate events by omputers and how theinterferene term between Higgs-strahlung and WW fusion was implemented in HZHA02.A desription of the tests performed to validate the new algorithms in HZHA02 is alsogiven.Chapter 4 presents the results of inluding interferene between Higgs-strahlung andWW fusion, both for the Standard Model and the MSSM. A omparison of the twoversions HZHA02 and HZHA03, both inluding the interferene term, is also made.Finally Chapter 5 ontains the onlusion.In addition there are two Appendies with two Delphi notes [1, 2℄ desribing theinlusion of interferene in HZHA02. The Delphi note in Appendix A, also ontains the



2 IntrodutionFortran ode used to inlude interferene.1.1 The History of Partile PhysisIn this setion a short summary of the history of partile physis is given together with ashort introdution on what CERN is. A desription of the DELPHI experiment is given.A disussion on what bene�ts ordinary people an get from suh experiments is also made.1.1.1 The First Partile PhysiistsWhat are the building bloks of the universe? and how did it all start? have been andstill are among the biggest and most mysterious questions in the history of mankind. Theanient believed that the world onsisted of four fundamental elements; earth, water, �reand air, and that every substane was a mixture of these. Around 400 BC Leuippusproposed that matter is disrete. Some years later his student Demoritus onsideredthe matter to be made of small, indivisible piees of various size, olour, and mass, andhe alled them atoms. Although another Greek philosopher, Epiurus, supported andontinued the idea, Aristotle and Sorates opposed it. Instead they argued that matter isontinuous, there is no smallest piee. Until 1803 this was the leading idea, but this yearJohn Dalton proposed the �rst modern atomi theory:� Atoms are small, indivisible spheres.� Atoms of a given element are idential.� Atoms are elementary and annot be reated, destroyed or transformed.� Compounds are the results of small whole number ratios of atoms.� Relative numbers of di�erent kinds of atoms in a ompound are onstant.Dalton published a series of papers where he introdued his atomi hypothesis and evenintrodued the onept of interatomi fores, but sine he never indiated the nature ofthe fores, the theory was not a great suess.In 1897 Joseph John Thomson produed athode rays and deeted them in mag-neti �elds. He identi�ed the rays as negatively harged partiles that have mass. ButJ. J. Thomson is probably best known for his \plumpudding" modell of the atom. Later,in 1911, Millikan found the mass of the eletron. Two years earlier, in 1909, Rutherford(a student of Thomson) disovered the nuleus of an atom by bombarding a gold foil with� partiles. He found that the nuleus was positively harged.1.1.2 History of 20th Century Partile PhysisIn 1900 the German physiist, Max Plank, found that the energy of light and radiation1is quantizised. This was the foundation of Quantum Mehanis, the theory desribing thepartile nature. Thirteen years later, in 1913, the Danish physiist Niels Bohr proposedhis atomi model. He suggested that the atom was made up of a nuleus in the enter1Stritly speaking, light is also radiation



1.1 The History of Partile Physis 3surrounded by eletrons orbiting in ertain energy levels, Fig. 1.1. This theory was sup-ported by experiments on the hydrogen atom. The theories of Max Plank and Niels Bohr
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p+Figure 1.1: The Bohr model of the hydrogen atom.were further developed by famous physiists like Shr�odinger, Dira, Pauli, Heisenberg,Feynman and others. See [3℄ for further reading.In 1932 the positron (the anti-partile of the eletron) was deteted in an experimentby Anderson using a loud hamber. This was a big suess for the relativisti wavetheory of Dira whih had predited the existene of an anti-partile of the eletron. Inthe same year the neutron was also disovered and in 1937 the seond lepton, the muon,was observed in osmi rays. In 1964 Gell-Mann and Zweig proposed, independent ofeah other, the existens of what they alled quarks and aes, respetively. But it was notuntil 1967 that the disovery of the quark struture of the proton was made at StanfordLinear Aelerator Center (SLAC).In the �rst years of modern experimental partile physis, the partiles were observedin devies like loud hambers, bubble hambers and with photographi emulsions, andtheir origin was osmi ray. The �rst operational Lina (Linear aelerator) was designedand built by Rolf Wider�oe in 1927 in Aahen, Germany [4℄. In Fig. 1.2 Wider�oe's diagramdesribing a method for aelerating ions is shown. This diagram inspired Ernest Lawreneto onstrut the ylotron, shown in Fig. 1.3. This was the �rst suessful ylotron andwas �rst operated in 1930. The development of aelerators went fast, and within 60years there were linas, like SLAC in California, and yli aelerators like LEP at CERN(The European Laboratory for Partile Physis) near Geneva on the Swiss-Frenh border.In the 1950's the �rst real powerful aelerators were built and this led to disoveries of alot of \new" hadrons. The detetors also beame better with time and in 1968 Charpakintrodued the �rst multiwire proportional hamber (MWPC) for whih he, among otherthings, got the Nobel prize in 1992 [5℄. This was a big break through within modernexperimental partile physis. The MWPC allowed reording of up to one million traksper seond unlike the bubble hamber whih an only reord with a rate of one or twotraks per seond. The spatial preision of the harged partile trajetory is less than1mm. Plaing the MWPC in a magneti �eld one is able to ompute the partile'smomentum, and it is easier to study short lived exoti partiles and rare interationsbeause of the high spatial resolution and high repetition rate. A lot of disoveries havebeen made sine then thanks to Charpak's work, e.g. the disovery of the J=	 partile atBrookhaven and SLAC (made independently) in 1974 and the W and Z bosons in 1983



4 Introdution

Figure 1.2: R. Wider�oe's diagram desribing a method for aelerating ions, (Photo:Ernest Orlando Lawrene Berkeley National Laboratory).whih were disovered at CERN. Both disoveries led to Nobel prizes in 1976 and 1984,respetively.In the past 40 years a lot of disoveries have been made, and today we know thereare seventeen elementary partiles alled fermions and bosons. There are twelve fermions(plus their anti-partiles), whih are spin{1/2 partiles. They an be divided into twogroups, quarks and leptons. These an so be divided into three generations, Table 1.1.The last elementary partile disovered, was the top-quark, t, whih was �rst observed atthe Tevatron proton-antiproton ollider at Fermilab in 1995 (18 years after the bottom



1.1 The History of Partile Physis 5

Figure 1.3: The �rst ylotron built by Lawrene and his graduate student M. StanleyLivingston in 1930, (Photo: Ernest Orlando Lawrene Berkeley National Laboratory).quark, b, was disovered, also at Fermilab). Besides the fermions there are �ve forearrying bosons. The bosons are identi�ed by their integer spin.Everything around us an be desribed by the interations of the four fundamentalfores of nature. One of them is the eletromagneti interation whih is the interationbetween harged partiles, the fore arrier is the photon, . Another fore is the weakinteration. This fore is among other things responsible for the �-deay of the nulei.The fore arriers of the weak interation are the W� and Z bosons. The neutrinosinterat only through the weak interation. The weak fore only ats over short disanes,less than about 10�15 entimeters while the inuene of eletromagnetism extends toin�nite distanes. The range of the two fores an be explained by the fore arriers.The photon is massless whereas the W� and Z partiles are about hundred times themass of the proton. The third fore of nature is the strong interation whih binds thequarks together. The fore arrier is the gluon, g. The fourth fore is gravity. This foreis however so small between elementary partiles ompared to the three other fores thatit, in pratie, an be negleted when working within the �eld of partile physis.Although there are four fundamental fores of nature, the interations an be desribedby only three theories: the eletroweak theory whih is a \uni�ation" of the eletromag-neti and weak interations, the strong theory often alled quantum hromodynamis



6 IntrodutionP artile ChargeMassu +2=30:003  +2=31:3 t +2=3175d �1=30:006 s �1=30:1 b �1=34:3�e 0<1�10�8 �� 0<0:0002 �� 0<0:02e �1511�10�6 � �10:106 � �11:7771
 00g 00W� +1;�180:4Z0 091:187Table 1.1: The elementary partiles. The three olumns to the left are the fermions (spin-1/2) partiles, where the two upper rows are the quarks, while the two lower rows are theleptons. The 4th olumn ontains the fore arriers, bosons (spin = 0, 1, 2,...). To eahfermion there is also an anti-partile. All the masses are given in GeV.(QCD) and the theory of general relativity whih desribes the gravity.Today the main �elds in experimental partile physis is the Higgs boson searh,searhes for neutrino osillations, searhes for CP-violation in b�b (bottom-quark) produ-tion and searhes for supersymmetri partiles. Some new aelerators and experimentsare also under onstrution, like the Large Hadron Collider (LHC) at CERN. This ael-erator with all its detetors is going to, among other things, searh for the Higgs bosonand supersymmetri partiles.But what is the gain of all this researh? Is it only the sientists that will have someoutome of all this? It is fundamental siene, and the pratial appliations an seem tobe far away, but that is not the truth. Some spin-o�s from the �eld of partile physisresearh to be mentioned are the WorldWideWeb, whih was reated by sientists atCERN, aner therapy, radiation proessing, medial and industrial imaging, eletronisand a lot of other things. An example is the MWPC whih is now used in mediine,biology and industry. In [6℄ a more detailed desription of spino�s is given.1.2 LEPLEP is a storage ring whih ollides eletrons and positrons at enter of mass energiesabout ps � 200 GeV. The maximum enter of mass energy reahed so far (April 2000)is 208 GeV. The losing date of LEP is in Otober year 2000. Then LEP is taken apartto give plae for a new and more powerful aelerator, namely the LHC, whih will beoperated from around year 2005. The high energies of LEP and LHC (whih will reaha enter of mass energy around � 14 TeV), an only be obtained with instruments of



1.3 The Delphi experiment 7

Figure 1.4: LEP and SPS (Super Proton Synhrotron) at CERN. L3 is loated at PA2,Aleph at PA4, Opal at PA6 and Delphi at PA8.high preision. The ring of these two aelerators is about 27 kilometres long. The LEPring has eight loation points for Radio frequeny (RF) avities whih are aeleratingthe eletrons and positrons. There are four experiments loated along the storage ring:Aleph, Opal, L3 and Delphi. LEP is shown in Fig. 1.4. As an be seen, all the detetorsand most of LEP is loated in Frane.1.3 The Delphi experimentThe Delphi experiment [7℄ is one of the four experiments at LEP. Delphi is an abbreviationfor DEtetor with Lepton, Photon and Hadron Identi�ation. The ountries involved inthis spei� experiment are: Austria, Belgium, Brazil, Czeh Republi, Denmark, Eng-land, Finland, Frane, Germany, Greee, Italy, Netherlands, Norway, Poland, Portugal,Russian Federation, Slovakia, Slovenjia, Spain, Sweden, Switzerland, and USA. But only20 of 22 ountries listed here are member states of CERN (USA and the Russian Feder-ation are only observer states).In this setion a short presentation of the DELPHI detetor and the DELPHI organi-sation is made.
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Figure 1.5: The DELPHI detetor.1.3.1 The Delphi detetorThe Delphi detetor took its �rst data in 1989. In Fig. 1.5 the detetor with all itssubdetetors is shown. The advantages of Delphi are preise vertex determination, partileidenti�ation, high granularity and information in three dimensions. The main parts of thedetetor are (beginning with the barrel detetor going from the enter and outwards) [8℄:� TheVertex Detetor whih is a silion detetor loated nearest the ollision point.It is provided to trak very preisely in order to detet very short lived partiles.� Outside the vertex detetor is the Inner detetor. It onsists of a JET hamberand the Trigger Layers, whih provide intermediate preision positions.� The next detetor is the Time Projetion Chamber (TPC) whih traks thepartiles and also helps in harged partile identi�ation. This is the main trakingdevie of DELPHI.� The Barrel RICH detetor is plaed outside the TPC. This is a Ring ImagingCherenkov detetor whih is together with the TPC used for partile identi�ation.� The Outer Detetor, whih is plaed outside the Barrel RICH, onsists of severaldrift tubes. It makes a �nal preise measurement of the diretion.The eletromagneti alorimeters and sintillation ounters are loated outsidethe traking detetors and the Barrel RICH. These detetors are primarily onstrutedfor photon and eletron identi�ation:



1.3 The Delphi experiment 9� The �rst alorimeter is the High-density Projetion Chamber (HPC). This isthe barrel eletromagneti alorimeter.� The lead-sintillators detet high energy photons, thus providing omplete her-metiity for high energy photon detetion.� Sintillators are also used as fast triggers for beam events and osmi radiation.� The Barrel Hadron alorimeter (HCAL) surrounds the sintillators. It is asampling gas detetor and onsists mainly of iron and it is inorporated in themagneti yoke. The hadron alorimeter measures the energy of neutral and hargedhadrons.� The outer layer of the Delphi detetor onsists of the Barrel muon hambers.These are traking detetors, whih are, sine the muons interat hardly and arevery penetrating (in fat, the muons are the only harged partiles that are able totraverse the lead and iron of the alorimeters nearly una�eted), loated outside allthe other detetors2. It is expeted that most muons with momenta greater than 2GeV/ will reah the muon hambers.The superonduting oil is loated between the HPC and sintillators, it produesa magneti �eld of 1.23 Tesla. The high magneti �eld urves the partile trajetories,thus, the partile momenta an be found.The luminosity measurements are done with the Small angle TIle Calorimeter(STIC) whih is a sampling lead-sintillator alorimeter and the Very Small AngleTagger (VSAT) whih detets eletrons and positrons oming from the Bhabha satter-ing.The endaps of the DELPHI detetor are built after nearly the same priniples as thebarrel detetor. The endaps onsist of:� The Very Forward Traker, whih is loated on eah side of the vertex detetor,is the forward part of the (vertex) silion traker.� The Forward Chamber A and Forward Chamber B are both drift hambers.The Forward Chamber A is loated nearest the ollision point, while the ForwardChamber B is loated outside the Forward RICH:� The Forward RICH is, like the Barrel RICH, used for partile identi�ation.� The Forward EletroMagneti Calorimeter (FEMC) onsists of two 5 m di-ameter disks made of Cherenkov lead-glass.� The Forward Hadron Calorimeter, Forward Muon Chambers and Sur-round Muon Chambers are all onstruted after the same priniples as for theirbarrel partners.� The Forward Hodosope is pratially a sintillation trigger on muon events inthe endap regions.2Note that this is a simpli�ed desription. The struture is more ompliated than this. Partly themuon hambers are embedded in the HCAL, and partly the muon hambers are outside all the otherdetetors. See [9℄ for more information.



10 IntrodutionThe quadrupoles shown in the �gure, are fousing magnets that provide the orretbeam trajetories into the DELPHI detetor.1.3.2 DELPHI searhesThe Delphi searhes teams, working mainly on data analysis, are divided into three main�elds whih are:� The Higgs searhes,� the SUSY searhes,� and the searhes for exotia.Eah of these are so divided into subategories.



Chapter 2TheoryIn this hapter a brief presentation of the underlying theories of the Standard Model andthe MSSM will be given. A presentation of the Higgs mehanism and an explanationof why the Higgs is required is also given. Finally the formulae used to generate thee+e� ! H�e ��e with interferene are presented. This hapter is inspired by [10, 11℄. Inthis and all later hapters we will use the natural units (NU), that is �h =  = 1.2.1 The Standard ModelThe Standard Model is one of the great suesses of quantum �eld theory and it is basedon the SU(3)
SU(2)
U(1) gauge group. It an desribe all known fundamental foresin nature exept gravity, and has been on�rmed by a lot of experiments. The StandardModel an be split into two: The Weinberg-Salam Model and quantum hromodynamis(QCD). In this setion a presentation of the two models is made before they are puttogether to form the Standard Model.2.1.1 The Weinberg-Salam ModelThe Weinberg-Salam Model uni�es eletromagneti interation of quantum eletrodynam-is (QED) and the weak interation. Stritly speaking, it is not a \uni�ed theory" of QEDand weak interations, sine it is neesary to introdue two distint oupling onstantsg and g0 for the SU(2) and U(1) interations.QEDBy oupling the ovariant form of the Dira equation,(i��� �m) = 0 ; (2.1)with the Maxwell's equations we will obtain QED. In Equation 2.1 we have de�ned� = (0;); (2.2)where 0 = � and i = ��i. We demand that the � and � matries satisfyf�i; �kg = 2Æikf�i; �g = 0�2i = �2 = 1 : (2.3)



12 TheoryThe Maxwell's equations should be well known:r�E = � ; r�E = ��B�t ;r�B = 0 ; r�B = j + �E�t : (2.4)These equations are equivalent to the ovariant equation for the four-vetor potential A�:22A� � ��(��A�) = j� ; (2.5)where A� = (�;A) and j� = (�; j). The D'Alembertian operator is de�ned as22 � ���� : (2.6)We have replaed the eletri and magneti �eld withE = ��A�t �r� ; B =r�A : (2.7)We an now derive Maxwell's equations for a massless, spin-1 �eld by writing downthe following ation: L = �14F��F �� ; (2.8)where F�� � ��A� � ��A� : (2.9)The Maxwell theory is invariant under a loal symmetry, i.e. the parameters are depen-dent on spae-time. Further, sine the Maxwell's equations are loally invariant under aU(1) transformation we will �nd that the Maxwell tensor F�� is an invariant, and so theLagrangian1 is also invariant.Now we an ouple Maxwell's theory to Dira's theory to form QED. We use theeletron urrent given as �e � � as the soure for the Maxwell �eld and propose thefollowing oupling: eA� � � : (2.10)This oupling emerges beause of the invariane of the Dira equation under the symmetrytransformation  ! ei�(x) :Sine �(x) is a funtion of spae-time we get an extra term ���(x) under the transforma-tion  (x) !  0(x) = ei�(x) (x)A� ! A0� = A� + 1e���(x) ; (2.11)whih is eliminated if we introdue the ovariant derivative:�� ! D� � �� � ieA� : (2.12)Now we obtain a gauge invariant Lagrange funtionLQED = � (i�D� �m) � 14F��F �� ; (2.13)whih ouples the Maxwell theory with the Dira theory.1Stritly speaking, L is the Lagrangian density, but for onveniene we will only all it the Lagrangian.



2.1 The Standard Model 13Weak interationsThe weak interation only ats over small distanes, � 10�15 entimeters, and is reognizedby the parity, P , and harge onjugation, C, violation. But the weak interation is (almostalways) invariant under the ombined CP operation beause of the �(1�5) form, where5 is de�ned as 5 � i0123 : (2.14)This is alled the V � A (vetor-axial vetor) struture of the weak urrent. The on-sequene is that there are only �L and ��R (the index L stands for left and R stands forright) states in the nature, this is also on�rmed in many experiments. In this approah ofweak interations we will study the Fermi theory whih ouples the urrents of deayingproesses like �-deay, �-deay, � -deay and quark deay. The interation amplitudes areof the form M = 4GFp2 J�Jy� ; (2.15)where GF is the weak oupling onstant (also alled the Fermi onstant) whih is deter-mined by experiments and J� is the harge-raising weak urrentJ� = �u��12(1 � 5)ue ; (2.16)and Jy� is the harge-lowering weak urrentJy� = �ue�12(1� 5)u� : (2.17)The index e is either the eletron, muon or tau partile and � is the orresponding neu-trino; u is the partile spinor. For proesses involving the neutral urrent, the invariantamplitude is given by M = 4GFp2 2�JNC� JNC;� : (2.18)The neutral urrents, unlike the harged urrents, are not pure V �A urrents sine theyalso have right-handed omponents. In the Standard Model � = 1 and this is on�rmedby experiments within small errors. The de�nition of the neutral urrents isJNC� (�) = 12 ��u�� 12(1 � 5)u�� ; (2.19)JNC� (q) = ��uq� 12(qV � qA5)uq� : (2.20)In the Standard Model all the iV ; iA; (i = �; e; u:::); are given in terms of one parameter.Fig.2.1 and 2.2 in Setion 2.3 are examples of proesses involving weak interations.Coupling of QED and Weak InterationsUnfortunately, we are not able to form a symmetry group of weak interations. But wewill be able to form a symmetry group of both eletromagneti- and weak interations.First we introdue the left-handed isodoublet onsisting of a Weyl neutrino and a Diraeletron: �L �  �ee !L (2.21)



14 Theoryand a right-handed isosinglet onsisting of the right-handed eletron:eR : (2.22)This form is a onsequene of the fat that the weak interations violate parity and aremediated by V �A interations.Let us de�ne the step-up and step-down operators:�� = (�1 � i�2) ; (2.23)where the � 's are the Pauli spin matries:�1 = �1 =  0 11 0 ! ; �2 = �2 =  0 �ii 0 ! ; �3 = �3 =  1 00 �1 ! : (2.24)With the defenitions of Equation 2.21{2.24 we are now able to onstrut a isospintriplet of weak urrents:J i�(x) = ��L�12�i�L; with i = 1; 2; 3: (2.25)By replaing �i with �� in Equation 2.25, we will get the harge-raising, J+� � J�, andharge-lowering, J�� � Jy�, urrents in Equation 2.16 and 2.17, respetively. The orre-sponding harges are T i = Z d3xJ i0(x) (2.26)whih generate an SU(2)L algebra [T i; T j℄ = i�ijkT k: (2.27)T i is alled the weak isospin and the subsript L on SU(2) reminds us that the weakisospin urrent ouples only left-handed fermions. Sine J3�(x) only ouples left-handedfermions, it an not be identi�ed with the neutral urrent in Equation 2.19 and 2.20. Inorder to save the SU(2)L symmetry, we inlude the eletromagneti urrentjem� = � �Q ; (2.28)where Q is the harge operator, and introdue the weak hyperharge urrentjY� = � �Y  ; (2.29)where the weak hyperharge Y is de�ned byQ = T 3 + Y2 ; (2.30)where T 3 = �1=2 and Y = �1 for the left-handed eletron and neutrino and T 3 = 0 andY = �2 for the right singlet. Like Q is a generator of the U(1)em symmetry group, thehyperharge operator Y generates a symmetry group U(1)Y . We an now writejem� = J3� + 12jY� : (2.31)



2.1 The Standard Model 15Thus, by ombining the SU(2) and U(1) setors we have got the harge orret. Theresult is that we have \uni�ed" the eletromagneti and weak interation. The relationbetween the oupling onstants isg sin �W = g0 os �W = e ; (2.32)where �W is the weak mixing angle. In the Standard Model an isotriplet of vetor �eldsW i� is oupled to the weak isospin urrent J i� with strength g and a single neutral vetor�eld B� is oupled to the weak hyperharge urrent with strength g0=2. The �elds givenby W�� = s12 �W 1� � iW 2�� (2.33)desribe the massive harged bosons W�. When generating the masses of the bosons bysymmetry breaking (see the Higgs Mehanism below), the two neutral �elds will mix andform physial states A� = B� os �W +W 3� sin �W ; (2.34)Z� = �B� sin �W +W 3� os �W : (2.35)where W 3� is a neutral vetor �eld like B�. Equation 2.34 desribes a massless physialstate, whereas Equation 2.35 desribe a massive physial state. By expressing the basieletroweak interation, �i g(J i)�W i� � ig02 (jY )�B� ; (2.36)in terms of A� and Z� for W i� = W 3� and using Equation 2.31 (whih has to be multipliedby e on both sides) and Equation 2.32 we obtain the observed neutral urrentJNC� � J3� � sin2 �W jem� ; (2.37)whih is equivalent to Equations 2.19 and 2.20The Higgs MehanismIn quantum �eld theory the eletromagneti and the weak interations arise from a om-mon symmetry as already shown (this is what is alled eletroweak theory). But still theeletromagneti and the weak interations have di�erent range beause of the laking ofmass of the photon and the large mass of the W� and Z bosons. What is it that makesthe W� and Z bosons massive? In the 1960s Peter Higgs proposed that there shouldbe a neutral partile of spin{0 that gives rise to the mass, not only to the W� and Zbosons, but also to all the onstituents-quarks and leptons by interating with them. Thispartile is alled the Higgs boson. Unfortunately the theory does not predit the massof the Higgs boson, but experimental searhes show that it must weigh more than 107.9GeV [12℄ and onsisteny arguments (when loop-orretions et. are taken into aount)require that it weigh less than 1 TeV.To see where the masses ome from we have to introdue the mehanism of spontaneoussymmetry breaking, i.e. the Hamiltonian is invariant under some symmetry, but thesymmetry is broken beause the vauum state of the Hamiltonian is not invariant.



16 TheoryThe gauge invariant Lagrangian for a theory of omplex salar partiles oupled toMaxwell's theory is L = D���D��� V (�)� 14F��F �� ; (2.38)where V (�) = �2���+ �(���)2 ; (2.39)and � is the mass of a harged salar partile. D� is the same as in Equation 2.12. Theoupled system is invariant under a loal U(1) gauge transformation:� ! e+i�(x)� (2.40)�� ! e�i�(x)�� (2.41)A� ! A� + 1e��(x) (2.42)We take �2 < 0 (and � > 0) sine we want to generate masses by spontaneoussymmetry breaking. The vauum expetation value is given by:h�i0 � h�ivauum � h0j�j0i = v=p2 ; (2.43)where v2 = ��2� : (2.44)We expand the Lagrangian L about the vauum in terms of �elds � and � by substi-tuting �(x) = s12 [v + �(x) + i�(x)℄ (2.45)into Equation 2.38 and obtainL0 = 12(���)2 + 12(���)2 � v2��2 + 12e2v2A�A��evA���� � 14F��F �� + interation terms. (2.46)Unfortunately the partile spetrum now onsists of a massless Goldstone boson �, amassive salar � and a massive vetor A�. The Goldstone boson is unwanted, so we notethat � = s12(v + � + i�) ' s12(v + �)ei�=v (2.47)to lowest order in �. From this we see that if we substitute a set of real �elds h, � andA�, where � ! s12(v + h(x))ei�(x)=vA� ! A� + 1ev��� (2.48)into Equation 2.38 we obatinL00 = 12(��h)2 � �v2h2 + 12e2v2A2� � �vh3 � 14�h4+12e2A2�h2 + ve2A2�h � 14F��F �� : (2.49)



2.1 The Standard Model 17In this very speial hoie of gauge, �(x) is hosen so that h is real and we saw in Equa-tion 2.49 that the theory is independent of �. Fortunately the Goldstone boson hasdisappeared ompletely. That is to say it has been \eaten up" by the vetor �eld. Thisis what is alled the Higgs mehanism. The Lagrangian desribes two independent inter-ating massive partiles, the massive salar h, alled a Higgs partile, and a vetor gaugeboson A�.Above we studied the spontaneous breaking of a U(1) gauge symmetry. Now we wantto repeat the above proedure for an SU(2) gauge symmetry. This is slightly more diÆultthan for the U(1) ase.First we de�ne the ovariant derivativeD� = �� + ig �a2 W a� (2.50)where W a� (x) with a = 1; 2; 3 are three gauge �elds. W a� (x) transforms asW� !W� � 1g������W� ; (2.51)where �a(x) are the group parameters, under an in�nitesimal gauge transformation�(x)! �0(x) = (1 + i�(x) � �=2)�(x) ; (2.52)� is a SU(2) doublet onsisting of omplex salar �elds:� =  �1 + i�2�3 + i�4 ! : (2.53)From this we an write the loal SU(2) invariane of the LagrangianL = ����+ ig12� �W���y����+ ig12� �W���� V (�)� 14W�� �W�� ; (2.54)where V (�) = �2�y�+ �(�y�)2 (2.55)and W�� = ��W� � ��W� � gW� �W� ; (2.56)has been added with the kineti energy term of the gauge �eld. The last term in Equa-tions 2.51 and 2.56 arises beause of the non-Abelian harater of the group.We are still interested in the ase where �2 < 0 and � > 0. Under these requirementsthe minimum of the potential is2j�j2 � 2�y� = ��2� � v2 : (2.57)We hoose �1 = �2 = �4 = 0 and �3 = v2 : (2.58)Expanding �(x) about this partiular vauum,�0 � s12  0v ! ; (2.59)



18 Theorywe an substitute the expansion � � s12  0v + h(x) ! ; (2.60)into the Lagrangian in Equation 2.54. Sine the Lagrangian is loally SU(2) invariant,only one of the four salar �elds remains, namely the Higgs �eld h(x). The masses ofthe generated gauge bosons W a� are found by substituting �0 of Equation 2.59 into theLagrangian 2.54. The relevant term is����ig12� �W������2 = g2v28 ��W 1��2 + �W 2��2 + �W 3��2� : (2.61)In the eletroweak model we expand the left side of Equation 2.61 [11℄ to����� �ig12� �W� � ig02 B�!������2 ; (2.62)and alulating this we �nd MW = 12vg (2.63)and MZ = 12vqg2 + g02: (2.64)Using Equation 2.32 together with Equations 2.63 and 2.64 we �nd the relation betweenthe W and Z boson masses: MWMZ = os �W : (2.65)The experimental value of os �W an be found fromsin2 �W = 0:23124 : (2.66)The boson masses are found to beMW = 80:41 GeV/2 and MZ = 91:187 GeV/2 : (2.67)The di�erene between MW and MZ is due to the mixing between the W 3� and B� �elds.Beause of the V � A struture of the weak urrents, it is not possible to use massterms of the form m2 �  (2.68)for the fermions sine this will break the invariane of the Lagrangian. Fortunately thesame Higgs doublet whih generates the W� and Z masses apply also to the fermions.As an example we will study the generation of the eletron mass.First we inlude the following SU(2)
U(1) gauge invariant terms into the Lagrangian:L = �Ge h��L�eR + �eR ���Li ; (2.69)where � is given in Equation 2.53. We now spontaneously break the symmetry and substi-tutes Equation 2.60 into Equation 2.69. The only �eld left behind after the spontaneously



2.1 The Standard Model 19symmetry breaking is the neutral Higgs �eld h(x). The other three �elds an all beengauged away. After substituting � into Equation 2.69 the Lagrangian beomes:L = �Gep2 [v(�eLeR + �eReL) + (�eLeR + �eReL)h℄= �me�ee� mev �eeh ; (2.70)where the last term is an interation term whih ouples the Higgs salar to the eletron,and me = Gep2 : (2.71)Unfortunately the theory does not predit the value of Ge, so the eletron mass has tobe found by experiments. The quark masses are generated in the same way as desribedabove. The only di�erene is for the upper member of the quark doublet (i.e. u,  and t).In this ase we have to replae � by~� =  ��3 + i�4�1 � i�2 ! ; (2.72)whih after spontaneously symmetry breaking beomes:~� = s12  v + h(x)0 ! : (2.73)2.1.2 QCDQuantum hromodynamis (QCD) is the theory desribing the strong interations. Theapproah to QCD is more diÆult than for the Weinberg-Salam model, only the mainresults are given here.The Lagrangian for the QCD is given byLQCD = �14F a��F a;�� + 6Xi=1 � i(i 6D �mi) i ; (2.74)where the Yang-Mills �elds are massless and arries the SU(3) \olour" fore (whih thereare three of). The fore arriers are alled gluons. The index i of Equation 2.74 is takenover the quark avours listed in Table 1.1, and the avour index a represents a globalsymmetry. In summary the quarks ome in six avours and three olours, but it is onlythe olour index that partiipates in the loal symmetry.2.1.3 Weinberg-Salam model + QCD = Standard ModelNow that we have developed the Weinberg-Salam model and the QCD theory, we areready to marry the two theories. The Standard Model is based on the gauge groupSU(3)
SU(2)
U(1). As already mentioned, it an desribe all the known fundamentalfores of nature exept for the gravity.The Lagrangian of the Standard Model an be written asLSM = LWS;1 + LWS;2 + LWS;3 + LWS;4 + LQCD (2.75)



20 Theorywhere the subsript WS stand for the Weinberg-Salam model. The ingredients of LWS;12are the kineti energies and self interations of W�; Z and . LWS;2 ontains the leptonand quark kineti energies and their interations with W�; Z and . The W�; Z;  andHiggs masses and ouplings are found in the LWS;3 term, while LWS;4 ontains the leptonand quark masses and ouplings to the Higgs boson.2.2 The Minimal Supersymmetri extension of theStandard ModelMany sientists do not believe that the Standard Model is the �nal theory. It an notpredit the exat values of the fermion masses and various oupling onstants. One of themain goals is to reate a theory that uni�es all the fores at a suÆiently high energy.Suh a theory is alled a Grand Uni�ed theory (GUT) and the GUT energy sale (whereall the fores unify, i.e. there exists only one oupling onstant) is Mx � 1016 GeV. Sowhat we want is a theory where all the gauge interations belong to a single groupG � SU(3)
 SU(2) 
 U(1) : (2.76)Unfortunately, the Standard Model is not a GUT theory. There are too many unsolvedproblems like the hierarhy problem3, the origin of the values of the weak mixing angleand the Cabibbo-Kobayashi-Maskawa(CKM) angles et.One approah to solve the hierarhy problem is to introdue supersymmetri theo-ries (SUSY) [14℄ whih is the maximum possible extension of the Lorentz group. Oneonsequene of supersymmetry is that it mixes fermioni and bosoni �elds:Qjbosoni = jfermioni Qjfermioni = jbosoni : (2.77)That is, every fermion get a supersymmetri bosoni partner and the bosons gets super-symmetri fermioni partners. Q is the fermioni generator whih satisfyfQ; �Qg = �2�P �[Q;P �℄ = fQ;Qg = f �Q; �Qg = 0 (2.78)where P � is the momentum operator and � is as usual the Dira matries.To distinguish the names of the supersymmetri and Standard Model partiles, it isusual to put an \s" in front of the Standard Model fermion name to reate the supersym-metri boson name, f.ex. the supersymmetri partner to the eletron beomes seletron inSUSY. In Table 2.1 a list of the hiral multiplets in the MSSM are given, and in Table 2.2the vetor supermultiplets in the MSSM are given.The B and W 0 mix as in the Standard Model after symmetry breaking, and theHiggsinos mix with the winos and bino to give two harginos ~��i and four neutralinos ~�0i .2See [11℄ pp. 341 for the omplete LWS 's.3The hierarhy problem raises the question why there is suh a large mass range from the lightestlepton to the heaviest quark, and why the W� and Z boson masses are muh so smaller than the Plankmass (� 1019 GeV). The hierarhy problem also arises when alulating the Higgs mass to higher order,when loop-orretions will add up to give an in�nite Higgs mass. See [13℄ for further information.



2.3 Higgs boson prodution proesses in the Standard Model 21NAME spin 0 spin 1/2squarks, quarks ~Q = (~uL; ~dL) Q = (uL; dL)~u�R �uR~d�R �dRsleptons, leptons ~L = (~�; ~eL) L = (�; eL)~e�R �eRHiggs, Higgsinos Hu = (H+u ;H0u) ~Hu = ( ~H+u ; ~H0u)Hd = (H0d ;H�d ) ~Hd = ( ~H0d ; ~H�d )Table 2.1: The hiral multiplets in MSSM.NAME spin 1/2 spin 1gluino, gluon ~g gwinos, W 's ~W�; ~W 0 W�;W 0bino, B ~B BTable 2.2: The vetor supermultiplets in MSSM.SUSY solves the hierarhy problem beause it has an equal number of bosons andfermions; thus, the opposite signs in loops anel the quadrati divergenes that appearin the Standard Model.We are not going to explore the full Minimal Supersymmetri extension of the StandardModel here, but note that in this model we get �ve physial Higgs bosons after symmetrybreaking, h;H;A and H�. For further reading about MSSM and other SUSY theoriessee [10, 15℄.2.3 Higgs boson prodution proesses in the Stan-dard ModelThe leading Higgs prodution hannel at LEP200 is the Higgs-strahlung, Fig. 2.1, but atenter of mass energies above ps � 190 GeV, the WW fusion beomes more important.This is beause the energy needed to reate a W pair is reahed above a enter of massenergy of 160 GeV (mW = 80:41 GeV/2) and for Higgs masses above � 100 GeV/2 theHiggs-strahlung beomes less important sine mZ = 91:187 GeV/2. Another produtionhannel is the ZZ fusion, but as will be shown later, it does not ontribute signi�antly.2.3.1 Higgs-strahlung, WW fusion and interfereneThe prodution amplitude for the Higgs-strahlung (hs) proess interfere with the pro-dution amplitude for the WW fusion (WW ) when the Z boson of the Higgs-strahlungdeays into eletron neutrinos, i.e.:jMTotj = jMhs +MWW j2



22 Theory
Figure 2.1: The Higgs-strahlung and WW fusion diagrams.= jMhsj2 + jMWW j2 +M�hsMWW +M�WWMhs= jMhsj2 + jMWW j2 + 2RefM�hsMWWg ; (2.79)where 2RefM�hsMWWg is the interferene term. In [16, 17℄ the prodution amplitudesfor the Higgs-strahlung and WW fusion are found, respetively.The di�erentiated ross setion formulae for these proesses are found in [18, 19℄:d�(H�e��e)dEH d os � = G3Fm8Zpp2�3s (GS + GI + GW ) (2.80)withGS = v2e + a2e96 ss� + s1s2(s�m2Z)2 [(s� �m2Z)2 +m2Z�2Z ℄ (2.81)GI = (ve + ae) os4 �W8 s� �m2Z(s�m2Z) [(s� �m2Z)2 +m2Z�2Z ℄ (2.82)� "2� (h1 + 1) log h1 + 1h1 � 1 � (h2 + 1) log h2 + 1h2 � 1 + (h1 + 1)(h2 + 1) Lpr# (2.83)GW = os8 �Ws1s2r ((h1 + 1)(h2 + 1) " 2h21 � 1 + 2h22 � 1 � 6s2�r + �3t1t2r � �� Lpr#� " 2t1h2 � 1 + 2t2h1 � 1 + (t1 + t2 + s2�) Lpr#) (2.84)These formulae are written expliitly in terms of the polar angle � of the Higgs, theHiggs momentum p = qE2H �m2H and the energy �� = ps � EH and invariant masssquared s� = �2� � p2 of the eletron neutrino pair. EH is the Higgs energy. In additionthe following abbreviations are adopted from [17℄:s1;2 = ps(�� � p os �) t1;2 = h1;2 + �h2;1h1;2 = 1 + 2m2W=s1;2 r = h21 + h22 + 2�h1h2 � s2�� = 1� ss�=(s1s2) L = log h1h2 + � +prh1h2 + � �prs2� = 1� 2� : (2.85)The total ross setion is obtained by integrating the di�erential ross setion over



2.3 Higgs boson prodution proesses in the Standard Model 23�1 < os � < 1 and mH < EH < ps2 �1 + m2Hs � : (2.86)As pointed out in [20℄, the di�erential ross setion su�ers from numerial instabilitywhen p! 0 or os �! 0. To remove the instability the following hanges are made. Firstde�ne � � 1 + � = 2p2(1� os2 �)(�2� � p2 os2 �) (2.87)�h � h2 � h1 = 2m2Wps 2p os �(�2� � p2 os2 �) : (2.88)We use the following de�nitions� = � � 1 and s2� = 2� � �2 : (2.89)The next step is to break up GW into terms of nearly the same order to avoid numerialoverow, GW = os8 �Ws1s2r (A+ B � C � D) (2.90)A = (h1 + 1)(h2 + 1) " 2h21 � 1 + 2h22 � 1 � 2Lpr# (2.91)B = (h1 + 1)(h2 + 1) "�2 + 3t1t2r � �� Lpr# (2.92)C = (h1 + 1)(h2 + 1) "6s2�r # (2.93)D = " 2t1h2 � 1 + 2t2h1 � 1 + (t1 + t2 + s2�) Lpr# : (2.94)Now B should be replaed byB = (h1 + 1)(h2 + 1)� "(2��2h + 3�2(h1h2 + 1)� 2�2(h1h2 � 1) + 6�(h1h2 � 1)� �3) Lrpr# ;(2.95)to avoid the numerial problem. Although these hanges have been made in HZHA02 (seeSetion 3.5, the energy and angular distributions of the Higgs boson are not signi�antlyhanged. But these hanges allow us to generate Higgs bosons almost at rest and shouldtherefore not be omitted.2.3.2 ZZ fusionThe di�erentiated ross setion for the Higgs-strahlung (with Z deaying to e+e�), ZZfusion and interferene [19℄ is given by



24 Theory
Figure 2.2: The ZZ fusion diagram.d�(He+e�)dEH d os � = G3Fm8Zpp2�3s (GS + GI + GZ1 + GZ2) ; (2.96)withGS = (v2e + a2e)2192 sse + s1s2(s�m2Z)2 [(se �m2Z)2 +m2Z�2Z ℄ (2.97)GI = (v2e + a2e)2 + 4v2ea2e64 se �m2Z(s�m2Z) [(se �m2Z)2 +m2Z�2Z ℄ (2.98)� "2� (h1 + 1) log h1 + 1h1 � 1 � (h2 + 1) log h2 + 1h2 � 1 + (h1 + 1)(h2 + 1) Lpr# (2.99)GZ1 = (v2e + a2e)2 + 4v2ea2e32s1s2r ((h1 + 1)(h2 + 1) " 2h21 � 1 + 2h22 � 1 � 6s2�r + �3t1t2r � �� Lpr#� " 2t1h2 � 1 + 2t2h1 � 1 + (t1 + t2 + s2�) Lpr#) (2.100)GZ2 = (v2e � a2e)216s1s2r (1� �) " 2h21 � 1 + 2h22 � 1 � 6s2�r + �3t1t2r � �� Lpr# : (2.101)The abbreviations are the same as in Equation 2.85 with the replaements � ! e andW ! Z. The ZZ fusion diagram is shown in Fig. 2.2. In this ase the interferene termarises when the Z boson in the Higgs-strahlung hannel deays into a eletron-positronpair. Unfortunately, in Equation 2.96 one has already integrated over the eletron-positrondistributions so it is not possible to generate energy and angular distributions of this pairfrom this formula.However, the ross setion for the e+e� ! He+e� is too low, as seen in Fig. 2.3 (thetotal ross setion for all the Higgs prodution hannels is �tot � 295 fb for ps = 204GeV and mH = 105 GeV), to have any signi�ant ontribution to the Higgs searhes atLEP, so the interferene term between Higgs-strahlung and ZZ fusion is not inluded inHZHA02. In fat the interferene term is negative and will derease the total ross setionfor the e+e� ! He+e� proess.



2.3 Higgs boson prodution proesses in the Standard Model 25

Figure 2.3: The e+e� ! He+e� ross setion for ps = 204 GeV as a funtion of theHiggs mass. The solid line is with interferene while the dashed line is without.



Chapter 3MethodsTo understand the physis and to know what to look for in partile physis experimentsone has to simulate the proesses that are known and expeted to our. Simulationsare done with omputers, and high preision and eÆieny are needed. But how are theevents generated, and what is needed to make the simulations fast and preise? Thesequestions are the topis of this hapter.The oÆial LEP physis generator used in Higgs searhes is the HZHA [21, 22℄. Thisgenerator inludes all the important Higgs prodution hannels like the Higgs-strahlung,WW fusion and ZZ fusion. A desription of how the HZHA generator is built up and howit works will also be given, together with a presentation of the methods used to inludethe interferene term between the Higgs-strahlung and WW fusion (this term was notpreviously inluded in HZHA). There are also other possible methods to generate events,see for example [16, 23℄.3.1 Event generationEvent generation is done with omputer programs simulating physial proesses, takinginto aount every known details. In this setion we will study the methods used togenerate a proess.First one proess has to be hosen. This is done after the theoretial ross setions foreah proess are omputed by the generator. The total ross setion,�tot = NXi=1 �i ; (3.1)where the index i is the proess number, is then alulated. It is only the proessesrequested that are inluded in �tot, all the other ross setions are set to zero.The next step takes the ross setion from the �rst proess, �1, and divides this with�tot. The resulting number, x1, is then ompared with a random number r between 0 and1 (this number is generated just one for eah generation). If x1 is less than r, one addsthe next proess' ross setion, �2, divided by �tot to x1, i.e. xi will expand asxi = �1 + �2 + :::+ �i�tot ; where i = 1; 2; :::; N ; (3.2)until xi > r : (3.3)



3.1 Event generation 27Proess i is then hosen. A shemati diagram of this algorithm is skethed in Fig. 3.1.As an be seen, proess number 4 is in this ase not requested and �4 is therefore set tozero. The �rst proess that gives xi > r in this example is proess number 9, and so thisproess is generated further.

Figure 3.1: Choosing the proess that is to be generated (see the text).One the proess to be generated is hosen, the energy and angles for the �nal partilesof the proess hosen have to be generated. One approah is to �rst ompute a maximumweight,Wmax, and then generate the 4-momentum vetors. Wmax is easiest found by usingthe di�erential ross setion formulae for the proess. As an example we will generatethe Higgs boson energy, EH , and the Higgs angle, os �. First take the value of the lowerintegration limit of the Higgs energy, EH;low, and keep this �xed while the value of os �is hanged from the lower, os �low, to the upper integration limit, os �high, with stepsof �y. The di�erential ross setion is alulated for eah value of os � and EH . Thehighest value ahieved, z � d2�dEH d os � (EH ; os �) ; (3.4)is then stored and a new value for the Higgs energy, EH , is hosen, i.e. EH = EH;low+n�x,where �x is the steplength and n is the number of steps performed. os � will again bevaried from the lower to the upper integration limit. If there is alulated a value greaterthan z, the old value will be replaed by the new one. This proess is repeated until the



28 MethodsHiggs energy reahes the upper intgration limit, EH;high. The highest z value found isthen multiplied with�EH = EH;high � EH;low and �os � = os �high � os �low : (3.5)An example of an algorithm �nding Wmax is shown here:DO EH = EH;low TO EH;high STEP �xDO os � = os �low TO os �high STEP �yF = d2�(EH; os �)dEH d os � ��EH ��os �IF F > z THENz = FENDIFENDDOENDDOWmax = zNow the Wmax is found, and the event an be generated. We use the di�erential rosssetion formula also this time.The �rst step is to generate the variables, EH and os �. These are found by generatinga random number that lies between the integration limits. The values are then put intothe di�erential ross setion formula and after multiplying it with �EH�os � a weightis reated. If the weight Wi is greater than Wmax, a new maximum weight is reated bysetting Wmax = Wi, then a new weight is generated with new values for EH and os � asdesribed above. If Wi is less than Wmax, the weight is divided by Wmax and a randomnumber r between 0 and 1 is generated. If now the random number is less than Wi=Wmax,the weight is \aepted". The 4-momentum vetors are then reated for every partileinvolved in the proess. Otherwise, if r is greater than Wi=Wmax, a new weight has to begenerated, this is repeated until, �nally, a weight is aepted. An algorithm desribingthe generation of weights is given below:startEH = EH;low + random(0; 1) � (EH;low � EH;high)os � = �1 + 2 � random(0; 1)Wi = d2�(EH; os �)dEH d os � ��EH ��os �IF Wi > Wmax THENWmax = WiENDIFIF Wi=Wmax < random(0; 1) THENGOTO startELSE� = 2 � � � random(0; 1)reate all the 4�momentum vetorsENDIFIn the above algorithm, � is the azimuthal angle.



3.1 Event generation 29It is important to generate the 4-momentum vetors of all the �nal state partiles, forexample for the ZZ fusion the eletron and positron also have to be generated. For theWW fusion ase it is not neessary beause the �e's are invisible, and their 4-momentumvetors an be reated by using the generated 4-momentum vetor of the Higgs boson andonservation of energy and momentum.It is very important that Wmax is not too high or low. This will learly hange theoutome of the generation. If Wmax is too high the eÆieny of HZHA will derease. Andif the Wmax is too low the Higgs energy and angular spetrum will be shifted, an exampleof this is shown in Fig 3.2. As an be seen the peak of the X (where X an be anyvariable) distribution has been ut o�, instead the distribution has got a bigger tail. Inthis example the Wmax is only 1% of the ideal value. To understand this behaviour we

Figure 3.2: Example on how Wmax inuenes the X distribution. The shaded histogramis generated with the orret Wmax while in the other histogram Wmax is only 1% of itsorret value.have to remember the rejetion algorithm:WiWmax > r ; (3.6)where r is a random number between 0 and 1. When the ondition in Equation 3.6 isful�lled, the event is aepted. But ifWmax is less than the weight that is generated, a newWmax is onstruted and a new weight is generated. But this time the weight generatedwill easier be aepted, even if it is very low. If this happens too often, the distribtuionwill learly be a�eted.



30 MethodsIt is not diÆult to onstrut a generated ross setion, �gen, from the above algorithm.First the sum of all the weights less than Wmax is obtained:Wtot = ntryXi=1 Wi ; (3.7)where ntry is the total number of all the weights generated (note that this number is notthe same as the number of events that is aepted). �gen then beomes�gen = Wtotntry : (3.8)Also the unertainty an be omputed in a simular way, ��gen then beomes��gen = vuutW 2totntry � �2gen ; (3.9)where W 2tot = ntryXi=1 W 2i :3.2 Generating with ISRGeneration of events with Initial State Radiation (ISR) is a lot more ompliated thanwithout.In every possible e+e� proess, ISR will our and it will therefore ontribute to theorretion to the proess. Corretion of the order of 50% may our for proesses wherethe ross setion vary abruptly with energy and the ISR orretion should therefore notbe negleted. In [16℄ a full desription of the alulation of ISR is given. In this setiononly an outline of the proedure of generating ISR is given.In Fig. 3.3 Feynman diagrams for hard, soft and virtual brehmsstrahlung are shownfor the proess e+e� ! Z. The deay produts of the Z (whih also ould have been and H) is not important in this ontext and is therefore omitted in the �gures.The �rst step is to alulate the ross setions for eah proess without ISR. Then thebremsstrahlung photon's momentum is generated and a hoie between the e+ and e�beam is made. The initializing of the photon spetrum is done by using iterated intervalstrething1 and the nonradiative ross setion. The redued enter of mass energy squared,s0, is now found and the event is generated with this value instead of the nonredued swhih is used when generating without ISR. The �nal step is to rotate and boost themomenta of the �nal partiles by Lorentz-transforming them from the enter of massframe (in whih they were generated) to the laboratory frame.A typial bremsstrahlung photon spetrum is shown in Fig. 3.4. This spetrum wasgenerated with HZHA at ps = 200 GeV.1Iterated interval strething is a tehnique to approximate a funtion by a histogram with the samearea. This histogram also shows the detailed struture of the funtion itself. To do this all the bins aremade suh that the area of all the bins are approximately the same. See Appendix C in [16℄ for furtherinformation.
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Figure 3.3: Feynman diagrams for the proess e+e� ! Z with ISR. The upper diagramsare for soft and hard bremsstrahlung while the three lower diagrams are for virtual photonorretions.

Figure 3.4: The ps0 (see text) distribution for ps = 200 GeV.



32 Methods3.3 How the HZHA generator worksHZHA is an event generator ontaining all important neutral Higgs boson prodution anddeay hannels in the Standard Model (Higgs-strahlung, WW fusion and ZZ fusion), andneutral and harged Higgs boson prodution and deay hannels in the MSSM (both pairprodution and single H prodution) and any type II two-doublet model. In MSSM themasses of H+H� are �xed (i.e. m2H� = m2A + m2W�) and generally high, while in thetwo-doublet model the user an de�ne its own masses and mixing angles.There are three oÆial versions of HZHA at present (HZHA01, HZHA02 andHZHA03). In addition a modi�ed version of HZHA02 [1, 2℄ inluding the interfereneterm between Higgs-strahlung and WW fusion has been released. In Setion 3.4 a de-tailed desribtion of how this term was inluded is given.The Higgs boson deay modes in HZHA are: , gg, �+��, �, b�b, t�t, W+W�, ZZ,h;H ! AA;A! Zh, H ! hh, Z, e+e�, �+��, s�s, ~�~� and ~�+~��.The initial state radiation (ISR) is generated with the method suggested in [16℄, butis modi�ed for the possibility of radiation of two photons.HZHA is linked to JETSET 7.4 whih hadronizes the �nal state quarks and it is linkedto TAUPOLEP2 whih deays the tau leptons.3.3.1 HZHA step by stepWhen HZHA is run, it �rst determines the relevant masses, oupling onstants and mixingand then all the branhing ratios and deay widths for the Higgs boson are omputed.The �nal initializing step is to alulate the ross setions with and without ISR.Now the proess that is to be generated is found as desribed in Setion 3.1. ThenWmax is found and the Higgs boson is generated. The Higgs mass and momentum isthen stored in an array whih is transported to the part of the HZHA whih deays theZ boson originating from the Higgs-strahlung hannel and then deays the Higgs boson.The deay produts of the Z boson and the Higgs boson are hadronized and deayed byJETSET 7.4 and TAUPOLEP2. Then a new proess is generated. This is repeated until thenumber of events requested by the user is reahed.HZHA is �nally losed with a summary statistis of the total number of events gen-erated in eah of the proessses requested and the number of Higgs deays into di�erenthannels. During the run of HZHA the Higgs boson prodution ross setions and deaybranhing ratios are printed.3.3.2 The data ardsThe data ards enable the user to swith on and o� proesses, deay modes, ISR et. Thedata ards are found in runhzha.sh. There are thirteen ards.The �rst ard is the GENE (generator parameters) ard. Here the enter of massenergy, the ISR ag, SM and MSSM ag and so on is set. This is also the data ardwhere the interferene term between Higgs-strahlung and WW fusion is turned on ando� in HZHA02 with the INCL swith. If interferene is requested by the user, the Z bosondeay into eletron neutrinos in the Higgs-strahlung hannel is disabled, sine Higgs-strahlung, WW fusion and interferene have to be generated as one single proess (as willbe disussed in the next setion), so that this hannel is not ounted twie. If the user



3.4 Inluding the interferene term into the HZHA02 generator 33has asked for both interferene and Z ! ��e�e, a warning appears on the sreen telling theuser that this hannel is already inluded.The next ard is the GSMO (Standard Model parameters) where the Z mass and width,top mass, Higgs mass, �(5)QCD are set. The �(5)QCD value is used to ompute the runningstrong oupling onstant.In GSUS, the SUSY parameters are set. These are the A mass, tan�, softbreaking gaugino mass, the mixing terms �;At; Ab and the soft breaking mass termsmQ;mU ;mD;mL;mE.The next ard is the PRYN ard where the proesses to be generated are hosen for theStandard Model, MSSM and the two-doublet model.The GCH1, GCH2 and GCH3 ards enable the H, h and A deays, respetively.GHCC sets the harged Higgs parameters like the deay hannels for the two Higgses,mH;mh;mA;mH+, vauum expetation values' ratio (tan �) and the mixing angle in theneutral salar setor (�) for the two-doublet model.The GCHC ard swithes ON and OFF the deay hannels for the harged Higgses.There are also two other data ards, TRIG and DEBU whih deide the �rst and the lastevents to be generated and the �rst and last events to be printed out, respetively.3.4 Inluding the interferene term into the HZHA02generatorThe inlusion of interferene between Higgs-strahlung (with the Z boson deaying intoeletron neutrinos) and WW fusion into HZHA02 was done by onsidering all the threeterms as one single proess. Otherwise negative weights ould be generated sine thedi�erential ross setion of the interferene term an be negative. The interferene termis neither a physial proess reating a new partile, and this is also one reason that ithas to be inluded as a separate hannel with WW fusion and Higgs-strahlung. The newprodution hannel was given proess number 10.The Z boson deay to eletron neutrinos for proess number 1, the Higgs-strahlung, isdisabled when interferene is requested so that this hannel is not ounted twie. So wheninterferene is requested the e+e� ! HZ ! H��e�e proess is found in proess number 10together with WW fusion and intereferene.3.4.1 Tests to on�rm the validity of the inlusion of the inter-ferene term into HZHA02Sine (at the time) there were no other aepted physis generators whih inluded theinterferene term, a lot of tests had to be performed. First the original ross setionsof HZHA02 for various ombinations of enter of mass energies and Higgs masses wereompared to the new ones2 for Higgs-strahlung and WW fusion without interferene. InTable 3.1 some ross setions for di�erent Higgs masses are shown for ps =200 GeV. Theomparison was also done for ross setions with ISR, and also here there was a goodagreement.2See Setion 2.3.1.



34 MethodsOriginal NewmH [GeV℄ �hs [fb℄ �WW [fb℄ �hs+WW [fb℄ �hs [fb℄ �WW [fb℄ �hs+WW [fb℄95. 29.2 6.25 35.5 29.3 6.12 35.4100. 22.7 5.21 27.9 22.7 5.10 27.8105. 14.3 4.30 18.6 14.4 4.21 18.6110. 2.65 3.51 6.16 2.68 3.44 6.12115. 0.733 2.83 3.56 0.739 2.77 3.51120. 0.352 2.24 2.59 0.355 2.19 2.55Table 3.1: The theoretial ross setions omputed by HZHA for the proess e+e� !H�e��e at ps = 200 GeV (�hs = Higgs-strahlung ross setion, �WW = WW fusion rosssetion and �hs+WW = the total ross setion for Higgs-strahlung and WW fusion withoutinterferene).Later it was disovered some unstabilities in the ross setions for low Higgs masses.But these unstabilities were orreted in the seond version of the modi�ed HZHA02.This will be disussed in Setion 3.5.Now the interferene term was disabled in the new formulae and algorithms and theenergy and angular distributions for the Higgs-strahlung and WW fusion were omparedto the original distributions of HZHA02 as shown in Fig. 3.5. The agreement is, as seen,very good. This is also true for Higgs masses above the Higgs-strahlung threshold, i.e.mH > ps � mZ as shown in Fig 3.6. The omplete proess, inluding Higgs-strahlung,WW fusion and interferene, was ompared to the theoretial energy and angular distri-bution as shown in Fig. 3.7.The new formulae and algorithms also had to be veri�ed with ISR for the energy andangular distributions. The interferene term was one again disabled. The distributionswere also this time in very good agreement with the original distributions as shown inFig 3.8. But now the interferene term ould not be ompared to any theoretial distri-butions sine the ISR photons are generated in HZHA, however sine the ross setionsand distributions of the Higgs-strahlung and WW fusion with ISR and the distributionswith interferene and without ISR were in very good agreement with the theoretial for-mulae and the original ross setions and distributions of HZHA, we onlude that theinterferene term is orretly implemented.3.5 An update of HZHA02In Marh 2000 a new version of the modi�ed HZHA02 was released. In this version severalhanges were done. One of the hanges was the orretion suggested in [20℄ as mentionedin Setion 2.3.1. The formula for GW in the Higgs generation part of proess number 10was replaed by Equation 2.90. Now a Higgs boson with p ! 0 or os � ! 0 an begenerated. But the hange does not have any signi�ant e�et on the energy and angulardistributions.The utuations in the ross setions for low Higgs masses were also removed. Theseunstabilities were aused by the preision hosen for the integration of the di�erential rosssetion formula. This is integrated with the CERNLIB routine [24℄ DGMLT2, whih performs



3.5 An update of HZHA02 35

Figure 3.5: Comparison of the Higgs energy and angular distribution between the originaland new formulae and algorithms of HZHA02 at ps = 200 GeV for mH = 95 GeV.Interferene is not inluded.a Gaussian quadrature integration for double integrals. Sine the energy distributions ofthe Higgs-strahlung and the interferene term have very sharp peaks, the integration overthe Higgs energy beomes diÆult with a small number of integration intervals as wasthe ase here. The energy distribution for ps = 200 GeV and mH = 60 GeV is shown inFig. 3.9. This was taken are of by inreasing the number of integration intervals for theHiggs-strahlung and interferene term. But to avoid HZHA02 from getting slower, theWW fusion part of the formula was separated and the number of integration intervals



36 Methods
Figure 3.6: Comparison of the Higgs energy and angular distributions for the Higgs-strahlung +WW fusion between the original and new formulae and algorithms of HZHA02at ps = 200 GeV for mH = 114 GeV. Interferene is not inluded.was set lower for this proess, this ould be done sine the energy distributon of the WWfusion is almost at. For the same reason the integration over os � ould also be done witha smaller number of integration intervals for both the Higgs-strahlung and interferenepart and WW fusion part. Still the ross setions beome unstable at Higgs masses below� ps�135 GeV, but at this sale the interferene term is no longer important and shouldbe omitted to inrease the eÆieny of HZHA02. If the user by aident still requestsgeneration with interferene below this limit, a warning will appear on the output. Theold and new ross setions an be seen in Fig. 3.10.In the new version Improved Born approximation (IBA), ZZH- and WWH-vertex or-retions [25℄ were inluded for proess number 10. In the �rst modi�ed version of HZHA02whih inluded interferene, there was a di�erene in the ross setions between HZHA033and HZHA02 of about 2% for Higgs masses between 115 GeV and 120 GeV for ps = 200GeV. After IBA and ZZH- and WWH-vertex orretions were inluded the di�erene isnow below 1% whih is the laimed auray of HZHA [26℄. In Fig. 3.10 the new rosssetion as a funtion of the Higgs mass together withÆ�� = �HZHA03 � �HZHA02�HZHA03 (3.10)where �HZHA02 and �HZHA03 are the ross setions of HZHA02 and HZHA03, respetively,are shown.It is also possible to generate the MSSM CP-even light salar Higgs boson in the newmodi�ed version of HZHA02. Sine the ouplings to W and Z gauge bosons in MSSM3HZHA03 is the new publi release of HZHA, this version also inludes interferene between theHiggs-strahlung and WW fusion.
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Figure 3.7: Comparison of the generated energy spetrum (rosses) for the proess e+e� !H�e��e with interferene with the theoretial distribution (dashed line) for ps = 200 GeVand mH = 95 GeV. The histogram is the generated energy distribution without interfer-ene. The total ross setion is 37.9 fb.are shared by the CP-even light salar Higgs bosons [27℄, only the overall normalizationof the ross setion with respet to the Standard Model is hanged. The ross setionformula beomes �(h)MSSM = sin2(� � �) � �(H)SM (3.11)in MSSM, where � is the mixing angle determined by the ratio of the vauum expetationvalues of the two neutral Higgs �elds in MSSM, while � is the mixing angle in the CP-evenHiggs setor. It is not diÆult to inlude the heavy salar Higgs boson, H, in MSSM too,but this is not done in the modi�ed version of HZHA02. The ross setion formula in thisase is: �(H)MSSM = os2(� � �) � �(H)SM : (3.12)
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Figure 3.8: Comparison of the original version of HZHA02 and the new version for theenergy (left) and angular (right) distributions with ISR for the Higgs-strahlung + WWfusion, ps = 200 GeV and mH = 95 GeV. Interferene is not inluded.

Figure 3.9: The individual di�erential ross setions versus Higgs energy (left) and jos�j(right) of the Higgs boson for the proess e+e� ! h�e��e at ps = 200 GeV and mH = 60GeV. The individual urves are normalized to the total ross setion of 74.1 fb.
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Figure 3.10: The ross setion with ISR for the proess e+e� ! h�e��e with interfereneat ps = 200 GeV (left). The dashed line shows the ross setion for the old modi�edversion of HZHA02, while the solid line shows for the new modi�ed version with IBA andZZH- and WWH- vertex orretions. The plot to the right shows Æ�=� as a funtion ofthe Higgs mass, where Æ� is the di�erene between HZHA03 and the modi�ed version ofHZHA02 (see the text).



Chapter 4Results12th of November 1999 a new publi version of HZHA was released, namely the HZHA03.This version also inludes the interferene term between Higgs-strahlung and WW fusion,but the work with inluding the interferene term into HZHA02 has not been wasted sinethere are di�erent sets of formulae and algorithms in the two versions. Further, HZHA02and HZHA03 have been tested and ompared to eah other.In this hapter the results of inluding the interferene term is presented. First for theStandard Model and then for MSSM. Also omparisons between the modi�ed version ofHZHA02 and HZHA03 are made.Before presenting the results, a summary of the hanges from the �rst modi�ed ver-sion of HZHA02 (in this hapter refered to as HZHA02TF1) and the updated modi�edversion (in this hapter refered to as HZHA02TF2) and the hanges from HZHA02TF toHZHA03 [21℄ will be given. All the hanges from HZHA02TF1 to HZHA02TF2 onernthe Higgs-strahlung with H�e��e in the �nal state, WW fusion and interferene hannel:� Instabilities ouring in the ross setion for low Higgs masses were orreted.� Improved Born approximation and ZZH- and WWH-vertex orretions were in-luded.� Corretions to the original formulae were made, allowing generation of Higgs bosonsalmost at rest.� Possibility to generate the CP even light salar Higgs boson of the MSSM.The most important hanges from HZHA02TF to HZHA03 are:� All routines were rewritten with double preision.� A bug in the Higgs-strahlung prodution was orreted.� A numerial singularity in the H ! Z deay was orreted.� Interferene between the Higgs-strahlung and ZZ fusion with He+e� in the �nalstate was inluded.� Radiative orretions to Higgs boson masses in the MSSM were inluded.



4.1 The Standard Model 41� Top threshold two loop orretions to the Higgs boson masses and ouplings werealso implemented.� Possibility to ompute SUSY spetrum in the SUGRA framework.� The linear ombination of the gaugino mass termsM1 and M2 was replaed byM2.� Anomalous Higgs ouplings were modi�ed.4.1 The Standard ModelAt higher energies, i.e. energies above � 190 GeV, the WW fusion beomes important,speially when the interferene term in the e+e� ! H�e��e proess is inluded. In Fig. 4.1the ross setion for the Higgs-strahlung, WW fusion and interferene is shown as afuntion of the Higgs mass for ps = 204 GeV. In Table 4.1, the e�et of interfereneis shown for some Higgs masses. Note that the ross setions shown in Fig. 4.1 andmH [GeV℄ � [fb℄ �int [fb℄ e�et [%℄95. 37.3 39.0 4.55100. 31.0 33.4 7.74105. 24.0 27.0 12.5110. 14.9 18.5 24.2115. 4.84 7.38 52.5120. 3.11 4.65 49.5125. 2.30 3.31 43.9Table 4.1: The e�et of the interferene for the proess e+e� ! H�e��e at ps = 204 GeV(� is the ross setion without interferene and �int is with the interferene term).Table 4.1 are only the theoretial ross setions without ISR, IBA and ZZH- and WWH-vertex orretions. The e�et of the orretions were shown in Fig. 3.10 for ps = 200GeV. The threshold for Higgs-strahlung prodution, i.e. maximumHiggs mass for on-shellZH prodution, is given by mH;thr = ps�mZ : (4.1)Above the threshold it is the WW fusion with interferene that dominates as an be seenin Fig. 4.1. Below this value a typial di�erential ross setion versus Higgs energy andHiggs angle an be like as already shown in Fig. 3.9 or as shown in Fig. 4.2 at ps = 200GeV for mH = 60 and mH = 95 GeV, respetively. Notie the negative ontributionfrom the interferene in the Higgs energy spetrum. As an be seen the interferene termmakes the Higgs energy spetrum a little harder.For Higgs masses above the Higgs-strahlung threshold, the di�erential ross setionversus Higgs energy is di�erent from that below threshold. This is shown in Fig. 4.3 forps = 200 GeV and mH = 112 GeV.When ISR is inluded both the ross setion and the energy distribution are a�eted.In Table 4.2 the e�et of ISR on the total ross setion for the proess e+e� ! H�e��eat ps = 204 GeV for various Higgs boson masses is shown (here we have inluded the
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Figure 4.1: The ross setion for the proess e+e� ! H�e��e as a funtion of the Higgsmass for ps = 204 GeV.
Figure 4.2: Theoretial di�erential ross setions versus Higgs energy (left) and jos�j(right) of the Higgs boson for e+e� ! H�e��e at ps = 200 GeV and mH = 95 GeV. Theindividual urves are normalized to the total ross setion of 37.9 fb (hs = Higgs-strahlung,WW = WW fusion, int = interferene term and Tot = total distribution).



4.1 The Standard Model 43
Figure 4.3: Theoretial di�erential ross setions versus Higgs energy (left) and jos�j(right) of the Higgs boson for e+e� ! H�e��e at ps = 200 GeV and mH = 112 GeV. Theindividual urves are normalized to the total ross setion of 7.13 fb (hs = Higgs-strahlung,WW = WW fusion, int = interferene term and Tot = total distribution).mH [GeV℄ � [fb℄ �ISR [fb℄ e�et [%℄95. 38.9 33.5 -13.9100. 33.4 27.8 -16.8105. 27.0 21.5 -20.4110. 18.5 14.0 -24.3115. 7.42 5.94 -19.9120. 4.69 3.85 -17.9Table 4.2: The e�et of the ISR for e+e� ! H�e��e inluding ontributions from Higgs-strahlung, WW fusion and interferene at ps = 204 GeV for some Higgs masses (� iswithout and �ISR is with ISR).IBA, ZZH- and WWH-vertex orretions). The e�et of ISR �rst inreases for low Higgsmasses and then derease at higher masses. this behaviour an be related to the slope onthe ross setion urve shown in Fig. 4.1. In Fig. 4.4 the ross setion without ISR andinterferene is shown for the proess e+e� ! H�e��e together with the ross setion withinterferene and no ISR and the ross setion with both ISR and interferene. Atuallyas an be seen, the ross setion for high Higgs masses is greater with interferene andISR than without ISR and interferene while for low Higgs masses the opposite is true.The e�et of ISR on the Higgs energy and angular distributions is shown in Fig. 4.5. Asan be seen the ISR part makes the energy peak a little lower and it is generated a lotmore Higgses with energy between 95 GeV and � 101 GeV than without ISR, while thetail is almost unhanged. The angular distribution is, as for the e�et of interferene, notsigni�antly a�eted. The angular and energy distributions above the Higgs-strahlung
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Figure 4.4: Cross setions for e+e� ! H�e��e as funtions of Higgs mass with and withoutinterferene and ISR at ps = 204 GeV.threshold are, as shown in Fig. 4.6, almost unhanged. So the only signi�ant e�et forHiggs masses above the threshold is on the prodution ross setion.4.2 MSSMAs already mentioned in Chapter 3.5 HZHA02TF2 an generate the CP-even light salarHiggs boson in the MSSM. Sine the only hange to the ross setion is an overall nor-malization fator, 0 < sin2(���) < 1, the ross setion will only be redued with respetto sin2(� � �) term for eah mh. This fator has no inuene on the Higgs energy andthe Higgs angle, so the energy and angular distributions will not be hanged. In Fig. 4.7the ross setion for e+e� ! h�e��e with interferene as a funtion of mh is shown. In this�gure tan � = 20 and ps = 200. Note that � depends on the H, h and Z mass. In fatthe Standard Model ross setion for the e+e� ! h�e��e dereases slower with mh thansin2(� � �) is inreasing. As an be seen the Higgs-strahlung ross setion dereases atmh > 106 GeV, and the WW fusion and interferene ross setions at mh > 114 GeV.
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Figure 4.5: The energy (left) and angular (right) distributions for e+e� ! H�e��e withand without ISR at ps = 200 GeV and mH = 95 GeV. The total ross setion withoutISR is 37.9 fb and with ISR it is 31.9 fb.4.3 Comparing the modi�ed version of HZHA02 withHZHA03After the release of HZHA03 a serie of tests were performed to verify the inlusion of inter-ferene in this new version. HZHA03 uses other formulae and algorithms than HZHA02TF
Figure 4.6: The energy (left) and angular (right) distributions for e+e� ! H�e��e withand without ISR above the Higgs-strahlung threshold, ps = 200 GeV and mH = 112 GeV.The total ross setion without ISR is 7.03 fb and with ISR it is 5.69 fb.
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Figure 4.7: The MSSM ross setion at ps = 200 GeV for tan � = 20 as a funtion ofthe h mass.and it is therefore perfet to ompare the results of the two generators. When this wasdone there were found a ouple of bugs in the energy spetrum of HZHA03 both forHiggs masses below and above the Higgs-strahlung threshold for the e+e� ! H�e��e pro-ess. After some orrespondane with the author of HZHA, P. Janot, the bugs wereorreted [21℄.The Standard Model ross setions were ompared and the di�erene, Equation 3.10,was shown in Fig. 3.10. As already mentioned the di�erene is now below 1% whih is thelaimed auray of HZHA [26℄. The MSSM ross setions were also ompared, Table 4.3.The di�erenes in mh for HZHA02TF2 and HZHA03 for �xed values of mA and tan�are due to the implementation of radiative orretions to the Higgs boson masses andtop threshold loop orretions for MSSM in HZHA03 [21℄. The di�erenes in the Higgsmasses also lead to the di�erenes in the ross setions as shown in Table 4.3. To see thiswe have to heat a little: First the ross setions of HZHA02TF2 are omputed in theStandard Model for the same Higgs masses as for the HZHA03 (whih are omputed inMSSM). Then the Standard Model ross setions of HZHA02TF2 are multiplied by thesame sin2(� � �) fator as for HZHA03. The results are shown in Table 4.4. As an beseen, the ross setions of both the versions are this time within 1% of eah other, whihis the laimed auray of HZHA [26℄.



4.3 Comparing the modi�ed version of HZHA02 with HZHA03 47HZHA02TF2 HZHA03mA [GeV℄ tan� mh [GeV℄ � [fb℄ �ISR [fb℄ mh [GeV℄ � [fb℄ �ISR [fb℄75 2 60.084 46.42 46.03 60.835 45.61 45.1375 20 74.672 1.096 1.035 74.691 1.045 0.986690 2 66.177 48.28 46.92 67.068 47.32 45.8790 20 89.354 1.805 1.602 89.396 1.654 1.470Table 4.3: Cross setions for Higgs-strahlung, WW fusion and interferene in MSSM forprodution of the lightest neutral Higgs at ps = 204 GeV (� is the ross setion withoutISR, while �ISR is with ISR). HZHA02TF2 HZHA03mA [GeV℄ tan� mh [GeV℄ � [fb℄ �ISR [fb℄ mh [GeV℄ � [fb℄ �ISR [fb℄75 2 60.84 45.19 44.70 60.84 45.61 45.1375 20 74.69 1.036 0.9784 74.69 1.045 0.986690 2 67.07 46.92 45.47 67.07 47.32 45.8790 20 89.40 1.647 1.461 89.40 1.654 1.470Table 4.4: Cross setions for the e+e� ! h�e��e proess with interferene in MSSM forprodution of the lightest neutral Higgs at ps = 204 GeV (� is the ross setion withoutISR, while �ISR is with ISR). In this table the ross setions of HZHA03 are omputedin the usual way, while the ross setions of HZHA02TF2 are �rst omputed in the SMwith the same mh as for the HZHA03 ross setions and then multipied by sin2(� � �)(whih was alulated for eah Higgs mass by HZHA03) to obtain the MSSM ross setion(Eq. 3.11).Sine the energy and angular distributions only di�er by a normalization fator, onlythe MSSM energy and angular spetrums are shown for Higgs masses below the Higgs-strahlung threshold in Fig. 4.8. For Higgs masses above the threshold, the StandardModel distributions are shown in Fig. 4.9. As an be seen there is a very good agreementbetween the two generators. The small di�erenes in the MSSM energy distribution anin fat be explained by the di�erene in mh that ours in the two di�erent versions ofHZHA.
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Figure 4.8: The generated energy distribution (left) and angular distribution (right) ofHZHA02TF2 and HZHA03 for the proess e+e� ! h�e��e with interferene and ISR inMSSM at ps = 204 GeV, mA = 90 GeV and tan � = 20.

Figure 4.9: The generated energy distribution (left) and angular distribution (right) ofHZHA02TF2 and HZHA03 for the proess e+e� ! H�e��e with interferene in the SM atps = 204 GeV, mH = 114.



Chapter 5ConlusionIn this thesis it has been shown that the WW fusion beomes important at high Higgsmasses at enter of mass energies above ps � 190 GeV. At these energies it is also impor-tant to take the interferene term between Higgs-strahlung and WW fusion into aountas has been shown. This term has been inluded in a modi�ed version of HZHA02 whihwas released in September 1999 [1℄. In November 1999 a new publi version of HZHA,namely HZHA03 [21℄, also inluding interferene between Higgs-strahlung (with H�e��ein the �nal state) and WW fusion was released. This version and an updated modi�edversion of HZHA02 (released in Marh 2000) [2℄ has been put to detailed tests and ompar-ison. They are found to be in very good agreement with eah other and with theoretialexpetations, although they use di�erent formulae and algorithms. The modi�ed versionof HZHA02 an be used, though the oÆial version HZHA03 is reommended.
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51DELPHI Collaboration DELPHI 99-161 PHYS 83602 November, 1999The interferene term between Higgs-strahlung andWW fusion in the HZHA generatorT. Fr�ag�atPhysis Department, University of Oslo, Blindern, 0316 Oslo, Norway
AbstratHiggs-strahlung is the most important Higgs prodution mehanism at low ener-gies, but at energies above ps � 190 GeV at LEP200 WW fusion beomes moreimportant. The two prodution amplitudes interfere when the Z boson deays intoeletron neutrinos. The original HZHA generator did not inlude this interfereneterm, so the task has been to implement it into HZHA. In this note I will desribewhat has been done to inlude the interferene term and how to use the new gen-erator. I will also show some results obtained by the new ode.



52 First Delphi note1 IntrodutionThe Higgs-strahlung proess, e+e� ! HZ, and WW fusion, e+e� ! H�e��e, �g. 1, arethe most important Higgs prodution proesses at LEP200. When the Z boson deaysinto eletron neutrinos, the two prodution amplitudes interfere. This interferene termis of the same order of magnitude as the two prodution mehanisms. Sine the HZHAevent generator has not ontained the alulation and generation of the Higgs-strahlungand WW fusion with the interferene term, the task has been to inlude this into thegenerator.
Figure 1: Higgs-strahlung and WW fusion diagrams.2 Methods and how to run HZHAThe Higgs-strahlung with the Z boson deay into eletron neutrinos, the WW fusionand the interferene term, had to be inluded into HZHA as a separate hannel, sinethe interferene term is not a physial proess reating a new partile, and sine theinterferene is also able to ontribute with negative ross setions. The formulae used toinlude the interferene term an be found in ref. [1℄, it is important to note that theseformulae do not give exatly the same ross setions for the Higgs-strahlung and theWWfusion as the original formulae in HZHA. This an be seen in table 1 for some Higgs massesfor enter of mass energy 200 GeV. The formulae in [1℄ do not take the Higgs width intoaount, and this may be part of the reason why the separate theoretial ross setionsfor the Higgs-strahlung and WW fusion slightly di�er.In runhzha.sh the new hannel an be turned on and o� with the INCLU swith inthe GENE ard. When this is done the WW fusion in the PRYN ard and the Z deayto eletron neutrinos in the GZDC ard are swithed o�, otherwise these hannels willbe ounted twie. (It should be noted that the interferene term will not be inluded ifIKLEI = 0 (i.e. Z boson on shell approximation + width). In this ase HZHA will runlike the original generator.) In the program ode the new hannel has proess number 10.Even if the generation of the proess inluding the interferene is a little faster thanthe original generation of the Higgs-strahlung and WW fusion, it is slower when HZHAis running with ISR, Initial state radiation. The reason for this an be found in thesubroutine remt1 in HZHA whih omputes the ISR photon spetrum [2℄. This subroutineis with the new formulae a fator about 20 slower than with the old formulae. The rosssetion for the proess inluding the interferene term is omputed with the CERNLIB1



53Original NewmH [GeV℄ �hs [fb℄ �WW [fb℄ �hs+WW [fb℄ �hs [fb℄ �WW [fb℄ �hs+WW [fb℄95. 29.2 6.25 35.5 29.3 6.12 35.4100. 22.7 5.21 27.9 22.7 5.10 27.8105. 14.3 4.30 18.6 14.4 4.21 18.6110. 2.65 3.51 6.16 2.68 3.44 6.12115. 0.733 2.83 3.56 0.739 2.77 3.51120. 0.352 2.24 2.59 0.355 2.19 2.55Table 1: The theoretial ross setions omputed by HZHA for the proess e+e� ! HZat ps = 200 GeV. �hs = Higgs-strahlung ross setion, �WW = WW fusion ross setionand �hs+WW = the total ross setion for Higgs-strahlung and WW fusion.routine DGMLT2 [3℄. This routine is performing a Gaussian quadrature integration fordouble integrals. The subroutine remt1 is slower beause the number of integrationintervals had to be inreased in order to maintain the required auray of the rosssetion.Determining the generated ross setion is tehnially ompliated when running withISR. In that ase only the theoretial ross setion is onsidered.3 ResultsThe interferene term is, as mentioned earlier, important at large energies. Fig. 2 showsthe total ross setion as a funtion of the Higgs mass for Higgs-strahlung (with Z deayinginto eletron neutrinos) and WW fusion, with and without interferene for enter of massenergy 200 GeV. In table 2 the e�et of the interferene is shown for some Higgs masses.mH [GeV℄ � [fb℄ �int [fb℄ e�et [%℄95. 35.6 37.9 6.46100. 28.0 31.1 11.1105. 18.7 22.4 19.8110. 6.11 9.22 50.9115. 3.51 5.32 51.6120. 2.55 3.73 46.3Table 2: The e�et of the interferene for the proess e+e� ! H�e��e at ps = 200 GeV.� is the ross setion without interferene and �int is with the interferene term.To make sure that the new program ode, Appendix A, and the new formulae [1℄,were orret, some tests had to be made. The �rst step was to write the new formulae inFORTRAN ode and reprodue the ross setions, Higgs energy- and angular distributionsin [1℄. Then the new formulae and ode were implemented into HZHA, and the interfereneterm was temporarily disabled, so what was left was only the Higgs-strahlung and WWfusion. Then the generated Higgs energy- and angular distributions from the originalHZHA ould be ompared with the new ones, �gs. 3, 4. The Higgs energy mean value for2
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Figure 2: The ross setion for the proess e+e� ! H�e��e as a funtion of the Higgsmass. The solid line is the ross setion with the interferene term and the dashed line iswithout the interferene. The enter of mass energy is 200 GeV.the old HZHA is 102.9 GeV and the RMS is 3.858 GeV, while for the new HZHA the meanvalue is 103.0 GeV and the RMS is 3.863 GeV. The enter of mass energy is 200 GeVand the Higgs mass is 95 GeV. When studying the �gures one should also remember thatthe generated distribution from the original HZHA has some unertainty in eah bin. In�g. 5 the theoretial Higgs energy- and angular distribution is shown for Higgs-strahlung,WW fusion and interferene. Notie the energy distribution of the interferene term. Theinterferene does not have any big e�et on the Higgs angular distribution.Now one has some on�dene in the new algorithms and formulae, so some investiga-tion on the e�et of the interferene term an begin. In �g. 6 the energy distribution forthe Higgs-strahlung and WW fusion with and without interferene is shown for enter ofmass energy 200 GeV and a Higgs mass of 95 GeV. Also shown is the theoretial Higgsenergy distribution. There is a good agreement between the theoretial and generated dis-tribution. As an be seen in the �gure, the interferene term makes the energy spetruma little harder. The theoretial angular distribution is almost unhanged when inludingthe interferene, �g. 5. This is also true for the generated angular distribution.The e�et of the ISR on the theoretial ross setion for the proess e+e� ! H�e��ewith interferene is shown in �g. 7 for enter of mass energy 200 GeV. In table 3 thee�et of the ISR is shown for some Higgs masses. It is interesting to notie that the e�et3



55of the ISR �rst inreases, then dereases as the Higgs mass grows. In �g. 8 and �g. 9the energy- and angular distribution with and without ISR are shown respetively. Theenter of mass energy is 200 GeV and the Higgs mass is 95 GeV. As an be seen from�g. 8, the peak is now a little lower and there are more events with Higgs energy between95 and 101 GeV with ISR than without ISR. But the high energy tail of the Higgs energydistribution is almost unhanged.mH [GeV℄ � [fb℄ �ISR [fb℄ e�et [%℄95. 37.8 31.9 -15.7100. 30.9 25.0 -19.1105. 22.4 17.1 -23.4110. 9.22 7.26 -21.3115. 5.32 4.36 -17.9Table 3: The e�et of the ISR for e+e� ! H�e��e inluding ontributions from Higgs-strahlung, WW fusion and interferene at ps = 200 GeV for some Higgs masses. � iswithout and �ISR is with ISR.

Figure 3: Energy distribution of the Higgs boson for the proess e+e� ! H�e��e withoutthe interferene at ps = 200 GeV and mH = 95 GeV. The histogram shows the originalHZHA distribution, while the rosses show the new energy distribution.4
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Figure 4: Angular distribution of the Higgs boson at ps = 200 GeV and mH = 95 GeVfor the proess e+e� ! H�e��e without the interferene. The dashed line shows the originalHZHA angular distribution, while the rosses show the new.
Figure 5: Theoretial di�erential ross setions versus Higgs energy (left) and jos�j (right)of the Higgs boson for e+e� ! H�e��e at ps = 200 GeV and mH = 95 GeV. The individualurves are normalized to the total ross setion of 37.9 fb. hs = Higgs-strahlung, WW =WW fusion, int = interferene term and Tot = total distribution.5
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Figure 6: Energy distribution of the Higgs boson with and without the interferene termfor e+e� ! H�e��e at ps = 200 GeV and mH = 95 GeV. The histogram is withoutand the rosses are with the interferene term. The dashed line is the theoretial energydistribution with interferene.4 ConlusionThere is, as shown, good agreement between the new and the old algorithms and formulaeof the HZHA generator when only the Higgs-strahlung and WW fusion are onsidered.There is also good agreement between the new algorithms and the theoretial formu-lae for the Higgs-strahlung, WW fusion and interferene for the ross setions, energydistributions and angular distributions.5 AknowledgementI would like to thank my supervisors Lars Bugge and Alex Read for all the help andomments I have reeived during my work on inluding the interferene term into HZHA.I would also like to thank Patrik Janot for the omments I have reeived from him invarious e-mails. 6
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Figure 7: Theoretial ross setions for e+e� ! H�e��e as funtions of Higgs mass withand without ISR. The enter of mass energy is 200 GeV. The solid line shows the rosssetion with ISR and interferene, the dashed line shows the ross setion with no ISRand no interferene, and the dotted line shows the ross setion with interferene and noISR.
7
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Figure 8: The energy distribution for e+e� ! H�e��e inluding ontributions from Higgs-strahlung, WW fusion and interferene with and without ISR at ps = 200 GeV and mH= 95 GeV. The histogram is with no ISR and the rosses are with ISR.
8
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Figure 9: The angular distribution for the Higgs-strahlung, WW fusion and interfereneterm with and without ISR. ps = 200 GeV and mH = 95 GeV. The dashed line showsthe distribution without ISR and the rosses are with ISR.
9



61A AppendixThe hanges made to HZHA are listed below. Lines written in itali are the old ode,while the lines written in typewriter style are new. What is written in bold is ommentson what is done.A.1 The ross setion algorithmThis is the algorithm that omputes the theoretial ross setion for Higgs-strahlung, WW fusion and the interferene term.CC -------------------------------------------------------------------C! The ross setion for the Higgs-strahlung (Z --> nue nuebar), WW-C fusion and interferene term. Ref.: Kilian, Kramer and Zerwas, hep-C ph/9512355, 1995.CC Thomas Fragat -- 26 marh 1999.C--------------------------------------------------------------------FUNCTION sinterferene(sbeam)C EXTERNAL HSUB2DIMENSION X(2)C PARAMETER ( nhan=16, nhig=3 )COMMON / hmasss / amhig(nhig), amh, gmh, ama, amz, amw, gmz,. amtau, amb, am, amt, ame, ammu, amu,. amd, ams, amhp, gmw, amst(2), amsb(2),. amsq, amneut(4),amhar(2), amarunCOMMON / elweak / sw2,alpha(0:nhig),gweak2(0:nhig),. alphas(0:nhig),g_f,deltar,alpha2,sw,w2,wC COMMON/ para/ pi,s,ve,ae,hma,rmz,rgz,ow2,wmaC COMMON/faster/wma2,rmz2,rgz2,rmgz2,ow4,ow8,ve2ae2,srsC REAL*8 ow2,ow4,ow8,wma2,rmz2,rgz2,rmgz2,ve2ae2,. s,pi,ve,ae,p1,p2,X,hma,rmz,rgz,wma,DGMLT2,srs,onst1CC pi=3.1415926535897932364CC Some abbrevations for inreasing the speedC ow2 = w2ow4 = ow2**2ow8 = ow4**2 10



62 First Delphi noteve = -1. + 4.*sw2ae = -1.ve2ae2 = ve**2+ae**2C hma = amhwma = amwrmz = amzrgz = gmzwma2 = wma**2rmz2 = rmz**2rgz2 = rgz**2rmgz2 = rmz2*rgz2C s=sbeamsrs = sqrt(s)CCC Test to hek if nothing unphysial happensC IF (s .LT. hma**2)THENsinterferene = 0.GOTO 100C ELSECC Some integration limitsC p1 = -1.p2 = 1.CC ConstantC onst1 = g_f**3 * rmz**8 *0.389D-3. / (sqrt(2.)*pi**3*1.0D-15 )C sinterferene = onst1* DGMLT2(HSUB2,p1,p2,9,6,X)C ENDIFC100 RETURNENDCC Computation of the theoretial ross setions for Higgs-strahlung,C WW-fusion and the interferene termC SUBROUTINE HSUB2(M,U2,F2,X)EXTERNAL HSUB1 11



63DIMENSION U2(*), F2(*), X(2)PARAMETER ( nhan=16, nhig=3 )COMMON / elweak / sw2,alpha(0:nhig),gweak2(0:nhig),. alphas(0:nhig),g_f,deltar,alpha2,sw,w2,wCOMMON/ para/ pi,s,ve,ae,hma,rmz,rgz,ow2,wmaCOMMON/faster/wma2,rmz2,rgz2,rmgz2,ow4,ow8,ve2ae2,srsC REAL*8 s,pi,ve,ae,y,z,X,hlo,hhi,. F2,U2,DGMLT1,rmz,hma,EhighC REAL*8 wma2,rmz2,rgz2,rmgz2,ow4,ow8,ve2ae2,srsCC Integration limits for the Higgs energyC Ehigh = srs*(1.+hma**2/s)/2.hlo = hmahhi = EhighC DO L = 1,MC X(2) = U2(L)C F2(L) = DGMLT1(HSUB1,hlo,hhi,9,6,X)C ENDDORETURNENDC SUBROUTINE HSUB1(M,U1,F1,X)DIMENSION U1(*), F1(*), X(2)COMMON/ para/ pi,s,ve,ae,hma,rmz,rgz,ow2,wmaCOMMON/faster/wma2,rmz2,rgz2,rmgz2,ow4,ow8,ve2ae2,srsREAL*8 ow4,ow8,wma2,rmz2,rgz2,rmgz2,ve2ae2C REAL*8 s,pi,ve,ae,Gtot,X,hma,wma,rmz,rgz,ow2,hmom,. F1,U1REAL*8 sw2,epsneu,sneu,. s1,s2,s12,h1,h2,h12,khi,. skhi2,t1,t2,r,rL,Gs,GI,Gw,. srs,srr,sam1,sam2,sam3,sam4CC DO L = 1,MC X(1) = U1(L)CC The Higgs momentum 12



64 First Delphi noteC hmom = sqrt(X(1)**2 - hma**2)C F1(L)= (hmom/s )*Gtot(X,hmom)C ENDDORETURNENDC FUNCTION Gtot(X,hmom)DIMENSION X(2)COMMON/ para/ pi,s,ve,ae,hma,rmz,rgz,ow2,wmaC COMMON/faster/wma2,rmz2,rgz2,rmgz2,ow4,ow8,ve2ae2,srsREAL*8 ow4,ow8,wma2,rmz2,rgz2,rmgz2,ve2ae2C REAL*8 s,pi,ve,ae,sw2,ow2,hmom,. epsneu,sneu,s1,s2,s12,h1,h2,h12,khi,. skhi2,t1,t2,r,rL,Gs,GI,Gw,Gtot,X,. hma,rmz,rgz,wma,srs,srr,sam1,sam2,sam3,sam4CC The neutrino pair energyC epsneu = srs-X(1)CC The invariant mass squared of the neutrino pairC sneu = epsneu**2-hmom**2CC Other expressionsC s1 = srs * (epsneu + hmom * X(2))s2 = srs * (epsneu - hmom * X(2))s12 = s1*s2C h1 = 1. + 2.* wma2 / s1C h2 = 1. + 2.* wma2 / s2C h12 =h1*h2C khi = 1. - 2.*s*sneu / (s12)C skhi2 = 1. - khi**2C t1 = h1 + khi*h2C 13



65t2 = h2 + khi*h1C r = h1**2 + h2**2 + 2.*khi*h12 - skhi2srr = sqrt(r)C rL = log((h12 + khi + srr) /. (h12 + khi - srr))C sam1 = (sneu-rmz2)**2sam2 = rmz2*rgz2sam3 = rL/srrsam4 = (h1+1.)*(h2+1.)CC The WW-fusionC Gw = (ow8/(s12*r))*(sam4*. (2./(h1**2-1.)+ 2./(h2**2-1.)-. 6.*skhi2/r + (3.*t1*t2/r -khi)*. sam3) - (2.*t1/(h2-1.) + 2.*t2/(h1-1.) +. (t1+t2+skhi2)*sam3))CC The interfereneC GI = (ve+ae)*ow4*(sneu- rmz2)/. (8.*(s-rmz2)*(sam1+sam2)). *(2.-(h1+1.)*log((h1+1.)/(h1-1.))-. (h2+1.)*log((h2+1.)/(h2-1.))+sam4*sam3)CC The Higgs-strahlungC Gs = (ve2ae2)*(s*sneu+s12)/(96.*. (s-rmz2)**2*(sam1+sam2))CC Total ross-setionC Gtot = (Gs+GI+Gw)C RETURNENDCA.2 Event generationIn this setion the algorithms for the generation of the Higgs energy andosine � is shown. To generate weights there is also a need for a maximumweight, whih is here alled wmax. The subroutine wmax init omputes themaximum weight for the proess inluding Higgs-strahlung, WW fusion and14



66 First Delphi notethe interferene term.SUBROUTINE dsigtot(ipro,ee,p1,p2,hh)C -------------------------------------------------------------------C! Generate the total for Higgs-strahlung, WW-fusion and theC interferene term.CC Input: ee, the effetive entre-of-mass energyC ipro, = 10CC Output p1, the neutrino/e- momentumC p2, the anti-neutrino/e+ momentumC hh, the Higgs momentumCC Thomas Fragat -- 30 April 1999C -------------------------------------------------------------------PARAMETER ( nhan=16, nhig=3 )COMMON / hmasss / amhig(nhig), amh, gmh, ama, amz, amw, gmz,. amtau, amb, am, amt, ame, ammu, amu,. amd, ams, amhp, gmw, amst(2), amsb(2),. amsq, amneut(4),amhar(2), amarunCOMMON / lifeti / tauh(nhig)COMMON / onqd / xlamda5COMMON / wwzzh / wwmax(2,nhig), jtyp(2,nhig), w1, w2COMMON / mixing / alfa, beta, topmix, botmix,. aa(nhig,4,4),bb(nhig,2,2),. fieldn(4,4), umat(2,2), vmat(2,2),. ssmat(4,4),qqmat(4,4)COMMON / oupls / sa, a, sb, b, ta, tb, sab2, ab2,. s2a, 2a, s2b, 2b, sb2, b2, ab, sabCOMMON / susyms / susM, susMU, susAt, susAb, susSMQ, susSMU,. susSMD, susSML, susSME, susM1, susM2COMMON / flags / idbgDIMENSION suspar(11)EQUIVALENCE(susM,suspar(1))C PARAMETER(nstep=20)COMMON / roro / es(nstep),rs(nstep),wsup(nstep)COMMON / poidsm / wtot(5),wtot2(5),ntry(5),na(5)C PARAMETER (L1MST=200, L1PAR=200)PARAMETER (L2PAR=500, L2PARF=2000 )PARAMETER (LJNPAR=4000)COMMON /LUDAT1/ MSTU(L1MST),PARU(L1PAR),MSTJ(L1MST),PARJ(L1PAR)COMMON /LUDAT2/ KCHG(L2PAR,3),PMAS(L2PAR,4),PARF(L2PARF),VCKM(4,4)COMMON /LUDAT3/ MDCY(L2PAR,3),MDME(L2PARF,2),BRAT(L2PARF),& KFDP(L2PARF,5)15



67COMMON /LUDAT4/ CHAF(L2PAR)CHARACTER*8 CHAFCOMMON /LUJETS/ N7LU,K7LU(LJNPAR,5),P7LU(LJNPAR,5),V7LU(LJNPAR,5)C PARAMETER (maxpro= 10)COMMON / ropro / ross(maxpro), sthr(maxpro), redu(maxpro)CHARACTER*14 hapro(maxpro)DATA hapro /. 'e+e- --> h Z',. 'e+e- --> H Z',. 'e+e- --> h A',. 'e+e- --> H A',. 'W+W- --> h ',. 'W+W- --> H ',. 'Z Z --> h ',. 'Z Z --> H ',. 'e+e- --> H+H-',. 'e+e- -> h nu_e'. /COMMON / prosim / iproyn(maxpro),nevpro(maxpro)PARAMETER (PI=3.1415926535897932364,PI2=PI*PI,PI4=PI2*PI2)PARAMETER (TWOPI = 2.*PI , PIBY2 = PI/2., PIBY4 = PI/4.)PARAMETER (PIBY6 = PI/6. , PIBY8 = PI/8.)PARAMETER (PIBY12= PI/12., PIBY3 = PI/3.)C COMMON / elweak / sw2,alpha(0:nhig),gweak2(0:nhig),. alphas(0:nhig),g_f,deltar,alpha2,sw,w2,wC COMMON / misl / loutbe,em,idb1,idb2,xrad,empir,empirm,ism,& iklei,iar,sdvrt(3),vrtx(4),tabl(26),& nevent(11)INTEGER loutbe,idb1,idb2,nevent,ism,iklei,iarREAL*4 em,sdvrt,vrtx,tabl,empir,empirm,xradC COMMON/ intwmax / wmaxxCOMMON/ higgsm / hm1,straREAL*8 wmaxx,wmax,weightC DIMENSION p1(4), p2(4), pm(4), pp(4), hh(4), ptot(4)REAL*8 epsneu,sneu,s1,s2,t1,t2,h1,h2,h12,rL,khi,. skhi2,r,GI,Gw,Gs,Gtot,ph,he,ebREAL*8 sam1,sam2,sam3,sam4,s12,rmz2,s,ehl,ehhC ss = ee**2eb = ee/2.s = eewmax = wmaxx 16



68 First Delphi noteCC The inoming momentaC pm(1) = 0.pm(2) = 0.pm(3) = ebpm(4) = ebpp(1) = 0.pp(2) = 0.pp(3) =-ebpp(4) = ebCC Some masses, widths and onstantsC rmv = amwrmz = amzrgz = gmzrmh = pmas(25,1)rgh = pmas(25,2)v1 = -1.+4.*sw**2v2 = -1.C rmv2 = rmv**2rmh2 = rmh**2rmgh = rmh*rghrmz2 = rmz**210 CALL bwgene(0.,ee,rmh,rgh,rm1,djdum)rm2 = rm1**2CIf ISR is inluded the enter of mass energy put into this subroutine will varybeause of the hard photons. Then the wmax value also have to hange withthe enter of mass energy:IF(xrad .GT. 0.)THENhm1 = rm1stra = xradCALL wmax_init(ss)wmax = wmaxxENDIFCC Integration limitsC ehl = rm1ehh = ee*(1.+rm2/ss)/2.sl = -1.sh = 1.C 17



69deltaeh = ehh-ehldeltao = 2.CC Constant in piobarnsC onst1 = g_f**3*rmz**8/. (sqrt(2.)*pi**3)*0.389D-3/1.0D-15CC Generation of the osine tetha angleC1 ste = -1. + 2.*RNDM(1)CC Generation of the Higgs energyC2 he = ehl + RNDM(3)*(ehh-ehl)With the new formulae it is not possible to generate a Higgs boson at rest.To prevent this we have to hek if the Higgs energy, he, is greater than theHiggs mass, rm1. If not, a new Higgs energy should be generated. We alsohave to test if the Higgs mass is lower than the upper integration limit for theHiggs energy, ehh, if not, a new Higgs mass has to be generated. This is donein the next two lines of ode.CC Tests to prevent the formulae to rashC IF(rm1+1D-5 .GT. ehh)GOTO 10IF(he .LT. rm1+1D-5) GOTO 2CC The Higgs momentumC hmom = sqrt(he**2 - rm2)CC Test for unphysial eventsC IF(hmom**2+rm2 .GT. ss)THENweight=0.GOTO 5ENDIFCC The energy of the neutrino pairC epsneu = s-heCC The invariant mass squared of the neutrino pairC sneu = epsneu**2-hmom**2C 18



70 First Delphi noteC Some other funtionsC s1 = s * (epsneu + hmom * ste)s2 = s * (epsneu - hmom * ste)s12 = s1*s2C h1 = 1. + 2.* rmv2 / s1h2 = 1. + 2.* rmv2 / s2h12 =h1*h2C khi = 1. - 2.*ss*sneu / (s1 * s2)skhi2 = 1. - khi**2C t1 = h1 + khi*h2t2 = h2 + khi*h1C r = h1**2 + h2**2 + 2.*khi*h12 - skhi2C rL = log((h12 + khi + sqrt(r)) /. (h12 + khi - sqrt(r)))CC Inreasing the effetivityC sam1 = (sneu-rmz2)**2sam2 = rmz2*rgz**2sam3 = rL/sqrt(r)sam4 = (h1+1.)*(h2+1.)CC The WW-fusionC Gw = (w2**4/(s12*r))*(sam4*. (2./(h1**2-1.)+ 2./(h2**2-1.)-. 6.*skhi2/r + (3.*t1*t2/r -khi)*. sam3) - (2.*t1/(h2-1.) + 2.*t2/(h1-1.) +. (t1+t2+skhi2)*sam3))CC The interferene termC GI = (v1+v2)*w2**2*(sneu- rmz2)/. (8.*(ss-rmz2)*(sam1+sam2)) * (2.-(h1+1.)*. log((h1+1.)/(h1-1.))-(h2+1.)*log((h2+1.)/(h2-1.))+. sam4*sam3)CC The Higgs-strahlungC Gs = (v1**2+v2**2)*(ss*sneu+s12)/(96.*. (ss-rmz2)**2*(sam1+sam2))19



71CC The totalC Gtot = (Gs+GI+Gw)C weight = onst1*deltaeh*deltao*(hmom/ss)*GtotCC Generation of the phi angleC phi = 2.*pi*RNDM(4)CC Apply the rejetion algorithmC5 IF ( weight .LE. 0. .AND. wmax .EQ. 0.) GOTO 1IF ( weight .GT. 1.05*wmax ) THENWRITE(6,*) 'Warning at ECM = ',ee,' GeV'WRITE(6,*) 'Weight (',weight,') > Wmax (',wmax,')'wmax = 3.6*weightGOTO 1ELSEIF ( weight .GT. wmax ) THENwmax = weightENDIFipr = ipro-5wtot (ipr) = wtot (ipr) + weightwtot2(ipr) = wtot2(ipr) + weight**2ntry (ipr) = ntry (ipr) + 1C IF ( weight/wmax .LT. RNDM(weight) ) GOTO 1CC Constrution of the Higgs and neutrino momenta vetorsC sinte=sqrt(1.-ste**2)hh(1) = hmom*sinte*os(phi)hh(2) = hmom*sinte*sin(phi)hh(3) = hmom*stehh(4) = rm1C DO k=1,4p1(k) = -0.5*(pm(k)+pp(k)-hh(k))p2(k) = -0.5*(pm(k)+pp(k)-hh(k))ENDDOC na(ipr) = na(ipr) + 1C RETURNENDC 20



72 First Delphi noteSUBROUTINE wmax_init(sbeam)C -------------------------------------------------------------------C! Computes wmax for the total of the WW-fusion, Higgs-strahlungC and the interferene term.CC Input: sbeam, the entre-of-mass energyCC Thomas Fragat -- 30 April 1999C -------------------------------------------------------------------PARAMETER ( nhan=16, nhig=3 )COMMON / hmasss / amhig(nhig), amh, gmh, ama, amz, amw, gmz,. amtau, amb, am, amt, ame, ammu, amu,. amd, ams, amhp, gmw, amst(2), amsb(2),. amsq, amneut(4),amhar(2), amarunPARAMETER (PI=3.1415926535897932364,PI2=PI*PI,PI4=PI2*PI2)PARAMETER (TWOPI = 2.*PI , PIBY2 = PI/2., PIBY4 = PI/4.)PARAMETER (PIBY6 = PI/6. , PIBY8 = PI/8.)PARAMETER (PIBY12= PI/12., PIBY3 = PI/3.)C COMMON / elweak / sw2,alpha(0:nhig),gweak2(0:nhig),. alphas(0:nhig),g_f,deltar,alpha2,sw,w2,wC PARAMETER (L1MST=200, L1PAR=200)PARAMETER (L2PAR=500, L2PARF=2000 )PARAMETER (LJNPAR=4000)COMMON /LUDAT1/ MSTU(L1MST),PARU(L1PAR),MSTJ(L1MST),PARJ(L1PAR)COMMON /LUDAT2/ KCHG(L2PAR,3),PMAS(L2PAR,4),PARF(L2PARF),VCKM(4,4)COMMON /LUDAT3/ MDCY(L2PAR,3),MDME(L2PARF,2),BRAT(L2PARF),& KFDP(L2PARF,5)COMMON /LUDAT4/ CHAF(L2PAR)CHARACTER*8 CHAFCOMMON /LUJETS/ N7LU,K7LU(LJNPAR,5),P7LU(LJNPAR,5),V7LU(LJNPAR,5)C COMMON/ intwmax / wmaxxCOMMON/ higgsm / hm1,straC REAL*8 epsneu,sneu,s1,s2,t1,t2,h1,h2,h12,rL,khi,. skhi2,r,GI,Gw,Gs,Gtot,ph,he,ehh,ehl,eb,wmaxx,zREAL*8 sam1,sam2,sam3,sam4,s12,rmz2,sC z = 0.wmaxx = 0.ss = sbeams = sqrt(ss)eb = s/2.CC Some masses and widths and onstants21



73C rmv = amwrmz = amzrgz = gmzrmh = pmas(25,1)v1 = -1.+4.*sw**2v2 = -1.C IF(stra.GT.0.)rmh = hm1C rmv2 = rmv**2rmh2 = rmh**2rmz2 = rmz**2CC Integration limitsC ehl = rmh + 5D-3ehh = s*(1.+rmh2/ss)/2.sl = -1.sh = 1.deltaeh = ehh-ehldeltao = 2.CC Constant in piobarnsC onst1 = g_f**3*rmz**8/. (sqrt(2.)*pi**3)*0.389D-3/1.0D-15The step length of the Higgs energy is 0.28 GeV. This value is the best thatis found after a series of tests.CC Constrution of wmaxC DO he = ehl,ehh, 0.28DO ste = sl,sh, 0.1CC The Higgs momentumC hmom = sqrt(he**2 - rmh2)CC The energy of the neutrino pairC epsneu = s-heCC The invariant mass squared of the neutrino pairC sneu = epsneu**2-hmom**222



74 First Delphi noteCC Some other funtionsC s1 = s * (epsneu + hmom * ste)s2 = s * (epsneu - hmom * ste)s12 = s1*s2C h1 = 1. + 2.* rmv2 / s1h2 = 1. + 2.* rmv2 / s2h12 =h1*h2C khi = 1. - 2.*ss*sneu / (s1 * s2)skhi2 = 1. - khi**2C t1 = h1 + khi*h2t2 = h2 + khi*h1C r = h1**2 + h2**2 + 2.*khi*h12 - skhi2C rL = log((h12 + khi + sqrt(r)) /. (h12 + khi - sqrt(r)))C sam1 = (sneu-rmz2)**2sam2 = rmz2*rgz**2sam3 = rL/sqrt(r)sam4 = (h1+1.)*(h2+1.)CC The WW-fusion termC Gw = (w2**4/(s12*r))*(sam4*. (2./(h1**2-1.)+ 2./(h2**2-1.)-. 6.*skhi2/r + (3.*t1*t2/r -khi)*. sam3) - (2.*t1/(h2-1.) + 2.*t2/(h1-1.) +. (t1+t2+skhi2)*sam3))CC The interferene termC GI = (v1+v2)*w2**2*(sneu- rmz2)/. (8.*(ss-rmz2)*(sam1+. sam2)) * (2.-(h1+1.)*. log((h1+1.)/(h1-1.))-(h2+1.)*log((h2+1.)/(h2-1.))+. sam4*sam3)CC The Higgs-strahlung termC Gs = (v1**2+v2**2)*(ss*sneu+s12)/(96.*. (ss-rmz2)**2*(sam1+sam2))23



75CC The totalC Gtot = (hmom/ss)*(Gs+GI+Gw)C42 IF (Gtot .GT. z)THENz = GtotENDIFC ENDDOENDDOC wmaxx = onst1*deltaeh*deltao*zC RETURNENDCA.3 Changes in the original program odeTo inlude the new proess in HZHA some hanges in the original ode weremade. In this setion these hanges are listed.In subroutine dsigma the following was hanged:CALL dsigwwh(ipro,ee,qh,qa,hh)IF (ipro .GE. 5 .AND. ipro .NE. 9 .AND. ipro .NE. 10) THENCALL dsigwwh(ipro,ee,qh,qa,hh)ELSEIF (ipro .EQ. 10) THENCALL dsigtot(ipro,ee,qh,qa,hh)C ENDIFIn subroutine hzha init the following was added:COMMON/ intwmax / wmaxxREAL*8 wmaxxCOMMON / intf / inluand: inlu = NINT(gene(8))and:CC Initialize wmax for ipro = 10C 24



76 First Delphi noteCALL wmax_init(sbeam)Cand:CC To turn off the interferene term if SM .NE. 1.C IF (ism .NE. 1) inlu = 0CC To turn off the interferene term if iklei = 0.C IF (iklei .EQ. 0) inlu = 0CThe following hanges were made in subroutine hzha init:DO ifs = 1, 11ksele(ifs) = gzd(ifs)ENDDOC braz(1) = brai(1) * ksele(1)DO ifs = 2, 11braz(ifs) = brai(ifs)*ksele(ifs)+braz(ifs-1)ENDDOC fraz = braz(11)DO ifs = 1, 11braz(ifs) = braz(ifs)/braz(11)ENDDOC pmas(23,1) = amziproyn(maxpro) = 0C IF (inlu .EQ. 1)THENiproyn(5) = 0iproyn(10) = 1DO ifs = 1, 11ksele(ifs) = gzd(ifs)ENDDOIF (ksele(2) .EQ. 1)THENwrite(*,*)'WARNING: You have asked for a deay hannel,'write(*,*)'Z --> nu_e nu_e~bar, that is already inluded'write(*,*)'by proess number 10, your hoie to use'write(*,*)'Z --> nu_e nu_e~bar is automatially turned off!'print* 25



77ENDIFksele(2) = 0ELSEDO ifs = 1, 11ksele(ifs) = gzd(ifs)ENDDOC fraz = braz(11)C IF (braz(11) .EQ. 0) GOTO 42C DO ifs = 1, 11braz(ifs) = braz(ifs)/braz(11)ENDDO42 pmas(23,1) = amzand: CALL vzero(wtot (1),4)CALL vzero(wtot2(1),4)CALL vzero(ntry (1),4)CALL vzero(na (1),4)CALL vzero(wtot (1),5)CALL vzero(wtot2(1),5)CALL vzero(ntry (1),5)CALL vzero(na (1),5)redu(1) = fraz * parwth(2) / width(2)redu(5) = parwth(2) / width(2)redu(7) = parwth(2) / width(2)redu(1) = fraz * parwth(2) / width(2)redu(5) = parwth(2) / width(2)redu(7) = parwth(2) / width(2)redu(10) = parwth(2) / width(2)In subroutine hzha event the following was hanged:IF ( ipro .EQ. 5 .OR. ipro .EQ. 6 ) THENkfn = 12ELSEIF ( ipro .EQ. 7 .OR. ipro .EQ. 8 ) THENkfn = 11ENDIFIF ( ipro .EQ. 5 .OR. ipro .EQ. 6 .OR. ipro .EQ. 10) THEN26



78 First Delphi notekfn = 12ELSEIF ( ipro .EQ. 7 .OR. ipro .EQ. 8 ) THENkfn = 11ENDIFand: IF ( ipro .EQ. 5 .OR. ipro .EQ. 7 ) THENkfh = 25jhig = 2ELSEIF ( ipro .EQ. 6 .OR. ipro .EQ. 8 ) THENkfh = 35jhig = 1ENDIFIF ( ipro .EQ. 5 .OR. ipro .EQ. 7 .OR. ipro .EQ. 10 ) THENkfh = 25jhig = 2ELSEIF ( ipro .EQ. 6 .OR. ipro .EQ. 8 ) THENkfh = 35jhig = 1ENDIFThe following was added to subroutine hzha:sthr(10)= 0.1and: IF (ross(10)*iproyn(10)*redu(10) .GT. 0.). CALL remt1(e,sigma10,sthr(10),10,ross(10),xrad)In subroutine hzha lose the following lines were hanged:DO ipr = 1, 4ipro = ipr + 4IF ( ntry(ipr) .GT. 0 ) THENsigto = wtot(ipr)/FLOAT(ntry(ipr))dsig = SQRT((wtot2(ipr)/FLOAT(ntry(ipr)) - sigto**2). / FLOAT(ntry(ipr)))C WRITE(6,*) ' 'C WRITE(6,*) '--------------------------------------------------'C WRITE(6,*) ' Generated ross setion for ',hapro(ipro),' :'C WRITE(6,*) ' Sigma = ',sigto,' +/- ',dsig,' fb'27



79C WRITE(6,*) ' # of trials : ',ntry(ipr)C WRITE(6,*) ' # of aepted events : ',na(ipr)C WRITE(6,*) '--------------------------------------------------'C WRITE(6,*) ' 'ENDIFENDDODO ipr = 1, 5IF (ipr .EQ. 5)THENipro=10ELSEipro = ipr + 4ENDIFIF ( ntry(ipr) .GT. 0 ) THENsigto = wtot(ipr)/FLOAT(ntry(ipr))dsig = SQRT((wtot2(ipr)/FLOAT(ntry(ipr)) - sigto**2). / FLOAT(ntry(ipr)))WRITE(6,*) ' 'WRITE(6,*) '--------------------------------------------------'WRITE(6,*) ' Generated ross setion for ',hapro(ipro),' :'WRITE(6,*) ' Sigma = ',sigto,' +/- ',dsig,' fb'WRITE(6,*) ' # of trials : ',ntry(ipr)WRITE(6,*) ' # of aepted events : ',na(ipr)WRITE(6,*) '--------------------------------------------------'WRITE(6,*) ' 'ENDIFENDDOIn funtion room the following was added:COMMON / intf / inluand: ELSEIF (ipro .EQ. 10) THENroom = sinterferene(sbeam)ELSEENDIFand the following was hanged:ELSEroom = alpha2 * brwipj(sbeam,amh,width(2),amz)C IF ( ism .EQ. 0 ) THENELSEroom = alpha2 * brwipj(sbeam,amh,width(2),amz)28



80 First Delphi noteIF (inlu .EQ. 1 ) room = room*(1.-brai(2))C IF ( ism .EQ. 0 ) THENA.3.1 Changes in COMMON bloks, DATA et.These hanges have to be made in the ommon bloks, data bloks, externaldelarations et:EXTERNAL sigma5,sigma6,sigma7,sigma8,sigma9EXTERNAL sigma5,sigma6,sigma7,sigma8,sigma9,sigma10and: COMMON / poidsm / wtot(4),wtot2(4),ntry(4),na(4)COMMON / poidsm / wtot(5),wtot2(5),ntry(5),na(5)and: PARAMETER (maxpro= 9)PARAMETER (maxpro= 10)and: COMMON /h_ards/ trig(2),debu(2),time(1),gene(7),gsmo(6),. gsus(11),pryn(9),gzd(11),gh1(16),gh2(16),. gh3(16),ghhg(2),gh(8),gh(19)COMMON /h_ards/ trig(2),debu(2),time(1),gene(8),gsmo(6),. gsus(11),pryn(10),gzd(11),gh1(16),gh2(16),. gh3(16),ghhg(2),gh(8),gh(19)and: CALL vzero(pryn(1),9)CALL vzero(pryn(1),10)and: DATA lenvar/2,2,1,7,6,11,9,11,16,16,16,2,8,19/DATA lenvar/2,2,1,8,6,11,10,11,16,16,16,2,8,19/The following funtion was added to HZHA:29



81FUNCTION sigma10(s)sigma10 = room(10,s)RETURNENDA.3.2 The data ards:The data ards that ontrol HZHA an be found in the �le runhzha.sh. Thefollowing should be added in runhzha.sh:* INCL : = 1 to ompute e+e- --> h nu_e nu_e~bar with the inte-* ferene term (for both the Higgs-strahlung and the* WW-fusion). The interferene term is not inluded* if iklei = 0 and/or SM = -1 or 0* = 0 the interferene term is not inluded.*** ALL numbers MUST be REAL !** IKLEI IPROC XRAD ECM EMPIR SM ICAR INCLGENE 1. 5. 1. 200. 4.0 1. 1. 1.*
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82 First Delphi noteReferenes[1℄ W. Kilian, M. Kr�amer, and P.M. Zerwas hep-ph/9512355.[2℄ F.A. Berends and R. Kleiss, Nul. Phys. B260 (1985) 32.[3℄ CERNLIB Short Writeups (May 1993) D110-1.
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85DELPHI Collaboration DELPHI 2000-062 PHYS 86327 April, 2000Update of the HZHA02 generator with theinterferene term between Higgs-strahlung andWW fusionT. Fr�ag�atPhysis Department, University of Oslo, Blindern, 0316 Oslo, NorwayAbstratThe �rst modi�ed version of HZHA02, inluding interferene between Higgs-strahlung and WW fusion, su�ered from some instabilities in the ross setionfor the e+e� ! h�e��e proess (Higgs-strahlung and WW fusion with interferenebetween the two prodution amplitudes) for small Higgs masses. The orretions arepresented in this note together with the inlusion of Improved Born approximationand ZZH- and WWH-vertex orretions whih were not present in the previous ver-sion of the modi�ed HZHA02 for this proess. Also some hanges to the originalformulae and some omparisons with the reently released HZHA03 (whih is theoÆial version of HZHA inluding interferene in the e+e� ! h�e��e hannel) aremade. The new modi�ed version of HZHA02, like HZHA03, also allows the CP evenlight salar Higgs boson of the MSSM to be generated for the proess e+e� ! h�e��ewith interferene.



86 Seond Delphi note1 IntrodutionThe �rst modi�ed version of HZHA021 (alled here HZHA02TF1), inluding the interfer-ene term between Higgs-strahlung (where the Z boson deays into eletron neutrinos)and WW fusion was released in September 1999 [1℄. Sine then a new modi�ed versionof HZHA02 (alled here HZHA02TF2) has been released with some new features and or-retions in the e+e� ! h�e��e hannel. In November 1999 a new oÆial version of HZHAwas released [2℄, namely HZHA03. This version also inludes the interferene term inthe e+e� ! h�e��e hannel, but the formulae and algorithms for this hannel in HZHA03are di�erent from those in HZHA02TF. In this paper the new features of HZHA02TFare presented, and ross-heks of the oÆial version HZHA03 for the h�e��e �nal statehannel are made.The hanges fromHZHA02TF1 to HZHA02TF2 are (all onerning the Higgs-strahlungwith h�e��e in the �nal state, WW fusion and interferene hannel):� Instabilities ouring in the ross setion for low Higgs masses were orreted.� Improved Born approximation and ZZH- and WWH-vertex orretions were in-luded.� Corretions to the original formulae were made, allowing generation of Higgs bosonsalmost at rest.� Possibility to generate the CP even light salar Higgs boson of the MSSM.And the most important hanges from HZHA02TF to HZHA03 are [2℄:� All routines were rewritten with double preision.� A bug in the Higgs-strahlung prodution was orreted.� A numerial singularity in the h! Z deay was orreted.� Interferene between the Higgs-strahlung and ZZ fusion with he+e� in the �nalstate was inluded.� Radiative orretions to Higgs boson masses in the MSSM were inluded.� Top threshold two loop orretions to the Higgs boson masses and ouplings werealso implemented.� Possibility to ompute SUSY spetrum in the SUGRA framework.� The linear ombination of the gaugino mass termsM1 and M2 was replaed byM2.� Anomalous Higgs ouplings were modi�ed.1The modi�ed version of HZHA02 is not an oÆial version of HZHA.1



872 Cross setionIn HZHA02TF2 the theoretial ross setion of Higgs-strahlung, WW fusion and interfer-ene are omputed in a di�erent way than in the previous version, although the formu-lae are the same [3℄. Using the CERNLIB routine DGMLT2 [4℄, whih performs a Gaussianquadrature integration for double integrals, the number of integration intervals hosen wastoo small in the old version, so for low Higgs masses the ross setion beame unstableas shown in Fig. 1. The reason for this behavior an be found in the energy distributionsof Higgs-strahlung and interferene shown in Fig. 2. The peaks of the two distributionsmakes the integration harder to perform, and the number of integration intervals had tobe inreased. But to avoid the program from slowing down, espeially when ISR, InitialState Radiation, is inluded [1, 5℄, the WW fusion ross setion had to be alulatedalone with a smaller number of integration intervals. This ould be done sine the energydistribution is almost at. The same holds for the integration over os �, shown in Fig. 2,whih also an be done with a small number of integration intervals. After these hangesthe ross setion beomes stable, as shown in Fig. 1, without slowing down HZHA. But itis important to note that for Higgs masses below � ps� 135 GeV, the instabilities willour again.Improved Born approximation (IBA) and ZZH- and WWH-vertex orretions [6℄ arealso aounted for in the new version. The new ross setion as a funtion of the Higgsmass for ps = 200 GeV is shown in Fig. 1 together withÆ�� = �HZHA03 � �HZHA02TF2�HZHA03 : (1)One an see that the di�erenes in the ross setions are below 1%, whih is thelaimed auray of HZHA.3 Generation of Higgs bosonsAs pointed out in [7℄ the di�erential ross setion in [3℄ su�ers from numerial instabilitywhen p! 0 or os �! 0. To remove the instability the following hanges suggested in [7℄are made. First de�ne � � 1 + � = 2p2(1� os2 �)(�2� � p2 os2 �) (2)�h � h2 � h1 = 2m2Wps 2p os �(�2� � p2 os2 �) : (3)The abbreviations are the same as in [3℄. Then it follows that� = � � 1 and s2� = 2� � �2 : (4)The next step is to break up GW into terms of nearly the same order to avoid numerialoverow, 2



88 Seond Delphi note

Figure 1: The ross setion with ISR for the proess e+e� ! h�e��e with interferene at ps= 200 GeV (left). The dashed line shows the ross setion for the HZHA02TF1, while thesolid line shows for the HZHA02TF2 with IBA and ZZH- and WWH-vertex orretions.The plot to the right shows Æ�=� (see the text) as a funtion of the Higgs mass.
Figure 2: The individual di�erential ross setions versus Higgs energy (left) and j os �j(right) of the Higgs boson for the proess e+e� ! h�e��e at ps = 200 GeV and mh = 60GeV. The individual urves are normalized to the total ross setion of 74.1 fb.3



89GW = os8 �Ws1s2r (A+ B � C � D) (5)A = (h1 + 1)(h2 + 1) " 2h21 � 1 + 2h22 � 1 � 2Lpr# (6)B = (h1 + 1)(h2 + 1) "�2 + 3t1t2r � �� Lpr# (7)C = (h1 + 1)(h2 + 1) "6s2�r # (8)D = " 2t1h2 � 1 + 2t2h1 � 1 + (t1 + t2 + s2�) Lpr# : (9)Now B should be replaed byB = (h1 + 1)(h2 + 1)� "(2��2h + 3�2(h1h2 + 1)� 2�2(h1h2 � 1) + 6�(h1h2 � 1)� �3) Lrpr# (10)to avoid the numerial problem. Although these hanges have been made in HZHA02TF2,the energy and angular distributions are not signi�antly a�eted. Anyway, this orretionshould be inluded beause it allows the generation of Higgs bosons almost at rest.4 MSSMHZHA02TF2 allows generation of the lightest CP even Higgs salar in the Minimal Su-persymmetri Standard Model, MSSM, for e+e� ! h�e��e with interferene. This was nottrue in the previous version. The Standard Model formula is replaed by�(h)MSSM = sin2(� � �)� �(h)SM : (11)The ross setions and energy and angular distributions were ompared to those madewith HZHA03. One omparison of the energy and angular distributions an be seenin Fig. 3. In Table 1 some ross setions are shown for ps = 204 GeV with varioustan � and mA for both HZHA02TF2 and HZHA03 with and without ISR. The di�erenesbetween mh in HZHA02TF2 and HZHA03 for �xed values of tan � and mA are due to theimplementation of radiative orretions to the Higgs boson masses and top threshold looporretions in MSSM for HZHA03 [2℄. Sine mh di�ers for the two versions of HZHA for�xed values of tan� and mA, the ross setions also will be slightly di�erent. In Table 2the HZHA03 ross setions are the same as in Table 1, while the MSSM ross setionsfor the HZHA02TF2 are �rst alulated for the SM with the same Higgs masses as forHZHA03 and then multipied by sin2(� � �) (Eq. 11) whih was alulated by HZHA03for eah Higgs mass. As an be seen the resulting ross setions are within the laimedauray of HZHA. 4
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Figure 3: The generated energy distribution (left) and angular distribution (right) for theproess e+e� ! h�e��e with interferene and ISR in MSSM at ps = 204 GeV, mA = 90GeV and tan � = 20. HZHA02TF2 HZHA03mA [GeV℄ tan � mh [GeV℄ � [fb℄ �ISR [fb℄ mh [GeV℄ � [fb℄ �ISR [fb℄75 2 60.08 46.42 46.03 60.84 45.61 45.1375 20 74.67 1.096 1.035 74.69 1.045 0.986690 2 66.18 48.28 46.92 67.07 47.32 45.8790 20 89.35 1.805 1.602 89.40 1.654 1.470Table 1: Cross setions for Higgs-strahlung, WW fusion and interferene in MSSM forthe lightest neutral Higgs at ps = 204 GeV (� is the ross setion without ISR, while�ISR is with ISR). HZHA02TF2 HZHA03mA [GeV℄ tan � mh [GeV℄ � [fb℄ �ISR [fb℄ mh [GeV℄ � [fb℄ �ISR [fb℄75 2 60.84 45.19 44.70 60.84 45.61 45.1375 20 74.69 1.036 0.9784 74.69 1.045 0.986690 2 67.07 46.92 45.47 67.07 47.32 45.8790 20 89.40 1.647 1.461 89.40 1.654 1.470Table 2: Cross setions for Higgs-strahlung, WW fusion and interferene in MSSM forthe lightest neutral Higgs at ps = 204 GeV (� is the ross setion without ISR, while �ISRis with ISR). In this table the ross setions of HZHA03 are omputed in the usual way,while the ross setions of HZHA02TF2 are �rst omputed in the SM with the same mhas for the HZHA03 ross setions and then multipied by sin2(���) (whih was alulatedfor eah Higgs mass by HZHA03) to obtain the MSSM ross setion (Eq. 11).5



915 ConlusionThe part of HZHA02TF that deals with the Higgs-strahlung, WW fusion and interferenefor the H��e�e �nal state has been improved and tested and it has also been ompared toHZHA03 both for the SM and MSSM. The ross setions of HZHA02TF2 and HZHA03are now within 1% of eah other and the energy and angular distributions are in very goodagreement. HZHA03 (the updated publi version of HZHA) should therefore be used forgenerating suh events.6 AknowledgementI would like to thank my supervisors Lars Bugge and Alex Read for their support andomments.Referenes[1℄ T. Fr�ag�at, DELPHI 99-161 PHYS 836.[2℄ P. Janot, http://alephwww.ern.h/~janot/Generators.html.[3℄ W. Kilian, M. Kr�amer, and P.M. Zerwas, hep-ph/9512355.[4℄ CERNLIB Short Writeups (May 1993) D110-1.[5℄ F.A. Berends and R. Kleiss, Nul. Phys. B260 (1985) 32.[6℄ E. Gross, A. Kniehl, and G. Wolf, hep-ph/9404220.[7℄ K. Cranmer, http://www-wisonsin.ern.h/~ranmer/fuse�x.ps, private ommuni-ation.
6
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