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A bstract

Resultsarepresented on thediscovery potentialforM SSM neutralHiggsbosons

in them h � m ax scenario.Theregion oflargetan�,between 15 and 50,and m ass

between � 95and 130GeV isconsidered in thefram eworkoftheATLAS experim ent

attheLargeHadron Collider(LHC),foracentre-of-m assenergy
p
s= 14TeV.This

param eterregion isnotfully covered by thepresentdata eitherfrom LEP orfrom

Tevatron.

Theh/A bosons,supposed tobevery closein m assin thatregion,arestudied in

thechannelh/A ! �+ �� accom panied by twob-jets.Thestudy includesam ethod

to controlthem ostcopiousbackground,Z ! �+ �� accom panied by two b-jets.A

possiblecontribution oftheH boson to thesignalisalso considered.

http://arxiv.org/abs/0705.2801v1


1 Introduction

The M inim alSupersym m etric Standard M odel(M SSM )isthe m ostinvestigated extension of

theStandard M odel(SM ).

The theory requires two Higgs doublets giving origin to �ve Higgs bosons: two CP-even

neutralscalars,h and H (h isthe lighterofthe two),one CP-odd neutralscalar,A,and one

pairofcharged Higgsbosons,H � [1{3].Thediscovery ofany oneoftheseparticlesisa crucial

elem entforthecon�rm ation ofthem odel.Thisisa key pointin thephysicsprogram offuture

acceleratorsand in particularoftheLHC.

Afterthe conclusion ofthe LEP program in the year2000,the experim entallim iton the

m ass ofthe Standard M odelHiggsboson H was established at114.4 GeV with 95% CL [4].

Lim itswerealso seton them assofneutral[5]and charged [6]M SSM Higgsbosonsform ostof

therepresentative setsofm odelparam eters.

The m otivation ofthis study is to explore the potentialofthe ATLAS detector for the

discovery ofneutralM SSM Higgsbosonsin theparam eterregion notexcluded by theLEP and

Tevatron data.W eshallfocuson thesearch forh,thelightestoftheneutralHiggsbosons.Its

m ass,taking accountofradiative corrections,ispredicted to besm allerthan 140 GeV,see [5]

and referencestherein. The search fora m assclose to the m assofthe Z boson,m Z,willbe a

challenging testofdetectorperform anceand oftheanalysism ethod ofdisentangling thesignal

from thebackground.

In the�rstpartofthispaperwe review theM SSM fram ework,theproduction m echanism

in hadron collisions,thepresentexperim entalsituation and thediscovery potentialattheLHC.

In thesecond part,afterdescribing theM onteCarlo generatorand thesoftwaretoolsused,

wediscussthedetectorperform ancerelevantforthissearch ofh,A and H,theanalysisstrategy

and theresultsofthescan overtheM SSM (m A,tan�)plane.Detailsofthisanalysisaregiven

in Ref.[7]and Ref.[8].

In the conclusion,resultsare presented on the neutralM SSM Higgsbosonsdiscovery po-

tentialattheLHC based on theATLAS detector.

2 M inim alSupersym m etric Standard M odel

W e discuss a few pointsofthe m odel,usefulforthe present analysis. Fora com plete review

see Refs.[2,9].Attree level,the m assesofthe �ve Higgsbosonsofthe M SSM are related by

thefollowing equations:

m
2
H ;h

=
1

2
[m 2

A
+ m

2
Z
�

q

(m 2
A
+ m 2

Z
)2 � 4m 2

A
m 2

Z
cos22�]; (1)

m
2
H � = m

2
W + m

2
A;

where m W and m Z aretheW and Z m asses,respectively,and tan� istheratio ofthevacuum

expectation valuesofthetwo Higgs�elds.

TheM SSM m odelm aybeconstrainedbytheassum ptionthatthesferm ions(scalarferm ions)

m asses,thegaugino m assesand thetrilinearHiggs-ferm ion couplingsm ustunify attheGrand

Uni�cation scale(GUT).In oneofthepossibleconstrained m odelstheparam eterschosen are:

� MSU SY ,a com m on m assforallsferm ionsattheelectroweak scale.

� M2,a com m on SU(2)L gaugino m assattheelectroweak scale.
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� �,thestrength ofthesupersym m etric Higgsm ixing.

� tan�,theratio ofthevacuum expectation valuesofthetwo Higgs�elds.

� A = At= A b a com m on trilinearHiggs-squarks coupling atthe electroweak scale. Itis

assum ed to bethesam eforup-typesquarksand fordown-typesquarks.

� mA ,them assoftheCP-odd Higgsboson.

� m~g,thegluino m ass.

Threeoftheseparam etersde�nethestop and sbottom m ixingparam etersX t = A t� � cot�

and X b = A b � � cot�.

W hereasthe particle spectrum dependson allthe param etersm entioned above,the Higgs

sectordepends,attree level,on only two param eterswhich can betaken to betan� and m A,

asin Eq. (1).The otherparam etersonly enterthrough radiative corrections,butchange the

m assprediction ofEq. (1)(where itislim ited to m h < m Z),allowing the m assofh to reach

highervalues(� 130 GeV in som escenarios,seeSec.4.1).

Am ong allpossible CP-conserving benchm ark scenarios the so-called m h � m ax scenario

(Table1)hasbeen considered [5].Thisscenario correspondsto them axim um valueofthestop

m ixing param eterX t=A -� cot� = 2M SU SY . Here the theoreticalbound on the m assofthe

h ishighest(hence the scenario’s nam e)and experim entallim its are less constraining. Also,

therangeofexcluded tan� valuesforgiven valuesofm t (thetop m ass)and M SU SY isthem ost

conservative one.

Param eter m h � m ax

M SU SY [GeV] 1000

� [GeV] -200

M 2[GeV] 200

X t=A -� cot� 2M SU SY

m ~g[GeV] 0.8M SU SY

m A [GeV] 0.1-1000

tan� 0.4-50

Table1:CP-conserving benchm ark m h � m ax scenario .

W e shallfocus on the m h � m ax scenario as the m ost prom ising for the search ofthe h

boson,referring to ithereafterasM SSM .

Attree levelthe M SSM Higgsboson couplingsto ferm ionsand m assive gauge bosonsare

obtained from the SM Higgsboson couplingsvia correction factors[10]. They depend on the

param eters � (already introduced) and �,the m ixing angle which diagonalizes the CP-even

Higgsboson m assm atrix.Thetwo param etersarerelated by thefollowing expression:

cos2� = � cos2�
m 2

A
� m 2

Z

m 2
H
� m 2

h

(2)

Athigh tan� the M SSM correction factorsto the SM Higgsbosonscouplingsto ferm ions

and m assive gaugebosonsarelargerfordown-type quarks(b)and leptons(� and �)than for

up type-quarks. Thus,the associated b�bh production isenhanced and becom esthe dom inant

processin theproduction ofh bosonsin thehigh tan� region.
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The Feynm an diagram scontributing to the processgg! b�bh ! b�b�+ �� and q�q! b�bh !

b�b�+ �� areshown in Fig.1.

Figure 1: Typicaldiagram scontributing at\tree level" to the processgg! b�bh ! b�b�+ �� and q�q! b�bh !

b�b�+ �� .

W eshallconsiderm ainly thedecaysto �+ �� .Indeed,although theHiggsboson couplings

areproportionalto the ferm ion m ass,thusresulting in a branching ratio to �+ �� higherthan

to �+ �� by a factor(m �

m �

)2,theexperim entalconditionsfavorthe�+ �� channel1).

In theregion ofhigh tan� and m h � 100GeV theCP-odd neutralHiggsboson A hasam ass

only slightly higherthan theCP-even h and a com petitivebranching ratio forthe�+ �� decay

channel[10].Also,cross-sectionsand widths,which arefunctionsoftheparam eterstan� and

m A ,areclosein som e regionsoftheparam eterspace(Sec.4.1 ).Thus,in theseregionstheh

and A bosonsareindistinguishable from an experim entalpointofview,and itism orecorrect

to think in term sofa h/A search. In the following we referto the boson soughtasthe h/A

boson (howeveritsm assisnoted m h orm A,accordingly).The degeneracy between h and A

islesspronounced nearthehigherm asslim itofh .

3 Experim entalsearch forM inim alSupersym m etricStan-

dard M odelH iggs

3.1 LEP and Tevatron results

High precision testsofthe Standard M odelhave been perform ed atLEP setting a com bined

lim itofm H> 114.4 GeV forthem assoftheSM Higgsboson [4].

Again atLEP,thevalidity oftheM inim alSupersym m etricStandard M odelhasbeen inves-

tigated within theconstrained fram ework ofSec.2.Forthem assofthecharged M SSM Higgs

bosonsa com bined lim itm H � > 78.6 GeV wasobtained [6].Searching forneutralCP-even and

CP-odd M SSM Higgsbosons,no indication ofsignalwasfound up to a center-of-m assenergy

1) The production advantage ofthe �
+
�
� channelis counterbalanced by the di�culty ofidentifying the

hadronic decay ofa �-jet in hadronic events,by a sm aller acceptance ofthe detector and by a worse m ass

resolution dueto thepresenceofneutrinosin the�nalstate.Instead,with a �nalstatelikeh ! �
+
�
� ATLAS

would exploitthe excellentcom bined perform anceofthe m uon spectrom eterand innerdetector.
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Figure 2: The com bined LEP resultsforthe search forthe M SSM neutralHiggsbosons(from Ref.[5]). The

�gureshowsthetheoreticallyinaccessibleregions(light-grey/yellow)and theregionsexperim entallyexcluded by

LEP searches,at95% C.L.(m edium -grey/light-green)and 99.7% C.L.(dark-grey/dark-green),forthem h-m ax

scenario with thetop m assm t= 174.3 G eV,in two projectionsoftheM SSM param eters(m h,m A ),(m h,tan�).

The dashed lines indicate the boundaries ofthe regions which are expected to be excluded,at 95% C.L.,on

the basisofM onte Carlo sim ulationswith no signal.In the (m h,tan�)projection,the upperboundary ofthe

param eterspace is indicated for fourvalues ofthe top m ass;from left to right: m t= 169.3,174.3,179.3 and

183.0 G eV.

of209GeV [5].Thecorresponding lowerlim itson them assesweresetasa function oftan� for

severalscenarios. In the m h-m ax scenario (Fig.2)with a top m assm t=174.3 GeV the lim its

fortan� > 10 at95% CL areapproxim ately :

m h;m A � 93 GeV

A com plem entary search,providing sensitivity in theregion tan� > 50 hasbeen perform ed

attheTevatron Colliderat
p
s= 1.96 TeV.In theM SSM scenario,a signi�cantportion ofthe

param eterspacehasbeen excluded by theD0 Collaboration,down to tan� = 50 asa function

ofm A,by studying the associated production with two b quarks ofh/A/H bosonsand their

decay intob�b [11].Com parableresultshavebeen obtained by theCDF Collaboration exploring

theh/A/H decaysto �+ �� ,butextending theexcluded region to highervaluesofm A [12].

3.2 LH C discovery perspectives

The LEP and Tevatron data don’texclude the param eter space de�ned by tan� largerthan

10 and sm allerthan 50.Therefore,a naturalcontinuation oftheLEP and Tevatron physicsis

the investigation ofthe possible existence ofM SSM Higgsbosonsin thisregion oftan�. The

ATLAS [13]and CM S [14]experim entsstartingin thenearfutureattheLargeHadron Collider

(LHC),atCERN,constitutean excellentlaboratory forsuch search.

Theprospectforthedetection ofM SSM HiggsbosonsatLHC wasevaluated forbenchm ark

sets preventing Higgs boson decays to SUSY particles [10,13]and focusing on the discovery

potentialofdecay m odescom m on to M SSM and SM Higgsbosons[13].Itwasconcluded that

thecom pleteregion ofparam eterspacem A = 50{500GeV and tan� = 1{50isopen toHiggs

boson discovery by the ATLAS experim ent,already with an integrated lum inosity of
R
L dt=
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30 fb� 1,and thatovera large partofthisregion m ore than one Higgsboson and m ore than

onedecay m odecould beobserved { thedetection ofa signalin m orethan onedecay channel

would constitutestrong evidencefortheM SSM m odel.Itwasalsofound thattheregion in the

(m A ,tan�)planewhich correspondsto m h � 100 GeV and tan� > 10 isonly accessible by a

neutralh/A boson decaying to �+ �� or�+ �� [10,13],and by a charged H � boson decaying to

�� [15].

M orerecently theh boson discovery potentialin theM SSM scenario hasbeen investigated

[16]attwolum inosities,
R
L dt= 30fb� 1 and

R
L dt= 300fb� 1 .Atlow lum inositytheh ! �+ ��

decay m oderepresentsthem ain contribution to thediscovery potentialand coversm ostofthe

param eter space not yet explored. However the contribution ofb�bh ! �+ �� appears to be

crucialin theregion ofm oderatetan� and m asscloseto m Z.Thechannelb�bh ! �+ �� which

requires an excellent perform ance in � detection and b-tagging is wellsuited to the ATLAS

experim entthanksto a design giving high perform ance from the m uon spectrom eterand the

innerdetector.

At high lum inosity channels such as: h ! 

,h ! ZZ ! 4‘ and h ! b�b in associated

production with t�t give a signi�cant contribution. The channelh ! 

,which requires an

excellent M 

 m ass resolution and jet/
 separation,corresponds to M SSM rates suppressed

with respectto theSM case butfora lim ited region oftheparam eterspace where they could

even beslightly enhanced.Asforthechannelh ! b�b,only thet�th production followed by the

h ! b�b decay can beobserved clearly abovethebackground,thustheextraction ofthesignal

requirestheidenti�cation offourb-jetsand an excellentb-tagging perform ance.In theM SSM

casetheratescould beenhanced by 10-20% overtheSM rates.

3.3 B ackground processes

Theprospectsforthedetection ofM SSM HiggsbosonsatLHC depend heavily on thesuppres-

sion ofthebackground sources:

� Z=
� production with two b-jets and a subsequent decay into a �+ �� pair. The cross

section for this process is a few orders ofm agnitude larger than for the signal. As an

exam ple,we quote for the Z boson �b�bZ � BrZ! �+ �� � 22.8 pb 2) and for each ofthe

h and A bosons �h=A b�b � Brh=A ! �+ �� � 0:24 pb (attan� = 45 and m h = 110 GeV)3).

The corresponding diagram s are shown in Fig.3 and Fig.1,respectively. It is clear

that they di�er only in the kind ofboson produced,h (or A) in the signaland Z=
�

in the background. The distinction between the signaland the background when m h is

approaching m Z becom esthen an extrem ely hard task dueto thesim ilartopology ofthe

decays[7],although angulardistributionsdi�ersom ewhatdueto thefacttheboson isa

scalarin onecaseand a vectorin theother.

� Z production with two jets not originating from b-quarks. The cross section is � 24

tim es that for Z with two b-jets4) and can contribute to the background in case ofjet

m isidenti�cation.An estim ateofa possible im pacton thesigni�cance ofthisanalysisis

reported in Sec.7.2.

� ZZ associated production,when one Z decays into b�b and the second one decays into

�+ �� . This process has a cross section ofthe sam e order ofm agnitude as the signal,

2)Evaluated from AcerM C(2.3)[17]and PYTHIA 6.226 [18](with m Z > 60 G eV).
3)Evaluated from PYTHIA 6.226 [18].
4)Evaluated (forthispurpose)from bbZ and jjZ crosssectionsby SHERPA 1.0.9 [19](with m Z > 60 G eV).
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Figure 3: Typical diagram s contributing at \tree level" to the process gg! Z=
�b�b ! �
+
�
� b�b and

q�q ! Z=
�b�b ! �
+
�
� b�b.

�ZZ � BrZ! �+ �� � BrZ! b�b � 0:13 pb 5),butcan be easily suppressed using the kinem atic

characteristicsoftheevents,seefollowing sections.

� t�tassociated production followed by atop-quark decay intoab-quark and aW boson and

a subsequentW decay in ��.The crosssection ofthisprocessis�t�t� Brt! bW � BrW ! �� �

Brt! bW � BrW ! �� � 5:71 pb 6).Thepresenceoftwo neutrinosim pliesm issing transverse

energy in theevent(seefollowing sections)thusallowing thisbackground to bestrongly

reduced.Onewould wantto discrim inatethesignalfrom thebackground on thebasisof

thedi�erentb-jetscharacteristics(thetwo background b-jetsareusually m oreenergetic

than thoseaccom panying thesignaland theprobability oftheiridenti�cation ishigher),

butthe requirem entthatthe two b-jetsbe identi�ed willsuppressthe signalm ore than

thebackground.

4 M onte C arlo sim ulation

W e im prove on the analyses reported in Sec. 3.2 with a fullM onte Carlo sim ulation ofthe

experim ent(data generation,reconstruction and analysis).Theexploration oftheunexcluded

M SSM param eter space,with a view to either discovering a supersym m etric Higgs boson or

excluding the m odelconsidered,constitutes the m otivation ofthe analysis described in this

paper.

TheconsiderationsofSec.2 and Sec.3 suggested a search forh=A ! �+ �� decaysaccom -

panied by two b-jets. The extraction ofthe h/A boson signalfrom the com peting enorm ous

background ofZ decaysin them assregion closeto m Z constitutesa challenging search,where

allperform ancesoftheexperim entalsetup haveto beexploited.

To this purpose we have generated signaland background M onte Carlo events using the

PYTHIA program (v.6.226)[18]asspeci�ed below,fora center-of-m assenergy
p
s= 14 TeV.

Thee�ciency oftheselection criteria,thedetectoracceptanceand thepurityofthedatasam ple

areestim ated from theseeventsand theATLAS detectorresponse[13].Thelatterissim ulated

using theGEANT program [20,21]which takesinto accountthee�ectsofenergy loss,m ultiple

5)Evaluated from PYTHIA 6.226 [18].
6)Evaluated from PYTHIA 6.226 [18].
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scattering and showering in thedetectorthrough an interfacecalled ATHENA (v.10.0.1).

Thenum berofeventsused in thisanalysiscorrespondstoan integrated lum inosity
R
L dt=

300 fb� 1 with the exception ofthe channelb�bZ ! b�b�+ �� . In thislattercase,forpractical

reasons,anum berofeventscorrespondingtohalfthem entioned lum inosity hasbeen generated.

W e note that
R
L dt= 300 fb� 1 correspondsto the integrated lum inosity expected afterthree

yearsofdata taking.

4.1 Signal

TheM SSM neutralHiggsbosonsh,A and H weregenerated in associated production with two

b-quarksusing thePYTHIA program (v.6.226)through theATHENA interface(v.9.0.4).The

param eters ofthe m odelwere given the values [22]shown in Table 2 (for tan� and m A the

rangeofvaluesscanned isshown).In thisparam eterregion,asm entioned in Sec.2,thecross

section,m assand width ofh and A bosonsare close while the H crosssection isone orderof

m agnitudelowerthan theh/A crosssection.

Asisdone in the Pythia code,we have taken m A asinput param eter. The valuesofm h

and m H arethen derived from PYTHIA asa function ofm A.

Param eter value

com m on gaugino m ass M 2� m 1=2 [GeV] 200

gluino m ass m ~g [GeV] 800

strength ofsupersym m etric Higgs � [GeV] -200

ratio ofHiggs�elds tan� 15-50

com m on scalarm ass m 0 [GeV] 1000

squark left3 gen M ~qL [GeV] 1000

sbottom m ass M ~bR
[GeV] 1000

stop m ass M ~tR [GeV] 1000

stop-trilinearcoupling A 2440

m assofCP-odd boson m A [GeV] 95-135

Table 2: Param etersforA,h and H generation in PYTHIA (v.6.226)[18].

The signalb�bh ! b�b�+ �� hasbeen sim ulated in 104 pointsofthe param eterspace (m A,

tan�),corresponding to eight steps in tan�,chosen equally spaced between 15 and 50 and

thirteen steps of2.5 GeV in m h between 95 GeV and 125 GeV (the largest value allowed

by PYTHIA (v.6.226)). These are also the pointswhere the decay b�bA ! b�b�+ �� hasbeen

sim ulated.

Thevaluesofthem ass,crosssection and width oftheA/handH neutralbosonsarereported

in Ref.[7]forallthe pointsanalyzed ofthe (m A,tan�)plane. Forthe following discussion a

reference pointhasbeen chosen attan� = 45,m A=110.31 GeV (m h= 110 GeV,m H= 127.46

GeV). The corresponding width is�A= 4.28 GeV (�h= 4.20 GeV,�H= 0.05 GeV),while the

production crosssection tim esthebranchingratioforthedecayto�+ �� is�b�bA ! b�b�+ �� = 0:243

pb (�b�bh! b�b�+ �� = 0:245 pb,�b�bA ! b�b�+ �� = 0:0016 pb).
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4.2 B ackground

Forconvenience we list again below the sources ofbackground considered in Sec. 3.3 which

were fully sim ulated. The Z production associated with two jets not originating from b as

yethasnotbeen im plem ented in the AcerM C2.3 code and hasbeen ignored atthislevel(see

howeverend ofSec.7.2).

� b�bZ ! b�b�+ �� . The eventsare generated by AcerM C(2.3)[17]with the hadronization

processofPYTHIA (v.6.226) 7).Atthe generatorlevela cut-o� isapplied to the �+ ��

invariantm ass,M inv
�� > 60 GeV 8).

� t�t! b�b�+ �� ���.Theeventsarefully generated with PYTHIA (v.6.226).

� ZZ ! b�b�+ �� .Theeventsarefully generated with PYTHIA (v.6.226).

process �b�b�+ �� N exp300 N M C w

(background) [pb]

b�bZ ! b�b�+ �� 22.789 6836700 3314000 2.06

t�t! b�b�+ �� ��� 5.71 1713420 1806437 0.95

ZZ ! b�b�+ �� 0.1273 33819 97244 0.35

Table 3: Background cross section tim es branching ratios,�b�b�+ �� ,num ber ofexpected events for
R
L dt =

300 fb�1 ,N exp300,num berofM onte Carlo generated events,N M C ,and theirweightin the analysis,w,forthe

three processesconsidered.

The crosssection tim esbranching ratios,togetherwith the num berofexpected eventsforR
L dt= 300 fb� 1,the num berofM onte Carlo generated eventsand theirweight,isreported

in Table3 forthethreebackground processes.

Am ong thesethem ain contribution com esfrom b�bZ ! b�b�+ �� ,and isa�ected by a cross

section uncertainty arising from uncertaintieson QCD,QED couplings(� 10% [17])and from

higherordercorrections(� 25% [23]).Asweintend toaccountforthislargeuncertainty with a

data-driven m ethod (Sec.6.3),asam pleofb�bZ ! e+ e� events,� 600000events,corresponding

to an integrated lum inosity
R
L dt= 30 fb� 1 with a crosssection � � 22:8 pb,hasalso been

sim ulated. Owing to the large num ber ofevents sim ulated,there is only a m inor statistical

uncertainty associated with theevaluation ofthetailsofZ ! �+ �� background.

5 T he AT LA S detector

Hereweshallsum m arizethem ain featuresoftheATLAS detector [24]which arerelevantfor

thepresentanalysis.Fora m oredetailed inform ation wereferto [25]:

� M agnet System : Thisconsistsofa solenoid providing a 2 T�m bending powerin the

innerdetector,and a barrelairtoroid com pleted by two end-cap toroids,with a typical

bending powerof6 T�m and 3 T�m respectively.

7)Using PHO TO S packageforinnerbrem sstrahlung generation.
8) A low energy cutis�xed on innerbrem sstrahlung photonsatPT > 5 G eV.
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� Inner Tracking System : It has been designed to m easure as precisely as possible

and with high e�ciency the charged particles em erging from prim ary interactions in a

pseudorapidity range j�j< 2:5. Itisinstalled inside in the solenoid m agnetic �eld and

consistsofSipixelsand silicon strip detectorsneartheinteraction point,and strawtubes.

Theexpected transversem om entum resolution oftheinnertrackerfora100GeV charged

particleatj�j= 0 is� 3:8% .

� Electrom agnetic C alorim eter System :The excellentenergy resolution and particle

identi�cation for electron,photons and jets dem anded from physics is realized from a

liquid argon-lead sam pling calorim eter with accordion shape in the barreland end-cap

regions.Theenergy resolution expected is �

E
= 10� 12%p

E
� 0:35.

� H adronic C alorim eter: Itisa copper-liquid argon calorim eterin the end-cap region

and a Fe-scintillatorcalorim eterscintillatorsin barrelregion.Theliquid argon tungsten

forward calorim etersextend the coverage to j�j=4.9.The expected hadronic jetenergy

resolution is �

E
= 4:7

E
� 55%

p
E
� 0:013.

� M uon spectrom eter.The reconstruction ofm uonsathighestlum inosity isoneofthe

m ost im portant point in ATLAS design. The ATLAS toroidalm agnet �eld provides a

m uon m om entum resolution that is independent ofpseudorapidity. The spectrom eter

is constitued by: a) The precision tracking cham bers m ade ofM onitored Drift Tubes

(M DT)covering therapidity rangej�j< 2:7,b)TheCathodeStrip Cham bers(CSC)and

transverse coordinate stripscoverthe m ostforward rapidity region (j�j= 2:0� 2:7)in

the innerm oststationsofthe m uon system . c)Resistive Plate Cham bers(RPC)in the

barrelregion (j�j< 1)and Thin Gap Cham bers (TGC)in the end-cap region provide

m uon triggers and m easure the second coordinate ofthe m uon tracks. The expected

m om entum resolution rangesfrom about1.4% for10 GeV m uonsto 2.6% for100 GeV

m uonsatj�j= 0

6 Prelim inaries to M onte C arlo data analysis

Two pointsarecrucialforouranalysis:

� The m uon reconstruction e�ciency in the analysis acceptance and the �+ �� invariant

m assresolution.

� Theb-jetidenti�cation.

6.1 E�ciency and resolution studies w ith b �bZ ! b�b�+ �� events

The � reconstruction perform ance ofthe apparatus was studied with a sam ple of b�bZ !

b�b�+ �� events [26]. Forthispurpose only events with two reconstructed m uons ofopposite

charge found within the j�j � 2:5 acceptance were considered. The contribution oftracks

m im icking m uonsatreconstruction levelwasfound to benegligiblein a Z! �+ �� sam ple[27].

Thepileup e�ectseem sto bealso negligiblebased on theinform ation presently available[28].

The distributions ofthe transverse m om entum ,PT�,pseudorapidity,��,and polarangle,

��,ofreconstructed m uons(see Fig. 4,green histogram s)reproduce with good e�ciency the

generated data (seeFig.4,brown histogram s).
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Figure4:Distributionsofthetransversem om entum PT �,pseudorapidity �� and polarangle�� form uonsfrom

b�bZ(! �
+
�
� )M onte Carlo events,generated (brown)and both reconstructed (green)within the j�j � 2:5

acceptance.

Thedistribution ofthereconstructed dim uon invariantm assisshown inFig.5(top)together

with the resultofa Gaussian �t.The solid line correspondsto the following valuesforthe �t

param eters:

< M
inv
�� >= 90:47� 0:05 GeV �(M inv

�� )= 3:02� 0:06 GeV (3)

The�tm ean issm allerthan thenom inalvalueofm Z [29].TheZ naturalwidth contributes

to �(M inv
��
)forapproxim ately 1.9 GeV thusim plying a m easurem entaccuracy �res = 2:3 GeV.

Thisisjustthevalueobtained unfoldingthereconstructed distribution with thedistribution of

the Z generated m ass,M Z
gen. W hen the di�erence between reconstructed and generated m ass

M inv
��

� M Z
gen isplotted,Fig.5 (bottom ),theGaussian �tofthedistribution givesthefollowing

resultsforthe�tparam eters:

< M
inv
�� � M

Z
gen >= �0:82 � 0:03 GeV �res = 2:35 � 0:03 GeV (4)

From thisstudy weconcludethatin them Z region thereconstructed �
+ �� invariantm ass

distribution showsam ean valueshifted by 820M eV with respecttothenom inalvalue,towards

thelow m assregion,and a resolution of� 2.6 % .These resultswillbeused laterin Sec.7.2.

6.2 b-tagging studies

Thetwo b-tagging algorithm scalled 3D and SV2,which arein usewithin theATLAS Collab-

oration [30],werestudied with a subsam ple ofb�bh ! b�b�+ �� events.

Starting from the im pactparam eters(transverse and longitudinal)and theirsigni�cances,

both algorithm sassign a weightto each track ofthejet,thatisto each track within a coneof

opening angle �R =
p
�� 2 + �� 2,with atleastone track reconstructed in the tracker. The

track weightistheratio between thelikelihood functionsfora b-jettrack and fora track ofa

lightjet(from a lightquark,u,d,s,cora gluon).In turn thejetweightwjet isde�ned asthe

sum ofthelogarithm softhetracksweights.Thisallowsb-jets(wjet > wcut)tobediscrim inated

againstlightjets(wjet < wcut){thevaluewcut ischosen,depending on thephysicsunderstudy,
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Figure 5: (top) Distribution ofthe invariant m ass M inv
�� reconstructed in b�bZ(! �

+
�
� ) events. (bottom )

Distribution ofthe di�erence between reconstructed and generated m assM inv
�� � M

Z
gen forthe sam e sam ple of

events.
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such as to have a high e�ciency �b forb-jetidenti�cation and a high rejection factorR j for

lightjets.

TheSV2 algorithm im proveson the3D algorithm by using additionalinform ation on other

variablesnottoo strongly correlated with theim pactparam eters(ase.g.fraction ofthejeten-

ergyand invariantm assofallparticlesatthesecondaryvertices,num beroftwo-tracksecondary

vertices).

In Table4,theresultsofa study ofa b�bh ! b�b�+ �� sam plearereported.Sim ilarresults

have been obtained from a b�bZ ! b�b�+ �� sam ple.Forboth sam ples,a selection cut,PTjet >

15 GeV,isapplied,sincebelow thisvaluethee�ciency ofb-identi�cation drops.Thestudy is

lim ited to the innerdetectoracceptance j�j� 2:5 and to two valuesofthe jetopening angle,

�R = 0:7 and �R = 0:4

Algorithm �R �b R j wcut �R �b R j wcut

SV2 0.7 49% 71 1 0.4 50% 58 1

3D 0.7 55% 27 1 0.4 54% 26 1

SV2 0.7 46% 219 2 0.4 46% 200 2

3D 0.7 49% 52 2 0.4 49% 50 2

Table 4: b-tag perform ance. The table shows,for the two algorithm s used,the jet opening angle �R,the

e�ciency on b-jetidenti�cation � b,the rejection oflightjetsR j and the valueofwcut (seetext).

Asresultsofthisstudy,itispossibleto concludethat:

� TheSV2algorithm ,which usesm oreinform ation on b decaysproducts,providesahigher

rejection ratewith littlelossin e�ciency.

� No relevantim provem entisobtained by shrinking thejetconeopening angle,�R,from

0.7 to0.4.ThereforetheATHENA (v.10.0.1)defaultvalue,�R=0.7,willbeused in the

following analysis.

� The cut value wcut = 1 turns out to be a good com prom ise with a b-jet identi�cation

e�ciency of� 50% and a rejection oflightjetsby a factorof� 70.

In caseofhigh lum inosity,possibletrackpileup doesn’thaveasigni�cantin
uenceon b-tagging

e�ciency forthisclassofevents. Theirtopology with two m uonsem erging from the prim ary

vertex facilitatestheselection ofthecorrectprim ary vertex outofm any interaction vertices.

6.3 M ethod for b�bZ ! b�b�+ �� background subtraction

Them ethod proposed in[8]exploitsthetwofollowingpoints(atthelevelofparticlegeneration):

a)therateofh/A ! e+ e� isexpected tobesuppressed with respecttothesignalh/A ! �+ ��

by a factor

�
m �

m e

�2
,

b)the rate ofthe background b�bZ ! b�b�+ �� isequalto the rate ofb�bZ ! b�be+ e� because

oftheproduction diagram swhich arethesam e,and ofthelepton coupling universality in the

Z decay.

In thiscontextthe associated Z production and decay in the channelb�bZ ! �+ �� hasbeen

studied using a controlsam pleofb�bZ ! e+ e� events.Thee�ectofinnerbrem sstrahlung(IB)
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radiation hasbeen investigated and corrected for;theim pactin theeventreconstruction isnot

large. The ratio ofthe num berofreconstructed eventsfrom the two sam plesin the region of

m asshigherthan m Z,interesting fornew physicssearch,isstableand im pliescorrection factors

closeto one[8].

As a result,barring corrections for di�erent inner brem sstrahlung and detector response,

thenum berofb�bZ ! b�be+ e� givesdirectly thenum berofbackground eventsb�bZ ! b�b�+ �� .

Detailsofthem ethod aregiven in Appendix A.

6.4 Signi�cance ofthe search

Statisticalm ethodsused in Higgsboson searchesarediscussed in Ref.[31].Herethesigni�cance

ofa search isgiven using Sp
B
asa statisticalestim ator,whereS isthenum berofsignalevents

(h/A orh/A/H),and B thenum berofbackground events.Discovery m eansthatthesignalis

largerthan 5tim esthebackground statisticalerror( Sp
B
� 5).Theprobability ofabackground


uctuation ofthissize islessthan � 2:87� 10� 7.A search resulting in Sp
B

� 3 isinterpreted

asan indication ofnew physics.

7 M onte C arlo data analysis

7.1 b�bA ! b�b�+ �� ; b�bh ! b�b�+ �� ; b�bH ! b�b�+ ��

The signature ofthe h/A channelisa pairofwellisolated high-energy m uons with opposite

charge and two hadronic jets containing b quarks. The invariant m ass ofthe reconstructed

m uonsissupposed to originatefrom a h orA boson and m ustbecom patible,within them ass

resolution,with thecorresponding m ass,m h orm A.

No sim ulation ofthe triggerisim plem ented;howevertwo m uonsoftransverse m om entum

above trigger experim entalthreshold are required and the detector acceptance considered is

j�j� 2:5. The event selection is divided in three steps: preselection,ttveto selection,�nal

selection.

Thepreselection,cuts1-2-3 in Table5,requiresatleasttwo wellidenti�ed oppositecharge

m uonswith PT� � 10 GeV in the pseudo-rapidity range j��j� 2:5 (cut1),thussatisfying

thetriggerrequirem ent.Thepresence ofa jetpairwith PTjet � 10 GeV and j�jetj� 2:5 isas

welldem anded,withoutany b-identi�cation requirem ent(cut2).

A furtherrequirem ent(cut3)isthatatleastoneofthesejetsbeidenti�ed asoriginatingfrom a

b-quark with PTjet > 15GeV,thatistheenergy lowerlim itforareliableb-jetidenti�cation [30]

(Sec. 6.2). These cuts are designed to select events ful�lling the m inim um conditions to be

analyzed later.Theeventsexcluded arein anycasenotsuitabletoundergoanyfurtheranalysis.

The tt veto selection is designed to suppress this background,characterized by a large

m issing transverse energy due to the presence ofneutrinos. E m iss
T isrequired to be less than

45 GeV (cut 4). Other cuts (cut 5-6) are applied on the �rst and second m ost large m uon

transverse m om entum ,PT�1 and PT�2,and (cut 7-8) on the �rst and second m ost large jet

transversem om entum ,PTjet1 and PTjet2 .Atleastoneofthesejetswaspreviously identi�ed as

originating from a b-quark (cut3).

The �nalselection criteria are designed m ainly to disentangle the signalevents from the

irreducible Z background. The m ain requirem ent is thatthe �+ �� invariant m ass has to lie

inside a window around h/A m ass,determ ined by thenaturalwidth ofthebosonsand by the

experim entalresolution ofthe�+ �� invariantm ass,Sec.6.
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Them uonsoriginating from b decaysin bbbb events,with a crosssection of� 500 pb [32],

can m im icthesignalevents.To avoid thispossiblecontam ination a low hadronicactivity near

both m uons is required. The isolation criteria dem ands that the sum ofthe charged track

m om enta in a cone(�R < 0:2)around them uon direction belessthan 5 GeV.Theseselection

cutsaresum m arized in Table5.

CutNum ber Variable

1 N � � 2;PT� � 10 GeV;j��j < 2:5

2 N jet � 2;PTjet � 10 GeV;j�jetj < 2:5

3 N bjet � 1;PTjet � 15 GeV;wbtag > 1

4 E m iss
T < 45 GeV

5 25 GeV < PT�1 < 95 GeV

6 20 GeV < PT�2 < 60 GeV

7 PTjet2 < 40 GeV

8 PTjet1 < 70 GeV

9 jM inv
��

� m A jorjM
inv
��

� m hj< 2�

10 �jP Ttracksj < 5 GeV in cone�R < 0:2

Table 5: Selection criteria forh/A ! �
+
�
� with two b-quarks�nalstate.

A key point ofthe selection is the determ ination ofthe m ass window used (cut 9). Its

valueisdeterm ined asa function of�h (�A),thetotalwidth oftheh (A)Higgsboson,and the

experim entalm assresolution �m = 2.6% (Sec.6.1).Them asswindow iscentered on theh (A)

m asscorrected forthebiask in them uon reconstruction,m corr
h;A = m h;A � k with k= �820 M eV

(Sec.6.1).Itslim its,��
h;A
,arede�ned by:

�
�

h;A = m
corr
h;A � f�

 �
�h;A

2:36

� 2

+ �
2
m

! 1

2

; (5)

wherefisthestandard deviation factorcorresponding to a chosen probability.In ouranalysis

f= 2,which correspondsto including 97.7% ofthe signal. The eventisselected ifthe �+ ��

invariantm assisinsidethewindow lim its(5)eitherfortheA ortheh m ass.

Fortheb�bH ! b�b�+ �� channeltheprocedureisthesam easfortheh/A search,butforthe

selection window.Thewindow lim itsareobtained from Eq.5 with m H (theH m ass)replacing

m h;A in m corr
h;A .

7.2 R eference point

The analysisprocedure is�rstdiscussed forthereference pointm A = 110.31 GeV,tan� = 45

(m h = 110.00 GeV,m H = 127.46 GeV). Fora given M SSM neutralHiggsboson (h,A,H)at

thispoint,Table 6 showsthe production crosssection tim esthe �+ �� decay branching ratio,

�b�b�+ �� ,the expected num ber ofsignalevents at
R
L dt = 300 fb� 1,N exp300,the num ber of

M onteCarlo generated eventsN M C and theirweightw.Theweightofthesignaleventsisclose

to oneasitisforall(m A,tan�)points[7].Thebackground weights(Table3)arealso closeto

one.

W eshalljustify thecutsby showing exam plesofdistributionsobtained fortheb�bh ! b�b�+ ��

signaland the b�bZ ! b�b�+ �� background, and refer otherwise to [7]either for variables
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di�erentfrom theonesdisplayed orfora di�erentsignal(b�bA ! b�b�+ �� orb�bH ! b�b�+ �� )

orforadi�erentbackground (t�t! b�b�+ �� ��� orZZ ! b�b�+ �� ).In allcasesthereconstructed

distributionswithoutcutscom pareto thegenerated distributionsasexpected.

process �b�b�+ �� N exp300 N M C w

(signal) [pb]

b�bh ! b�b�+ �� 0.245 73500 76517 0.96

b�bA ! b�b�+ �� 0.2433 72900 74965 0.97

b�bH ! b�b�+ �� 0.001619 486 600 0.88

Table 6: h,A,H production atthe reference point tan� = 45,m A = 110.31 G eV(m h = 110.00 G eV,m H =

127.46 G eV):process,crosssection tim es�+ �� decay branching ratio,�b�b�+ �� ,num berofeventsexpected for
R
L dt= 300 fb�1 ,N exp300,num berofM onte Carlo generated events,N M C ,theirweightw.

The distributionsofthe num berofm uonsN � and ofthe m uon transverse m om entum PT�

in theprocessesb�bh ! b�b�+ �� and b�bZ ! b�b�+ �� aredisplayed in Fig.6 forthegenerated

(hatched)and reconstructed (fullcolor)eventswithoutany cutapplied .

Thepreselection requirem enton m uon pair(cut1,Table5)reducesapproxim ately to sam e

fraction ofsignal(� 62% )and background (Z� 59% ,t�t� 67% )events. The requirem enton

jetpair(cut2)leavesalm ostuntouched t�t(� 63% )reducing Z to � 54% ,becauseofthem ore

energeticPTjet spectra ofthetop decay [7].Unfortunately forthesam ereason thiscutreduces

thesignalsam plesigni�cantly to � 30% ,seeTable 7.

The m ean jet transverse m om entum < PTjet > is � 26 GeV forthe h boson,and � 36

GeV forZ decays,see Fig.7 [7].Then,asstated in Sec.3.3,the requirem entthattwo b-jets

be identi�ed willnotenhance the signaloverthisspeci�c background. Thisrequirem entwill

suppressm orethesignalthan theZ background,sincethetwo b-jetsofthisbackground events

areusually m oreenergeticthan thoseaccom panying thesignal.According to thestudy in Sec.

6.2,only onejetisrequired to betagged asa b-jet.

Afterthe three preselection cuts(1-2-3)the signalsam ple ofh orA isreduced to � 10% .

Thebackgroundsarereduced to � 17% fortheZ,� 53% fort�t,and � 28% forZZ.

The ttveto selection is designed to exploit features oft decays. The t�t sam ple is char-

acterized by a transverse m issing energy E m iss
T ,which,due to neutrinos,islargerthan in the

h/A sam ple,asshown in Fig.8.TheE m iss
T cut(cut4,Table5)isextrem ely e�ective,reducing

t�t to � 14 % oftheoriginalsam plewhilekeeping thesignalat� 9 % alm ostunchanged and

the Z background at� 14 % . The two cuts(5-6),related to PT� distributions,reduce the t�t

originalsam ple to � 8 % ,butare little e�ective on the Z sam ple (to � 10% )and the signal

sam plesofh and A (to � 8 % ).A furtherreduction ofthet�t background to 1.4 % isobtained

by applying cuts(7-8)on PTjet.Atthisstage,theZ sam pleisreduced to � 5.8 % whiletheh

signalaswellastheA signalisreduced to 6.0 % ,seeFig.9.

The e�ect ofcuts (1-8) is sum m arized in Fig. 10 which shows the distributions ofthe

reconstructed �+ �� invariantm assforsignal(h and A)and (weighted)background (Z,t�tand

ZZ added up) events. The h/A signal(light blue) is clearly visible on top ofthe rem aining

background events(Z,t�tand ZZ added up,dark brown).

To evaluate the signi�cance ofobservation ofa signal,the m ass window (Eq. 5) is then

selected,�nalselection (cut9,Table5).Atthereferencepoint(m A = 110.31 GeV,�A = 4.28

GeV and m h = 110.00GeV,�h = 4.20GeV),Eq.5im pliestolookfortheA signalin awindow,

�A,of3.394 GeV around a corrected m assvalue,m corr
A ,of109.490 GeV,and fortheh signalin
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Figure6:W ithoutcut.Distributionsofthenum berofm uonsN � (top)and ofthetransversem om entum PT �

(bottom )forgenerated (hatched)and reconstructed (fullcolor)eventsareplotted withoutcutsapplied:

a) b�bh ! b�b�+ �� events at the reference point (tan� = 45,m h = 110.00 G eV)(left,dark blue);b) b�bZ !

b�b�+ �� events(right,yellow).Alldistributionsarenorm alized at
R
L dt= 300 fb�1 .Entriesareperbin width

of1 (top plots)and of103 M eV (bottom plots).
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Figure7:A fter 1-2 cuts.Distributionsofthe reconstructed jettransversem om entum PT jet areplotted after

cuts1 and 2 (Table 5)for:

a)b�bh ! b�b�+ �� eventsatthe reference point(tan� = 45,m h = 110.00 G eV),(left,dark blue);b)b�bZ !

b�b�+ �� events(right,yellow).Alldistributionsarenorm alized at
R
L dt= 300 fb�1 .Entriesareperbin width

of103 M eV.
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Figure 8: A fter 1-2-3 cuts. Distributions ofthe reconstructed transverse m issing energy E
m iss
T are plotted

aftercuts1,2 and 3 (Table 5)for:

a) b�bh ! b�b�+ �� events atthe reference point (tan� = 45,m h = 110.00 G eV),(left,dark blue);b) t�t!

b�b�+ �� ��� events(right,gray).Alldistributionsarenorm alized at
R
L dt= 300fb�1 .Entriesareperbin width

of103 M eV.

a window,�h,of3.369 GeV around m corr
h = 109.180 GeV (see[7]fortheothersvaluesoftan�,

m A and m h). Asforthe probability requirem entf= 2,the windows�h and �A are increased

by a factor2 to obtain thee�ective selection window used in Table 9.

This selection reduces drastically the background sam ples,the Z to less than 0.13% ,the

t�tto 0.17 % and the ZZ to a negligible 0.24 % . The event signalsurviving in both A and h

channelsis� 4.2 % .

The last reduction (cut 10) on m uon isolation does not change signi�cantly the previous

results.Indeed thiscutisexpected to bee�ective in thedata againstthe heavy 
avourQCD

background,and cannotbetested properly in M onteCarlo.

Process N exp300 N M C N 1cut N 2cut N 3cut

b�bh ! b�b�+ �� 73500 76517 47099 22969 7907

b�bA ! b�b�+ �� 72900 74965 46247 22693 7919

b�bH ! b�b�+ �� 486 600 394 222 95

b�bZ ! b�b�+ �� 6836700 3314000 1945387 1178864 579751

t�t! b�b�+ �� ��� 1713420 1806437 1217706 1137780 953928

ZZ ! b�b�+ �� 33819 97244 46487 38600 27744

Table 7: Preselection. Signal/Background process,num berofeventsexpected at
R
L dt= 300 fb�1 ,N exp300,

num berofM onteCarloeventsgenerated,N M C ,and afterthreepreselection steps,N 1cut,N 2cut and N 3cut (Table

5).Thesignalisevaluated atthereferencepoint(tan�= 45 ,m A = 110.31 G eV,m h = 110.00 G eV).Cuts1 to

3 aredescribed in Table 5

W e calculate thatthe signi�cance Sp
B
at

R
L dt= 300 fb� 1 is� 56,scaling down to � 18

at
R
L dt= 30 fb� 1 and � 10 at

R
L dt= 10 fb� 1. Asdiscussed in Sec. 3.3,the processofZ

production accom panied by two lightjets,which hasnotbeen sim ulated,can bean additional

signi�cantbackground.Itsim portancehasbeen estim ated from the relative cross-section and

fake b-tagging probability. W hen this background is taken into account,we have estim ated

thatthesigni�canceislowered by � 25% .
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Figure9:A fter 1-8 cuts.Distributionsofthereconstructed �+ �� invariantm assM inv
��

areplotted aftercuts

1 { 8 (Table 5)for:

a)b�bh ! b�b�+ �� eventsatthe reference point(tan� = 45,m h = 110.00 G eV)(left,dark blue);b) b�bZ !

b�b�+ �� events(right,yellow).Alldistributionsarenorm alized at
R
L dt= 300 fb�1 .Entriesareperbin width

of1:5� 103 M eV.

Process N 3cut N 4cut N 5cut N 6cut N 7cut N 8cut

b�bh ! b�b�+ �� 7907 7099 6234 5575 5085 4636

b�bA ! b�b�+ �� 7919 7096 6183 5575 5118 4595

b�bH ! b�b�+ �� 95 78 66 54 50 44

b�bZ ! b�b�+ �� 579751 478106 397030 334609 226414 193334

t�t! b�b�+ �� ��� 953928 256662 190672 143746 41954 25567

ZZ ! b�b�+ �� 27744 24516 19102 15957 10926 8574

Table 8: tt veto selection. Signal/Background process,num ber ofM onte Carlo generated events after the

preselection cut3 and cuts4 to 8.Thesignalisevaluated atthereferencepoint(tan�= 45 ,m A = 110.31 G eV,

m h = 110.00 G eV).Cuts3 to 8 aredescribed in Table 5.

W econclude thatifm h = 110.00 GeV and consequently m A = 110.31 GeV there isa high

probability forthesebosonsto bediscovered atthebeginning ofdata taking.

8 Search in the M SSM plane

8.1 b�bA ! b�b�+ �� ,b�bh ! b�b�+ ��

A search forneutralHiggsbosonsh/A hasbeen perform ed in the (m A ,tan�)plane,varying

tan� between 15 and 50,in stepsof5,and m h between 95 GeV and 125 GeV,in stepsof2.5

GeV.Foreach pointthe statisticsreached leadsto weightfactorsforh and A boson close to

unity.

The analysis described in Sec.7 has been repeated for all104 sim ulated points and the

resultsarereported in Ref.[7].

The use ofan asym m etric selection window,centered atm corr
h;A (see Sec. 7.1),hasbeen tested

form assesbelow 100 GeV,with a view to exclude the Z events,howeverwithoutobtaining a
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Process N 8cut N 9cut N 10cut

b�bh ! b�b�+ �� 4636 3212 3165

b�bA ! b�b�+ �� 4595 3151 3110

b�bH ! b�b�+ �� 44

b�bZ ! b�b�+ �� 193334 4496 4206

t�t! b�b�+ �� ��� 25567 3148 2969

ZZ ! b�b�+ �� 8574 260 234

Table9: Finalselection.Signal/Background process,num berofM onteCarlo generated events,aftercut8 and

successive cuts9 and 10.The signalisevaluated atthe reference point(tan� = 45,m A = 110.31 G eV,m h =

110.00 G eV).Cuts8 to 10 aredescribed in Table5 (seetextforcut9 window).

signi�cantly im proved result(� 10% ).A sym m etric window asdescribed in Sec.7.1 wasthus

applied to allm asses.

Thesearch signi�cancefortheh/A neutralboson isshown asafunction ofm A up tohighest

allowed valueofm h,in Fig.11forallscanned valuesoftan� and threelum inosity,
R
L dt= 300

fb� 1 (S300
h; A),30 fb

� 1 (S30
h; A)and 10 fb

� 1 (S10
h; A)[7].The valuesforthe two lowerlum inosities

werederived from the�rstone,which correspondsto thehigheststatistics..

One should note thatlarge h/A m assesare penalized by a sm allcrosssection,thusim plying

a lowersigni�cance,whilethem assesnearto m Z su�erfrom thedi�culty in disentangling the

neutralHiggsboson signalfrom theZ background.

The bestm assrange foran early discovery ofh isbetween 100 and 120 GeV atany given

tan�. Iftan� > 30 a large range ofm assesisaccessible to discovery even afterthe �rstyear

ofdata taking. M ore integrated lum inosity,between � 30 and 50 fb� 1,is needed for tan�

between 30 and 20.The discovery attan� = 15 dem andsa lum inosity of� 150 fb� 1,m aking

theexploration ofthisregion possibleonly aftera few yearsofdata taking.

Theseconsiderationsaresum m arized in Fig.12,wherethem inim um integrated lum inosityR
L dt,dem anded fora 5 � discovery ofthe h/A neutralHiggsboson,isplotted asa function

ofm A up to highest allowed value ofm h,at given tan� values. W ith a
R
L dt � 10 fb� 1,

corresponding to oneyearofdata taking,m ostofthem assesareaccessibleiftan� > 30.M ore

integrated lum inosity isneeded fortan� = 20 and tan� = 15.Low m assesneed aswellm ore

lum inosity in orderto extracttheevidence ofa signalfrom them ostcopiousZ background.

Discoverycontoursin the(tan�,m A )planeareshown,inFig.13,indi�erent
R
L dtscenarios

forasigni�canceof5 (discovery,on theleft)and of3(on theright).Thelattercan interpreted

asthe contourregion foran early indication ofa signalor,in case ofnegative search,forits

exclusion.

8.2 b�bH ! b�b�+ ��

To increase the discovery potentialfora neutralHiggs boson discovery in the region up 139

GeV a search fortheneutralHiggsboson H hasbeen perform ed in the(tan�,m A )planeinside

the lim itsused forthe h/A search (Sec.8.1). Thissearch required a separate analysisdue to

thehigherm assregion involved.

Dueto theextrem ely low crosssection oftheH in thism assregion,fora few m asseswith

a cross section tim es �+ �� branching ratio �H�Br�+ �� sm aller than 0.01 pb,com m on values
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Figure 10: Distributionsofthe reconstructed �
+
�
� invariantm ass,M inv

��
,forsignaland backgroundsevents,

after the selection cuts 1-8 (Table 5) at the reference point (tan� = 45,m A = 110.31 G eV, m h = 110.00

G eV).The two distributionsare norm alized at
R
L dt= 300 fb�1 .The h/A signal(lightblue)em erge overthe

background (Z,t�tand ZZ)(dark brown).Entriesareperbin width of1:5� 103 M eV.

ofcenter and selection window were chosen,corresponding to the m ean values in that m ass

region. Thisprocedure doesn’ta�ectany resultdue the narrow spread ofvaluesforthe m ass

m H and thenaturalwidth �H,im plying thatthewindow valueisessentially dom inated by the

experim entalresolution.

Thediscovery oftheboson H dem andsa high integrated lum inosity,
R
L dt� 300 fb� 1,and

itwould be possible atm assescorresponding to m h = 122.50 GeV and 125 GeV forvaluesof

tan� � 30.Attan� = 25,only a narrow rangeofm H m assesaround 134 GeV (corresponding

to m h = 125 GeV)isaccessible.Lowervaluesoftan� areexcluded even athigh m asses.

In conclusion,adiscovery ofH boson ispossibleonly in afew pointsoftheparam eterspace,

fora value ofm A around the m axim um value ofm h,atthe ultim ate lum inosity expected at

theLHC.

8.3 C om bined search for b�bA ! b�b�+ �� ,

b�bh ! b�b�+ �� ,b�bH ! b�b�+ ��

The results ofSec.8.2 on the H boson search were com bined with the results from the h/A

search (Sec.8.1).To thispurpose,theH analysiswasrepeated with a window notoverlapping

with theh/A window,thusavoiding thedoublecounting ofbackground events.Thiswork was

perform ed only for high m h values,where the cross section tim es the �+ �� branching ratio

(Sec.8.2)hasvalues� 0.01 pb [7].

In Table 10 the signi�cance ofthe exclusive search forthe h/A boson (S300
h; A,S

30
h; A,S

10
h; A)

and the corresponding signi�cance including the H search (S300
h; A ; H,S

30
h; A ;H and S10

h; A ; H)atR
L dt= 300,30,10 fb� 1areshown.
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Figure11:Search signi�cance S
p

B
fora h/A neutralHiggsboson,asa function ofm A up to thelargestallowed

valueofm h in threedi�erentdata taking scenarios,
R
L dt= 300,30 and 10 fb�1 (S isthenum berofh/A signal

events,B isthe num berofbackground events). O n the leftthe resultsfortan� = 50,40,30,20,and on the

rightthe resultsfortan� = 45,35,25,15.The data arelisted in Ref.[7].

22



 [GeV]Am
90 95 100 105 110 115 120 125 130 135 140

]
-1

 [f
b

m
in

Lu
m

0

50

100

150

200

250

300  
A

) vs mσ(5min Lum

 = 50βtan

 = 40βtan

 = 30βtan

 = 20βtan

 [GeV]Am
90 95 100 105 110 115 120 125 130 135 140

]
-1

 [f
b

m
in

Lu
m

0

50

100

150

200

250

300  
A

) vs mσ(5min Lum

 = 45βtan

 = 35βtan

 = 25βtan

 = 15βtan

Figure12:M inim um integrated lum inosity
R
L dtdem anded fora 5 � discovery oftheh/A neutralHiggsboson

asa function ofm A up to largestallowed value ofm h. O n the leftthe resultsfortan� = 50,40,30,20,and

on the rightthe resultsfortan� = 45,35,25,15.The blue horizontalline is
R
L dt= 10 fb�1 . The data are

listed in Ref.[7].

 [GeV]Am
90 95 100105110115120125130135140

β
ta

n

0

5

10

15

20

25

30

35

40

45

50  

=3
B
s          

-1L = 300 fb
-1L = 30 fb
-1L = 10 fb

 [GeV]Am
90 95 100105110115120125130135140

β
ta

n

0

5

10

15

20

25

30

35

40

45

50  

=5
B
s          

-1L = 300 fb
-1L = 30 fb
-1L = 10 fb

Figure13:

Discovery potentialfora neutralHiggsboson h/A ofm assm A decaying to �+ �� ,accom panied by two b-jets,

in the m h � m ax scenario (Sec.2),asa function ofm A :contoursaredrawn fora search signi�cance
S
p

B
= 5

(left) and S
p

B
= 3 (right),with an integrated lum inosity of
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TheadditionalH search contributesto theM SSM Higgssectordiscovery fortan� > 15 at

the ultim ate lum inosity. Otherwise the contribution ofthissearch isnegligible,fora value of

m A around the m axim um value ofm h,asexpected from the low crosssection,and the large

num berofbackground events(being m H closeto m Z).

tan� m
nom
h

m H S
300
h;A

S
30
h;A

S
10
h;A

S
300
h;A ;H

S
30
h;A ;H

S
10
h;A ;H

[103M eV] [M eV ]

15 122.50 136180 3.86 1.22 0.70 5.09 1.64 0.93

15 125.00 152610 1.51 0.48 0.28 2.27 0.73 0.19

20 122.50 131870 9.76 3.08 1.78 11.69 3.77 2.14

20 125.00 139490 4.63 1.47 0.85 7.25 2.34 0.76

25 122.50 130020 15.98 5.05 2.92 17.51 5.65 3.2

25 125.00 134420 10.27 3.25 1.88 15.20 4.9 2.78

30 122.50 129090 25.13 7.95 4.59 27.01 8.71 4.94

30 125.00 131890 16.13 5.10 2.95 22.88 7.36 4.18

35 122.50 128560 34.71 10.97 6.34 35.29 11.38 6.45

35 125.00 130470 24.18 7.65 4.41 32.66 10.54 5.09

40 122.50 128260 43.68 13.81 7.98 43.95 14.18 8.03

40 125.00 129610 34.02 10.76 6.21 43.56 14.05 7.96

45 120.00 127790 59.03 18.67 10.78 54.16 17.47 9.90

45 122.50 128090 54.70 17.30 9.99 54.61 17.62 9.98

45 125.00 129090 43.54 13.77 7.95 53.90 17.38 9.85

50 120.00 127780 67.10 21.22 12.25 60.72 19.59 11.10

50 122.50 128020 65.55 20.73 11.97 65.27 21.10 11.93

50 125.00 128760 56.16 17.76 10.25 66.70 21.52 12.19

Table 10:Signi�cance ofA/h and A/h/H searches. The signi�cance valuesforthe two searches,S 300
h; A ,S

30
h; A ,

S
10
h; A

and S300
h; A ; H

,S30
h; A ; H

,S10
h; A ; H

,at
R
L dt= 300,30,10 fb�1 ,respectively,aregiven fora setoftan� values

and two valuesofthe m assofthe lightestneutralHiggsboson,m nom
h

. The m assm H ofthe corresponding H

Higgsboson isalso noted.

9 C onclusions

The possibility ofthe discovery ofthe M SSM h/A bosonsin the region ofhigh tan� (larger

than 15)and m asscloseto100GeV hasbeen investigated by exploitingthedecay oftheneutral

h/A boson into two m uons,h! �+ �� and A! �+ �� ,accom panied by two b-jets.Thisregion

isalso accessible by charged M SSM Higgsboson H � decays.

Forthispurposean analysisusingfulldetectorsim ulation hasbeen perform ed.M onteCarlo

events have been generated for a center-of-m ass energy
p
s= 14 TeV through the ATHENA

interface (v.9.0.4),while the ATLAS detectorresponse hasbeen sim ulated using the GEANT

program through theATHENA interface(v.10.0.1).

The results described in this paper show a wellde�ned possibility for the discovery ofa

neutralHiggsboson in a region traditionally di�cultdueto thepresenceoftheZ resonance.

Thisisachieved thanksto thehigh resolution perform anceoftheATLAS detector,nam ely

ofthem uon spectrom eterand theinnerdetector,togetherwith thehigh b-tagging capability.

Forcom pletenessthesearch ofH! �+ �� hasbeen explored in thesam em assregion.
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Thediscovery ofa neutralM SSM boson lookspossible in a m assrangeof100 to 120 GeV

attan� > 15,with an integrated lum inosity
R
L dt= 10 fb� 1,which correspondsto one year

ofdata taking. A warning should be m ade however because ofunaccounted uncertainties in

background and othersystem aticerrorsthatcannotbeevaluated precisely atthistim e.

W ithaview toperform thisanalysisonrealdataam ethodtosubtractthem aincontributing

background ofZ boson decaysZ ! �+ �� hasbeen suggested by us[8]. Thism ethod m ainly

relieson experim entaldata with lim ited M onte Carlo corrections. The procedure isbased on

theuseofa controlsam pleofZ bosonsdecaying to electrons,and doesnotdepend on com plex

theoreticalcalculationsnoron theirim plem entation in M onteCarlo.

10 A cknow ledgm ents

Thiswork hasbeen perform ed withinsATLAS Collaboration and wethank collaboration m em -

bersforhelpfuldiscussions.W ehave m adeuseofphysicsanalysisfram ework and toolswhich

aretheresultofcollaboration-widee�orts.

A A ppendix:

subtraction ofthe b�bZ ! b�b�+ �� background

Following them ethod outlined in Sec.6.3and based on theuniversality ofthelepton coupling,

thenum berofbackground eventsb�bZ ! b�b�+ �� ,N Z! �+ �� ,isgiven by thenum ber,N Z! e+ e� ,

ofb�bZ! e+ e� eventscollected in thesam erealdatasam ple.In both casesthenum berofevents

istheonecounted within a window ofthetwo-lepton invariantm assdistribution.Them ethod

hasbeen fully proved with thesim ulation described in [8].

The ratio N Z! �+ �� =N Z! e+ e� has been shown to be a regularfunction ofthe dilepton in-

variantm assin theregion ofinterestbetween 97.5 GeV and 140 GeV oncepossible sourcesof

di�erencesbetween e+ e� and �+ �� data havebeen taken into account,and to becloseto one.

W eliketo recallherethesedi�erencesand theirim pacton theaboveratio.

Clearly,dependingon whetherthe�nalstatecontainselectronsorm uons,onehastoprovide

for the di�erences in the detector response that is for the acceptance and resolution ofthe

electrom agnetic calorim eterand them uon spectrom eter.

Since oursam plesare b�bZ ! �+ �� orb�bZ ! e+ e� ,in those eventswhere a sem ileptonic

b decay occurswith thesam e
avourasoneoftheZ decay products,m orethan oneinvariant

m asscom bination ispossible,nam ely three (only opposite charge lepton pairsare considered

for invariant m ass com binations). Often,the value ofthe invariant m ass associated to this

com bination ofone lepton originating from Z and another one from b decay sits far from

m Z (and thus has no e�ect in the interested region). However the higher e�ciency in m uon

detection increasesthenum beroffakecom binationsin them uon sam ple.

Lessobviousare the correctionsrequired by the di�erentinner brem sstrahlung in the two

sam ples. The innerbrem sstrahlung (IB)isthe em ission ofphotons,
brem ,nearthe Ze
+ e� or

Z�+ �� vertex.Thepresenceofsuch photonschangesthekinem aticcon�guration ofthedecay,

in particularthelepton 4-m om enta.Theim pactofthise�ecton theHiggsm assresolution with

the ATLAS detectorhasbeen studied in Ref.[33].Here we discussitsim pacton the num ber

ofdetected eventsasa function ofthe dilepton reconstructed invariantm assin the region of

oursearch.
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Atthegeneratorlevelin theelectron (m uon)sam ple85.2% (91.6% )oftheeventsarewithout

IB photons,13.7% (8% )have 1 
brem ,0.94% (0.2% )have 2 
brem . The corresponding average

transversem om entum oftheradiated photons,withoutany cutexceptthosem entioned in Sec.

4,isclose in the two sam ples,< P

brem
T

>= 16:18 GeV forthe e+ e� sam ple and < P

brem
T

>=

16:43 GeV forthe �+ �� sam ple. These IB photons are m ainly contained in a cone with an

opening �R = 0:15 around a m uon track and �R = 0:25 around an electron track. By

sum m ing up theIB photon 4-m om entum tothecloselepton 4-m om entum oneobtainsthatthe

ratioN Z! �+ �� =N Z! e+ e� staysthesam ewithin �12% fordilepton invariantm assesbetween 100

and 140 GeV.Itwould otherwiseshow a spread of� �30% .

Atthedetectorlevelm uons,electronsand photonsinvolve di�erentdetectors(m uon spec-

trom eter and electrom agnetic calorim eter) im plying di�erent m om entum resolution,angular

acceptance and e�ciency.In thisanalysisweused identi�cation criteria asfollows.

A m uon isreconstructed asa track,in both theinnerdetectorand them uon spectrom eter

(so nam ed com bined reconstruction),and enters the analysis ifPT > 10 GeV and j�j< 2:5.

The average m om entum reconstructed is < PT >= 37:83 GeV. The reconstruction e�ciency

ishigherform uonsthan forelectrons.

An electron isreconstructed asa clusterin theelectrom agneticcalorim eterassociated with

a track inside �� = 0:025 and �� = 0:05,and enters the analysis ifP T > 10 GeV and

j�j< 2:5.Thebestperform anceisachieved when theenergyism easured in theelectrom agnetic

calorim eter(with a clustersizeof5� 5 cells)and theangles(�;�)in thetracker.Theaverage

m om entum reconstructed is < PT >= 42:61 GeV.

A photon is reconstructed as a cluster in the electrom agnetic calorim eter not associated

to any track inside �� = 0:025 and �� = 0:05,and entersthe analysisifE T > 10 GeV and

j�j< 2:5. A clustersize of5�5 cellsisused to m easure the energy. The value chosen forthe

E T threshold ensuresa good photon reconstruction e�ciency.

In this analysis however a photon’s 4-m om entum is sum m ed with that ofthe lepton if

the photon is reconstructed inside a cone �R < 0:15 around an electron (e + e� sam ple) or

�R < 0:25 around a m uon (� + �� sam ple). As a result,although the num ber ofphotons of

any origin is m ore im portant in the e+ e� than in the �+ �� sam ple,the num ber ofphotons

reconstructed separately isequal(� 1% )in thetwosam ples.Thee�ectofsum m ingthephoton

and lepton 4-m om enta showsup in the distribution oftheratio N �+ �� =N e+ e� asa function of

the dilepton invariantm asswhen only events containing an IB photon atthe generatorlevel

areconsidered.Itconsistsin a shiftfrom thelow-m asstailtowardstheZ m ass.

Based on the whole sim ulation we could conclude [8]thatthe ratio N �+ �� =N e+ e� is� 1:2

and doesnotdepend,in the region ofoursearch and within the sim ulation statistics,on the

two-lepton invariantm ass.
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