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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(Re
eived November 21, 2001)The hadroni
 � de
ay of a heavy 
harged Higgs boson, H� ! ��, is
onsidered in ATLAS. In the mass region mH� > mt, the most relevantde
ay 
hannels of the 
harged Higgs boson are H� ! tb and H� ! ��.Whereas the former su�ers from large irredu
ible ba
kgrounds, the lattero�ers a relatively 
lean environment with the appropriate 
uts. In addition,a further suppression of the ba
kgrounds is a
hieved by making use of thepolarization of the � lepton.PACS numbers: 12.60.Jv, 14.60.Fg, 14.80.Cp1. Introdu
tionIn the Minimal Supersymmetri
 Standard Model (MSSM), the Higgsboson se
tor 
onsists of �ve physi
al parti
les, two of whi
h are 
harged,H� [1℄. Some of the most promising de
ay 
hannels of the 
harged Higgsboson have been used to study its dis
overy potential in ATLAS: below thetop-quark mass, the H� ! �� has been studied and the signal appears asan ex
ess of � leptons [2℄. The 
hannel H� ! Wh0 is relevant in a verysmall area of the MSSM parameter spa
e, thus o�ering only a marginaldis
overy potential in ATLAS. However, in the singlet extension to MSSM,i.e., NMSSM, the dis
overy potential 
ould extend to a more signi�
antrange of the parameter spa
e [3, 4℄. Above the top-quark mass, the 
hannelH� ! tb has been studied: dis
overy is possible for low (< 3) and for high(> 25) tan� up to mH� � 400 GeV; the diminishing signal rate, in additionto the irredu
ible ba
kgrounds, prevents the dete
tion 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 de
ay 
hannels of the 
harged Higgsboson while at low tan�, the tb is almost ex
lusively the lone de
ay 
han-nel. Thus, the present study of the �� 
hannel is 
arried out in the regionmH�>mt and tan � > 10. Unlike the tb de
ay mode whi
h su�ers fromlarge irredu
ible ba
kgrounds, the �� 
hannel 
ould be free of su
h ba
k-grounds, thereby extending the dis
overy potential beyond that a
hieved inthe tb 
hannel, espe
ially at large tan �. Further, an additional suppressionof the ba
kgrounds might be possible by taking advantage of the distin
tivepolarization of the � lepton.In the following, we present the details of the 
urrent analysis whi
h is
arried out in PYTHIA 5.7 [6℄ � in
luding two-loop radiative 
orre
tionsto MSSM Higgs boson masses and 
ouplings � and ATLFAST [7℄. A SUSYspe
trum heavier than the 
harged Higgs boson is assumed with no stopmixing. 2. AnalysisThe events are generated in PYTHIA 5.7 using the pro
ess gb ! tH�.The asso
iated top quark is required to de
ay hadroni
ally, t ! jjb. The
harged Higgs boson de
ays into the � lepton, H� ! ��, and the hadroni
de
ays of the � are 
onsidered. It is believed that the hadroni
 de
ay of the� 
arries a better imprint of the � polarization whi
h 
an help suppress theba
kgrounds further [8℄. In ATLFAST, hadroni
 � -jet labelling is performedby requiring hard hadroni
 � de
ay produ
ts within the tra
king range:phadT > 10 GeV and j�j < 2:5; in addition, the hadroni
 de
ay produ
ts must
arry a signi�
ant fra
tion of the � -jet energy within a jet 
one:phadTp��jetT > 80%; (1)�R(��jet;had) < 0:1: (2)A � -jet tagging e�
ien
y of 30% (this 
orresponds to a jet reje
tion fa
torof � 400 at pT = 30 GeV [9℄) and a b-tagging e�
ien
y of 60% are assumedfor an integrated luminosity 30 fb�1. This study assumes a multi-jet triggerin addition to a high level � trigger. The ba
kgrounds 
onsidered are QCD,W+jets, single top produ
tion 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 ba
kgrounds are shown in Table I as a fun
tion of mH� andtan �. The rates for the signal are also shown in Fig. 1 as a fun
tion of mAand for various values of tan�.
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ted rates (��BR), for the signal gb! tH� with H� ! �� and t! jjb,and for the ba
kgrounds: QCD, W+jets, Wtb and t�t with t ! ��b and �t ! jjb.We assume an in
lusive t�t produ
tion 
ross se
tion of 590 pb. Other 
ross se
tionsare taken from PYTHIA. The bran
hing fra
tions of H� ! �� are obtained fromHDECAY [10℄, and we take the W ! jj bran
hing ratio to be 2=3.Pro
ess 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 sele
ted as follows (the e�
ien
ies of these sele
tions areshown in Table II):(a) Sear
h 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 asso
iated top quark is re
onstru
ted and the 
andi-dates satisfying jmjj �mW j � 25 GeV are retained (and their four-momenta are renormalized to theW mass) for the re
onstru
tion 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 re
onstru
tions of the W and the asso
iated top quark areshown in Fig. 2.
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Fig. 1. The rate for the signal as a fun
tion of mA and for di�erent values of tan�.The 
ross se
tions for the 2 ! 2 pro
ess, gb ! tH�, are taken from PYTHIA5.7. The H� ! �� bran
hing ratios are obtained from HDECAY. We take theW ! jj bran
hing fra
tion to be 2=3. All the � de
ay 
hannels are 
onsidered andthe hadroni
 � de
ays are sele
ted as des
ribed in the text.(
) To further reje
t the ba
kgrounds, we raise the 
ut on p�T, i.e., p�T >100 GeV. To satisfy this p�T 
ut, the � jet from the ba
kgrounds needsa large pT boost from the W boson, W ! �� [8℄. This will result ina smaller opening angle, ��, between the de
ay produ
ts ��. 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 ba
kward 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�e
ts from the opening angle �� and from thetransverse missing momentum 6pT thereby providing a good dis
rim-ination between the signal and the ba
kground events as shown inFig. 3. In addition, the transverse mass mT is bound from above bymH� for the signal and by mW for the ba
kgrounds. However, dueto the experimental resolution of Emisst , the mT distribution for theba
kgrounds (Fig. 3) shows a �leak� into the signal region.
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miss (GeV)Fig. 2. The mass re
onstru
tions for the W and the top quark (top plots); the p�Tand the missing pT distributions (bottom plots). The data is shown for the signal(H� ! ��, mH� = 250 GeV and tan� = 40, solid lines), and for the t�t, W+jetsand Wtb ba
kgrounds (dashed lines), for an integrated luminosity of 30 fb�1.TABLE IIE�
ien
ies of the 
uts (a), (b), (
), (d) and (e) for the signal (mH� = 250 GeV,tan� = 40) and the ba
kgrounds. Also shown is the su

essive improvement inthe signal-to-ba
kground ratios as a result of the 
uts. QCD events 
ontribute anegligible ba
kground at the 
ut (d) be
ause of the high threshold imposed on 6pT.Pro
ess (a) (b) (
) (d) (e)Signal (%) 19.8 8.7 3.4 1.4 1.1t�t (%) 15.6 5.6 0.7 2.5 10�2 2.1 10�3W+jets (%) 5.0 10�3 5.6 10�4 7.0 10�5 3.0 10�6 1.0 10�6QCD (%) 1.4 10�4 1.1 10�5 2.1 10�7 0.0 0.0Wtb (%) 9.9 2.6 0.19 6.4 10�3 1.4 10�3S/B 1.9 10�5 1.1 10�4 3.6 10�3 0.5 3.4(d) To optimize the signal-to-ba
kground ratios and the signal signi�
an
es,we apply a 
ut on the missing transverse momentum: 6pT > 100 GeV.Requiring su
h a high threshold on 6pT suppresses 
ompletely the QCDjet ba
kground as shown in Table II. We 
ut also on the azimuthalopening angle: �� > 0:5 rad. The results for the signal and theba
kgrounds are shown in Fig. 4.
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mT (GeV)Fig. 3. The opening azimuthal angle �� and the transverse mass mT distributionsfor the signal (top plots), and for the t�t, Wtb and W+jets ba
kgrounds (bottomplots), for an integrated luminosity of 30 fb�1 � obtained after 
ut (
). The open-ing angle peaks forward in the ba
kgrounds due to the large boost required fromthe W boson, while in the signal little or no boost at all is required, and �� peaksba
kward as a result. The transverse mass in the ba
kgrounds is kinemati
ally 
on-strained to be less than mW but a leak into the signal region 
an be seen (bottomright plot) due to the experimental EmissT resolution. In the top plots, the areasof the dashed 
urves (mH� = 500 GeV, tan� = 50) are normalized to that of thesolid 
urves (mH� = 250 GeV, tan� = 40), with a fa
tor of 4.22.(e) A �nal 
ut of �� > 1:0 rad is applied and the results are shown inFig. 5 and used for the 
al
ulation of the signal-to-ba
kground ratiosand the signal signi�
an
es shown in Table III.



The Hadroni
 � De
ay of a Heavy H� in ATLAS 713
gb→tH+, t→jjb,H+→τν, mH+=250 GeV, tanβ=40
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mT (GeV)Fig. 4. The transverse mass mT 
ombines the e�e
ts of the �� and the di�eren
esin the missing pT distributions for the signal and the ba
kgrounds. Here, we appliedfurther 
uts in 6pT and in �� to optimize the signal-to-ba
kground ratios and thesignal signi�
an
es. The top left plot 
orresponds to 
ut (
), the top right one to
ut (d) but with no sele
tion in ��. The bottom left plot 
orresponds to 
ut (d),and the bottom right plot to 
ut (d) but with �� > 0:75 rad.3. Polarization e�e
tsThe polarization of the � 
ould result in a harder � jet for the signal rel-ative to the ba
kgrounds in the 
ase of 1-prong de
ay into � or longitudinalve
tor mesons; the transverse ve
tor meson 
ontributions dilute the polariza-tion e�e
ts and must be eliminated [8, 11, 12℄. The transverse 
ontributions
ould be suppressed without having to identify the individual mesoni
 
on-
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Fig. 5. The transverse mass mT re
onstru
tion for the signal and the ba
kgroundsfor 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) des
ribed inthe text. TABLE IIIThe expe
ted signal-to-ba
kground ratios and signi�
an
es 
al
ulated after 
ut (e)for an integrated luminosity of 30 fb�1. The ba
kgrounds are relatively small; infa
t, it is the size of the signal itself that limits the range of the dis
overy 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 ba
kground 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
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 � De
ay of a Heavy H� in ATLAS 715tributors to the 1-prong de
ay [8℄. One way to do this is to require that over80% of the � -jet energy is 
arried by the 
harged tra
k,p��p� -jet > 80%: (4)Alternatively, one 
an demand a hard distribution in �pT whi
h is the dif-feren
e in the momenta of the 
harged tra
k and the a

ompanying neutralpion(s) [8, 13℄, �pT = jp��T � p�0T j: (5)
gb→tH+, t→jjb, H+→τν
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Fig. 6. The �nal transverse mass mT re
onstru
tion for the signal and the ba
k-grounds taking into a

ount 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 � de
ays has been in
luded (for thesignal, and the t�t, Wtb and W+jets ba
kgrounds) into PYTHIA throughTAUOLA [14℄, and all the hadroni
 � de
ays have been 
onsidered. InTable IV, we show the e�e
t due to the � polarization. The table shows aredu
tion in the ba
kgrounds and an enhan
ement in the signal leading tobetter signal-to-ba
kground ratios and signi�
an
es 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 be
ompared to the unpolarized 
ase of Fig. 5.



716 K.A. Assamagan, Y. Coadou

1

10

50 100 150 200 250 300 350 400 450 500
mA (GeV)

ta
nβ gb→tH+, t→jjb, H+→τν

∫Ldt = 30 fb-1

∫Ldt = 100 fb-1

∫Ldt = 300 fb-1

Fig. 7. The 5��dis
overy 
ontour 
urve in the (mA, tan�) plane for gb ! tH�with H� ! �� and t ! jjb, for integrated luminosities of 30, 100 and 300 fb�1.The data shown in Table IV and in Table V are used to produ
e this plot.We 
onsidered two points below the H�! tb threshold (mH�=180 GeV)and the results are summarized in Table V. These results, together with thedata of Table IV, are used to obtain the 5��dis
overy 
ontour of Fig. 7.We study the e�e
t of the � polarization further by applying the require-ment (4) after the 
ut (e) de�ned above. Furthermore, we demand that the
harged tra
ks whi
h satisfy this 
ondition must also pass the following testj��� j < 2:5; (6)�R(�-jet;��) < 0:1: (7)Hen
eforth, we refer to these additional 
uts as 
ut (f). If the spe
trum
ontains more than one 
harged pion, we use the 
andidate with the highestpT for the 
ut (f). Table V shows the results of this 
ut (f). We notethat irrespe
tive of where the requirements (f) are applied in our 
hain ofevent sele
tion des
ribed in se
tion 2 � see 
uts (a)�(e) � they lead to im-provements in the signal-to-ba
kground ratios and the signal signi�
an
es,as shown in Table VI, although the number of a

epted events is redu
edby fa
tors of 3.7 to 22 in both the signal and the ba
kgrounds. Furtherredu
tions in the sele
tion e�
ien
ies are expe
ted when one restri
ts therequirements (f) so as to retain only 1-prong events. Thus, the suppression
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 � De
ay of a Heavy H� in ATLAS 717TABLE IVThe improvement in the signal to ba
kground ratios and signal signi�
an
es due to thepolarization of the � lepton. The data in this table are 
al
ulated after 
ut (e). We
ompare the � de
ays with and without polarization. The in
lusion of the � polarizationsuppresses the ba
kgrounds further while at the same time enhan
es the signal. Thisresults in better signal over ba
kground ratios and signi�
an
es.without polarization with polarizationt�t 10.3 3.1Wtb 4.2 3.2W+jets 0.8 0.3Ba
kground 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 expe
ted signal-to-ba
kground ratios and signi�
an
es 
al
ulated 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 
al
ulation of the 5��dis
overy
ontour. tan� 20 18mH� (GeV) 128 162Signal events 5.3 13.6Total ba
kground 6.7 6.7S=B 0.8 2.0S=pB 2.0 5.2 TABLE VIThe impli
ations of the additional 
ut (f) that we apply to study further the e�e
tsof the � polarization. This 
ut improves the signal-to-ba
kground ratios and thesignal signi�
an
es. However, there are signi�
ant drops in the sele
tion e�
ien
iesby fa
tors of 3.7 to 22 in both the signal and the ba
kgrounds, resulting in too fewstatisti
s. 
ut (e) 
ut (f)Ba
kground 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 ve
tor meson 
ontributions to the 1-prong de
ays resultsin the enhan
ement of the signal-to-ba
kground ratios and the signal signif-i
an
es but with signi�
ant redu
tions in the sele
tion e�
ien
ies.4. Con
lusionsWe have studied the ATLAS dis
overy potential of the 
harged Higgsboson through the de
ay H� ! �� above the top-quark mass. For mH� <mt, this 
hannel was previously studied for ATLAS and the signal appears asan ex
ess of � leptons over SM predi
tions. In the region mH� > mt, the ��and the tb de
ay 
hannels 
onstitute the main de
ay modes of the 
hargedHiggs boson. At low tan �, the tb mode is the only major de
ay 
hannel of
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harged Higgs boson while at high tan�, the bran
hing fra
tion into the�� 
hannel 
an be signi�
ant. Previous studies of the tb 
hannel show largeirredu
ible ba
kgrounds whi
h are absent in the �� 
hannel.This study is 
arried out for mH� > mt and tan � > 10. The 
hargedHiggs boson is produ
ed in asso
iation with a top quark a

ording to gb!tH�. We 
onsider the hadroni
 de
ay of the asso
iated top quark, t! jjband the hadroni
 de
ay 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 ba
kground 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, su
h a boost is not required fromthe H� for the signal events, leading to a ba
kward peak in the azimuthalopening angle. Furthermore, the missing momentum is harder for the signal.The di�eren
e between signal and ba
kground distributions in the azimuthalangle and the missing momentum in
reases with in
reasing mH� . Thesee�e
ts are well 
umulated in the transverse mass whi
h provides a gooddis
rimination between the signal and the ba
kgrounds � the full invariantmass is not re
onstru
ted in this 
ase be
ause of the neutrino in the �nalstate. For the ba
kgrounds, the transverse mass is kinemati
ally 
onstrainedto be smaller than mW but for the signal, the transverse mass is bound fromabove by mH� . However, be
ause of the experimental resolution of Emisst ,some leakage of the ba
kground events into the signal region is observed.The ba
kgrounds in this 
hannel are relatively small; signi�
an
es upwardsof 5� 
an be a
hieved for mH� > mt and tan � > 10, for an integratedluminosity of 30 fb�1. In fa
t, the range of dis
overy potential is solelylimited by the signal size itself.It has been argued that further improvement in the signal-to-ba
kgroundratios and in the signal signi�
an
es is still possible by making use of the� polarization e�e
ts. We have in
luded the � polarization into PYTHIAthrough the TAUOLA simulation 
ode and 
onsidered all the hadroni
 de-
ays of the � lepton. Indeed, the present study shows that su
h an improve-ment 
an be statisti
ally signi�
ant, and that it is not ne
essary to restri
toneself to just the 1-prong de
ays to see the e�e
ts of the � polarization.The authors express their immense gratitude to E. Ri
hter-W¡s andR. Kinnunen for fruitful dis
ussions and 
onstru
tive 
riti
isms. The workof K.A. Assamagan is supported by a grant from the USA National S
ien
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