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1 IntrodutionThis note presents the �nal interpretation of the results obtained by DELPHI on thesearhes for Higgs bosons in the whole data set reorded by the experiment. The the-oretial framework is the Minimal Supersymmetri Standard Model (MSSM) whih, asompared with the Standard Model, has an extended Higgs setor with two doublets ofHiggs �elds. Two important parameters in this setor are the Higgs doublet mixing an-gle, �, and the ratio of the doublet vauum expetation values, tan�. The two-doubletsof Higgs �elds lead to �ve physial Higgs bosons, of whih three are neutral. In CP-onserving MSSM models, whih is the ase of the senarios onsidered hereafter, two ofthe three neutral Higgs bosons, denoted h, for the lighter one, and H, are CP-even. Thethird one is a CP-odd pseudo-salar, denoted A. In e+e� ollisions, the dominant produ-tion mehanism for the CP-even salars is the s-hannel proess desribed in Fig. 1 whihis omplemented by additional t-hannel diagrams in the �nal states where a Higgs bosonis produed with neutrinos or eletrons, whih proeed through W+W� and ZZ fusions,respetively. On the other hand, the CP-odd pseudo-salar is produed in assoiationwith either of the CP-even salars, as depited in Fig. 1. Finally, harged Higgs bosons,H+ and H�, are also produed in pairs through a similar diagram.

Figure 1: Main prodution proesses of MSSM neutral Higgs bosons at LEP. Left:assoiated prodution of a Z and a CP-even Higgs boson. At LEP1, the intermediateZ is on-shell and the �nal Z is o�-shell, while it is the reverse at LEP2. Right: pair-prodution of the CP-odd pseudo-salar A and a CP-even Higgs boson. The exhangedZ is on-shell at LEP1.In most of theMSSM parameter spae, only hZ and hA produtions are kinematiallypossible at LEP energies. These proesses have omplementary ross-setions sine thehZZ and hAZ ouplings are proportional to sin(�� �) and os(�� �), respetively. Ifkinematially allowed, hZ prodution dominates at low tan� or at large mA, while in therest of the parameter spae, it is suppressed with respet to hA pair-prodution. The thirdneutral Higgs boson, H, in some senarios and in limited regions of the parameter spae, islight enough and an be produed with a large HZ or HA ross-setion. As the HZZ (resp.HAZ) oupling is proportional to os(�� �) (resp. sin(�� �)), HZ prodution, whenallowed by kinematis, arises at large tan�, and HA prodution at low tan�. Similarily,harged Higgs bosons kinematially aessible at LEP2 energies are predited in limitedregions of the MSSM parameter spae, typially when A is light, whatever tan �. The1



minimal value of the mass of suh harged Higgs bosons is 60 GeV=2.In the range of masses aessible at LEP - up to 120 (100) GeV=2 in mh or mH(mA) - and in most of the MSSM parameter spae of the senarios studied hereafter,the main deays of the three neutral Higgs bosons are into the pair of heaviest fermionskinematially permitted. Below the �+�� threshold, a Higgs boson would deay into  ore+e� pairs with a signi�ant lifetime. Above the �+�� threshold, the lifetime is negligibleand Higgs bosons deay at the primary vertex. Up to 3 GeV=2 the main deays are into�+�� pairs and then into hadroni hannels with a large proportion of two-prong �nalstates. Above 3 GeV=2 the dominant deays are suessively into �, �+�� and �nallyb�b pairs for Higgs boson masses above 12 GeV=2. Besides these deays into fermions,there are also regions of the parameter spae where one neutral Higgs boson an undergoasade deays to a pair of Higgs bosons, as for example h ! AA. In some ases, thismode dominates over the deays into SM partiles. Finally, above 60 GeV=2, hargedHiggs bosons an deay either into the pair of heaviest fermions allowed by kinematis,that is into s or �� pairs, or into a W�A pair if A is light.These di�erent deay hannels de�ne the topologies that were searhed for to over theMSSM parameter region kinematially aessible at LEP energies. Setion 2 desribesthese topologies as well as the de�nition and a summary of the tehniques related toon�dene levels used in the statistial interpretation of the searhes. Setion 3 presentsthe de�nition of the eight CP-onserving MSSM benhmark senarios studied in thisnote. Compared to our previous results [1℄, the theoretial alulations are idential, i.e.inlude all dominant two-loop order radiative orretions. But the set of experimentalsearhes was enlarged and more MSSM senarios were inluded. Results ombining allsearhes are presented in setion 4. Sine the top quark mass has a signi�ant impat onthe predited mass spetrum of the neutral Higgs bosons, and hene on the experimentalexlusion limits, espeially that on tan �, results are derived for several values of thismass, namely: mtop = 169.2, 174.3, 179.4 and 183.0 GeV=2. The value of 179.4 GeV=2,losest to the present experimental measurement of mtop = 178.0 � 4.3 GeV=2 [2℄, hasbeen hosen as a referene to quote absolute mass and tan� limits, as well as in most ofthe exlusion plots.2 Experimental results and on�dene levelsThe di�erent analyses performed to searh for neutral and harged Higgs bosons in thewhole DELPHI data sample are summarised in Table 1 whih lists the �nal states,mass ranges, data samples and the referenes for more details about the seletions andtheir performane. As ompared to the set of experimental inputs used in our previousinterpretation of [1℄, that one ontains in addition the harged Higgs analyses and thesearhes for neutral Higgs bosons deaying into hadrons of any avour. These latterare expeted to provide the experimental sensitivity in senarios where the Higgs bosondeays into b�b pair vanish. As their mass overage start at low mass, they also inreasethe experimental sensitivity to Higgs bosons below the b�b threshold, a region otherwiseovered only by analyses of subsets of the LEP1 data sample. The same holds for hargedHiggs boson searhes.When sanning over the parameter spae of a model, on�dene levels are omputedat eah point to test the ompatibility of data with the hypothesis of bakground only2



ps �nal state range L dis. ref.(GeV) (GeV=2) (pb�1) info.hZ with diret deays91. Z! e+e�, �+�� < 0:21 2.5 no [3℄91. (h ! V0) (Z ! any) < 0:21 2.5 no [3℄91. (h ! 2 prongs) (Z! q�q) 0:21� 2: 0.5 no [4℄91. (h ! jet) (Z! e+e�, �+��) 1:� 20: 0.5 no [4℄91. (h ! jet jet) (Z! l+l�, ��� ) > 12: 3.6 no [5℄91. (h ! jet jet) (Z! e+e�, �+��, ��� ) > 35: 33.4 no [6℄161.,172. (h ! b�b)(Z ! any), (h ! �+��)(Z! q�q) > 40: 19.9 1d [13℄183. (h ! b�b)(Z ! any), (h ! �+��)(Z! q�q) > 55: 52.0 1d [14℄189. (h ! b�b)(Z ! any), (h ! �+��)(Z! q�q) > 65: 158.0 2d [15℄192.-208. (h ! b�b)(Z ! any) > 12: 452.4 2d [16, 17℄192.-208. (h ! �+��)(Z! q�q) > 50: 452.4 2d [16, 17℄189.-208. (h ! hadrons)(Z ! any but �+��) > 4: 610.4 mix [20℄hA with diret deays91. 4 prongs > 0:4 5.3 no [7℄91. �+�� hadrons > 8: 0.5 no [8℄91. �+�� jet jet > 50 3.6 no [9℄91. b�bb�b, b�b� > 30: 33.4 no [10℄91. �+��b�b > 16: 79.4 no [19℄91. b�bb�b > 24: 79.4 no [18℄133. b�bb�b > 80: 6.0 no [12℄161.,172. b�bb�b, �+��b�b > 80: 20.0 1d [13℄183. b�bb�b, �+��b�b > 100: 54.0 1d [14℄189. b�bb�b, �+��b�b > 130: 158.0 2d [15℄192.-208. �+��b�b > 120: 452.4 2d [16, 17℄192.-208. b�bb�b > 80: 452.4 2d [16, 17℄189.-208. �+���+�� > 8: 570.9 1d [18℄189.-208. b�bb�b > 24: 610.2 no [18℄189.-208. hadrons > 8: 610.4 mix [20℄hZ or hA with h! AA asade91. Z! q�q < 0:21 16.2 no [11℄91. (AA! V0V0) (Z ! any but �+��) < 0:21 9.7 no [11℄91. (AA! ) (Z ! any or A ! ) < 0:21 12.5 no [11℄91. (AA! 4 prongs) (Z ! any or A ! 2 prongs) > 0:21 12.9 no [11℄91. (AA! hadrons) (Z! ��� or A ! hadrons) > 0:21 15.1 no [11℄91. (AA! �+���+��) (Z! ��� or A ! �+��) > 3:5 15.1 no [11℄161.,172. (AA! any) (Z! q�q, ��� or A ! any) > 20: 20.0 1d [13℄183. (AA! b�bb�b) (Z! q�q) > 12: 54.0 1d [14℄192.-208. (AA! b�bb�b, b�b�, ��) (Z! q�q) > 12: 452.4 2d [16, 17℄192.-208. (AA! ��) (Z! q�q) > 4: 452.4 2d [19℄H+H�189.-208. �s�s , s��� , W �A��� , W �AW �A > 40: 610.4 2d [21℄189.-208. �+������� > 40: 570.8 1d [21℄Table 1: List of signals expeted fromMSSM Higgs bosons that were searhed for in theDELPHI data sample. Indiated for eah signal are the entre-of-mass energy, �nal-state,analysed mass range, integrated luminosity, level of disriminant information inluded inthe on�dene level estimates (none, one- or two-dimensional..) and the referene wheredetails of the analysis are published. Here h means either of the two CP-even salars.The mass range applies to mh for hZ prodution, to mh+mA for hA prodution, to mAfor h! AA proesses and to mH� for H+H� prodution. When no upper bound is given,the limit given by kinematis or vanishing branhing frations must be understood.3



and with that of bakground plus signal as expeted from the model. These are alu-lated using a modi�ed frequentist tehnique based on the extended maximum likelihoodratio [22℄ whih has also been adopted by the LEP Higgs working group. The basis ofthe alulation is the likelihood ratio test-statisti, Q:lnQ = �S +Xi ln si + bibiwhere S is the total signal expeted and si and bi are the signal and bakground densitiesfor event i. These densities are onstruted using either only expeted rates or also addi-tional disriminant information, whih an be one- or two-dimensional. Table 1 presentsthe level of disriminant information for eah hannel: LEP1 results are relying on ratesonly, while LEP2 results mix hannels without or with disriminant information. As anexample, in neutral Higgs boson hannels with disriminant information, the �rst variableis the reonstruted Higgs boson mass in the hZ analyses and the sum of the reonstrutedh and A masses in the hA analyses, while the seond variable, if any, is hannel-dependent,as spei�ed in the referenes listed in the Table. Charged Higgs analyses use disriminantinformation in a similar way and the de�nition of their disriminant variables an befound in [21℄. The searhes for Higgs bosons deaying hadronially enompass analyseswithout or with 1d disriminant information together with analyses whose seletions varywith the mass hypothesis. We refer the interested reader to [20℄ for more details.The observed value of Q is ompared with the expeted Probability Density Funtions(PDFs) for Q, whih are built using Monte Carlo sampling under the assumptions thatbakground proesses only or that both signal and bakground are present. The on�denelevels CLb and CLs+b are their integrals from �1 to the observed value of Q. Systematiunertainties in the rates of signal or bakground events are taken into aount in thealulation of the PDFs for Q by randomly varying the expeted rates while generatingthe distribution [23℄, whih has the e�et of broadening the expeted Q distribution andtherefore making extreme events seem more probable.CLb is the probability of obtaining a result as bakground-like or more so than the oneobserved if the bakground hypothesis is orret. Similarly, the on�dene level for thehypothesis that both signal and bakground are present, CLs+b, is the probability, in thishypothesis, to obtain more bakground-like results than those observed. The quantity CLsis de�ned as the ratio of these two probabilities, CLs+b/CLb. It is not a true on�denelevel, but a onservative pseudo-on�dene level for the signal hypothesis. All exlusionsdisussed hereafter use CLs and require it to be 5% for an exlusion on�dene of 95%.As using CLs instead of CLs+b is onservative, the rate of fake exlusions is ensured to bebelow 5% when CLs is equal to 5%.We refer the interested reader to [19℄ for more details about the handling of theexperimental inputs prior to the on�dene level alulations. The most important issuesare the estimation of the expeted signal and bakground densities from simulation, theuse of a linear interpolation to estimate densities at masses, enter of mass energies or tan �values not inluded in the simulation, the way non-independent hannels are treated toensure that only independent results are statistially ombined, and the way the possiblesimultaneous prodution of the two CP-even salar Higgs bosons, h and H, is aountedfor. Note that in analyses with seletions varying with the mass hypothesis, h and Hsignals annot be ombined in the way desribed in [19℄. In that ase, only that signalwith the highest expeted exlusion power is retained at eah test point.4



3 The benhmark senariosAt tree level, the prodution ross-setions and the Higgs branhing frations in theMSSM depend on two free parameters, tan� and one Higgs boson mass, or, alternatively,two Higgs boson masses, e.g. mA and mh. Radiative orretions introdue additionalparameters related to supersymmetry breaking. Hereafter, the usual assumption thatsome of them are idential at a given energy sale is made: hene, the SU(2) and U(1)gaugino mass terms are assumed to be uni�ed at the so-alled GUT sale, while thesfermion mass terms or the squark trilinear ouplings are assumed to be uni�ed at theEW sale. Within these assumptions, the parameters beyond tree level are: the top quarkmass, the Higgs mixing parameter, �, the ommon sfermion mass term at the EW sale,Msusy, the SU(2) gaugino mass term at the EW sale, M2, the gluino mass, m~g, and theommon squark trilinear oupling at the EW sale, A. The U(1) gaugino mass term atthe EW sale, M1, is related toM2 through the GUT relationM1 = (5=3)tan2�WM2. Theradiative orretions a�et the relationships between the masses of the Higgs bosons, withthe largest ontributions arising from the top/stop loops. As an example, the h bosonmass, whih is below that of the Z boson at tree level, inreases by a few tens of GeV=2in some regions of the MSSM parameter spae due to radiative orretions.3.1 The senariosIn the following, eight benhmark senarios are onsidered, as suggested in Ref. [24℄. Thevalues of their underlying parameters are quoted in Table 2. The �rst three senarios arethose usually studied at LEP. They have been proposed to test the sensitivity of LEPto Higgs bosons with either masses lose to the kinematial limit or deays diÆult todetet. Similarly, the �ve other senarios are aimed at testing the sensitivity of the Higgsboson searhes at hadron olliders. It is thus interesting to establish the LEP onstraintsin suh models too.The �rst two senarios, alled the mmaxh senario and the no-mixing senario, di�eronly by the value of Xt = A � � ot�, the parameter whih ontrols the mixing in thestop setor, and hene has the largest impat on the mass of the h boson. The mmaxhsenario leads to the maximum possible h mass as a funtion of tan�. The no-mixingsenario is its ounterpart with vanishing mixing, leading to upper bounds on mh whihare at least 15 GeV=2 lower than in the mmaxh sheme. These two senarios are quiterepresentative of the sensitivity of LEP sine the mass limits obtained in these shemeswith earlier results were only slightly redued in more general parameter sans [25℄.The third senario, alled the large � senario, has a large and positive value of � anda relatively small value of m~g. It predits at least one salar Higgs boson with a masswithin kinemati reah at LEP2 in eah point of the MSSM parameter spae. However,there are regions for whih deteting suh a Higgs boson is diÆult beause of vanishingbranhing frations into b-quarks. The dominant deays in these regions being still intohadrons, the main analysis hannels su�er from large bakgrounds. This senario wasdesigned to test the sensitivity of LEP through analyses that ould not bene�t from theb-tagging apabilities of the experiments.Among the �ve other benhmark senarios, three are variants of the mmaxh and no-mixing senarios. The sign of � and that of the mixing parameter have been reversed inthe two senarios derived from the LEP mmaxh senario. The hanges in the Higgs boson5



senario Msusy M2 m~g � Xt(GeV=2) (GeV=2) (GeV=2) (GeV=2) (GeV=2)mmaxh 1000 200 800 -200 2 Msusyno mixing 1000 200 800 -200 0large � 400 400 200 1000 -300mmaxh , � > 0 1000 200 800 200 2 Msusymmaxh , � > 0, Xt < 0 1000 200 800 200 -2 Msusyno mixing, � > 0, large Msusy 2000 200 800 200 0gluophobi 350 300 500 300 -750small � 800 500 500 2.5 Msusy -1100Table 2: Values of the underlying parameters for the eight representativeMSSM senariossanned in this paper. Note that Xt is A�� ot�. These senarios have been studied forseveral values of the top mass quark, mtop = 169.2, 174.3, 179.4 and 183.0 GeV=2.mass spetrum and properties are small. The sign of � has been reversed and the valueof Msusy has been doubled in the senario derived from the no mixing senario of LEP.The higher Msusy sale leads to a few GeV=2 inrease of the theoretial upper bound onmh. The last two senarios have been proposed to test potential diÆult ases for thesearhes at hadron olliders. Hene, the gluophobi senario presents regions where themain prodution hannel at the LHC, gluon fusion, is suppressed due to anellationsbetween the top quark and stop quark loops in the prodution proess. Finally, in thesmall � senario, important deay hannels at the Tevatron and at the LHC, h! b�b andh! �+��, are suppressed when � is small, whih ours at large tan � and moderate mAwith the hosen set of parameter values. mtop (GeV=2)senario 169.2 174.3 179.4 183.0mmaxh 128.2 132.9 138.6 142.7no mixing 112.8 115.5 118.2 120.3large � 106.1 108.0 110.1 111.6mmaxh , � > 0 128.4 134.1 140.1 144.3mmaxh , � > 0, Xt < 0 124.5 128.8 134.3 138.2no mixing, � > 0, large Msusy 117.0 120.2 123.7 126.3gluophobi 115.7 118.8 122.0 124.4small � 118.5 122.2 126.2 129.1Table 3: Maximal value of mh (in GeV=2) in the eight benhmark MSSM senariosstudied in this note, as a funtion of mtop. Radiative orretions inlude all dominantseond-order loop terms [26℄. The maximum value of mh orresponds approximately tothe minimum value of mH.In all senarios, the radiative orretions have been omputed with all dominant two-loop order terms inluded, in the Feynman-diagrammati approah [26℄. As an illustrationof the di�erent senarios, Table 3 gives the maximum value of mh allowed by theory ineah of them, for the four values of mtop. At a given mtop value, the three mmaxh senarios6



give the highest upper bounds on mh, the positive � senario leading to the maximalvalue. The large � senario presents the lowest upper bound, followed in inreasing orderby the no mixing senario, the gluophobi one, the no mixing senario with positive �and the small � sheme. The maximum value of mh inreases signi�antly with mtop.The e�et is most important in the three mmaxh senarios, and is muh smaller in theothers, espeially in the large � sheme. It must be noted that the maximum value of mhorresponds approximately to the minimum value ofmH in regions of large HHZ ouplings.Thus, apart in the three mmaxh senarios, the H signal is expeted to ontribute to theexperimental sensitivity, e.g. in all other senarios for a top mass of 169.2 GeV=2 and inthe no mixing and large � senarios for a top mass of 179.4 GeV=2.3.2 The proedureIn eah senario, a san was performed over the MSSM parameters tan� and mA. Therange in mA spans from 0.02 GeV=2 up to 1 TeV/2. Values of mA leading to unphysialnegative mass squared values were removed from the sans. Suh points are rather rare,exept in the large �, gluophobi and small � senarios (see setion 4). The range intan � extends from the minimal value allowed in eah senario 1 up to 50, a value hosenin the viinity of the ratio of the top- and b-quark masses, whih is an example of thelarge tan� hypothesis favoured in some onstrained MSSM models [29℄. The san stepswere 1 GeV=2 in mA and 0.1 in tan� in the regions where mh varies rapidly with theseparameters. At low mA, where the deays modes hange rapidly with the Higgs bosonmass, values tested were 0.02, 0.1, 0.25, 0.5, 1.5 and 3 GeV=2.At eah point of the parameter spae, the hZ, hA and H+H� ross-setions and theHiggs branhing frations were taken from databases provided by the LEP Higgs workinggroup, Ref. [30℄, on the basis of the theoretial alulations in Ref. [26℄, ompleted by thatin Ref. [31℄ for the harged Higgs boson branhing frations. The signal expetations ineah hannel were then derived from the theoretial ross-setions and branhing frations,the experimental luminosity and the eÆienies. If neessary, a orretion was applied toaount for di�erent branhing frations of the Higgs bosons between the test point andthe simulation (e.g. for the hZ proess, the simulation was done in the SM framework).As disussed in [19, 1℄, neutral Higgs bosons an have non-negligible widths at largetan � when mA is above a few tens of GeV=2. In this region, the experimental sensitivityis dominated by the LEP2 hA analyses dediated to standard MSSM �nal-states. Toaount for width e�ets in these hannels, eÆienies derived from simulations with hand A widths below 1 GeV=2 (see e.g. [17℄) were applied for tan � < 30 only. Abovethat value, eÆienies were linearly interpolated in tan � between the eÆienies fromthese simulations and those from simulations at tan � = 50 where the Higgs boson widthsexeed the experimental resolution (typially, 5 GeV=2 on the sum of the Higgs bosonmasses). As the Higgs boson widths grow approximately linearly with tan � above 30, alinear interpolation is valid. The same holds for the disriminant information, for whihthe same interpolation software was used for the PDF interpolation in mass or entre-of-mass energy [19℄. The hZ and HZ hannels at large tan � are muh less a�eted by widthe�ets sine in most of the regions where they possibly ontribute, their width is belowthe experimental resolution, as shown in [1℄.1The minimal value of tan� is 0.7 in the large � senario and in the no mixing senario with positive� and 0.4 in all other shemes. Lower tan� values give rise to unphysial negative mass squared values.7



4 ResultsThe regions of the MSSM parameter spae exluded at 95% CL or more by ombiningthe results of Table 1 are hereafter disussed in turn for eah senario. As a generalstatement valid in all senarios, most of the exlusion is made by the searhes for neutralHiggs bosons in �nal-states as expeted from most MSSM models. The searhes forneutral Higgs bosons deaying hadronially bring a gain in exlusion at high mass inthe large � senario and, at low masses, in all other senarios given their more ompleteoverage at low mA. The harged Higgs boson searhes omplete the exlusion at low mAsine in that region these bosons beome kinematially aessible at LEP2.4.1 The mmaxh senarioThe exluded regions in the (mh, tan �), (mA, tan�) and (mh, mA) planes are presentedin Fig. 2 for a top mass value of 179.4 GeV=2. The inlusion of the searhes for the heavysalar, H, brings no hange in the exluded regions sine H is above LEP sensitivity inthis senario (see Table 3). Basially, the exlusion is made by the results in the hZ(hA) hannels in the low (large) tan � region while they both ontribute at intermediatevalues. As ompared to our previous results of Ref. [1℄, diret Higgs boson searhes leaveno unexluded hole any longer at low mh and mA. In Ref. [1℄ suh a hole was exludedonly by the limit on the Z partial width that would be due to new physis. Here, the holeis exluded independently by the searhes for harged Higgs bosons, whih in that regionhave a mass around 80 GeV=2, a branhing fration into fermions above 90% and a largeprodution ross-setion. Altogether, the above results thus establish the following 95%CL lower limits on mh and mA for mtop = 179.4 GeV=2:mh > 89:7 GeV=2 mA > 90:4 GeV=2for any value of tan� between 0.4 and 50. The expeted median limits are 90.6 GeV=2formh and 90.8 GeV=2 formA. The observed limit inmA (mh) is reahed at tan� around20 (10), in a region where both the hZ and hA proesses ontribute. Furthermore, formtop = 179.4 GeV=2 there is an exluded range in tan � between 0.9 and 1.4 (expeted[1.0-1.4℄) whih is valid for any value of mA between 0.02 and 1000 GeV=2.The mtop dependene of the above limits was studied, as summarised in Table 4. Themass limits remain unhanged when varying mtop, for mh is insensitive to mtop in theregion of large tan � and intermediate mA where the limits are set. On the other hand,the exluded range in tan� is governed by the maximal value of mh, whih is reahedat large mA where mh is very sensitive to mtop, as illustrated in the top left-hand plotin Fig. 2: hene the variation of the limits in tan� as reported in Table 4 and Fig. 10.It must be noted that for a top mass of 183 GeV=2, there is no longer any exlusion intan � in that senario.4.2 The mmaxh senarios with reverse signs of � and XtThe exluded regions in the (mh, tan�), (mA, tan�) and (mh, mA) planes for a top massvalue of 179.4 GeV=2 are presented in Fig. 3 for the mmaxh senario with positive � and inFig. 4 for the mmaxh senario with positive � and negative Xt. The results are quite similarto that in the previous senario. The third neutral Higgs boson, H, being too heavy does8
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not ontribute and the harged Higgs hannels provide a gain in exlusion at low mh andmA. Mass limits are within 200 MeV=2 from that in the mmaxh senario and do not varysigni�antly with mtop, as reported in Table 4.To ompare observed and median limits, the 95% CL lower limits on mh and mA inthe mmaxh senario with positive � for mtop = 179.4 GeV=2 are:mh > 89:5 GeV=2 mA > 90:3 GeV=2for any value of tan� between 0.4 and 50. The expeted median limits are 90.3 GeV=2for mh and 90.4 GeV=2 for mA. The 95% CL lower limits on mh and mA in the mmaxhsenario with positive � and negative Xt for mtop = 179.4 GeV=2 are:mh > 89:5 GeV=2 mA > 90:4 GeV=2for any value of tan� between 0.4 and 50. The expeted median limits are 90.4 GeV=2for mh and 90.6 GeV=2 for mA.On the other hand, the exluded ranges in tan� are di�erent, sine the three mmaxhsenarios have di�erent theoretial upper bounds on mh. For mtop = 179.4 GeV=2 theexluded range in tan � in the mmaxh senario with positive � lies between 0.9 and 1.5(expeted [0.9-1.5℄), while in the mmaxh senario with positive � and negative Xt it spansfrom 0.7 to 1.9 (expeted [0.7-1.9℄). These limits are valid for any value of mA between0.02 and 1000 GeV=2. Note that despite the higher maximal value of mh in the mmaxhsenario with positive �, the most onservative limits in tan� are still derived in themmaxh senario, reeting the di�erenes in the theoretial upper bounds at tan � around1 (see top left-hand plots in Fig. 2 and Fig. 3). The mtop dependene of the above limitsis presented in Table 4 and Fig. 10. For a top mass of 183 GeV=2, there is no longerany exlusion in tan� in the mmaxh senario with positive �, while there is still one in thesenario with positive � and negative Xt due to the lower maximal value of mh in thatsenario.4.3 The no mixing senarioThe exluded regions in the (mh, tan�), (mA, tan�) and (mh, mA) planes for a top massvalue of 179.4 GeV=2 are presented in Fig. 5. In this senario, if the top is not tooheavy, the heavy salar, H, is kinematially aessible at large tan� and moderate mA,the region where the mass limits in mA and mh are set. Thus, allowing for its produtioninreases the sensitivity of the searhes.The zoom at lowmA in the (mh, mA) projetion shows that there are three unexludedholes below 4 GeV=2 in mA. The one at low mh is similar to that enountered in themmaxh senarios. As ompared to our previous results of Ref. [1℄, this hole is almost fullyexluded by the searhes for harged Higgs bosons. A tiny region lose to the theoretiallower bound on mh remains unexluded by the diret Higgs boson searhes. However, thelimit on the Z partial width that would be due to new physis [32℄, �new < 6:6 MeV=2,translates, when applied to the hA proess, into an exluded region that enompassesthat area. The two other unexluded regions have tan � below 1.0 and mh between59 and 82 GeV=2. In that region, mA is below the kinemati threshold mh = 2mA,the deay h ! AA opens and an supplant the h ! b�b mode. Our LEP2 h ! AAsearhes, overing A masses above the � threshold (see Table 1), have no sensitivity12
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there. Similarily, harged Higgs bosons, although kinematially aessible with a massbetween 65 and 80 GeV=2, have a large branhing fration into W�A. As our hargedHiggs boson searhes in these hannels assume mA above 12 GeV=2 (see Table 1), theoverall experimental sensitivity in that region remains weak and no exlusion at 95% CLan be derived (the maximum value of CLs there is 25%). Note that the nearby regionwith mh from 82 GeV=2 to the theoretial upper bound on mh is exluded at 95% CLby the harged Higgs boson searhes through their fermioni deays whih dominate theW�A mode there.The above results thus establish the following 95% CL lower limits on mh and mA formtop = 179.4 GeV=2: mh > 90:0 GeV=2 mA > 90:8 GeV=2for any value of tan� between 0.96 and 50. The expeted median limits are 90.8 GeV=2for mh and 90.7 GeV=2 for mA. The observed limits in mA and mh are reahed at tan �around 15, in a region where both the hZ and hA proesses ontribute. Furthermore,there are exluded ranges in tan�, the largest interval for mtop = 179.4 GeV=2 beingbetween 1.0 and 5.4 (expeted [0.8-4.9℄) whih is valid for any value of mA between 0.02and 1000 GeV=2.The mtop dependene of the above limits was studied, as shown in Table 4 and Fig. 10.In this senario, both the mass limits and the exluded range in tan � hange when varyingmtop. Indeed, as already mentioned, the mass limits inmA and mh rely on the searhes forH, whose mass is very sensitive to mtop in the region where the limits are set. Similarly,the maximal value of mh, whih governs the limits in tan �, is reahed at large mA wheremh is very sensitive to mtop (see Table 3). Note that for a top mass of 169 GeV=2, mHdereases by 3 GeV=2 in the region where the mass limits are set, making the H signalmore within the sensitivity of LEP2: the whole parameter spae of the no mixing senariois then aessible and found to be exluded at 95% CL, apart from a hole at tan� below1.0 and mA below 4 GeV=2, whih is disfavoured at 75% CL only.4.4 The no mixing senario with positive � and large MsusyThe exluded regions in the (mh, tan�), (mA, tan�) and (mh, mA) planes for a top massvalue of 179.4 GeV=2 are presented in Fig. 6. The largerMsusy makes the impat of the Hsignal, and hene the exlusion limits, weaker than in the previous senario. On the otherhand, the results in the low mass region, at mA below 4 GeV=2, are similar to that in theno mixing senario. The diret searhes leave a tiny unexluded region at low mh whihis exluded by the limit on �new. A seond region, at mh between 65 and 72 GeV=2,remains unexluded even when harged Higgs boson searhes are inluded, due to thelarge branhing fration into W�A deays, whih are not overed by these searhes atsuh low A masses. An exlusion at 85% CL is however ahieved in this region.
14
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The above results thus establish the following 95% CL lower limits on mh and mA formtop = 179.4 GeV=2: mh > 89:7 GeV=2 mA > 90:4 GeV=2for any value of tan� between 0.88 and 50. The expeted median limits are 90.5 GeV=2for both mh and mA. For mtop = 179.4 GeV=2 there is an exluded range in tan �between 0.9 and 3.4 (expeted [0.8-3.3℄) whih is valid for any value of mA between 0.02and 1000 GeV=2.The mtop dependene of the above limits is presented in Table 4 and Fig. 10. Themass limits vary only slightly with mtop, sine in the region where these are set, mh isinsensitive to mtop while mH, although sensitive to mtop, is very lose to the kinematilimit. Note also that, ontrary to the ase of the no mixing senario, even for a top massof 169 GeV=2 the parameter spae of this senario is not fully aessible, due to too highan upper (resp. lower) bound on mh (resp. mH). The exlusion is thus muh weaker thanin the no mixing sheme.4.5 The large � senarioThe exluded regions in the large � senario are presented in the (mh, tan �) and (mA,tan �) planes in Fig. 7 for values of the top quark mass of 174.3 and 179.4 GeV=2. Inthese �gures, the ontribution of the H signal and that of the searhes for neutral Higgsbosons deaying into hadrons of any avour are highlighted.A large fration of the allowed domain is exluded by the searhes for the h, A and HHiggs bosons into standard MSSM �nal states. In partiular, given that the theoretialupper bound on the h boson mass in that senario is low (around 110.0 GeV=2, seeTable 3), the sensitivity of the hZ hannels is high even at large tan �, whih explainswhy the exluded region reahes the theoretially forbidden area for large values of tan �.As the value of the upper bound on mh is also the theoretial lower bound on mH at largetan �, allowing for the prodution of H translates into a signi�ant gain in exlusion. Thesearhes for neutral Higgs boson into hadrons of any avour brings an additional exlusionin regions left unexluded by the standard searhes at tan� above 10. At moderate mA,hZ and hA produtions are low due to weak hZZ ouplings for hZ and to kinematis forhA. On the other hand, HZ prodution is large but H is deoupled from b�b. At largermA,hA and HZ produtions are kinematially forbidden, hZ prodution is large but the h!b�bbranhing fration vanishes. In both ases, the Higgs boson whose prodution is allowed(H or h) has a large branhing fration into hadrons and a mass lose to the sensitivityof our searhes for neutral Higgs boson deaying into hadrons and fully oupled to theZ. This explains why these searhes lead to an additional but only partial exlusion inthese regions. Note that inreasing the top quark mass from 174.3 to 179.4 GeV=2 leadsto larger an unexluded area, for there are more points with vanishing h or H branhingfrations into b�b and, as mh and mH inrease with mtop, the impat of the searhesfor hadronially deaying Higgs bosons beomes also weaker. However, when ombiningthe four LEP experiments, the sensitivity of these searhes inreases and beomes highenough to over almost entirely these regions of vanishing branhing frations into b�b [30℄.At low masses, there is one unexluded tiny hole at low mA and tan� above 1, whihis due to the lak of searhes for the topology with two jets and hadrons as expeted16
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from the hA proess with one Higgs boson of mass above the b�b threshold and the otherone with a mass between 1 and 4 GeV=2. This point is exluded by the limit on �new.All similar unexluded holes at low masses present in our previous results [1℄ are nowexluded either by the searhes for neutral Higgs bosons deaying into hadrons or by thesearhes for harged Higgs bosons.4.6 The gluophobi senarioThe exluded regions in the (mh, tan�), (mA, tan�) and (mh, mA) planes for a top massvalue of 179.4 GeV=2 are presented in Fig. 8. Although this senario was designed totest Higgs boson searhes at hadron olliders, that is a phenomenology very di�erent fromthat of LEP, results are similar to those derived in the previous senarios. The shapeof the exluded region is made by the results in the hZ (hA) hannels in the low (large)tan � region while they both ontribute at intermediate values. At low mass, the diretsearhes leave one unexluded hole, below 4 GeV=2 in mA and at tan � around 0.6, whihis exluded by the limit on �new.The above results establish the following 95% CL lower limits on mh and mA formtop = 179.4 GeV=2: mh > 86:4 GeV=2 mA > 93:2 GeV=2for any value of tan� between 0.4 and 50. The expeted median limits are 86.6 GeV=2for mh and 93.3 GeV=2 for mA. The observed limits in mA and mh are reahed attan � around 50, in a region where only the hA proess ontributes. Contrary to theother senarios, the h and A bosons are not degenerate in mass at large tan�, whihreets in the signi�ant di�erene between the h and A mass limits. Furthermore, formtop = 179.4 GeV=2, there is an exluded range in tan �, between 0.5 and 3.7 (expeted[0.5-3.6℄) whih is valid for any value of mA between 0.02 and 1000 GeV=2.The mtop dependene of the above limits is shown in Table 4 and Fig. 10. As alreadymentioned, the h and A bosons are not degenerate at large tan � and moderate mA, theregion where the mass limits are set. As a onsequene, the value of mh at �xed mA andtan � is observed to vary signi�antly with mtop in that region. This is the main reasonof the variations of the mass limits with mtop, an additional e�et being the variations ofmH whih is kinematially aessible at low mtop in this senario (see Table 3). On theother hand, the variation of the exluded range in tan� is due, as in the other senarios,to the hange in the maximal value of mh whih is reahed at large mA where mh is verysensitive to mtop.4.7 The small � senarioThe exluded regions in the (mh, tan�), (mA, tan�) and (mh, mA) planes for a top massvalue of 179.4 GeV=2 are presented in Fig. 9. The small � sheme is the seond exampleof a senario aiming at testing potential diÆult ases for the Higgs boson searhes athadron olliders. As mentioned in setion 3, this senario presents regions of the parameterspae where the h! b�b and h ! �+�� deays vanish, whih ould be a problem at LEPtoo. The results in Fig. 9, similar to those derived in the previous senarios, show thatthis is not the ase. The reason is that at large tan �, in the region aessible at LEP,18
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the h ! b�b branhing fration, although redued, remains high enough (e.g. above 70%in the region where the mass limits are set) to ensure a good sensitivity. Close to thetheoretial lower bound on mh, the diret searhes leave a few unexluded islands thatare all exluded by the limit on �new.The above results establish the following 95% CL lower limits on mh and mA formtop = 179.4 GeV=2: mh > 82:5 GeV=2 mA > 96:5 GeV=2for any value of tan� between 0.4 and 50. The expeted median limits are 81.3 GeV=2for mh and 95.5 GeV=2 for mA. The observed limits in mA and mh are reahed at tan �around 50, in a region where only the hA proess ontributes. As in the previous senario,the h and A bosons are not degenerate in mass at large tan �, whih reets in the signif-iant di�erene between the h and A mass limits. Furthermore, for mtop = 179.4 GeV=2,there is an exluded range in tan �, between 0.5 and 3.1 (expeted [0.5-2.9℄) whih is validfor any value of mA between 0.02 and 1000 GeV=2.The mtop dependene of the above limits is shown in Table 4 and Fig. 10. As in theprevious senario, the value of mh at �xed mA and tan � varies signi�antly with mtopin the region where the mass limits are set, whih explains the variations of the latter.The H signal, being kinematially inaessible for most values of mtop (see Table 3) playsno role in this senario. Finally, the variation of the exluded range in tan� is due tothe hange in the maximal value of mh whih is reahed at large mA where mh is verysensitive to mtop.4.8 SummaryThe lower bounds in mass and exluded ranges in tan � disussed in the previous setionsare summarised in Table 4. The variation with mtop of the exluded ranges in tan � isfurther illustrated in Fig. 10. All lower bounds in mass are at the 95% CL, as well aseah individual (either lower or upper) bound in tan �.

21



mtop (GeV=2)senario limits 169.2 174.3 179.4 183.0mmaxh mh (GeV=2) 89.7 89.7 89.7 89.6mA (GeV=2) 90.4 90.4 90.4 90.4tan � 0.6 - 2.4 0.7 - 1.9 0.9 - 1.4 nonemmaxh mh (GeV=2) 89.6 89.6 89.5 89.6� > 0 mA (GeV=2) 90.3 90.3 90.3 90.3tan � 0.6 - 2.6 0.7 - 2.0 0.9 - 1.5 nonemmaxh mh (GeV=2) 89.6 89.6 89.5 89.6� > 0; Xt < 0 mA (GeV=2) 90.5 90.4 90.4 90.4tan � 0.5 - 3.2 0.6 - 2.4 0.7 - 1.9 0.8 - 1.6no mixing mh (GeV=2) 112.8 90.6 90.0 89.9mA (GeV=2) 1000. 91.4 90.8 90.5tan � 0.4 - 0.5 0.4 - 0.5 0.4 - 0.5 0.4 - 0.50.8 - 0.9 0.8 - 0.9 0.8 - 0.9 0.8 - 0.91.0 - 50. 1.0 - 9.6 1.0 - 5.4 1.0 - 4.3no mixing mh (GeV=2) 89.9 89.8 89.7 89.8� > 0 mA (GeV=2) 90.8 90.6 90.4 90.3large MSUSY tan � 0.9 - 6.9 0.9 - 4.5 0.9 - 3.4 0.9 - 3.0Gluophobi mh (GeV=2) 87.8 87.0 86.4mA (GeV=2) 93.0 92.9 93.2tan � 0.4 - 9.7 0.4 - 5.2 0.5 - 3.7Small � mh (GeV=2) 84.3 83.5 82.5mA (GeV=2) 95.0 95.8 96.5tan � 0.4 - 6.0 0.4 - 4.0 0.5 - 3.1Table 4: 95% CL lower bounds on mh and mA and 95% CL upper and lower bounds intan � obtained in the di�erent CP-onserving MSSM benhmark senarios, as a funtionofmtop. Dominant two-loop order radiative orretions are fully inluded in the theoretialalulations. The experimental results enompass searhes for neutral and harged Higgsbosons in the whole data sample of DELPHI. mtop = 183 GeV=2 was not studied in thegluophobi and small � senarios.
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5 ConlusionsSearhes for neutral and harged Higgs bosons in the whole data sample of the DELPHIexperiment have been ombined to derive onstraints on a few CP-onserving MSSMbenhmark senarios. Experimental results enompass searhes for the three neutral Higgsbosons in �nal-states as expeted in most MSSM models as well as searhes for hargedHiggs bosons and for neutral Higgs bosons deaying into hadrons of any avour. The lasttwo subsets of results bring an additional gain in sensitivity in restrited regions of theparameter spae, whih is overed mostly by the standardMSSM analyses. Inluding theprodution of the third neutral Higgs boson translates into a signi�ant gain in exlusionin senarios whih makes this boson kinematially aessible at LEP.In all benhmark senarios, the experimental results allow to exlude a large frationof the parameter spae, even in senarios designed to test potential diÆult ases (e.g.vanishing prodution ross-setions or deay branhing frations) either at LEP or athadron olliders. Limits on masses of the h and A bosons were dedued as well as upperand lower exlusion bounds in tan�. The dependene of these limits withmtop was studiedin a range between 169.2 to 183.0 GeV=2.To quote but one result, the following limits at 95% of CL have been established inthe framework of the mmaxh senario with mtop = 179.4 GeV=2:mh> 89.7 GeV=2 and mA> 90.4 GeV=2 for any tan� between 0.4 and 50,tan� < 0:9 or tan� > 1:4 for any mAbetween 0.02 and 1000 GeV=2.The mass limits are insensitive to variations of the top quark mass. The exludedrange in tan � dereases with inreasing mtop and no bound an be set on tan� atmtop = 183.0 GeV=2. This senario provides the most onservative bounds on tan �among the eight models tested.
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