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SEARCH FOR THE SM AND MSSM HIGGS BOSONIN THE t�tH;H ! b�b CHANNEL�El»bieta Rihter-W¡sCERN, IT Division, 1211 Geneva 23, SwitzerlandInstitute of Computer Siene, Jagellonian UniversityNawojki 11, 30-072 Craow, PolandInstitute of Nulear PhysisKawiory 26a, 30-055 Craow, Polandand Mariusz Sapi«skiInstitute of Nulear PhysisKawiory 26a, 30-055 Craow, Poland(Reeived Deember 18, 1998)A detailed study of the assoiated Standard Model Higgs boson pro-dution t�tH with H ! b�b is presented for the SM and MSSM senarios.For Higgs boson masses from 80 to 120 GeV and an integrated luminosityof 3 � 104 pb�1 a lear evidene for an exess of events with four b-taggedjets over the bakground from W + jets and t�t prodution should be ob-servable. However, a lean reonstrution of the H ! b�b mass peak willbe di�ult beause of the ombinatorial bakground from the signal itself.This problem an be to a large extent overome if both top-quark deaysare reonstruted in addition to the reonstrution of the H ! b�b masspeak. In the MSSM senario, the low tan� region (up to tan� � 6) foran integrated luminosity of 3 � 104 pb�1 and most of the (mA; tan�) pa-rameter spae for an integrated luminosity of 105 pb�1 would be aessiblewith this hannel. Exellent b-tagging apability and good e�ieny forjet reonstrution are however neessary to explore this hannel to its fullpotential.PACS numbers: 14.80.Bn, 14.80.Cp, 14.65.Ha� Supported in part by Polish Government grant 2P03B00212, 115/E-343/SUPB/P03/004/97, 115/E-343/SPUB/P03/157/98 and Polish-Amerian Maria Skªodowska-Curie Joint Fund II in ooperation with PAA and DOE under projet PAA/DOE-97-316. (1001)



1002 E. Rihter-W¡s, M. Sapi«ski1. IntrodutionThe t�tH;H ! b�b hannel has been proposed [1,2℄ as an interesting han-nel to searh for the SM and MSSM Higgs.The �nal state of this hannel is rather omplex. One top deay, t!Wb,is required to be followed by the semileptoni deay of theW -boson,W ! `�,to provide an isolated lepton for the trigger. This provides a �nal state topol-ogy with one isolated lepton and at least four reonstruted jets originatingfrom the b-quarks or hadroni deay of the seond W -boson. Either fouror three of these reonstruted jets are required to be identi�ed as b-jetsby the seletion proedure. The Higgs signal would thus appear as a peakin the invariant b�b mass distribution, above the ombinatorial bakgroundfrom the signal itself and from the various bakground proesses, whih anbe divided into two ategories:� the irreduible bakground, onsisting of the resonant t�tZ hannel withZ ! b�b deay and of t�tb�b prodution;� the reduible bakgrounds ontaining jets misidenti�ed as b-jets, suhas t�tjj, Wjjj, Wjbb et. Their magnitude will obviously depend onthe quality of the b-tagging performane.A areful evaluation of the potential in this hannel with 3b-tagged jetsin the �nal state was performed in [2℄. The main results from this paper arebrie�y realled below.� For mH = 100 GeV, 20% of the events ontain two (reonstruted) b-jets, 44% ontain three b-jets and 32% ontain four b-jets. However,only 39% of all reonstruted b-jets ome from H ! b�b deay, whereas61% ome from top quark deay. This indiates that the ombinatorialbakground itself will be quite large when searhing for a peak in theinvariant mass of two tagged b-jets.� The largest of all bakground soures is that from t�t + jets, both inthe ase of three and four b-tagged jets, provided the rejetion againstlight-quark and gluon jets an be kept at the level of Rjet = 50 or more.� For events with three b-tagged jets, the obvious but naive method,whih inludes all three mass ombinations in the mbb distribution,eah one with a weight of 1/3, leads to only 30% of the total eventrate observed in the mass window, 60 < mH < 100 GeV, ontaining ab�b pair from Higgs deay.



Searh for the SM and MSSM Higgs Boson : : : 1003� Variations of this method, e.g. (a) hoosing only ombinations ontain-ing the b-jet with lowest pT (sine the b-jets from H ! b�b deays tendto have lower pT than those from top quark deay) or (b) weightingeah ombination with 1=N , where N is the number of ombinationsfalling in the mass window for the event onsidered, lead �nally onlyto small inreases of the fration of true H ! b�b ombinations insidethe mass window (never more than 40%).� For an integrated luminosity of 3 � 104 pb�1 in ATLAS and di�erentassumptions on the b-tagging e�ieny ("b = 0:3; 0:5; 0:7 with respe-tively Rjet =100, 50, 10), the expeted signi�ane (S=pB) does notexeed 3� a value too small to laim disovery in this hannel alone.� The identi�ation of all four b-jets is very expensive in terms of signalrate and therefore requires exellent b-tagging performane.The t�tH;H ! b�b hannel is the only one whih does not have to ontendwith potentially dangerous bakground from the Z-resonane, owing to thevery small value of the t�tZ; Z ! b�b ross-setion with respet to the signalone. On the other hand, it is plagued by the ombinatorial bakground fromthe large multipliity of b-jets present in the �nal state.This paper disusses the observability of the t�tH, H ! b�b hannel withfour b-tagged jets. Although the identi�ation of four b-jets is very expensivein terms of signal rate, a more omplete reonstrution of the �nal state ispossible in this ase and, hene, the suppression of the ombinatorial bak-ground. The key to suppress the ombinatorial bakground, as suggestedin [2℄, is the full reonstrution of the �nal state, i.e. the reonstrution ofboth top-quark deays as well as that of the H ! b�b deay.This paper is organised as follows. Setion 1 brie�y disusses the resultsof various inlusive seletion proedures for extrating a SM H ! b�b signalin the ase of 4 b-tagged jets. Setion 2 desribes the top-quark deayreonstrution proedure with emphasis on the quality riteria used for thereonstrution. Setion 3 presents the �nal results for the SM t�tH hannelwith full reonstrution of the �nal state. Setion 4 extends these resultsto the ase of the light Higgs boson, h, in the MSSM model, and, �nally,Setion 5 presents the onlusions.2. Observability of the t�tH, H ! b�b hannelwith four b-tagged jetsSignal and bakground events are generated using the PYTHIA 5.7Monte Carlo pakage [6℄. Sine the exat alulations for the multi-jet bak-ground �nal states are not available, the parton shower approximation has



1004 E. Rihter-W¡s, M. Sapi«skito be used to simulate the t�t+jets and W+jets bakgrounds. This approxi-mation tends to underestimate these bakgrounds as has been shown in [3,4℄,and unertainties in the bakground preditions ould therefore be as large asa fator of 2. Nevertheless, the bakground generation is performed as muhas possible in an unbiased way, generating the t�t andW + jet hard-satteringproesses in several phardT bins, starting from phardT > 1 GeV. Table I gives theross-setions for the signal and bakground proesses as a funtion of mHand phardT . TABLE IProdution ross-setions for the signal and bakground proesses. The branhingratio for one semileptoni W ! `� deay (` = e; �) and for H ! b�b, Z ! b�b areinluded.Proess � [pb℄ Proess � [pb℄t�tHmH=80 GeV 0.730mH=100 GeV 0.390 t�tZ 0.033mH=120 GeV 0.200t�t+ jets W+jetsphardT = 1� 20 GeV 5.8 phardT = 1� 20 GeV 57400phardT = 20� 50 GeV 27.7 phardT = 20� 50 GeV 5950phardT = 50� 100 GeV 71.0 phardT = 50� 100 GeV 1540phardT = 100� 200 GeV 93.1 phardT = 100� 150 GeV 255phardT > 200 GeV 33.8 phardT = 150� 200 GeV 53.3phardT = 200� 300 GeV 28.0phardT > 300 GeV 7.2For the analysis presented in this note, the generated signal and bak-ground events are passed through the fast simulation of the ATLAS dete-tor [5℄ in the following way:� the fast simulation pakage ATLFAST reonstruts jets and isolatedleptons with the energy resolutions and aeptanes expeted for AT-LAS. Jets are reonstruted by default for pT > 15 GeV (before resal-ing to the original parton energy) and j�j <5.0, whereas isolated lep-tons are reonstruted for pT > 6 GeV and j�j < 2:5. Hadroni jetsare labelled as true b-jets or -jets if they are within the b-tagging a-eptane of the Inner Detetor, j�j < 2:5, and if they are assoiated toa parent -quark or b-quark, with pT > 5 GeV;� the overall ATLAS b-tagging performane is emulated in an approxi-mate manner by randomly tagging true b-jets as suh with a proba-



Searh for the SM and MSSM Higgs Boson : : : 1005bility of 60% (resp. 50%) at low (resp. high) luminosity, by randomlymis-tagging true -jets as b-jets with a probability of 10%, and by ran-domly mis-tagging all other jets as b-jets with a probability of 1%.� jet energies are resaled on average to the original parton energies usingpT-dependent saling fators determined separately for b-jets and non-b-jets. After this proedure has been applied, the peak positions forthe invariant mass distributions for b�b pairs from H ! b�b deays andjj pairs from W ! jj deays are at the orret values within �1%.The degradation of the jet energy resolution due to pile-up at highluminosity is inluded in a rather rude manner (a ontribution withr.m.s of 7.5 GeV in ET is added to the resolution), so the results shownbelow for the reonstrution of the H ! b�b peak should be onsideredas optimisti.After initial seletion, several algorithms to suppress the ombinatorialbakground to the mbb distribution are studied and ompared:� the so-alled �naive� seletion, where all possible ombinations of b-jetpairs out of 4 b-tagged jets ontribute to the mbb mass distribution(six possible ombinations);� the so-alled �three + one� seletion, whih hooses only the b-jet pairsfrom the set of the three losest jets, leaving out (as andidate fort!Wb deay) the furthest one (three possible ombinations);� the so alled �top-re� seletion, whih selets the b-jet, whih givesthe best value of �2 = (m`�b �mt)2 as oming from t!Wb deay.Any ombination of the remaining three b-jets ontributes to the mbbdistribution (three possible ombinations).� the so alled �top-re with ut� seletion, whih starts with the top-quark reonstrution in the t! `�b deay requires the mass of the re-onstruted t! `�b deay to be within a windowm`�b = 175 � 30 GeV.This reonstrution selets one b-jet out of four. Any ombination ofthe remaining three b-jets ontributes to the mbb distribution (threepossible ombinations).For the signal events the e�ieny of the preliminary seletion, requir-ing at least 4 reonstruted jets within j�j < 5:0 and one isolated lepton, is74%. Requiring in addition 4 b-tagged jets redues the aeptane to 5.3%for the expeted low-luminosity b-tagging performane ("b = 60%). The rel-ative e�ienies of the additional seletion algorithms desribed above are,



1006 E. Rihter-W¡s, M. Sapi«skirespetively, 100% for the �naive�, �three+one� and �top-re� seletion and72% for the �top-re with ut� seletion. The aeptane of the mass win-dow ut itself, mbb = mH � 2�mbb , varies between 50 and 70%. The totalaeptane thus varies between 1.5 and 2.0%. The mass resolutions and theexpeted numbers of events aepted in the mass windows for the di�erentalgorithms are summarised in Table II.For the algorithms desribed above Fig. 1 shows the mbb distribution forthe signal events and its ontent in true H ! b�b ombinations; the ombi-natorial bakground from the signal events themselves is signi�ant in allases.
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Searh for the SM and MSSM Higgs Boson : : : 1007TABLE IIExpeted mass resolution, �mb�b and numbers of events within the mass windowsfor an integrated luminosity of 3 � 104 pb�1 and for t�tH, H ! b�b signal eventswith mH=100 GeV reonstruted using the algorithms desribed in the text.�mbb Events within Fration of H ! b�b withinAlgorithm (GeV) �2�mbb �20 GeV �2�mbb �20 GeV�naive� 20 206 125 28% 40%�three+one� 24 209 112 33% 51%�top-re� 20 237 117 28% 43%�top-re with ut� 20 154 86 30% 44%The requirement of four b-tagged jets strongly suppresses the W+jetsbakground. Although its initial ross-setion is several orders of magnitudelarger than that of for the t�t+jets proess, after the seletion proedure, itontributes only at the level of 5% of the total bakground. Table III showsthe expeted numbers of signal and bakground events as a funtion of thesequential steps taken in the �naive� reonstrution algorithm.
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1008 E. Rihter-W¡s, M. Sapi«skiFig. 2 shows the mbb distribution obtained for the t�t+jets bakgroundusing the �naive� reonstrution algorithm. Separately shown are the on-tributions from di�erent phardT bins (lefthand plots) and from the di�erentmultipliities of true b-jets in the events (righthand plots). The t�t+jets bak-ground is dominated by t�tb�b and t�tjj events. Clearly there is a need for amatrix element alulation of t�tb�b �nal states to hek whether PYTHIA 5.7orretly generates the ratio of t�tjj to t�tb�b events. A matrix element alu-lation of t�tjj �nal states would be also extremely useful to better evaluatethe unertainties in the bakground estimates presented here. TABLE IIIExpeted numbers of signal (mH=100 GeV) and bakground events for an inte-grated luminosity of 3 � 104 pb�1 as a funtion of the sequential steps taken in the�naive� reonstrution algorithm (see text).Proess One isol. lepton 4b-tagged mbb in �2�mbb Total+ 4 jets in j�j < 5:0 jets mass window aeptanet�tH 7953 440 206 1.8 %t�tZ 800 50 15 1.5 %t�t + jets inphardT bins1�20 GeV 6:0 � 104 40 20 3:3 � 10�420�50 GeV 3:0 � 105 200 100 3:3 � 10�450�100 GeV 8:3 � 105 670 300 3:6 � 10�4100�200 GeV 1:4 � 106 4200 450 3:2 � 10�4> 200 GeV 4:8 � 105 670 200 4:2 � 10�4Total (t�t + jets) 2:8 � 106 2740 1040 3:6 � 10�4W + jets inphardT bins1�20 GeV 4:7 � 106 27 11 2:3 � 10�620�50 GeV 2:7 � 106 16 7 2:6 � 10�650�100 GeV 2:1 � 106 12 5 2:4 � 10�6100�150 GeV 0:7 � 106 9 3 2:1 � 10�5150�200 GeV 0:28 � 106 4 2 1:7 � 10�5200�300 GeV 0:17 � 106 3 1 3 � 10�5> 300 GeV 0:06 � 106 3 1 3 � 10�5Total (W + jets) 10 � 106 74 30 4:8 � 10�6



Searh for the SM and MSSM Higgs Boson : : : 1009Tables IV and V give the expeted numbers of signal and bakgroundevents for an integrated luminosity of 3 � 104 pb�1. The signal�to�bak-ground ratio is around 16�19% and the purity of the H ! b�b signal itself1(SH!b�b=Stotal) is 28�45%, depending on the mass window and seletion algo-rithm used. The narrow mass window (Table V) gives better signal purities(SH!b�b=Stotal) while the wider one (Table IV) gives better signi�anes forthe same signal�to�bakground ratio. However, for all the algorithms de-sribed above, the mbb distribution is very similar in shape for the signaland the bakground and peaks around mbb = 100GeV, as shown in Fig. 3.For the bakground this shape is aused by the e�et of the kinematial re-quirements (4 jets reonstruted with pT > 15 GeV). Although signi�anesabove 5� an be reahed on paper for an integrated luminosity of 3 � 104 pb�1learly a very good knowledge of the overall normalisation and shape of thebakground would be required to laim a �rm disovery in this hannel usingone of the seletion algorithms disussed above. TABLE IVExpeted numbers of Signal (S) and Bakground (B) events, signal-to-bakgroundratios and signi�anes for an integrated luminosity of 3 � 104 pb�1, for mH=100 GeV and for a mass window mH � 2�mb�b .Proess naive three+one top-re top-re with utt�tH (total S) 206 194 237 154t�tZ 15 10 7 6t�tjj 1040 1000 1410 940Wjjjj 30 20 30 8Total B 1085 1030 1447 954S/B 0.19 0.19 0.16 0.16S=pB 6.3 6.0 6.2 5.0SH!b�b=Stotal 28% 37% 28 % 30%
1 Considered as trueH ! b�b ombinations are those where both b-tagged jets are withina distane �Rb;b�re < 1:0 from the original b-quarks from the Higgs-boson deay.



1010 E. Rihter-W¡s, M. Sapi«ski TABLE VSame as Table IV for a mass window mH � 20 GeVProess naive three+one top-re top-re with utt�tH (total S) 125 144 117 86t�tZ 10 11 6 6t�tjj 740 780 720 580Wjjjj 15 15 17 4Total B 765 806 743 590S/B 0.16 0.18 0.16 0.14S=pB 4.5 5.1 4.3 3.5SH!b�b=Stotal 40% 45% 43 % 44%
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Searh for the SM and MSSM Higgs Boson : : : 10113. Top-quark reonstrution with perfet b-taggingAs already mentioned, the full reonstrution of the �nal state shouldhelp to suppress the large ombinatorial bakgrounds disussed in Setion 2as well as to modify the shape of the t�tjj bakground. This setion disussesthe single and double top-quark reonstrution, as ould be expeted in theATLAS detetor for inlusive t�t events.The initial seletion requires at least 4 reonstruted jets with pT>15GeVand j�j < 2:5, two of them being labelled as b-jet and at least one reon-struted isolated lepton (j�j < 2:5 and p�T > 6 GeV or peT > 20 GeV). Thetotal aeptane of this seletion for inlusive t�t events with one W ! `�deay is about 33 %. These events beome top-pair andidates after passingthrough the reonstrution algorithm desribed below2.3.1. Single top-quark reonstrution in the semileptoni hannel3.1.1. W ! `� reonstrutionAs is well known a omplete reonstrution of W ! `� deays is limitedby the impossibility of reonstruting fully the neutrino four-momentum.The transverse omponents of the neutrino momentum are assumed to beequal to the orresponding omponents of the missing energy in the event,while the information on the longitudinal omponent is lost beause of thelarge amount of energy esaping down the beampipe. This information anbe reovered by solving the equation for the mass of the W -boson, whihrequires the reonstruted neutrino and lepton system to form the W -mass.From this equation:m2W = (E� +E`)2 � (p�x + px̀)2 � (p�y + pỳ)� (p�z + pz̀)2 ; (1)where p�x = pmissx , p�y = pmissx and the neutrino is assumed massless, the om-ponent p�z an be extrated. For the ases where there are one or two possiblesolutions of the above equation, the event is reonstruted further, otherwiseit is rejeted. The impat of the natural width of the W -boson has to beignored in this approah.The quality of the W ! `� reonstrution is most of all a�eted by theexperimental resolution on the reonstrution of the neutrino four-momen-tum. Fig. 4 shows the quality of the p�z and p�x reonstrution as expetedfor ATLAS using the above proedure for inlusive t�t events. A resolutionof �� = 10:9 GeV is obtained for the p�x reonstrution. The Gaussian partof the p�z resolution an be �tted with a resolution � = 14:3 GeV, but the2 If not spei�ed expliitly in this setion, a perfet b-tagging performane is assumed("b = 1:0; R = 106; Rj = 106)



1012 E. Rihter-W¡s, M. Sapi«skidistribution displays large symmetri tails. The distanes between the re-onstruted � and W diretions from their true initial diretions are alsopresented in Fig. 4. Only 36% of the events satisfy the ondition for a goodp�z reonstrution, jp�z � p��rez j < 3� ( whereas 90% of the events do satisfythis ondition for p�x reonstrution. Aepting events with an unresolvedW -mass equation by assuming p�z = 0 and requiring m`� = mW � 5 GeVinreases the aeptane by only 4% but obviously degrades the �nal reso-lution on the top-quark mass. The �quality� of the W ! `� reonstrutionis illustrated through the distributions in Fig. 4.
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Searh for the SM and MSSM Higgs Boson : : : 10133.1.2. t! `�b reonstrutionFor events ontaining a reonstrutedW ! `� deay, eah of the possible`�b ombinations is onsidered and the one whih best reonstruts the top-quark mass, i.e. whih minimises the value of �2 = (m`�b �mt)2, is hosenas the top-quark andidate.A omplete reonstrution of the t! `�b deay requires reonstrution ofthe W ! `� deay and of the orresponding b-jets. Both these omponentsontribute signi�antly to the mass resolution obtained for the top-quark.Table VI shows the resulting resolution �m and the fration of deays withm`�b outside �2�m for fully reonstruted t! `�b deays and for partiallyreonstruted t! `�b deays, where the reonstrutedW or b-jet is replaedby the initial W -boson or b-quark. For the partial reonstrution, the ob-tained resolutions are respetively �m = 8:7 and 8:3 GeV with 19% and 20% of the events falling outside the respetive �2�m mass windows. For thefull reonstrution, the obtained resolution is �m = 10:0 GeV with 16% ofthe events falling outside the �2�m mass window. Fig. 5 shows the resultingm`�b distributions for the partial and full reonstrution.Taking as an initial seletion for t! `�b reonstrution events for whihthe W -mass equation an be solved one an study possible �quality� utsfor the t! `�b reonstrution. Tables VII and VIII show examples of suh�quality� uts using the distanes RW;W�re, R�;��re and Rt;t�re betweenthe reonstruted and initial diretions of the W -boson, the neutrino andthe top-quark, respetively. Although these quantities are not aessibleexperimentally they an be used to de�ne the fration of �orret� and �false�top-quark reonstrutions. The aeptane (A) of suh �quality� uts, theratio of events passing suh �quality� uts to all events inside the hosenmass window of �20 GeV (Rp) and outside this mass window (Rt) and thefration of events outside the mass window are given in Table VIII. In allases the fration of events outside �20 GeV is around 15%. The highestquality reonstrution would maximise the value of A � Rp=Rt; this valueis found to be between 0.50 and 0.75 for the �quality� uts presented inTable VIII. The best reonstrution should also be haraterised by a largedi�erene between the values of Rp and Rt; this di�erene is found to varybetween 0.06 and 0.12 for the �quality� uts presented in Table VIII. Them`�b distributions before and after �quality� uts on RW;W�re, R�;��re,Rt;t�re are shown in Fig. 6. The aeptane of these �quality� uts onlyis between 50 and 80% (see Table VIII), whih quanti�es the fration oforretly reonstruted t! `�b deays.



1014 E. Rihter-W¡s, M. Sapi«ski TABLE VIMass resolutions and frations of events in tails for fully and partially reonstrutedt! `�b deays in inlusive t�t events (see text).Seletion �m [GeV℄ Fration Frationoutside �2�m outside �2�1W re � bjet 10:0� 0:4(�1) 16% 16%W true � bjet 8:7 � 0:3 19% 15%W re � bquark 8:3 � 0:3 20% 15%
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Searh for the SM and MSSM Higgs Boson : : : 1015TABLE VIIAeptanes, mass resolutions and frations of events in tails for fully reonstrutedt! `�b deays as a funtion of the �quality� uts applied to the W ! `� reon-strution.Seletion Aeptane � [GeV℄ Fration outside �2�� � 0 0.78 10.0 � 0.4 16%RWW re < 1:0 0.66 9.3 � 0.2 15%RWW re < 0:5 0.54 9.1� 0.3 14%R��re < 1:0 0.52 9.3� 0.2 14%R��re < 0:5 0.38 9.1� 0.3 13%p�x � p�rex < 3� 0.75 9.8 � 0.2 13%p�z � p�rez < 3� 0.50 9.4 � 0.3 14% TABLE VIIIFor fully reonstruted t! `�b deays, aeptanes, ratios of events under the peak(Rp) and in the tails (Rt) before and after the �quality� uts applied, and frationof events outside the top-quark mass window as a funtion of the �quality� utsapplied to the reonstrution (see text).Seletion Aeptane Rp Rt A �Rp=Rt Fration outside�20 GeV� � 0 0.78 1.0 1.0 0.78 16%RWW re < 1:0 0.66 0.77 0.68 0.75 15%RWW re < 0:5 0.54 0.71 0.59 0.65 14%R��re < 1:0 0.52 0.69 0.63 0.57 14%R��re < 0:5 0.38 0.52 0.42 0.47 13%Rttre < 1:0 0.61 0.78 0.75 0.63 15%Rttre < 0:5 0.51 0.66 0.60 0.56 14%RWW re < 1:0+Rttre < 1:0 0.57 0.73 0.67 0.62 15%RWW re < 0:5+Rttre < 0:5 0.45 0.58 0.48 0.54 14%3.2. Single top-quark reonstrution in the hadroni hannel3.2.1. W ! jj reonstrutionTo minimise the ombinatorial bakground from jets originating frominitial or �nal state QCD radiation only jets with a reonstruted transverse
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1018 E. Rihter-W¡s, M. Sapi«skiThe resolution of the reonstruted mjj would be better if the bestombination, the one minimising �2 = (mjj �mW )2 was hosen. Fig. 8shows reonstruted mass distribution for all ombinations (left) and forthe best ombination (right). Resolution improves from �m = 12:6 GeV to�m = 7:8 GeV. However the best ombination might not be the optimalone for the t! jjb reonstrution. The resolution of the reonstruted mjjwould also improve with inreasing transverse momenta of jj pair, as illus-trated in Table IX.

0

200

400

600

800

1000

1200

0 50 100 150 200
0

200

400

600

800

1000

0 50 100 150 200Fig. 8. Distribution of reonstruted invariant mass of jet pairs, mjj , for all om-binations (left) and for the best ombination (right).3.2.2. t! jjb reonstrutionFor eahW ! jj andidate withmjj = 80� 25 GeV the jj four-momen-ta are resaled to impose the onstraint mjj = mW and two possible jjbombinations are onsidered. Out of all possible jjb ombinations the onewhih minimises the value of �2 = (mjjb �mt)2 is hosen. Figs 9 showsreonstruted invariant mass as a funtion of ingredients used for the eventgeneration. The expeted resolution inreases from �m = 6:2 GeV (only hardsattering proess) to �m = 11:1 GeV (initial and �nal state radiation andhadronisation/deays inluded) for the best ombination of the jjb. Thepeak is almost Gaussian and well entred around mt. The distribution ofmjj for all ombinations (solid), best ombination (dashed) and ombina-tions seleted as optimal one for the t! jjb reonstrution is shown onFig. 10. As expeted, mass resolution of the mjj ombinations hosen fort! jjb reonstrution is lose to the resolution of the best jj ombinationfor W ! jj reonstrution.
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1022 E. Rihter-W¡s, M. Sapi«skimuh larger than in the t! `�b ase. The mjjb distributions before andafter �quality� uts on the RW;W�re and Rt;t�re are shown in Fig. 12. Theaeptane of these �quality� uts is between 70 and 90% (see Table XII)whih quanti�es the fration of orretly reonstruted t! jjb deays.TABLE XIAeptane, mass resolutions and frations of events in tails for fully reonstrutedt! jjb deays as a funtion of the �quality� uts applied to the reonstrution (seetext). Seletion Aeptane � [GeV℄ Fration outside �2�mjj = 80� 25 GeV 0.76 11.1 � 0.7 20%RWW re < 1:0 0.64 10.6 � 0.4 19%RWW re < 0:5 0.55 10.4 � 0.4 17%Rttre < 1:0 0.60 10.6 � 0.4 20%Rttre < 0:5 0.51 10.4 � 0.4 19% TABLE XIISame as Table VIII for t! jjb deaysSeletion Aeptane Rp Rt A � Rp=Rt Fration outside�22 GeVmjj = 80� 25GeV 0.76 1.0 1.0 0.76 20%RWW re < 1:0 0.66 0.84 0.62 0.89 19%RWW re < 0:5 0.58 0.76 0.49 0.90 17%Rttre < 1:0 0.60 0.79 0.62 0.76 20%Rttre < 0:5 0.55 0.70 0.50 0.77 19%RWW re < 1:0+ Rttre < 1:0 0.58 0.74 0.53 0.81 18%RWW re < 0:5+ Rttre < 0:5 0.50 0.65 0.40 0.81 17%3.3. Reonstrution of top-quark pairsThe proedure for the reonstrution of both the t! `�b and t! jjbdeays simultaneously hooses the best jjb and l�b ombinations, whihtherefore must minimise the value of�2 = (m`�b �mt)2 + (mjjb �mt)2 : (2)The W ! `� and W ! jj deays are reonstruted as desribed in the pre-vious setions. All possible l�b and jjb ombinations are onsidered and the
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1024 E. Rihter-W¡s, M. Sapi«skijets with deposited transverse energy above 20 GeV an the top-pair reon-strution algorithm an be applied (both � � 0 and mjj = 80� 25 GeV),and in 61% of these events both m`�b and mjjb are reonstruted inside therequired mass window. This initial aeptane of 55% is degraded to 50%and the mass resolution inreases slightly if the b-tagging performane atlow luminosity is assumed (see Table XIV). TABLE XIIIFor single top and full t�t reonstrution and for perfet b-tagging performane,aeptanes, mass resolutions and frations of events in tails.Seletion Aeptane � [GeV℄ Fration Frationinside �2� outside �2�Single t! l�b� � 0 0.78 10.0 � 0.4 84% 16%Single t! jjbmjj = mW � 25GeV 0.76 11.0 � 0.7 80% 20%Both top quarks: 0.55 61%t! l�b 11.0 � 0.4 81% 19%t! jjb 11.5 � 0.4 78% 22%TABLE XIVSame as Table XIII for the b-tagging performane expeted at low luminosity.Seletion Aeptane � [GeV℄ Fration Frationinside �2� outside �2�Singlet! l�b� � 0 0.73 10.6 �0.4 80 % 20%Single t! jjbmjj = mW � 25GeV 0.72 11.5 �0.4 78 % 22%Both top quarks: 0.50 60%t! l�b 12.5 �0.6 83% 17 %t! jjb 12.5 �0.6 76% 24 %



Searh for the SM and MSSM Higgs Boson : : : 10253.4. The high luminosity aseAt high luminosity the detetor performane in terms of EmissT resolution,mass resolutions and b-tagging performane is degraded.� With the fast simulation the obtained resolution of EmissT ,�miss = 11:3 GeV, represents rather ultimate performane of the de-tetor (the pile-up is not added to empty ells). It is to be omparedwith the �miss = 5:7 GeV expeted at low luminosity.� The jets energy threshold has to be raised to 30 GeV reduing the se-letion aeptane and the expeted resolution is degraded both for thet! jjb and t! `�b reonstrution. For the W ! jj reonstrutionthe mjj peak is broader and pairs of jets from mass window �40 GeVare aepted for reonstrution of t! jjb hannel.� The expeted b-tagging performane is degraded to "b = 50% for thesame jets rejetion.� The thresholds on trigger lepton has to be raised respetively to 20GeV for muons and 30 GeV for eletrons.The aeptane of the initial seletion riteria is degraded by 30% due tothe thresholds raised for leptons and jets transverse momenta while the a-eptane of the reonstrution riteria alone hanges only slightly. Table XVshows the aeptanes of the reonstrution riteria, the mass resolutionsand the frations of events outside the mass window for single top and fullt�t reonstrution and for a perfet b-tagging performane. Table XVI showsthe same results for the b-tagging performane expeted at high luminosity.However, obviously, both the aeptane and the mass resolution are some-what worse if the reonstrution of both top-quarks is required. Only 54% ofevents with passed initial seletion (one trigger lepton + 2 b-labelled jets + 2other jets) an be fully reonstruted (both � � 0 andmjj = 80� 40 GeV),and in 62 % of these events both m`�b and mjjb are reonstruted inside therequired mass window. The aeptane of 54% is degraded to 48% of theinitially seleted events and the mass resolution inreases slightly if the b-tagging performane at high luminosity is assumed (see Table XVI). Letus stress however that all numbers above present results from the fast sim-ulation only and the e�ienies/aeptanes of reonstrution proeduresshould be on�rmed with the results from the full simulation of the ATLASdetetor.



1026 E. Rihter-W¡s, M. Sapi«ski TABLE XVSame as Table XIII for jets reonstrution performane expeted at high luminosity(pile-up inluded and jets threshold inreased to 30 GeV).Seletion Aeptane � [GeV℄ Fration Frationinside �2� outside �2�Single t! l�b� � 0 0.71 11.2 � 0.5 81% 19%Single t! jjbmjj = 80� 40GeV 0.64 11.6 � 0.5 81% 19%Both top quarks: 0.54 62%t! l�b 13.0 � 0.5 84% 16%t! jjb 13.0 � 0.5 80% 20%TABLE XVISame as Table XV for the b-tagging performane expeted at high luminosity.Seletion Aeptane � [GeV℄ Fration Frationinside �2� outside �2�Single t! l�b 0.69 11.3�0.5 80% 20%Single t! jjb 0.60 12.0�0.5 80% 20%Both top quarks: 0.48 59%t! l�b 13.5�0.5 82% 18%t! jjb 13.5�0.5 78% 22%4. Observability of the t�tH, H ! b�b hannelwith full reonstrution of the �nal stateThe full reonstrution of the �nal state for t�tH, H ! b�b events requirest�t reonstrution in the t! `�b and t! jjb hannels and the reonstrutionof the H ! b�b peak.The isolated trigger lepton and at least six reonstruted jets withpT > 15 GeV are required in the initial seletion. The aeptane of theseseletion riteria is 56% for the signal events with mH=100 GeV and oneW ! `� and H ! b�b deays. Four of these jets are required to be tagged asb-jets.The reonstrution of the top-quark pair is optimised as disussed in Se-tion 3.3. Fig. 14 shows the expetedmjjb and m`�b and Rt;t�re distributionsfor the top-quark pair reonstrution in the t�tH events for the low-luminosity
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1030 E. Rihter-W¡s, M. Sapi«ski TABLE XVIIExpeted numbers of signal and bakground events at eah onseutive step of thereonstrution proedure for t�tH , H ! b�b events with mH=100 GeV and for anintegrated luminosity of 3 � 104 pb�1.Proess 6 jets in j�j < 5:0 +4 tagged + mjjb;ml�b +mbb+ one isol. lepton b-jets in mass in masswindow windowt�tH 5900 365 140 61t�t + jetsin phardT bins1�20 GeV 9700 35 10 520�50 GeV 49600 155 50 1050�100 GeV 155400 510 85 25100�150 GeV 168700 560 130 35150�200 GeV 122200 380 100 30> 200 GeV 159500 620 150 25Total (t�t + jets) 665100 2260 525 130W + jetsin phardT bins1�20 GeV 31100 22 8 420�50 GeV 38400 10 2 �50�100 GeV 59100 10 3 2100�150 GeV 39600 3 1 1150�200 GeV 21900 3 1 1> 200 GeV 10000 2 � �Total (W + jets) 200100 50 14 8For fully reonstruted signal events, �quality� uts suh as Rb;b�re < 1:0and Rt;t�re < 1:0 on the distanes between the reonstruted and initial b-jets from H ! b�b deay and between the reonstruted and initial top-quarkdiretions an be applied to study the quality of the reonstrution, as illus-trated in Tables XVIII�XIX. Clearly, an inreased purity of the top-quarkreonstrution (Rt;t�re < 1:0) improves the H ! b�b reonstrution (boththe mbb resolution and the aeptane in the mass window). Consistently,an inreased purity of the H ! b�b reonstrution ( Rb;b�re < 1:0) improvesthe quality of the top-quark reonstrution. These e�ets are also illustratedin Figs. 15 and 16.For the t�t+jets bakground events, the reonstruted distributions ofm`�b, mjjb and mbb have di�erent features. Quality uts suh as Rt;t�re < 1obviously improve the top-quark reonstrution but have no e�et on thembb distribution as an be seen in Fig. 17.
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1032 E. Rihter-W¡s, M. Sapi«ski TABLE XVIIIFor single top and top-quark pair reonstrution in t�tH events for the b-tagging per-formane expeted at low luminosity, aeptanes, mass resolutions and frationsof events inside and outside �2�mt .Seletion Aeptane �mt [GeV℄ Fration Frationinside �2�mt outside �2�mtSinglet! l�b 0.75 8.0�0.2 83% 17%Single t! jjb 0.80 7.5�0.2 80% 20%Both top quarks: 0.60t! l�b 0.60 8.6�0.2 83% 17%t! jjb 9.8�0.3 78% 22%Both withRt;t�re < 1:0: 0.26t! l�b 7.6�0.3 83% 17%t! jjb 7.9�0.4 80% 20%TABLE XIXFor H ! b�b reonstrution in t�tH events and for the b-tagging performane ex-peted at low luminosity, aeptane, mass resolution and fration of events insideand outside �2�mbb as a funtion of the �quality� uts hosen.Seletion Aeptane �mbb Fration inside Fration outside[GeV℄ �2�mbb �2�mbbb-jets mathing 1.0 20.0�1.5 45% 55%for t!Wbboth t!Wb 0.68 19.0�1.5 48% 52%in mass windowboth t!Wbin mass window 0.31 16.1�0.5 66% 34%Rt;t�re < 1:0both t!Wbin mass window 0.34 14.5�0.5 71% 29%Rb;b�re < 1:0t�tH events are reonstruted in the hosen mass window. Even though thisrepresents an improvement of about a fator 2 with respet to the resultsof [2℄, the purity for reonstrution remains low beause of the ombinatorialproblems due to the large number of jets in the �nal state.



Searh for the SM and MSSM Higgs Boson : : : 1033The expeted numbers of signal and bakground events with a fully re-onstruted t�tH, H ! b�b �nal state are given in Table XX for an integratedluminosity of 3 � 104 pb�1 and mH = 100 GeV as a funtion of the b-taggingperformane as taken from the Inner detetor TDR [8℄. The expeted ob-servability of this hannel depends strongly both on the b-tagging e�ienyand on the expeted rejetion of -jets. Table XXI shows the expeted sig-nal and bakground rates for three di�erent values of the Higgs-boson massand for the low-luminosity b-tagging performane. As already observed inase of more inlusive analysis disussed in Setion 2, for a narrower masswindow the purity of the H ! b�b reonstrution would be higher, while, forthe wider one hosen the signi�ane is better. For a Higgs-boson mass of100 GeV and an integrated luminosity of 3 � 104 pb�1, signi�ane of 5:0�is expeted for the low-luminosity b-tagging performane with a signal-to-bakground ratio of 0.41 and a signal purity of 60%. This situation is muhimproved with respet to that desribed in [2℄ and in Setion 2. TABLE XXExpeted numbers of signal (S) and bakground (B) events, and signi�anes foran integrated luminosity of 3 � 104 pb�1 for mH = 100 GeV and mass windowmbb = mH � 30 GeV, and for various b-tagging e�ienies and rejetions usingevents with two reonstruted top-quarks (see text)."b % 60 43 53 64.0 62.4"j % 1.0 0.46 1.1 3.1 1.1" % 10.0 9.2 14.9 23.8 14.9t�tH (total S) 61 31 50 82 71t�tZ 8 2 6 10 10Wjjjj 12 2 10 20 10ttjj 130 60 160 540 240Total B 150 64 176 570 260S/B 0.41 0.48 0.28 0.14 0.27S=pB 5.0 3.9 3.8 3.4 4.4SH!b�b=Stotal 0.64 0.63 0.57 0.54 0.59Fig. 18 shows the expeted summed signal+bakground distributionsfor m`�b, mjjb and for the low-luminosity b-tagging performane. The darkshaded histograms denote events for whih both the t! `�b and t! jjb de-ays are reonstruted inside the hosen mass window. Fig. 19 shows the ex-peted summed signal+bakground distributions for mbb and for



1034 E. Rihter-W¡s, M. Sapi«ski TABLE XXISame as Table XX for the low-luminosity b-tagging performane and for threedi�erent values of the Higgs-boson mass.mH=80 GeV mH=100 GeV mH=120 GeVt�tH (total S) 81 61 40t�tZ 7 8 2Wjjjj 17 12 5t�tjj 121 130 120Total B 145 150 127S/B 0.56 0.41 0.32S=pB 6.7 5.0 3.6SH!b�b=Stotal 0.67 0.64 0.59
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Fig. 18. Expeted m`�b, mjjb distributions for the summed signal+bakgroundevents and for an integrated luminosity of 3 � 104 pb�1. The shaded histogramdenotes events for whih both top-quarks are reonstruted inside the hosen masswindow.mH=100 GeV (left) and mH=120 GeV (right) for events for whih boththe t! `�b and t! jjb deays are reonstruted inside the hosen masswindow. The solid histogram shows the summed signal+bakground dis-tribution, the light shaded histogram shows the bakground events alonewhile the dark shaded one shows the ontribution from H ! b�b deays. Alean peak is visible above the bakground shape whih was not the ase ofthe earlier more inlusive proedures (ompare e.g. with the distributions inFig. 3).
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Fig. 19. Expeted mbb distributions for the summed signal+bakground eventsand for an integrated luminosity of 3 � 104 pb�1and for mH = 100 GeV (left) and120 GeV (right). The solid histogram denotes signal+bakground events for whihboth top-quarks are reonstruted inside the hosen mass window, while the lightshaded histogram shows the bakground events and the dark shaded denotes trueH ! b�b deays. 4.1. The high luminosity aseAt high luminosity thresholds on the transverse energy of trigger leptonand of reonstruted jets has to be raised and the mass resolution for thembbreonstrution is degraded from �m = 19 GeV to �m = 22 GeV, with some-what redued aeptane, whereas the low-luminosity b-tagging e�ieny isexpeted to be redued to "b = 50% for the same jet rejetion. The aep-tane of the initial kinematial uts (higher transverse energy thresholds fortrigger lepton and reonstruted jets) is redued by 7 % for the signal eventsthemselves, but the purity of the reonstrution remains more or less on-stant. As for the low-luminosity ase an inrease of the mass window formbb,e.g. from � 1:5�m to � 2�m, improves slightly the signal�to�bakgroundratio and the statistial signi�ane, but redues the purity of the H ! b�bsignal in the mbb peak, owing to the larger ombinatorial bakground fromthe signal events themselves and therefore redues SH!b�b=Stotal.The expeted numbers of signal and bakground events for an integratedluminosity of 3 � 105 pb�1 are given in Table XXIV. A 5� signi�ane for anintegrated luminosity of 3 � 105 pb�1 is reahed for the Higgs-boson massessomewhat higher than mH=120 GeV. Fig. 20 shows the expeted summedsignal+bakground distributions for mbb and for mH=100 GeV for eventsfor whih both the t! `�b and t! jjb deays are reonstruted insidethe hosen mass window. The solid histogram shows the summed sig-



1036 E. Rihter-W¡s, M. Sapi«ski TABLE XXIISame as Table XVIII for the b-tagging performane expeted at high luminosity.Seletion Aeptane �mt Fration Fration[GeV℄ inside �2�mt outside �2�mtSinglet! l�b 0.73 8.0�0.4 83% 17%Single t! jjb 0.83 7.8�0.3 79% 21%Both top quarks: 0.60 0.66t! l�b 9.0�0.4 83% 17%t! jjb 10.0�0.4 77% 23%Both withRt;t�re < 1:0: 0.26t! l�b 8.8�0.6 84% 16%t! jjb 8.9�0.7 77% 23%TABLE XXIIISame as Table XIX for the b-tagging performane expeted at high luminosity.Seletion Aeptane �mbb Fration Fration[GeV℄ inside �2�mbb outside �2�mbbb-jets mathing 1.0 22.0�0.6 45% 55%for t!Wbboth t!Wb 0.60 22.0�0.6 50% 50%in mass windowboth t!Wbin mass window 0.27 20.0�0.8 75% 25%Rt;t�re < 1:0both t!Wbin mass window 0.25 18.0�0.5 82% 18%Rb;b�re < 1:0nal+bakground distribution, the light shaded histogram shows the bak-ground events alone while the dark shaded one shows the ontribution fromH ! b�b deays. The bakground shape is slightly kinematially shifted tohigher values of the mbb in respet to the low luminosity reonstrution ashigher transverse momenta of reonstruted jets are required in multi-jet�nal state. The expeted peak in the bakground distribution overlaps withthe resonant peak from Higgs of 100 GeV mass just giving a bit less learsignature for the signal itself than it is expeted for the low luminosity ase.



Searh for the SM and MSSM Higgs Boson : : : 1037TABLE XXIVSame as Table XX for an integrated luminosity of 3 � 105 pb�1, a mass windowmbb = mH � 45GeV, the high luminosity b-tagging performane and three di�erentvalues of the Higgs-boson masses.mH=80 GeV mH=100 GeV mH=120 GeVt�tH(total S) 420 320 185t�tZ 40 40 15Wjjjj 105 45 30t�tjj 740 750 726Total B 885 835 771S/B 0.43 0.38 0.24S=pB 14.1 11.1 6.7SH!b�b=Stotal 0.57 0.53 0.50
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0 100 200 300 400Fig. 20. The same as Fig. 19 but for Higgs mass of 100 GeV and for an integratedluminosity of 3 � 105 pb�1.5. Observability of the t�th with h! b�b hannelin the MSSM Higgs setorThe t�th/ Wh with h! b�b are very interesting but hallenging for Higgssearhes in the MSSM model. Both the prodution and the deay proessesare desribed by tree-level Feynman diagrams, so they do not su�er from



1038 E. Rihter-W¡s, M. Sapi«skiany potential suppression fators due to SUSY partiles exhanged in vir-tual loops. Suh suppression fators might deteriorate the sensitivity to theh!  deay mode for e.g. light stop senarios, if this hannel is explored inthe loop-mediated gluon-gluon fusion prodution proess, or, more generally,in light �01 senarios.The experimental observability of the h-boson in the MSSM model withh! b�b in ATLAS has been disussed in [7℄ where the so-alled 5�-disoveryontour in the (mA, tan �) plane was drawn only for the Wh, h! b�b han-nel. The potential for the t�tH, H ! b�b hannel studied in [2℄ was ratherunonvining in terms of signal-to-bakground ratio and bakground shape.It was already suggested, however, that the omplete reonstrution of thetop-quark deays in this hannel would most likely improve the situationsu�iently to provide good sensitivity in the MSSM Higgs setor.

Fig. 21. In the (mA, tan�) plane desribing the MSSM Higgs setor, the 5�-disovery ontour urves for the Wh(left) and t�th(right) with h! b�b hannels, forintegrated luminosities of 3 � 104 pb�1(Wh and t�th) and 105 pb�1(t�th).The results shown in the previous Setion for the SM Higgs searh inthe t�tH, H ! b�b hannel with full �nal-state reonstrution are in fat verypromising. In the MSSM ase, the rates are even somewhat enhaned withrespet to the SM ase, as disussed in Setion 3.1 of [7℄. As shown inFig 21, a large fration of the (mA, tan �) parameter spae an already beovered with the t�th hannel for an integrated luminosity of 3 � 104 pb�1.For an integrated luminosity of 105 pb�1, this hannel alone would lead toh-boson disovery over most of the parameter spae. Fig. 21 also shows foromparison the disovery potential for the Wh with h! b�b hannel. Thet�th hannel provides better sensitivity partiularly sine it an readily be



Searh for the SM and MSSM Higgs Boson : : : 1039also explored at high luminosity (no strit jet-veto uts needed to rejet thebakground as in the Wh hannel).The above results are obtained with the assumption, as in [7℄, that SUSYpartiles are heavy (� 1 TeV). It should be stressed however, that the ob-servability of this hannel will not be a�eted by the exat SUSY senario,provided that the h-boson deay mode to the LSP is kinematially forbidden(m�01 > mh=2 GeV). 6. ConlusionsIn this note the expeted potential of the ATLAS detetor at LHC fordisovering a SM or MSSM Higgs boson in the t�tH, H ! b�b hannel hasbeen disussed.For the SM searh, this hannel is interesting in the narrow but di�-ult mass range above the LEP2 disovery limit and below 120�130 GeV.Requiring four b-tagged jets and a fully reonstruted �nal state, a sig-nal signi�ane above 5� should be reahed for an integrated luminosity of3 � 104 pb�1 and for mH below 100 GeV. For an integrated luminosity of105 pb�1 the 5� sensitivity range extends to mH � 120 GeV and overlapswell with the region where the H !  hannel is aessible.For the MSSM Higgs searh and for an integrated luminosity of 105 pb�1this hannel overs a very large fration of the (mA, tan �) parameter spae.In partiular this hannel overs the small hole in the MSSM Higgs disoverypotential expeted so far for the ATLAS experiment even after olleting anintegrated luminosity of 3 � 105 pb�1 [7℄.Provided that light Higgs boson deays to SUSY partiles are kinemati-ally forbidden, the sensitivity to this hannel annot be degraded by otherSUSY partiles (no loops present neither in the prodution nor in the de-ay proess). However, disovery in this hannel alone would not allow todisentangle between the SM and MSSM Higgs senarios.Finally this hannel will be aessible only if exellent b-tagging perfor-mane is ahieved by the ATLAS detetor. A better understanding of thepotential of this hannel requires more detailed simulations of the expeteddetetor performane both in terms of the multi-jet reonstrution and ofthe b-tagging performane (espeially at high luminosity).The idea of exploring the full reonstrution of the �nal state in thishannel is originates from D. Froidevaux to whom authors are greatly in-debted as well as for many valuable omments and suggestions on this study.
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