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PROSPECTS FOR THE DETERMINATION OF THECHARGED HIGGS MASS AND tan� WITH THE ATLASDETECTOR AT THE LARGE HADRON COLLIDERKétévi Adiklè AssamaganBrookhaven National Laboratory, Upton, NY 11973 USAand Yann CoadouUppsala University, Uppsala, Sweden(Reeived January 23, 2002)The observation of one or several Higgs bosons will be fundamental forthe understanding of the eletroweak symmetry breaking mehanism. Inthe Standard Model (SM), one salar doublet is responsible for the ele-troweak symmetry breaking, leading to the predition of a single Higgs bo-son. The simplest extension to the SM Higgs setor is the two Higgs doubletmodel present in many extensions to the SM itself, inluding supersymme-try. In suh models, symmetry breaking leads to �ve Higgs partiles, threeneutral and a harged pair. The sensitivity of the ATLAS detetor to thedisovery of the harged Higgs has been studied in detail. In this paper,we disuss the expeted preisions on the harged Higgs mass and tan�measurements at the Large Hadron Collider (LHC).PACS numbers: 12.60.Jv, 14.80.Cp1. 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℄. The sensitivity of the AT-LAS detetor to the disovery of the harged Higgs has been investigated indetail [2℄. Some of these studies have been arried out as partile-level eventgeneration in PYTHIA [3℄ at ps = 14 TeV, with the detetor resolutions ande�ienies parameterized in ATLFAST [4℄ from the full detetor simulations.It has been assumed that the mass sale of supersymmetri partners of ordi-nary matter is above the harged Higgs mass so that harged Higgs deaysinto supersymmetri partners are forbidden. A entral value of 175 GeV isused for the top-quark mass. (1347)



1348 K.A. Assamagan, Y. CoadouBelow the top-quark mass, the harged Higgs is produed in top deays,t! bH�. In this mass range, the deay hannel H� ! �� has been studiedextensively for ATLAS and the signal appears as an exess of � leptons [5℄.The hannel H� !Wh0 is only relevant in a tiny range of MSSM parameterspae although it onstitutes a unique test for MSSM and may be sensitiveto the singlet extension to MSSM, i.e., NMSSM [6, 7℄. The prospets forthe determination of the harged Higgs mass and tan � below the top-quarkmass has not yet been investigated.In the transition region, i.e., formH� just below or around the top-quarkmass, the relevant hannels are H� ! t�b and H� ! ��. However, for theorret desription of the harged Higgs prodution and deay mehanismsin this region of parameter spae, it is mandatory to use the produtionproess gg ! tbH� whih inludes gg ! t�t with t ! bH�, the Higgs-strahlung mehanism and the relative interferenes [8℄. The 5-� disoveryontour of �gure 1 shows a gap in the mA axis around mA = 160 GeVbeause harged Higgs studies have not yet been arried out for this region.
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Fig. 1. The ATLAS 5-� disovery ontour of the harged Higgs. Below the top-quark mass, the harged Higgs is produed from top deay and the �� hannelprovides overage for most tan�. Above the top-quark mass, the tb hannel oversthe low and the high tan� regions while the �� hannel extends the disovery reahto high Higgs masses and to lower tan� in the high tan� region.Above the top-quark mass, the 2 ! 2 prodution proess gb ! tH�has been used and the deay hannels H� ! tb and H� ! �� studied indetail [9, 10℄. In the H� ! tb hannel, upwards of 5-� disovery an beahieved above the top-quark mass in the low and high tan � regions up



mH� and tan� Determination with the ATLAS Detetor . . . 1349to � 400 GeV [9℄. H� ! �� extends the disovery reah to high Higgsmasses and to lower tan� values in the high tan� region as seen in �gure 1.However, in the low tan� region, the �� hannel o�ers no sensitivity for theharged Higgs disovery as the H� ! �� branhing vanishes [10℄. In thispaper, we disuss the expeted preisions on the harged Higgs mass andtan � measurements with the ATLAS detetor � above the top-quark mass� in the H� ! tb and H� ! �� hannels.2. H� mass determination in H� ! ��This hannel does not o�er the possibility for the observation of a res-onane peak above the bakground, only the transverse Higgs mass anbe reonstruted beause of the presene of the neutrino in the �nal state.The bakground omes from single top, Wt, and t�t produtions with oneW ! ��. Thus, the transverse mass is kinematially onstrained to be lessthan the W -boson mass while in the signal, the upper bound is the hargedHiggs mass. Furthermore, beause the harged Higgs is salar and the W -boson a vetor, the polarization of the deay � in the signal is di�erent fromthe bakground ase, partiularly in the one-prong hadroni � deays [11℄.The di�erenes in the event topology and in the � polarization have beenused to suppress the bakgrounds in the studies reported in [10,12℄, so thatabove the W mass threshold, the bakground in this hannel is relativelysmall as shown in �gure 2. As a result, although there is no reonstrution
gb→tH+, t→jjb, H+→τν
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Fig. 2. The reonstrution of the transverse Higgs mass in H� ! �� for 250 and500 GeV. The bakground is relatively small in this hannel. The disovery reahis limited to high tan� but extended to higher masses ompared to the tb hannel.



1350 K.A. Assamagan, Y. Coadouof the resonane peak in this hannel, the Higgs mass an be extrated fromthe transverse mass distribution with a relatively good preision. For themass determination in this hannel, we use the likelihood method presentedin [13℄ and summarized in the following setion.2.1. Statistial unertaintiesSuppose we wish to estimate the expeted preision and unertainty ona Higgs referene mass m0. We generate samples of events with hargedHiggs masses, mk = m0 + k ��m and for eah mk we perform dediatedseletions presented in [10℄ in order to obtain the �nal signal+bakgroundmass distributions. For example, for a harged Higgs referene mass m0 =250 GeV, one might generate signal events at Higgs masses mk = 230, 235,240, 245, 250, 255, 260, 265 and 270 GeV. Subsequently, the reonstrutedtransverse mass distributions are smoothed, normalized to unity and �ttedto obtain the assoiated probability density funtions Pk(m).The referene masses onsidered in this analysis and their orrespond-ing probability density funtions (signal+bakgrounds) obtained from thetransverse mass distributions are shown in �gure 3. One an see a leardependene on the harged Higgs mass: both edges (espeially the lead-ing edge) are shifted towards higher transverse masses as the input massinreases. The bakground is small enough not to spoil the sensitivity.

Fig. 3. The probability density funtions (signal + bakground) obtained fromdistributions of the reonstruted transverse masses for the referene masses on-sidered.



mH� and tan� Determination with the ATLAS Detetor . . . 1351From the probability density funtion P0(m) of the referene mass, a setfmjgj=1::N of transverse masses is drawn, where N = N0 + ÆN0 and N0is the expeted number of signal and bakground events for the referenemass m0 with a Gaussian �utuation ÆN0. For eah mass mk the Likelihoodfuntion is omputed: lnLk = NXj=1 lnPk(mj) : (1)In �gure 4, we show the di�erene �(lnLk) = lnL0 � lnLk as funtionof mk for one referene mass m0. Around the minimum, whih should beat m0, we do a paraboli �t to get the atual expeted harged Higgs mass.This exerise an be repeated many times within the statistial error ÆN0and the distribution of the expeted values, so obtained, of the mass wouldbe a Gaussian whose mean is the reonstruted mass and whose standarddeviation is the statistial preision of the reonstruted mass as shown in�gure 5.

Fig. 4. The di�erenes in the likelihood funtions, �(lnLk), versus the orrespond-ing mass mk. A paraboli �t is performed around the minimum and the minimumof the parabola is taken as the reonstruted mass. This Monte Carlo experimentan be repeated several times within the statistial unertainty to get a distributionof the reonstruted mass.Table I shows the expeted statistial errors on the referene massesonsidered. At higher Higgs masses, the preisions worsen as the signalrate dereases. The slight o�set between the reonstruted value and thereferene mass is due to unertainties in the probability density funtions.The preision improves at higher luminosity, as expeted.
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Fig. 5. The distribution of the mass obtained from the paraboli �t is a Gaussianwhose mean is taken as the expeted reonstruted mass and the standard deviationof the Gaussian is the preision of the mass. In this partiular ase, the referenemass is m0 = 317:8 GeV. The reonstruted mass obtained from the likelihoodanalysis is 318.3 GeV with a statistial preision Æm of 5.2 GeV. The deviation ofthe reonstruted value from the atual referene mass is due to unertainties inthe probability density funtions. TABLE IThe statistial preision of the mass determination in the H� ! �� hannel. Thereferene masses are listed in the �rst olumn. The reonstruted masses hmi (GeV)and the orresponding preision Æm (GeV) are alulated for 100 and 300 fb�1. Wetake tan� = 45. The statistial preision deteriorates as the Higgs mass inreasesbeause of the redution in rate.mH� (GeV) L = 100 fb�1 L = 300 fb�1m0 < m > Æm < m > Æm225.9 226.4 3.0 226.4 1.7271.1 271.0 3.4 271.1 2.0317.8 318.3 5.2 318.3 3.0365.4 365.5 7.8 365.7 4.6413.5 413.6 7.7 413.8 4.5462.1 462.3 10.2 462.6 6.0510.9 511.5 13.0 511.9 7.4



mH� and tan� Determination with the ATLAS Detetor . . . 13532.2. Systemati unertaintiesThree main soures of systemati unertainties are inluded in the massdetermination: the shape of the bakground, the bakground rate and theenergy sale. The bakground shape beomes more signi�ant at lower Higgsmasses, where there is more overlap between signal and bakground. To in-lude this e�et, we assumed a linear variation of the bakground shape, from�10% to +10% between the minimum and the maximum of the transversemass distribution. Another soure of systemati unertainty is the rate ofthe bakgrounds. It is expeted that the bakground rate (Wt and t�t) ouldbe known to 5% [13℄. Therefore, to take this e�et into aount, we inreasethe bakground rate by 5% while at the same time we derease the signalby 5%. Finally, we also inlude the sale unertainty: 1% for jets and 0.1%for photons, eletrons and muons. In Table II, we show the e�ets of thesystemati unertainties: the overall unertainty in the mass determinationis dominated by statistis. TABLE IIThe systemati e�ets on the mass determination in the H� ! �� hannel aresmall. Columns 2 and 3 show the statistial unertainties for an integrated lumi-nosity of 300 fb�1. Columns 4 and 5 inlude the systemati unertainties. Thetotal unertainties are dominated by the statistial errors.mH� (GeV) No systematis With systematis< m > Æm < m > Æm225.9 226.4 1.7 225.9 1.7271.1 271.1 2.0 270.9 2.3317.8 318.3 3.0 319.9 3.5365.4 365.7 4.6 365.2 4.7413.5 413.8 4.5 414.9 4.7462.1 462.6 6.0 460.8 6.3510.9 511.9 7.4 511.7 9.23. H� mass determination in H� ! tbIn the tb hannel, the full invariant mass an be reonstruted as shownin �gure 6 although this hannel su�ers from the large irreduible t�tb bak-ground and also from the signal ombinatorial bakground. The determina-tion of the mass an be done using the likelihood method desribed aboveor by �tting the signal and the bakground. In the latter ase, one as-sumes that the bakground shape and normalization an be determined by�tting outside the signal region, thus, the systemati unertainties inludeonly the sale unertainty. We assume a Gaussian shape for the signal andan exponential for the bakground and �t signal+bakground inluding thestatistial �utuations and the sale unertainty.
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Fig. 6. The reonstruted tb invariant mass in the H� ! tb hannel shows aresonane peak although this hannel su�ers from large t�tb and signal ombinatorialbakgrounds. The likelihood method an be used to estimate the expeted preisionof the mass determination. It is also possible to �t the signal and bakgrounddiretly assuming the bakground shape and normalization an be onstrained by�tting outside the signal region. Both methods are in agreement on the massdetermination.The probability density funtions used for the mass determination inH� ! tb by the likelihood method are shown in �gure 7. One an onludethat the presene of the bakground dereases the sensitivity to the signal,whereas in the H� ! �� hannel, the bakground has a marginal impaton the sensitivity. Nevertheless, as shown in Table III, the preisions on themass determination from the likelihood and �tting methods are omparable.TABLE IIIIn the H� ! tb hannel two di�erent methods are used for the mass determination:the likelihood method and the �t to signal and bakground. The results from bothmethods are in agreement. At the lowest Higgs mass point the �tting method doesnot work beause signal and bakground shapes are very similar. The results areshown for an integrated luminosity of 100 fb�1.mH� (GeV) Likelihood Fithmi Æm hmi Æm225.9 226.9 1.8271.1 270.1 10.1 271.0 10.3317.8 320.2 11.3 316.4 11.5365.4 365.4 12.1 363.8 12.5413.5 417.4 17.6 412.6 17.9462.1 465.9 24.1 460.4 24.4



mH� and tan� Determination with the ATLAS Detetor . . . 1355

Fig. 7. The probability density funtions for the signal and the bakground (topplot) obtained from the distributions of reonstruted tb invariant masses for thereferene masses onsidered. The bottom plot shows the probability density fun-tions for signal+bakground. In the �tting method, an exponential and a Gaussianshapes are assumed for the signal and bakground, respetively (see top plot).4. Determination of tan�As shown in �gure 1, assuming only the prodution proesses gb! tH�and gg ! tbH�, LHC sensitivity to the disovery of the harged Higgs wouldbe limited to the high and low tan� regions. The lak of sensitivity in theintermediate tan� region is due to the fat that the harged Higgs ouplingto SM fermions is proportional to:H+ (mt ot ��tbL +mb tan��tbR) ; (2)the square of whih goes through a minimum at tan � =pmt=mb [14℄.The observation of a harged Higgs signal in H� ! �� and H� ! tband the preision determination of the mH� � as disussed above � raise



1356 K.A. Assamagan, Y. Coadouthe possibility of extrating tan � from the ratio of these two hannels. Theprospets of using the ratio of the rates to determine tan � seem even moreinteresting sine in that ase, the systemati unertainties assoiated withthe luminosity and the prodution ross setion would anel out:H� ! ��H� ! tb ' m2� tan2 �3(m2t ot2 � +m2b tan2 �) : (3)At large tan�, the ratio of H� ! �� to H� ! tb is unfortunately inde-pendent of tan� as an be seen from equation (3) [15℄. Further, in the lowtan � region, the branhing fration into �� vanishes as H� ! tb beomesthe dominant deay hannel above the top-quark mass. As a result, theratio of the H� ! �� to H� ! tb ould be sensitive to tan � only in theintermediate tan� region where, as shown in �gure 1, there is no disoverypotential for the harged Higgs. Therefore this tehnique annot be exploredfor the measurement of tan �.It is still possible to extrat tan� by measuring the signal rate in the�� hannel where the bakgrounds are relatively low. The main systematierror would ome from the knowledge of the luminosity. The unertainty inthe rate measurement an be estimated as [16℄:�(� � BR)� �BR =sS +BS2 +��LL �2 ; (4)where the relative unertainty on the luminosity measurement is taken on-servatively to be 10%. The unertainties in the rates are shown in Table IV.The unertainty on tan � is omputed as: TABLE IVThe overall preisions on the rate determination in the H� ! �� hannel forL = 30, 100 and 300 fb�1. The total number of bakground events is B = 6:7 for30 fb�1 [10℄. The numbers of signal events listed in the seond olumn orrespondto an integrated luminosity of 30 fb�1 [10℄.(mH� [GeV℄, tan�) S � Signal events �(� � BR)=(� �BR) (%)30 fb�1 30 fb�1 100 fb�1 300 fb�1200, 30 46.3 18.6 14.2 11.6250, 40 60.3 16.9 13.3 11.2300, 45 70.5 16.0 12.8 11.0350, 25 18.8 28.7 19.9 14.1400, 35 30.6 22.3 16.2 12.4450, 60 66.9 16.3 12.9 11.1500, 50 36.2 20.7 15.3 12.0



mH� and tan� Determination with the ATLAS Detetor . . . 1357�tan� ' �(� � BR) �d(� � BR)d tan � ��1 : (5)The ross setion for gb! tH� an be written as:�(gb! tH�) / m2t ot2 � +m2b tan2 � ; (6)and the H� ! �� branhing ratio BR� is:BR� ' � (H� ! ��)� (H� ! tb) + � (H� ! ��)= m2� tan2 �3(m2t ot2 � +m2b tan2 �) +m2� tan2 � : (7)At large tan �, from equations (6) and (7), the rate in the H� ! �� hannelis obtained as: � � BR / tan2 � : (8)From the relations (5) and (8), we get:�tan�tan� = 12 �(� � BR)� � BR : (9)The expeted unertainties on tan� determination from the measurementof the rate in the H� ! �� hannel are shown in Table V. TABLE VThe overall preisions on tan� determination in the H� ! �� hannel for L = 30,100 and 300 fb�1, and for mH� = 250 GeV.tan � �tan �= tan � (%)30 fb�1 100 fb�1 300 fb�120 15.4 10.6 7.425 12.2 8.7 6.530 10.5 7.7 6.135 9.1 7.0 5.740 8.4 6.6 5.645 7.7 6.6 5.550 7.3 6.1 5.4



1358 K.A. Assamagan, Y. Coadou5. Comparison between H� ! �� and H� ! tbThe expeted preisions on the harged Higgs mass determination arebetter in the �� hannel � although only a transverse mass is reonstruted� than in the tb hannel, exept in the low mass range where the sensitiv-ity to the H� ! �� hannel is redued as one gets loser to the W massthreshold (see Table VI). The better expeted preisions in the �� hannelfollow from the fat that this hannel o�ers an almost bakground free en-vironment. Furthermore, for the same reasons, the �� hannel o�ers theTABLE VIThe overall preisions on the mass determination are better in the �� hannel thanin the tb hannel. This is due to the fat that the latter su�ers from large t�tb andsignal ombinatorial bakgrounds (L = 100 fb�1).mH� (GeV) H� ! �� H� ! tb< m > Æm < m > Æm225.9 225.9 2.9 226.9 1.8271.1 271.0 3.9 270.1 10.1317.8 319.7 5.9 320.2 11.3365.4 364.9 8.1 365.4 12.1413.5 414.8 8.0 417.4 17.6462.1 460.7 10.6 465.9 24.1510.9 511.4 15.7
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Fig. 8. The expeted overall preision of the harged Higgs mass and on tan�measurements, as a funtion of the harged Higgs mass (left plot) and tan� (rightplot) respetively. For the mass determination, the H� ! �� hannel gives betterpreisions than H� ! tb exept at low Higgs masses. In addition, H� ! �� allowsfor the determination of tan� by measuring the rate in this hannel.



mH� and tan� Determination with the ATLAS Detetor . . . 1359better opportunity of determining tan� from the measurement of the abso-lute rates. Figure 8 illustrates the expeted overall preision of the hargedHiggs mass and tan � determination for an integrated luminosity of 300 fb�1.6. ConlusionsThe sensitivity of the ATLAS detetor to the disovery of the hargedHiggs has been studied in detail in the hannels H� ! ��, H� ! �s, H� !Wh0 and H� ! tb. Above the top-quark mass, the hannels H� ! �� andH� ! tb provide overage in the low and high tan� regions up to �600 GeV.The objetive of the urrent analysis is to estimate the expeted preisionson the harged Higgs mass and tan � measurements above the top-quarkmass.In the �� hannel, there is no resonane peak, only the transverse massis reonstruted. A likelihood method is used to estimate the expetedpreisions on the mass measurements. The systemati e�ets inlude thebakground shape, the bakground rate and the energy sale. The overallrelative preision in this hannel ranges from 1.3% at mH� = 226 GeV to3.1% at mH� = 511 GeV for an integrated luminosity of 100 fb�1. At300 fb�1, the preision improves to 0.8% at mH� = 226 GeV and 1.8% atmH� = 511 GeV.The tb hannel o�ers the possibility for the reonstrution of the reso-nane peak above a large t�tb and the signal ombinatorial bakground. Itis possible to use the likelihood method for the mass determination in thishannel. Alternatively, a �t of the signal and bakground an be performedprovided the bakground shape and normalization an be determined by �t-ting outside the signal region. Results from both methods are in agreement.The relative preision in this hannel ranges from 0.8% at mH� = 226 GeVto 5.2% at mH� = 462 GeV for 100 fb�1. For 300 fb�1, the preision im-proves to 0.5% at 226 GeV and 3.5% at 462 GeV.In either hannel, the overall unertainties are dominated by the sta-tistial errors. The �� hannel o�ers better preisions on the Higgs massdetermination than the tb hannel, exept at low Higgs masses where the ��hannel su�ers from a muh redued seletion e�ieny or a muh higherbakground level.The determination of tan� an be ahieved by measuring the rate in theH� ! �� hannel where the bakground is relatively low and the disoveryreah is extended to high masses ompared to H� ! tb. Assuming a 10%unertainty on the luminosity, the relative preision of tan � ranges from15.4% to 7.3% for tan� = 20 to 50, at low luminosity. For an integratedluminosity of 300 fb�1, the preision improves to: 7.4% at tan� = 20 andto 5.4% at tan � = 50.
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