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THE HADRONIC � DECAY OF A HEAVY H� IN ATLASKétévi Adiklè AssamaganHampton University, Hampton, Virginia 23668 USAand Yann CoadouUppsala University, Uppsala, Sweden(Reeived November 21, 2001)The hadroni � deay of a heavy harged Higgs boson, H� ! ��, isonsidered in ATLAS. In the mass region mH� > mt, the most relevantdeay hannels of the harged Higgs boson are H� ! tb and H� ! ��.Whereas the former su�ers from large irreduible bakgrounds, the lattero�ers a relatively lean environment with the appropriate uts. In addition,a further suppression of the bakgrounds is ahieved by making use of thepolarization of the � lepton.PACS numbers: 12.60.Jv, 14.60.Fg, 14.80.Cp1. IntrodutionIn the Minimal Supersymmetri Standard Model (MSSM), the Higgsboson setor onsists of �ve physial partiles, two of whih are harged,H� [1℄. Some of the most promising deay hannels of the harged Higgsboson have been used to study its disovery potential in ATLAS: below thetop-quark mass, the H� ! �� has been studied and the signal appears asan exess of � leptons [2℄. The hannel H� ! Wh0 is relevant in a verysmall area of the MSSM parameter spae, thus o�ering only a marginaldisovery potential in ATLAS. However, in the singlet extension to MSSM,i.e., NMSSM, the disovery potential ould extend to a more signi�antrange of the parameter spae [3, 4℄. Above the top-quark mass, the hannelH� ! tb has been studied: disovery is possible for low (< 3) and for high(> 25) tan� up to mH� � 400 GeV; the diminishing signal rate, in additionto the irreduible bakgrounds, prevents the detetion of a signi�ant signalin the mass range mH� > 400 GeV [5℄.(707)



708 K.A. Assamagan, Y. CoadouThe study of the hannel H� ! �� for mH� > mt is presented inthe urrent paper. Above the top-quark mass and at high tan�, the tband the �� hannels are the dominant deay hannels of the harged Higgsboson while at low tan�, the tb is almost exlusively the lone deay han-nel. Thus, the present study of the �� hannel is arried out in the regionmH�>mt and tan � > 10. Unlike the tb deay mode whih su�ers fromlarge irreduible bakgrounds, the �� hannel ould be free of suh bak-grounds, thereby extending the disovery potential beyond that ahieved inthe tb hannel, espeially at large tan �. Further, an additional suppressionof the bakgrounds might be possible by taking advantage of the distintivepolarization of the � lepton.In the following, we present the details of the urrent analysis whih isarried out in PYTHIA 5.7 [6℄ � inluding two-loop radiative orretionsto MSSM Higgs boson masses and ouplings � and ATLFAST [7℄. A SUSYspetrum heavier than the harged Higgs boson is assumed with no stopmixing. 2. AnalysisThe events are generated in PYTHIA 5.7 using the proess gb ! tH�.The assoiated top quark is required to deay hadronially, t ! jjb. Theharged Higgs boson deays into the � lepton, H� ! ��, and the hadronideays of the � are onsidered. It is believed that the hadroni deay of the� arries a better imprint of the � polarization whih an help suppress thebakgrounds further [8℄. In ATLFAST, hadroni � -jet labelling is performedby requiring hard hadroni � deay produts within the traking range:phadT > 10 GeV and j�j < 2:5; in addition, the hadroni deay produts mustarry a signi�ant fration of the � -jet energy within a jet one:phadTp��jetT > 80%; (1)�R(��jet;had) < 0:1: (2)A � -jet tagging e�ieny of 30% (this orresponds to a jet rejetion fatorof � 400 at pT = 30 GeV [9℄) and a b-tagging e�ieny of 60% are assumedfor an integrated luminosity 30 fb�1. This study assumes a multi-jet triggerin addition to a high level � trigger. The bakgrounds onsidered are QCD,W+jets, single top prodution Wtb (derived from ISUB=31 in PYTHIA 5.7),and t�t, with one W ! jj and the other W ! ��. The rates for the signaland for the bakgrounds are shown in Table I as a funtion of mH� andtan �. The rates for the signal are also shown in Fig. 1 as a funtion of mAand for various values of tan�.



The Hadroni � Deay of a Heavy H� in ATLAS 709TABLE IThe expeted rates (��BR), for the signal gb! tH� with H� ! �� and t! jjb,and for the bakgrounds: QCD, W+jets, Wtb and t�t with t ! ��b and �t ! jjb.We assume an inlusive t�t prodution ross setion of 590 pb. Other ross setionsare taken from PYTHIA. The branhing frations of H� ! �� are obtained fromHDECAY [10℄, and we take the W ! jj branhing ratio to be 2=3.Proess tan� mH� (GeV) �� BR (pb)Signal 20 128 4.8118 162 2.5415 180 1.3330 200 2.2340 250 0.9145 300 0.5425 350 0.1035 400 0.1360 450 0.2350 500 0.11t�t 84.11Wtb (pT > 30 GeV) 56.9W+jets (pT > 30 GeV) 1:64 104QCD (pT > 10 GeV) 6:04 109The events are seleted as follows (the e�ienies of these seletions areshown in Table II):(a) Searh for one hadroni � jet with p�T > 30 GeV and j�� j � 2:5, at leastthree non � jets with pjetT > 30 GeV. One of these jets must be a b-tagged jet with j�bj < 2:5. Further, we apply a b-jet veto by requiringonly a single b-jet with j�j � 2:0 and pT > 50 GeV.(b) The W from the assoiated top quark is reonstruted and the andi-dates satisfying jmjj �mW j � 25 GeV are retained (and their four-momenta are renormalized to theW mass) for the reonstrution of thetop quark: this is done by minimizing the variable �2 = (mjjb�mt)2.We take mW = 80:14 GeV and mt = 175 GeV. Subsequently, theevents satisfying jmjjb �mtj < 25 GeV are retained for further anal-ysis. The reonstrutions of the W and the assoiated top quark areshown in Fig. 2.
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Fig. 1. The rate for the signal as a funtion of mA and for di�erent values of tan�.The ross setions for the 2 ! 2 proess, gb ! tH�, are taken from PYTHIA5.7. The H� ! �� branhing ratios are obtained from HDECAY. We take theW ! jj branhing fration to be 2=3. All the � deay hannels are onsidered andthe hadroni � deays are seleted as desribed in the text.() To further rejet the bakgrounds, we raise the ut on p�T, i.e., p�T >100 GeV. To satisfy this p�T ut, the � jet from the bakgrounds needsa large pT boost from the W boson, W ! �� [8℄. This will result ina smaller opening angle, ��, between the deay produts ��. Here,�� is the azimuthal opening angle between the � jet and the missingtransverse momenta. However, in the signal H� ! ��, the � jet willrequire little or no boost at all to satisfy this high p�T ut. This explainsthe bakward peak in the �� distribution for the signal as shown inFig. 3. Similarly, the missing transverse momentum 6pT distribution isharder for the signal (see Fig. 2). The transverse massmT =q2p�T 6pT [1� os(��)℄ (3)ombines both the e�ets from the opening angle �� and from thetransverse missing momentum 6pT thereby providing a good disrim-ination between the signal and the bakground events as shown inFig. 3. In addition, the transverse mass mT is bound from above bymH� for the signal and by mW for the bakgrounds. However, dueto the experimental resolution of Emisst , the mT distribution for thebakgrounds (Fig. 3) shows a �leak� into the signal region.
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Fig. 5. The transverse mass mT reonstrution for the signal and the bakgroundsfor an integrated luminosity of 30 fb�1. The results shown in Table III are basedon the data shown here (the unpolarized ase), obtained after ut (e) desribed inthe text. TABLE IIIThe expeted signal-to-bakground ratios and signi�anes alulated after ut (e)for an integrated luminosity of 30 fb�1. The bakgrounds are relatively small; infat, it is the size of the signal itself that limits the range of the disovery potential.tan� 15 30 40 45 25 35 60 50mH� (GeV) 180 200 250 300 350 400 450 500Signal events 9.43 42.7 52.9 61.8 15.9 26.2 51.6 29.1t�t 10.3 10.3 10.3 10.3 10.3 10.3 10.3 10.3Wtb 4.24 4.24 4.24 4.24 4.24 4.24 4.24 4.24W+jets 0.82 0.82 0.82 0.82 0.82 0.82 0.82 0.82Total bakground 15.4 15.4 15.4 15.4 15.4 15.4 15.4 15.4S=B 0.61 2.78 3.44 4.02 1.03 1.71 3.36 1.89S=pB 2.41 10.9 13.5 15.8 4.05 6.69 13.2 7.41



The Hadroni � Deay of a Heavy H� in ATLAS 715tributors to the 1-prong deay [8℄. One way to do this is to require that over80% of the � -jet energy is arried by the harged trak,p��p� -jet > 80%: (4)Alternatively, one an demand a hard distribution in �pT whih is the dif-ferene in the momenta of the harged trak and the aompanying neutralpion(s) [8, 13℄, �pT = jp��T � p�0T j: (5)
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Fig. 6. The �nal transverse mass mT reonstrution for the signal and the bak-grounds taking into aount the polarization of the � lepton, for an integratedluminosity of 30 fb�1. This is to be ompared to Fig. 5, the unpolarized ase.The simulation of the polarized � deays has been inluded (for thesignal, and the t�t, Wtb and W+jets bakgrounds) into PYTHIA throughTAUOLA [14℄, and all the hadroni � deays have been onsidered. InTable IV, we show the e�et due to the � polarization. The table shows aredution in the bakgrounds and an enhanement in the signal leading tobetter signal-to-bakground ratios and signi�anes but the shapes of thedistributions remain similar to that of the unpolarized ase (Figs 2-4). The�nal transverse mass distributions after ut (e) are shown in Fig. 6, to beompared to the unpolarized ase of Fig. 5.
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The Hadroni � Deay of a Heavy H� in ATLAS 717TABLE IVThe improvement in the signal to bakground ratios and signal signi�anes due to thepolarization of the � lepton. The data in this table are alulated after ut (e). Weompare the � deays with and without polarization. The inlusion of the � polarizationsuppresses the bakgrounds further while at the same time enhanes the signal. Thisresults in better signal over bakground ratios and signi�anes.without polarization with polarizationt�t 10.3 3.1Wtb 4.2 3.2W+jets 0.8 0.3Bakground events 15.4 6.7tan� = 15, mH� = 180 GeVSignal events 9.43 13.8S=B 0.61 2.1S=pB 2.41 5.3tan� = 30, mH� = 200 GeVSignal events 42.7 46.3S=B 2.78 6.9S=pB 10.9 17.9tan� = 40, mH� = 250 GeVSignal events 52.9 60.3S=B 3.44 9.0S=pB 13.5 23.3tan� = 45, mH� = 300 GeVSignal events 61.8 70.5S=B 4.02 10.5S=pB 15.8 27.2tan� = 25, mH� = 350 GeVSignal events 15.9 18.8S=B 1.03 2.8S=pB 4.05 7.3tan� = 35, mH� = 400 GeVSignal events 26.2 30.6S=B 1.71 4.6S=pB 6.69 11.8tan� = 60, mH� = 450 GeVSignal events 51.6 66.9S=B 3.36 10.0S=pB 13.1 25.8tan� = 50, mH� = 500 GeVSignal events 29.1 36.2S=B 1.89 5.4S=pB 7.42 14.0



718 K.A. Assamagan, Y. Coadou TABLE VThe expeted signal-to-bakground ratios and signi�anes alulated after ut(e) for the two points onsidered below mH� = 180 GeV, and for an integratedluminosity of 30 fb�1. This data are also used in the alulation of the 5��disoveryontour. tan� 20 18mH� (GeV) 128 162Signal events 5.3 13.6Total bakground 6.7 6.7S=B 0.8 2.0S=pB 2.0 5.2 TABLE VIThe impliations of the additional ut (f) that we apply to study further the e�etsof the � polarization. This ut improves the signal-to-bakground ratios and thesignal signi�anes. However, there are signi�ant drops in the seletion e�ieniesby fators of 3.7 to 22 in both the signal and the bakgrounds, resulting in too fewstatistis. ut (e) ut (f)Bakground events 6.7 0.3tan� = 30, mH� = 200 GeVSignal events 46.3 12.5S=B 6.9 48.8S=pB 17.9 24.6tan� = 60, mH� = 450 GeVSignal events 66.9 18.3S=B 10.0 71.5S=pB 25.8 36.1of the transverse vetor meson ontributions to the 1-prong deays resultsin the enhanement of the signal-to-bakground ratios and the signal signif-ianes but with signi�ant redutions in the seletion e�ienies.4. ConlusionsWe have studied the ATLAS disovery potential of the harged Higgsboson through the deay H� ! �� above the top-quark mass. For mH� <mt, this hannel was previously studied for ATLAS and the signal appears asan exess of � leptons over SM preditions. In the region mH� > mt, the ��and the tb deay hannels onstitute the main deay modes of the hargedHiggs boson. At low tan �, the tb mode is the only major deay hannel of



The Hadroni � Deay of a Heavy H� in ATLAS 719the harged Higgs boson while at high tan�, the branhing fration into the�� hannel an be signi�ant. Previous studies of the tb hannel show largeirreduible bakgrounds whih are absent in the �� hannel.This study is arried out for mH� > mt and tan � > 10. The hargedHiggs boson is produed in assoiation with a top quark aording to gb!tH�. We onsider the hadroni deay of the assoiated top quark, t! jjband the hadroni deay of the � lepton originating from the harged Higgsboson. This study assumes a multi-jet trigger together with a high level �trigger. By imposing a su�iently high threshold on the pT of the � jet,the bakground events satisfying this ut need a large boost from the Wboson. This results in a small azimuthal opening angle between the � jetand the missing momentum. In ontrast, suh a boost is not required fromthe H� for the signal events, leading to a bakward peak in the azimuthalopening angle. Furthermore, the missing momentum is harder for the signal.The di�erene between signal and bakground distributions in the azimuthalangle and the missing momentum inreases with inreasing mH� . Thesee�ets are well umulated in the transverse mass whih provides a gooddisrimination between the signal and the bakgrounds � the full invariantmass is not reonstruted in this ase beause of the neutrino in the �nalstate. For the bakgrounds, the transverse mass is kinematially onstrainedto be smaller than mW but for the signal, the transverse mass is bound fromabove by mH� . However, beause of the experimental resolution of Emisst ,some leakage of the bakground events into the signal region is observed.The bakgrounds in this hannel are relatively small; signi�anes upwardsof 5� an be ahieved for mH� > mt and tan � > 10, for an integratedluminosity of 30 fb�1. In fat, the range of disovery potential is solelylimited by the signal size itself.It has been argued that further improvement in the signal-to-bakgroundratios and in the signal signi�anes is still possible by making use of the� polarization e�ets. We have inluded the � polarization into PYTHIAthrough the TAUOLA simulation ode and onsidered all the hadroni de-ays of the � lepton. Indeed, the present study shows that suh an improve-ment an be statistially signi�ant, and that it is not neessary to restritoneself to just the 1-prong deays to see the e�ets of the � polarization.The authors express their immense gratitude to E. Rihter-W¡s andR. Kinnunen for fruitful disussions and onstrutive ritiisms. The workof K.A. Assamagan is supported by a grant from the USA National SieneFoundation, grant number 9722827.
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