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SIGNATURE OF THE CHARGED HIGGS DECAYH� !Wh0 WITH THE ATLAS DETECTORKétévi Adiklè AssamaganHampton University, Hampton, VA 23668, USA(Reeived Deember 16, 1999)The possibility of deteting the harged Higgs through the proessH� ! Wh0 is studied with the ATLAS detetor. Good reonstrutionof the harged Higgs mass is ahieved for masses below and above the top-quark mass and the t�t bakground an be suppressed substantially. How-ever, beause the signal rates are low, the disovery potential of this hannelis limited to a rather narrow area of MSSM parameter spae. The resultsan be applied to other models, for instane, NMSSM where the disoverypotential ould extend to a signi�ant area of the parameter spae.PACS numbers: 14.80.Bn 1. IntrodutionThe Higgs setor of the Minimal Supersymmetri Standard Model(MSSM) ontains �ve physial states, two of whih are harged, H�, andthe other three are neutral (h0, H0, and A0) [1℄. Thus far, the study ofthe disovery potential of the harged Higgs with ATLAS has onentratedmainly on the fermioni deays modes � H� ! tb and H� ! �� are thedominant deay hannels in most of the parameter spae [2℄. In the presentpaper, the disovery potential of the harged Higgs with the ATLAS dete-tor through the proess H� ! Wh0 is studied. Though signi�ant onlyin a tiny range of MSSM parameter spae [3℄, this hannel onstitutes aunique test for MSSM and is also sensitive to the next-to-minimal extensionto MSSM, i.e., NMSSM, where there may be a signi�ant range of viabilitybelow and above the top-quark mass [4℄: NMSSM extends the Higgs setorof MSSM by adding a omplex singlet salar �eld. The parameter spae istherefore less onstrained than that of MSSM and as a result, the indiretlower limits on the Higgs masses from LEP are no longer valid [4℄. In ad-dition, the mixing between the singlet and the doublet states would dilutethe diret mass limits on the latter from LEP.(881)



882 K.A. AssamaganThe present study is arried out in the framework of PYTHIA5.7 [5℄and ATLFAST [6℄. In the following setions, the details of the analysis arepresented. 2. H� !W �h0, mH� < mtBelow the top-quark mass, we onsider t�t prodution with one top-quarkdeaying into W and the other into the harged Higgs. In this ase, the Wfrom the harged Higgs deay is o� mass shell. The harateristis of theprodution and deay proesses are:gg (q�q) ! t�t ; (1)t ! H� b ; (2)�t ! W �b ; (3)H� ! W � h0 : (4)Thus, the spetrum ontains twoW 's, one of whih is o� mass shell, and fourb-quarks due to the subsequent deay h0 ! b�b. In the present analysis, oneof the W 's is required to deay into leptons (e, �), and the other into jets.The major bakground of this proess omes from t�tb�b and t�tq�q produtionwhere both top-quarks deay into W 's. Table I summarizes the estimatedrates for signal and bakground as a funtion of tan� and mH� . TABLE IThe expeted rates (� �BR), for the signal t�t! bH�Wb with H� !W �h0, andthe t�t bakgrounds. It should be noted that due to the tan� dependene of thet! H�b and of the t! Wb branhing ratios, the t�t bakground rates depend ontan�. Proess tan� mh0 (GeV) mH� (GeV) �� BR (pb)H� !W � h0 2.0 83.5 152 1.23.0 93.1 152 0.2t�t! jjbl�b 2.0 1433.0 152The results presented in this paper orrespond to the high luminosity op-eration, with an integrated luminosity of 300 fb�1. A lepton identi�atione�ieny of 90% and a b-tagging e�ieny of 50% are assumed. A value ofthe harged Higgs mass smaller than that shown in Table I results in smallersignal rate as the branhing ratio for H� !Wh0 drops very rapidly. On theother hand, when mH� is loser to the top mass, one of the four b-quarks



Signature of the Charged Higgs Deay : : : 883(mainly the b-quark from t ! H�b) beomes too soft (to be identi�ed andtagged as a b-jet). In this ase, good e�ieny for the signal an be ahievedby requiring three b-tagged jets but with this requirement, it is more di�-ult to e�etively suppress the bakground. Although the signal aeptanedrops by a fator of two if a fourth b-tagged jet is required, the bakgroundis suppressed by a fator of twenty-�ve suh that the �nal signal signi�anean be inreased. The following algorithm is used to selet signal events:2(a) Searh for one isolated lepton (e or � with peT > 20 or p�T > 6 GeVand j�j < 2:5), four b-tagged jets (with pbT > 30 GeV and j�j < 2:5),and at least 2 non b-jets with pjT > 30 GeV.2(b) Two possible senarios are onsidered on an event by event basis:W � ! l� W ! jj (5)or W � ! jj W ! l� : (6)If the on-shell W deays into leptons, then the W mass onstraint isused to �x the longitudinal omponent p�L of the neutrino momentum.This leads, in general, to two solutions. If no physial solution isfound, the event is rejeted. For this ase, W � ! jj and all the jet�jet ombinations retained in 2(a) are aepted. However, if W � ! l�instead, one an no longer use the W mass onstraint. In this ase, p�Lis set to zero and the jet�jet ombinations onsistent with the W -massare retained, i.e., jmW �mjjj < 25 GeV; in this mass window, the jetmomenta are resaled so thatmjj = mW (7)before proeeding further. Suh a relatively wide W -mass window utprovides a better aeptane on �nal seletions.2() For both senarios desribed in 2(b), onsider all the ombinationstWb !Wbi, h0 ! bjbk, H� ! h0W � and tH�bl ! H�bl and retainthat ombination whih minimizes�2 = (mWbi �mt)2 + (mH�bl �mt)2 + (mbjbk �mh0)2: (8)Figure 1 shows the mass reonstrutions for the W 's as obtained from2(b) and for both top-quarks from the optimization proedure, 2().Traing bak to the parton level information from PYTHIA outputs,it is estimated that the hi-square riterion (Eq. (8)) selets the orretombinations of both top-quarks and the neutral light Higgs in 41% ofthe ases. The mH�b distributions for the orret mathings, and as aresult of the optimization proedure are shown in �gure 2.
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t → H+b → W*h0b
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b (GeV)Fig. 1. The mass reonstrutions for the W's and the top-quarks. The data is shownfor the signal only and for an integrated luminosity of 300 fb�1. The top left plotshows a spike at 80 GeV orresponding toW ! l� and a broad distribution omingfrom W � ! l�. t!Wb is reonstruted at the nominal value of mt = 175 GeV asseen from the bottom left plot. However, t! H�b!W �h0b is not reonstrutedto the nominal value of mt; this is due to the assumption that p�L = 0 (madein 2(b)) and also to the fat that the 4-momentum of W � is not resaled to theW -mass before the reonstrution of H� !W �h0 and of t! H�b.2(d) Reonstrut mW �bl : the signal hannel tH�bl !W �h0bl is replaed inthe bakground by t! Wbl: one would expet mW �bl to be onsistentwith the top mass for the bakground but not for the signal. Thus, weretain the event if the following ondition is satis�ed:jmWbi �mtj < 25 and jmW �bl �mtj > 50 GeV: (9)2(e) Selet events where t ! H�bl is reonstruted in the 50 GeV masswindow, jhmH�bli �mtj < 50 GeV, and h0 ! bjbk within a mass win-dow of 25 GeV, jhmbjbki �mh0 j < 25 GeV. The harged Higgs massreonstrution following this ut is shown in �gure 3.
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Fig. 2. The mH� distributions from orret mathings (solid line), and as obtainedfrom the optimization proedure (dashed line). It has been estimated that in 41%of the ases, the seletion riteria reonstrut orretly both top-quarks and theneutral light Higgs.Table II shows the e�ieny of the uts 2(a) through 2(e) for the signaland for the bakground. TABLE IIE�ienies of the uts 2(a), 2(b), 2(), 2(d) and 2(e) for the signal and the bak-ground, shown from the third olumn. Also shown is the suessive improvementin the signal-to-bakground ratio as a result of the uts. The signi�anes andthe signal-to-bakground ratios shown in Table III are alulated within �2�H� ofhmH�i. Proess tan� 2(a) 2(b) 2() 2(d) 2(e)Signal (%) 2.0 2.5 2.1 2.1 1.0 0.7Bakground (%) 0.09 0.07 0.07 0.02 2.0 10�3S:B 1 : 5 1 : 4 1 : 4 1 : 3 2:9 : 1Signal (%) 3.0 2.7 2.3 2.3 1.1 0.8Bakground (%) 0.10 0.07 0.07 0.02 2.1 10�3S:B 1 : 28 1 : 23 1 : 20 1 : 10 1 : 2:0
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t → H+b → W*h0b
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Fig. 3. The �nal mass reonstrution for the harged Higgs for tan� = 2 afterut 2(e) is applied. The results shown in Table III are obtained from this data. Asigni�ant disovery potential for this hannel is expeted in the low tan� region(1.5�2.5). At higher tan�, the signal rate dereases so muh that the disoverypotential vanishes.The expeted signi�anes and signal-to-bakground ratios are shown in Ta-ble III for tan � = 2 and for tan � = 3, and for an integrated luminosityof 300 fb�1. This hannel presents a signi�ant disovery potential at lowtan � (< 2:5) as seen from �gure 3 and Table III. At high tan�, the reon-strution proedure works also well in suppressing the bakground signi�-antly. From Table I, for tan � = 2, the signal-to-bakground ratio is below1 : 100 at the start. The improvement in the suppression of the bakgroundis also shown in Table II; for instane, at tan � = 2, the signal-to-bakgroundratio improves to 2:9 : 1 after all uts. The di�ulty in extrating an ob-servable signal at high tan � is due mainly to the low signal rate: in fat, asseen in Table I, the signal rate drops by the fator of six from tan � = 2 totan � = 3 while the bakground remains approximately the same. It shouldbe noted that in Table II, the signi�anes and the signal-to-bakgroundratios are alulated taking all the events satisfying the respetive uts. InTable III, the same quantities are alulated within �2�H� of hmH�i, afterall uts. This explains the improvement shown in Table III over the lastolumn of Table II.In summary, the disovery potential of the harged Higgs through thedeay H� ! W �h0 for mH� < mt has been studied. Although the signalrate is initially two orders of magnitude smaller than the t�t bakground rate,the proposed reonstrution proedure permits the extration of the signal



Signature of the Charged Higgs Deay : : : 887TABLE IIIThe expeted signal-to-bakground ratios and signi�anes for an integrated lumi-nosity of 300 fb�1. hmti, hmH� i and hmh0i are the means of the Gaussian �ts tothe distributions of mH�b, mW�h0 and mb�b respetively. The nominal values areshown in Table I for mH� and mh0 . A entral value of 175 GeV is taken for thetop-quark mass. mH� andmt are not reonstruted at their nominal values (withinthe large statistial unertainties, the numbers are onsistent with the nominal val-ues): this is due to the assumption that p�L = 0 (made in 2(b)) and also to the fatthat the 4-momentum of the W � in H� ! W �h0 and t ! W �h0b is not resaledto the W mass before reonstruting the harged Higgs and the top-quark. Asseen from �gure 1, the other top-quark is reonstruted to the nominal value sinehere, t ! Wb; this W is on-shell: in the leptoni hannel the W mass onstraintguarantees that ml� = mW , and in the hadroni hannel, the jet momenta areresaled within a mass window aording to Eq. (7). The signi�anes and thesignal-to-bakground ratios are alulated within �2�H� of hmH�i. This explainsthe improvement over the results shown in the last olumn of Table II.tan� = 2 tan� = 3hmti (GeV) 188� 20 190� 29�t (GeV) 18� 11 20� 10hmH�i (GeV) 157� 7 160� 10�H� (GeV) 19� 8 21� 10hmh0i (GeV) 83� 1 92� 4�h0 (GeV) 12� 1 13� 3Signal events 136 25Bakground events 40 43S=B 3.4 0.6S=pB 21.5 3.8with a signi�ane exeeding 5� in the low tan �(1.5�2.5) region. At hightan �, though the reonstrution e�ieny remains omparable, the signalrate dereases so signi�antly that the disovery potential vanishes in thisregion. 3. H� !Wh0;mH� > mtAbove the top-quark mass, the harged Higgs is produed in assoiationwith a top-quark aording to: gb ! tH� ; (10)H� ! Wh0 ; (11)t ! Wb : (12)



888 K.A. AssamaganThe �nal state for the signal ontains two W 's, one of whih is requiredto deay into leptons (eletron or a muon to trigger the experiment), theother into jets, and three b-jets due to the subsequent deay h0 ! b�b. Thebakground in this ase omes from t�tb and t�tq events with both top-quarksdeaying into W 's. Table IV shows the signal and the bakground rates asa funtion of tan�. TABLE IVThe rates for the signal bg ! H�t!Wh0Wb and the t�t bakground as a funtionof tan�. Proess tan� mh0 (GeV) mH� (GeV) �� BR (pb)H� !W h0 1.5 78.0 250 0.0233.0 99.1 200 0.1345.0 104.9 200 0.031t�t! jjbl�b 228The same kinemati uts on � and pT, and the same e�ienies as in thease mH� < mt are assumed. The analysis proedure is desribed below:3(a) Searh for one isolated lepton (e or �), three b-tagged jets, and at leasttwo non b-jets satisfying the kinemati onditions stated in 2(a).3(b) In this ase, both W 's are on-shell and the W mass onstraint is usedto �nd a longitudinal omponent of the neutrino momentum. If nophysial solution is found, the event is rejeted.3() Retain all the jet�jet ombinations onsistent with the W mass,i.e., jmjj �mW j < 25 GeV, and within this mass window, the jet mo-menta are resaled to give mjj = mW before proeeding further.3(d) All the l� b and jjb ombinations are onsidered and the assoiatedtop-quark from gb! tH�, t! Wibk and the neutral light Higgs,h0 ! blbm, are reonstruted by minimizing the hi-square�2 = (mWibk �mt)2 + (mblbm �mh0)2: (13)Figure 4 shows the reonstrutions of the W 's, the assoiated top,and of the neutral light Higgs boson. This proedure not only re-onstruts the assoiated top and the neutral Higgs but it also estab-lishes whether the Wi seleted in the minimization omes from 3(b) or
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gb → tH+, t → Wb, H+ → Wh0
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gb → tH+, t→ Wb, H+ → Wh0
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Signature of the Charged Higgs Deay : : : 891TABLE VE�ienies of the uts 3(a), 3(b), 3() and 3(d) for the signal and the bakground,shown from the third olumn.Proess tan� 3(a) 3(b) 3() 3(d)Signal (%) 1.5 18 13 13 63.0 17 12 12 6Bakground (%) 3.3 2.3 2.3 0.6Table IV); the ratio of the signal to bakground is S:B=1:1700 (tan� = 3)before any ut is applied. The series of uts 3(a) to 3(d) improves this ratioto S : B = 1 : 20 for tan � = 3 as shown in Table VI. However, the ulti-mate signi�ane is only 3.3 after three years of running at high luminosity.It is possible to redue the number of harged Higgs andidates resultingfrom 3(d), H� !Wjblbm by reonstruting the invariant masses mWjbl andmWjbm and demanding that the latter not be onsistent with the top-quarkmass, i.e.,jmWjbl �mtj > 25 GeV and jmWjbm �mtj > 25 GeV : (15)This additional requirement does not improve the reonstrution signi�-antly. TABLE VIThe expeted signal-to-bakground ratios and the signi�anes (alulated within�2�H� of hmH�i) for an integrated luminosity of 300 fb�1. hmH�i and hmh0i arethe means of Gaussian �ts to the distributions of mWh0 and mb�b respetively. Thenominal values are shown in Table IV.tan� = 1:5, mA = 237 GeV tan� = 3, mA = 184 GeVhmH� i (GeV) 252 202�H� (GeV) 22 13hmh0i (GeV) 80 101�h0 (GeV) 12 15Signal events 58 236Bakground events 7687 5000S=B 0.008 0.05S=pB 0.7 3.3



892 K.A. Assamagan4. ConlusionsThe possibility of deteting the harged Higgs through the deayH� ! Wh0 with the ATLAS detetor has been studied. Below the top-quark mass, t�t prodution is the dominant prodution mehanism, withone of the top-quarks deaying into the harged Higgs, t! H�b. The Wfrom the subsequent deay of H� is o�-shell, H� ! W �h0. The �nalstate signature ontains an isolated lepton, four b-tagged jets and at leasttwo non b-jets. This requirement suppresses quite signi�antly the t�tb�b andt�tq�q bakgrounds. In fat, although initially the bakgrounds are two or-ders of magnitude higher than the signal, the reonstrution tehnique pre-sented here allows for a signi�ant disovery potential in the low tan� region(1.5�2.5). At higher tan�, the reonstrution e�ieny remains omparablebut the signal rates are too low.Above the top-quark mass, the harged Higgs is produed in assoiationwith a top-quark, gb ! tH�. In this ase, the searh for a �nal statewith an isolated lepton, three b-tagged jets and at least two non b-jets hasbeen performed. Initially, the total bakground is at least three orders ofmagnitude higher than the signal in the most favorable ase (tan� = 3).However, with the reonstrution tehnique presented here, the signal-to-bakground ratios ould be improved by two orders of magnitude. Thisimprovement is still insu�ient to observe the signal over the bakground;for example, at tan� = 3, a signi�ane of only 3.3 an be expeted after 3years at high luminosity.In MSSM, the H� ! Wh0 hannel has been exluded by LEP-2 up totan � = 3 beause of the non-observation of h0 [4℄ [7℄. Beyond tan � = 3, asdemonstrated by the study shown here, this hannel presents no disoverypotential due to the very low signal rate. It has been argued that in thesinglet extension to MSSM, i.e., NMSSM, this hannel is immune to theLEP onstraints and there may be a signi�ant disovery potential aboveand below the top-quark mass [4℄. This undersores the main objetive ofthe present study, whih is to demonstrate a good signal reonstrution anda high bakground suppression with the ATLAS detetor. The result shownan be normalized to models other than MSSM, for instane NMSSM.The author expresses immense gratitude to E. Rihter-W¡s for fruitfuldisussions and onstrutive ritiisms. The present work is supported by agrant from the USA National Siene Foundation (grant number 9722827).
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