
MSSM Higgs boson searches at LEP�Vanina Ruhlmann-KleiderDSM/DAPNIA/SPP, CEA-Saclay, 91191 Gif-sur-Yvette, Francefor the LEP Higgs working groupThe �nal results of LEP on the searches for neutral Higgs bosons ofthe minimal supersymmetric extension of the Standard Model (MSSM) arereviewed. The highlight is put on the results derived in representative sce-narios aimed at testing various challenges for the experimental detection,both at LEP and at hadron colliders (kinematics, vanishing branching frac-tions in key channels, CP violation in the Higgs sector).PACS numbers: PACS numbers come here1. IntroductionAs compared with the Standard Model (SM), the MSSM has an extendedHiggs sector with two doublets of Higgs �elds, leading to �ve physical Higgsbosons, of which three are neutral. The ratio of the doublet vacuum expec-tation values, tan�, plays an important role in the phenomenology of theHiggs bosons.In e+e� collisions, the dominant production mechanisms are the s-channelprocesses described in Fig. 1, that is the associated production of a Z and aHiggs boson and the pair production of two di�erent Higgs bosons. Theseprocesses are complemented by additional t-channel diagrams in the �nalstates where a Higgs boson is produced with neutrinos or electrons, whichproceed through W+W� and ZZ fusions, respectively. The LEP experi-ments have searched for neutral Higgs bosons produced in these processes,over the whole energy range covered by the collider. Combined results havebeen published in Ref. [1] in various representative scenarios, with or with-out CP conservation in the Higgs sector. These results are presented in thisarticle. Note that Ref. [1] includes also model-independent limits on the� Review talk presented at Physics at LHC, 2006.(1)
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Fig. 1. Main production processes of MSSM neutral Higgs bosons at LEP. Left:associated production of a Z and a Higgs boson (Higgsstrahlung). Right: pair-production of neutral Higgs bosons.couplings between the Z and the Higgs bosons, in the main �nal states, toallow other scenarios to be tested.2. MSSM scenarios with CP conservationIf CP is conserved in the Higgs sector, the three neutral Higgs bosons areCP eigenstates. Two, denoted h and H, are scalars (h being the lightest one),and the third one is a pseudo-scalar, A. The two scalars can be produced ineither process of Fig. 1, while A is produced only in pair-production. Withinthe kinematic range of LEP, the two main processes are the Higgsstrahlungof the lightest scalar, hZ, and the pair-production hA. These processes arecomplementary over the MSSM parameter space: if kinematically allowed,hZ production dominates at low tan� or at large mA, while in the rest ofthe parameter space, it is suppressed with respect to hA pair-production. Insome scenarios, the Higgsstrahlung of the heavy scalar, HZ, is kinematicallyallowed at large tan � and moderatemA, thus providing a gain in sensitivity.The decays of the MSSM Higgs bosons are mostly similar to those inthe SM. In the mass range accessible at LEP, they span from very lowmass Higgs particles decaying oustide the detector to Higgs bosons about100 GeV=c2 decaying into b or � pairs. However, in some part of the pa-rameter space, cascade decays such as h ! AA open and can supplant theother decays. Similarily, in restricted areas of some speci�c scenarios, theotherwise dominant b�b decay can be suppressed to the pro�t of the decayintos hadrons of other 
avours. The LEP results combine a great variety ofsearches that cover most of the possible decays [1].At tree level, the production cross-sections and the Higgs branchingfractions in the MSSM depend on two free parameters, usually chosen astan� and one Higgs boson mass. Radiative corrections introduce additionalparameters related to supersymmetry breaking. In the Higgs boson searches



plhc06_ruhlmann printed on September 19, 2006 3at LEP, the usual assumption that some of them are equal at a given energyscale is made: hence, the SU(2) and U(1) gaugino mass parameters areassumed to be uni�ed at the so-called GUT scale, while the sfermion massparameters or the squark trilinear couplings are taken to be equal at theEW scale.Within these assumptions, the parameters beyond tree level are: thetop quark mass, the Higgs mixing parameter, �, the common sfermion massparameter at the EW scale, Msusy, the SU(2) gaugino mass parameter atthe EW scale, M2, the gluino mass, m~g, and the common squark trilinearcoupling at the EW scale, A. The U(1) gaugino mass term at the EW scale,M1, is related to M2 through the GUT relation M1 = (5=3)tan2�WM2.The radiative corrections a�ect the relationships between the masses of theHiggs bosons, with the largest contributions arising from loops involvingthe third generation quarks and squarks (top/stop and, at large values oftan�, bottom/sbottom). As an example, the h boson mass, which is belowthat of the Z boson at tree level, increases by a few tens of GeV=c2 in someregions of the MSSM parameter space due to radiative corrections.2.1. The benchmark scenariosThe LEP Higgs working group considered eight benchmark scenarios,as suggested in Ref. [2]. Results were produced for a reference value ofmtop = 174.3 GeV=c2, a value about 1.5 standard deviation above the cur-rent experimental measurement of the top mass. The dependence of theexclusion bounds with mtop was also studied over a range spanning from169.2 to 183.0 GeV=c2. In all scenarios, the radiative corrections have beencomputed in the Feynman-diagrammatic approach with all dominant two-loop order terms included, using version 2.0 of the FeynHiggs code [3].The values of the supersymmetry breaking parameters in all scenarios aredetailed in Ref. [1].The �rst scenario is the mmaxh scenario which leads to the maximumpossible h mass at each tan� value: as an example, the maximal valueof mh is 133 GeV=c2 for a top mass of 174.3 GeV=c2. Two variants ofthat scenario are de�ned by reversing the sign of �, and in addition thatof the mixing parameter X = A � � cot�. The changes in the Higgs bosonmasses and properties are small. The three mmaxh scenarios provide thelargest theoretically allowed region and hence are expected to give the mostconservative bounds on tan�.A second class of models contains the no mixing scenario, the counter-part of the mmaxh scenario with vanishing mixing. It leads to theoreticalupper bounds on mh which are at least 15 GeV=c2 lower than in the mmaxhscheme. One variant has been proposed in which the sign of � is reversed



4 plhc06_ruhlmann printed on September 19, 2006and the value of Msusy is doubled. The higher Msusy scale leads to a fewGeV=c2 increase of the theoretical upper bound on mh.The third class of scenarios addresses the issue of possible vanishingbranching fractions in the main Higgs decay channels. The �rst example isthe large � scenario, designed for LEP. It predicts at least one scalar Higgsboson kinematically accessible at LEP in each point of the MSSM parameterspace. However, there are regions for which detecting such a Higgs bosonis di�cult because of vanishing branching fractions into b-quarks due tolarge radiative corrections. The dominant decays in these regions being stillinto hadrons, the main analysis channels su�er from large backgrounds.Similarily, the last two scenarios have been proposed to test potentiallydi�cult cases for the searches at hadron colliders. Hence, the gluophobicscenario presents regions where the main production channel at the LHC,gluon fusion, is suppressed due to cancellations between the top quark andstop quark loops in the production process. Finally, in the small � scenario,important decay channels at the Tevatron and at the LHC, h ! b�b andh ! �+��, are suppressed at large tan� and moderate mA.2.2. Selected resultsThe regions of the MSSM parameter space excluded by LEP at 95%CL or more in each scenario have been produced in the (mh, tan�), (mA,tan�), (mh, mA) and (mH� , tan�) planes [1]. As an example, Fig. 2 (a)presents the results in the (mh, tan �) projection in the mmaxh scenario formtop = 174.3 GeV=c2. Basically, the exclusion is made by the results inthe hZ (hA) channels in the low (large) tan � region while they both con-tribute at intermediate values. These results establish 95% CL lower lim-its on mh and mA of 92.8 and 93.4 GeV=c2, respectively. These limitshold for any value of tan� between 0.4 and 50 and are insensitive to thetop mass value, as shown in Table 1 in the appendix. Besides, values oftan� where the experimentally excluded region reaches the theoretical up-per bound onmh are excluded. This exclusion spans from 0.7 to 2.0 in tan�for mtop = 174.3 GeV=c2. It is sensitive to the top mass value, as demon-strated in Fig. 2 (b) and Table 1. This table also shows that the two variantsof the mmaxh scenario give similar mass limits and slightly larger excludedranges in tan�. Thus the most conservative limit in tan� is set by the LEPmmaxh scenario.In the no mixing scenario, a larger region of the parameter space isaccessible at LEP, thanks to low h and/or H masses and high couplings tothe Z. As an example, for mtop = 174.3 GeV=c2 (see Fig. 3), 95% CL lowerlimits of 93.6 GeV=c2 are reached on both mh and mA, and the exclusion intan� covers the interval between 0.4 and 10.2. These limits have a restricted
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Fig. 2. MSSM mmaxh scenario for a top mass of 174.3 GeV=c2: a) regions excluded at95% CL (medium-grey) and 99.7% CL (dark-grey) by combining the results of theHiggs boson searches at LEP. The dashed curves show the median expected limitsat 95% CL. The theoretical upper bounds for a top mass of 169.2 and 179.4 GeV=c2(from left to right) are also indicated. b) Variation with mtop of the exclusions intan � at 95% CL (medium-grey) and 99.7% CL (dark-grey).validity, though, due to tiny unexcluded domains in the region tan� � 0.7andmA � 3 GeV=c2. In that region, the decay h! AA opens and supplantsthe h ! b�b mode, and the A boson, with mass below the �+�� threshold,decays to �nal states which are not su�ciently covered by the experimentalsearches. The mass and tan� limits in that scenario are very sensitive tothe top mass value (see Table 1), due to strong variations of mH with mtop:thus, the no mixing scenario is fully excluded for mtop = 169.2 GeV=c2. Inthe variant of the no mixing scenario, the higher value ofMsusy enlarges thekinematic range of mh and mH , leading to more conservative limits in massand tan �, as shown in Table 1.Finally, in the third class of models, the large � scenario is fully excludedfor mtop � 174.3 GeV=c2, thanks to favourable kinematic conditions andto the searches for Higgs bosons decaying into hadrons of any 
avour. Fora larger mtop(see Table 1), small regions remain unexcluded at large tan�and mA between 100 and 200 GeV=c2, due to mh reaching the ultimatesensitivity of these searches. In the other two scenarios, LEP results excludesizable domains of the parameter space, as shown in Fig. 4 and Table 1. Note
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Fig. 3. LEP exclusions in the MSSM no mixing scenario for a top mass of174.3 GeV=c2: see the caption of Fig. 2 for the legend.
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Fig. 4. LEP exclusions in the MSSM gluophobic and small � scenarios for a topmass of 174.3 GeV=c2: see the caption of Fig. 2 for the legend.that the di�erence between the h and A mass bounds in these scenarios
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ects the fact that these two bosons are not degenerate in mass in theregion where the limits are set, contrary to what happens in the mmaxh andno mixing models.3. MSSM scenarios with CP violationIf CP is not conserved in the Higgs sector, which may be realized throughradiative corrections, the three neutral Higgs bosons are no longer pure CPeigenstates but mixtures of CP-even and CP-odd components. They areusually denoted H1, H2 and H3, in increasing mass. The main productionmechanisms are the same as in the CP-conserving case, except that, a priori,any scalar can be produced in association with a Z boson or through W+W�and ZZ fusions, and any couple of di�erent Higgs bosons can be producedin pair (see Fig. 1). The main di�erence with respect to the CP-conservingcase lies in the couplings of the Z boson to the Higgs scalars, which can bestrongly suppressed in signi�cant regions of the parameter space. In mostpart of the latter, only the two lightest scalars, H1 and H2 are kinematicallyaccessible at LEP. If their couplings to the Z boson are not suppressed byCP violation, the main production processes are thus the H1Z, H2Z andH1H2 processes, with H1Z dominating at low tan�, H1H2 at large tan�and H2Z contributing whatever tan�.On the other hand, the decay properties of the Higgs bosons are notstrongly a�ected by CP violation, at least for the masses accessible at LEP,up to around 100 GeV=c2. The only di�erence concerns the cascade decayswhich can be dominant in regions of the parameter space larger than in theCP-conserving case. Besides the kinematic properties of the signal processesare only slightly a�ected by CP violation, for, when CP is not conserved,the production processes still proceed through the CP-even and CP-oddcomponents of the neutral Higgs bosons [1]. The same topological searchescan thus be applied whether CP is conserved or not.As already mentioned, CP violation in the MSSM Higgs sector is intro-duced through radiative corrections. Besides the two parameters used tode�ne the scenarios at tree level and the usual set of parameters relatedto supersymmetry breaking (see section 2), CP violation introduces phases.Physical arguments impose that only two CP-violating phases are physi-cal [4]. These are taken as the phase of the gluino mass, arg(m~g) and thecommon phase of the stop and sbottom trilinear couplings, arg(At;b).3.1. The benchmark scenariosThe dominant CP-violating e�ects are proportional to m4topv2 Im(�A)M2susy wherev is the quadratic sum of the vacuum expectation values of the two Higgs



8 plhc06_ruhlmann printed on September 19, 2006�eld doublets. Sizeable e�ects are thus expected for moderate values ofMsusy, large values of � and phases arg(At;b) around 90�. A strong de-pendence with the value of mtop is also to be expected. Along these lines,a benchmark scenario with maximal CP violation, the CPX scenario, hasbeen proposed in Ref. [5] as an appropriate scheme for LEP searches. Afew variants have also been considered by the LEP Higgs working group inorder to study the dependence of the CP violation e�ects with the valuesof the phases, of � and Msusy. The values of the underlying parameters inall scenarios are detailed in Ref. [1].In all scenarios, radiative corrections have been computed in two dif-ferent approaches, the Feynman-diagrammatic approach of Ref. [3], alreadyselected in the CP-conserving case, and the renormalization group approachof Ref. [6], using in that case the CP-violating version CPH of the SUBH-POLE code. Contrary to the CP-conserving case, where the calculations inthe Feynman-diagrammatic approach are the most complete, in the case ofCP-violation neither of the two calculations can be preferred on theoreticalgrounds. To account for the presently signi�cant di�erences between thetwo approaches, the scans performed by the LEP Higgs working group usethe two sets of calculations and declare a point as excluded only if it isexcluded in both. 3.2. Selected resultsThe LEP Higgs working group produced results in the CPX scenarioand its variants for mtop = 174.3 GeV=c2 and studied the dependence ofthe results with the top mass in the CPX scenario. The full set of results canbe found in Ref. [1]. A few results are presented here in order to illustratethe main e�ects from CP violation.The impact of the CP-violating phases is �rst illustrated in Fig. 5, whichshows the regions excluded by LEP when all phases are set to 0� (a), 60�(b) and 90� (c), the phase value in the CPX scenario. Note that the variantwith 0� phases is a CP-conserving scenario. For zero to moderate phases,LEP covers sizable regions of the parameter space. The exclusion degradessigni�cantly for phases around 90�: the H1Z process is suppressed, leavingonly one process accessible in most part of the parameter space. At largetan�, this process is H1H2, whose sensitivity does not go beyond 60 GeV=c2in mH1 , due to kinematics. In the intermediate tan� region, the processleft is H2Z, with H2 ! H1H1 as the main H2 decay for mH1 below around60 GeV=c2. The corresponding searches exhibit a slight excess of data atH1 masses between 35 and 55 GeV=c2, and have unsu�cient sensitivitybelow 15 GeV=c2 in mH1 , which explains the two unexcluded areas at tan�between around 4 and 10.
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Fig. 5. CP-violating MSSM scenarios for di�erent values of the phases and mtop(see text): regions excluded at 95% CL (medium-grey) or 99.7% CL (dark-grey)by combining the results of the Higgs boson searches at LEP. The dashed curvesshow the median expected limits at 95% CL.The dependence with � is illustrated in Fig. 6 with results correspondingto values of 1 TeV (a) and 4 TeV (b), to be compared to 2 TeV, the value of �in the CPX scenario (see part (c) of Fig. 5). For values of � lower than thatin the CPX scenario, at least two production processes are possible in everypoint of the kinematically accessible region of the parameter space, whichtranslates into a good experimental sensitivity. On the contrary, for highervalues of �, most of the sensitivity is lost due to the strong suppression ofthe three possible production processes.Finally, the dependence withmtop is illustrated with the CPX results formtop = 169.2GeV=c2, Fig. 5 (d), to be compared with those for 174.3 GeV=c2
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Fig. 6. CP-violating MSSM scenarios with di�erent values of � (see text): regionsexcluded at 95% CL (medium-grey) or 99.7% CL (dark-grey) by combining theresults of the Higgs boson searches at LEP. The dashed curves show the medianexpected limits at 95% CL.in Fig. 5 (c). The lower mtop translates into a better coverage of the param-eter space, due to reduced CP violation e�ects, although the exclusion is notfully restored as in CP-conserving scenarios (see e.g. part (a) of Fig. 5). Onthe other hand, higher top mass values would lead to a stronger suppressionof the three possible production processes and hence to a reduced coverageof the parameter space (see Ref. [1]).4. ConclusionsThe four LEP experiments have searched for neutral Higgs bosons in agreat variety of �nal states as expected from the main production processesand decay modes in the MSSM. These searches did not reveal any signi�-cant excess with respect to Standard Model background predictions. Theseresults were turned into exclusion bounds in a set of representative MSSMscenarios.If CP is conserved in the MSSM Higgs sector, upper mass bounds around90 GeV=c2 in mh andmA are achieved whatever the scenario, even those ex-hibiting regions with vanishing branching fractions in the key decays chan-nels. For a top mass as low as 169.2 GeV=c2, two of the representativescenarios (no mixing, large �) are fully excluded by LEP. In all scenarios,the low tan� region appears not to be favoured. The most conservativeexclusion in tan � is obtained in the mmaxh scenario and spans from 0.7 to



plhc06_ruhlmann printed on September 19, 2006 112.0 for a top mass of 174.3 GeV=c2.If CP is not conserved in the Higgs sector, no absolute mass boundscan be set due to strongly suppressed couplings between the Z and theHiggs bosons in the intermediate tan � range, namely between around 4and 10. The low tan� region is not favoured in these scenarios either. Asan example, the interval below 2.9 in tan � is excluded in the CPX scenariofor a top mass of 174.3 GeV=c2. Finally, the calculations of the radiativecorrections in the case of CP violation are not yet as complete as in the CP-conserving case, so that the theoretical predictions in this area may evolvesigni�cantly in the future. Appendixmtop (GeV=c2)scenario limits 169.2 174.3 179.4 183.0mmaxh mh 92.9 92.8 92.9 92.8mA 93.4 93.4 93.4 93.5tan � 0.6 - 2.6 0.7 - 2.0 0.9 - 1.5 nonemmaxh mh 92.7 92.7 92.6 92.7variant (a) mA 93.1 93.1 93.1 93.1tan � 0.7 - 2.1 0.7 - 2.1 0.9 - 1.6 nonemmaxh mh 92.8 92.6 92.6 92.7variant (b) mA 93.2 93.4 93.4 93.4tan � 0.5 - 3.3 0.6 - 2.5 0.7 - 2.0 0.8 - 1.7no-mixing mh excl. 93.6 93.3 92.9mA excl. 93.6 93.4 93.1tan � excl. 0.4 - 10.2 0.4 - 5.5 0.4 - 4.4no-mixing mh 93.2 92.8 92.8 92.9variant (a) mA 93.4 93.1 93.1 93.1tan � 0.7 - 7.1 0.7 - 4.6 0.7 - 3.5 0.7 - 3.0Large � mh excl. excl. 109.2 95.6mA excl. excl. 225.0 98.9tan � excl. excl. 0.7 - 43. 0.7 - 11.5Gluophobic mh 90.6 90.5 90.0 89.8mA 95.7 96.3 96.5 96.8tan � 0.4 - 10.3 0.4 - 5.4 0.4 - 3.9 0.5 - 3.3Small � mh 88.2 87.3 86.6 85.6mA 98.2 98.8 99.8 101.0tan � 0.4 - 6.1 0.4 - 4.2 0.5 - 3.2 0.6 - 2.7Table 1. 95% CL lower mass bounds and exclusions in tan � obtained at LEP indi�erent CP-conserving MSSM benchmark scenarios, as a function of mtop. In theno mixing scenario and for mtop > 169.2 GeV=c2, the quoted mass limits are onlyvalid for tan � > 0.7 and the exclusion in tan � is only valid for mA > 3 GeV=c2.
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