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A bstract

R esults are presented on the discovery potential forM SSM neutralH iggs bosons
In them, max scenario. The region of large tan , between 15 and 50, and m ass
between 95and 130G &/ isconsidered In the fram ework ofthe AT LA S experin ent
at the Large H adron C ollider (LHC ), fora centre-ofm ass energy s= 14TeV .This
param eter region is not fully covered by the present data either from LEP or from
Tevatron.

Theh/A bosons, supposed to be very close In m ass in that region, are studied In
the channelh/A ! ° accom panied by two b—gts. T he study includes a m ethod
to control the m ost copious background, Z ! accom panied by two b—gts. A
possible contrdbution of the H boson to the signal is also considered.
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1 Introduction

The M Inim al Supersym m etric Standard M odel (M SSM ) is the m ost investigated extension of
the Standard M odel (SM ).

T he theory requires two H iggs doublets giving origin to ve H iggs bosons: two CP-even
neutral scalars, h and H (h is the lighter of the two), one CP-odd neutral scalar, A , and one
pair of charged H iggsbosons, H  [1{3]. The discovery of any one of these particles is a crucial
elam ent for the con m ation of them odel. T his isa key point in the physics program of future
accelerators and in particular of the LHC .

A fter the conclusion of the LEP program in the year 2000, the experim ental lim it on the
m ass of the Standard M odel H iggs boson H was established at 1144 G&V with 95% CL [4].
Lin itswere also set on them ass of neutral [5]and charged [6]M SSM H iggs bosons form ost of
the representative sets of m odel param eters.

The m otivation of this study is to explore the potential of the ATLA S detector for the
discovery of neutralM SSM H iggsbosons in the param eter region not excluded by the LEP and
Tevatron data. W e shall focus on the search forh, the lightest of the neutralH iggs bosons. Its
m ass, taking account of radiative corrections, is predicted to be an aller than 140 G &/, see [5]
and references therein. The search for a m ass close to them ass of the Z boson, m 5, willbe a
challenging test of detector perform ance and of the analysism ethod of disentangling the signal
from the badkground.

In the rstpart of this paperwe review theM SSM fram ew ork, the production m echanian
in hadron collisions, the present experin ental situation and the discovery potentialat the LHC .

In the second part, after describing the M onte C arlo generator and the software toolsused,
w e discuss the detector perform ance relevant for this search ofh,A and H , the analysis strategy
and the results of the scan over theM SSM (m 5 ,tan ) plane. D etails of this analysis are given
in Ref. [7]and Ref. [8].

In the conclusion, results are presented on the neutralM SSM H iggs bosons discovery po-—
tential at the LHC based on the ATLA S detector.

2 M Inim al Supersym m etric Standard M odel

W e discuss a few points of the m odel, ussful for the present analysis. For a com plete review
se Refs. [2,9]. At tree level, the m asses of the ve H iggs bosons of the M SSM  are related by
the follow ing equations:

mg,=—-M3+mj Mm2+m2)2 4m2m2cos2 J; 1)

2 2
W
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wheremy andm g, are theW and Z m asses, respectively, and tan is the ratio of the vacuum
expectation values of the two H iggs elds.

TheM SSM m odelm ay be constrained by the assum ption that the sferm ions (scalar ferm ions)
m asses, the gaugino m asses and the trilinear H iggs-ferm ion couplings m ust unify at the G rand

Uni cation scale (GUT ). In one of the possible constrained m odels the param eters chosen are:
Msysy »@ comm on m ass for all sferm jons at the electrow eak scale.

M,,a common SU (2), gaugino m ass at the electroweak scale.



, the strength of the supersym m etric H ggsm ixing.
tan , the ratio of the vacuum expectation values of the two Higgs elds .

A = A= A, a common trilinear H iggssquarks coupling at the electroweak scale. It is
assum ed to be the sam e for up-type squarks and for dow n-type squarks.

m, , them ass of the CP-odd H iggs boson.
my , the gluino m ass.

T hree of these param eters de ne the stop and soottom m ixing param etersX . = A cot
and Xy, = Ay cot .

W hereas the particle spectrum depends on all the param eters m entioned above, the H iggs
sector depends, at tree level, on only two param eters which can be taken tobetan and m,,
as in Eq. (). T he other param eters only enter through radiative corrections, but change the
m ass prediction of Eq. (1) (where it is lin ited tom , < m 5 ), allow Ing the m ass of h to reach
higher values ( 130 G &V in som e scenarios, see Sec. [4.]]).

Among all possible CP-conserving benchm ark scenarios the socalled my, m ax scenario
(Table[l) has been considered [5]. T his scenario corresponds to them axin um value of the stop
m ixing param eter X =A - oot = 2M gygy . Here the theoretical bound on the m ass of the
h is highest (hence the scenario’s nam e) and experin ental Iim its are less constraining. A Iso,
the range of excluded tan values for given values of m (the top m ass) and M gysy isthem ost
conservative one.

Parameter | m, max
Mgysy GE/ ] 1000
Ge&v] 200
M,[Gev] 200
X=A - cot 2M sysy
mg[Gé\7] 0.8M sysy

ma G ] 0.1-1000

tan 0450

Table 1: CP—conserving benchmark m;, m ax scenario .

W e shall focus on them, max scenario as the m ost prom ising for the search of the h
boson, referring to it hereafter asM SSM .

At tree level the M SSM H iggs boson couplings to farm ions and m assive gauge bosons are
obtained from the SM H iggs boson couplings via correction factors [10]. They depend on the
param eters  (already Introduced) and , the m ixing angle which diagonalizes the CP-even
H iggs boson m assm atrix. T he two param eters are related by the follow ing expression :

cos2 = cos?2 (2)

o [
=Y I

m m

Athigh tan theM SSM correction factors to the SM H iggs bosons couplings to ferm ions
and m assive gauge bosons are larger for dow n-type quarks (b) and lptons ( and ) than for
up typegquarks. Thus, the associated bbh production is enhanced and becom es the dom inant
process In the production of h bosons in the high tan region.
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The Feynm an diagram s contributing to the process gg! bbh ! bb * and gg! bbh !
bb *  areshown in Fi.[.

Figure 1: Typicaldiagram s contributing at \tree level" to the processgg! bbh ! bb * and qq! bbh !
bb *

W e shall consider m ainly the decays to . Indeed, although the H iggs boson couplings
are proportional to the ferm ion m ass, thus resulting In a branching ratio to  * higher than
to * by a factor (T— )?, the experin ental conditions favor the * chann .

In theregion ofhigh tan andm, 100G &/ theCP-odd neutralH iggsboson A hasam ass
only slightly higher than the CP-even h and a com petitive branching ratio for the * decay
channel [10]. A 1so, cross—sections and w idths, which are functions of the param eters tan  and
m , , are close In som e regions of the param eter space (Sec.[4.]] ). Thus, In these regions the h
and A bosons are indistinguishable from an experin ental point of view , and it ism ore correct
to think in term s of a h/A search. In the follow ing we refer to the boson sought as the h/A
boson (however itsm ass isnoted my, orm » , accordingly) . T he degeneracy between h and A
is less pronounced near the higherm ass lim it ofh .

3 Experim entalsearch forM inim alSupersym m etric Stan-
dard M odelH iggs

3.1 LEP and Tevatron results

H igh precision tests of the Standard M odel have been perform ed at LEP setting a com bined
Imitofmy> 1144 G&/ for themass of the SM Higgsboson [41].

Agaln at LEP, the validity of the M inin al Supersym m etric Standard M odelhasbeen nves-
tigated w ithin the constrained fram ework of Sec.[d. For the m ass of the charged M SSM H iggs
bosonsa combined IImitmy > 78.6 G& wasobtained [6]. Searching for neutral CP -even and
CP-odd M SSM H iggs bosons, no indication of signal was found up to a center-ofm ass energy

1) The production advantage of the * channel is counterbalanced by the di culty of dentifying the

hadronic decay of a —gt In hadronic events, by a sm aller acceptance of the detector and by a worse m ass
resolution due to the presence of neutrinos in the nalstate. Instead, with a nalstate likeh ! + ATLAS
would exploit the excellent com bined perform ance of the m uon spectrom eter and inner detector.
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Figure 2: The combined LEP results for the search for the M SSM neutral H iggs bosons (from Ref. [5]). The

gure show s the theoretically inaccessible regions (light-grey/yellow ) and the regions experin entally excluded by
LEP searches,at 95% C L. (m edium grey/light-green) and 99.7% C L. (dark-grey/dark-green), for them ,-m ax
scenario w ith the topmassm = 1743 G &/, In two pro ctions of theM SSM parameters my,ma ), My, tan ).
T he dashed lines indicate the boundaries of the regions which are expected to be excluded, at 95% C L., on
the basis of M onte C arlo sin ulations w ith no signal. In the (m, tan ) profction, the upper boundary of the
param eter space is Indicated for four values of the top m ass; from left to right: m = 169.3,174.3,179.3 and
1830Ge&v.

of 209 G &/ [5]. The corresponding lower Iim its on them asses were set asa function oftan for
several scenarios. In them ,-m ax scenario (Fig.[d) with a top massm =1743 G &/ the Iim its
fortan > 10 at 95% CL are approxin ately :

my;ma 93Ge/

A com plem entary search, providing sensitivity in the region tan > 50 has been perform ed
at the Tevatron Colliderat™ s= 1.96 T&/ . Th theM SSM scenario, a signi cant portion of the
param eter space has been excluded by the D 0 C ollaboration,down to tan = 50 asa function
ofm , , by studying the associated production with two b quarks of h/A /H bosons and their
decay into bb [11]. C om parable results have been obtained by the CD F C ollaboration exploring
the h/A /H decaysto * ,but extending the excluded region to higher values ofm 5 [12].

3.2 LHC discovery perspectives

The LEP and Tevatron data don’t exclude the param eter space de ned by tan Jarger than
10 and am aller than 50. T herefore, a natural continuation of the LEP and Tevatron physics is
the Investigation of the possible existence of M SSM H iggs bosons In this region of tan . The
ATLAS [13]and CM S [14 Jexperin ents starting in the near future at the Large H adron C ollider
(LHC),at CERN , constitute an excellent laboratory for such search.

T he prospect for the detection ofM SSM H ggsbosonsat LHC was evaluated for benchm ark
sets preventing H iggs boson decays to SUSY particles [10,13] and focusing on the discovery
potential of decay m odes comm on to M SSM and SM H iggs bosons [13]. Tt was concluded that
the com plete region of param eter spacem » = 50 { 500G &/ and tan = 1 { 50 is open 4o H ggs
boson discovery by the ATLA S experim ent, already w ith an integrated lum inosity of L dt=
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30 b !, and that over a large part of this region m ore than one H iggs boson and m ore than

one decay m ode could be obsarved { the detection of a signal in m ore than one decay channel

would constitute strong evidence for the M SSM m odel. Tt was also found that the region in the

(ma,tan ) plane which corresponds to my, 100 G&/ 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 ore recently the h hoson discovery potgntial in the M SSM socenario has been Investigated
[l6]attwo lum inosities, L dt= 30fb *and Ldt= 300 ' .Atlow um inosity theh ! *
decay m ode represents the m ain contribution to the discovery potential and coversm ost of the
param eter space not yet explored. However the contribution of bbh ! * appears to be
crucial in the region of m oderate tan and m ass close tom ;. T he channel bbh ! * which
requires an excellent perform ance In detection and b-tagging is well suited to the ATLAS
experin ent thanks to a design giving high perform ance from the m uon spectrom eter and the
Inner detector.

At high lum inosity channels such as: h ! yh!t 22!V 4"and h! o in associated
production w ith tt give a signi cant contribution. The channel h ! , which requires an
excellent M mass resolution and gt/ separation, corresponds to M SSM  rates suppressed
w ith respect to the SM case but for a lim ited region of the param eter space w here they could
even be slightly enhanced. A s for the channelh ! bb, only the tth production followed by the
h ! bb decay can be obsarved clearly above the background, thus the extraction of the signal
requires the denti cation of four b—gts and an excellent btagging perform ance. In the M SSM
case the rates could be enhanced by 1020% over the SM rates.

3.3 Background processes

T he prospects for the detection ofM SSM H iggsbosons at LHC depend heavily on the suppres—
sion of the background sources:

+

Z= production with two b—gts and a subsequent decay into a pair. The cross
section for this process is a few orders of m agnitude Jarger than for the signal. A s an
exam ple, we quote for the 2 boson ,, Bxn - 228 pb [f] and for each of the
hand A bosons .y Bia: - 024 pb (at tan = 45and m, = 110 G & P.
T he corresponding diagram s are shown in Fig.[3 and Fi.[, respectively. It is clear
that they di er only in the kind of boson produced, h (or A ) in the signal and Z=
In the background. T he distinction between the signal and the background when my, is
approaching m ; becom es then an extram ely hard task due to the sim ilar topology of the
decays [7], although angular distridbutions di er som ew hat due to the fact the boson isa
scalar In one case and a vector In the other.

Z production with two Jts not origihating from b-quarks. The cross section is 24
tin es that for 2 with two b—je and can contribute to the background in case of Ft
m isidenti cation. An estin ate of a possble in pact on the signi cance of this analysis is
reported in Sec.[7.J.

727 associated production, when one Z decays into b and the second one decays into
* . This process has a cross section of the sam e order of m agnitude as the signal,

2)Evaluated from AcerM C (2.3) [17]and PYTHIA 6226 [18] withm, > 60G&/).
YEvaliated from PYTHIA 6226 [18].
“)Evaliated (for this purpose) from bbZ and j cross sections by SHERPA 1.09 [19] (withm > 60 GeV ).
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Figure 3: Typical diagram s contributing at \tree level" to the process gg! Z= bb ! ¥ Dbb and
gy ! Z= bb ! " Dbb.

2z  Bn o+ BL vp 013 pb , but can be easily suppressed using the kinem atic
characteristics of the events, see follow ing sections.

t associated production followed by a top-quark decay into a b-quark and aW boson and
a subsequent W decay in . The cross section of this process is « B pw Bir,
Briww B 571 pb @ . The presence of tw o neutrinos in plies m issing transverse
energy In the event (see follow Ing sections) thus allow Ing this background to be strongly
reduced. O ne would want to discrim inate the signal from the background on the basis of
the di erent b—gts characteristics (the two background b—gts are usually m ore energetic
than those accom panying the signaland the probability of their denti cation is higher),
but the requiram ent that the two b—gts be denti ed w ill suppress the signalm ore than
the background.

4 M onte Carlo sim ulation

W e in prove on the analyses reported In Sec. with a fullM onte Carlo simn ulation of the
experim ent (data generation, reconstruction and analysis). T he exploration of the unexcluded
M SSM param eter space, w ith a view to either discovering a supersym m etric H iggs boson or
excluding the m odel considered, constitutes the m otivation of the analysis described in this
paper.

T he considerations of Sec. [ and Sec.[d suggested a search forh=A | * decays accom —
panied by two b—fts. The extraction of the h/A boson signal from the com peting enom ous
background of Z decays in them ass region close to m ; constitutes a challenging search, w here
all perform ances of the experim ental setup have to be exploited.

To this purpose we have generated signal and background M onte Carlo events using the
PYTHIA program (v.6.226) [18]as speci ed below , for a centerofm ass energy s= 14 Tev.
Thee ciency ofthe selection criteria, the detector acceptance and the purity ofthedata sam ple
are estin ated from these events and the AT LA S detector response [13]. T he Jatter is sin ulated
using the GEANT program [20,21 Jwhich takes Into account the e ects of energy loss, m ultiple

S Evaliated from PYTHIA 6226 [18].
®)Evaliated from PYTHIA 6226 [18].



scattering and showering in the detector through an interface called ATHENA (v.10.0g1).

T he num ber of events used in this analysis corresponds to an integrated um inosity L dt=
300 fb ! with the exception of the channelbbZ ! bb * . In this Jatter case, for practical
reasons, a numger of events corresponding to halfthem entioned lum inosity hasbeen generated.
W e note that L dt= 300 o ! corresponds to the integrated luim inosity expected after three
years of data taking.

4.1 Signal

TheM SSM neutralH iggsbosonsh,A and H were generated in associated production w ith two
b-quarks using the PY TH TA program (v.6.226) through the ATHENA interface (v9.04). The
param eters of the m odel were given the values [22] shown in Tabk[d (for tan and m, the
range of values scanned is shown). In this param eter region, asm entioned In Sec.[d, the cross
section, m ass and width ofh and A bosons are close while the H cross section is one order of
m agnitude lower than the h/A cross section.

A s isdone in the Pythia code, we have taken m , as input param eter. The values of m
and m y are then derived from PYTH IA asa function ofm 5 .

Param eter value

com m on gaugino m ass M, mij, [G&] 200
gluino m ass mg Ge&v] 800
strength of supersym m etric H iggs Ge&r ]| —-200
ratio of H ggs elds tan 1550
comm on scalarm ass mg [G&/] 1000
squark left 3 gen My Gerl 1000
soottom m ass Mz Ge&r]] 1000
stop m ass My Gev] 1000
stop-trilinear coupling A 2440
m ass of CP-odd boson my, Gé&/]| 95135

Table 2: ParametersforA ,h and H generation n PYTHIA (v.6.226) [18].

The signalbbh ! bb * hasbeen stmulated in 104 points of the param eter space (m 5 ,
tan ), corresponding to eight steps In tan , chosen equally spaced between 15 and 50 and
thirteen steps 0c£ 25 G&/ Inmy, between 95 G&/ and 125 G&/ (the largest value allowed
by PYTHIA (v.6.226)). These are also the points where the decay bbA ! bb * has been
sinulated.

Thevalues of them ass, cross section and w dth ofthe A /h and H neutralbosons are reported
In Ref. [7] for all the points analyzed of the (m» , tan ) plane. For the follow Ing discussion a
reference point has been chosen attan = 45,m,=11031 G& (my= 110G&/ ,my= 12746
Gé&7). The corresponding width is o= 428G&/ ( = 420G&7, y= 005G¢&/),whik the
production cross section tin es the branching ratio forthedecay to  * IS peat pp - = 0243
PO ( ppnt oo+ = 0245Pb, ppay b+ = 0:0016 pb).



4.2 Background

For convenience we list again below the sources of background considered in Sec. 3.3 which
were fully smulated. The Z production associated with two gts not origihating from b as
yet has not been in plam ented in the A ceM C 2.3 code and has been ignored at this level (see
how ever end of Sec.[7.2).

bz ! bb * . The events are generated by AceM C (2.3) [17]w ith the hadronization
process of PY TH TA (v.6.226). At the generator level a cut-o  is applied to the
invariantm ass,M ™ > 60 G &/ El.

t! bb * . The events are fully generated with PYTHIA (v.6226).

Z7Z ! W © .Theevents are fully generated with PYTHIA (v.6.226).

process - I &<P300 NM€© W
(background ) Pb]
bbZ ! bb * 22.789 | 6836700 | 3314000 | 2.06
tt! bb * 51| 1713420| 1806437| 0.95
Z7Z ! bb * 01273 33819 97244 | 035
R
Table 3: Background cross section tin es branching ratios, ., - , hum ber of expected events for L dt=

300 b 1, N*P300  number of M onte C arlo generated events, N €, and their weight in the analysis, w , for the
three processes considered .

T he cross section tim es branching ratios, together w ith the num ber of expected events for
Ldt= 300 b !, the number of M onte C arlo generated events and their weight, is reported
in Tabl[3 for the three background processes.

Am ong these them ain contribution com es from bbZ ! bb * ,and is a ected by a cross
Ssection uncertainty arising from uncertaintieson QCD ,QED couplings ( 10% [17]) and from
higher order corrections ( 25% [23]). A swe Intend to account for this Jarge uncertainty w ith a
data-driven m ethod (Sec.@, asmplkofbbZ ! e e events, 600000 events, corresponding
to an Integrated um inosity L dt= 30 fb ' with a cross section 228 pb, has also been
simulated. Owing to the Jarge num ber of events sim ulated, there is only a m inor statistical
uncertainty associated w ith the evaluation of the tailsofz ! ¥ background.

R

5 The ATLA S detector

Here we shall sum m arize them ain features of the ATLA S detector [24]which are relevant for
the present analysis. For a m ore detailed inform ation we refer to [25] :

M agnet System : This consists of a solenold providing a 2 T m bending power in the
Inner detector, and a barrel air toroid com pleted by two end-cap toroids, w ith a typical
bending powerof 6 T m and 3T m respectively.

U sing PHO TO S package for inner brem sstrahling generation.
8 A low energy cut is xed on inner brem sstrahlung photons at Py > 5 G &/ .



Inner Tracking System : It has been designed to m easure as precisely as possble
and with high e ciency the charged particles em erging from prin ary interactions in a
pseudorapidity range j j< 2:5. It is installed Inside in the solenoid m agnetic eld and
consists of Sipixels and silicon strip detectors near the interaction point, and straw tubes.
T he expected transversem om entum resolution of the nner tracker fora 100 G &/ charged
particeat j j= 0is 38%.

E lectrom agnetic C alorim eter System : T he excellent energy resolution and particle
denti cation for electron, photons and #ts dem anded from physics is realized from a
Tiquid argon—lead sam pling calorin eter w ith accordion shape in the barrel and end-cap
regions. The energy resolution expected is & = Ep% 0:35.

H adronic C alorim eter: Tt is a copper-liquid argon calorim eter in the end-cap region
and a Fe-scintillator calorin eter scintillators in barrel region. T he liquid argon tungsten
forward calorin eters extend the coverage to j j=4.9. T he expected hadronic gt energy

resoltion s = ¥ ¥-  0013.

M uon spectrom eter. The reconstruction of m uons at highest lum inosity is one of the
m ost In portant point ln ATLA S design. The ATLA S torodalm agnet eld provides a

muon mom entum resolution that is independent of pseudorapidity. The spectrom eter
is constitued by: a) The precision tracking cham bers m ade of M onitored D rift Tubes
(M DT ) covering the rapidity range j j< 2:7,b) The Cathode Strip Cham bers (CSC ) and
transverse coordinate strips cover the m ost forward rapidity region ( j j= 20 2:7) In
the Innerm ost stations of the muon systam . c) Resistive P late Chambers (RPC ) In the
barrel region ( j j< 1) and Thin Gap Chambers (TG C ) in the end-cap region provide
muon triggers and m easure the second coordinate of the muon tracks. The expected
mom entum resolution ranges from about 1.4% for 10 GEV muons to 2.6% for 100 G &V

muons atj j= 0

6 Prelim inaries to M onte C arlo data analysis

Two points are crucial for our analysis:

The muon reconstruction e ciency in the analysis acceptance and the nvariant

m ass resolution.

T he b—gt denti cation.

6.1 E ciency and resolution studieswith b bZ ! bb * events

The  reconstruction perform ance of the apparatus was studied with a sam ple of bbZ !
bb * events [26]. For this purpose only events w ith two reconstructed m uons of opposite
charge found within the j j 235 acceptance were considered. T he contribution of tracks
m in icking m uons at reconstruction levelwas found to be negligble na z! * sam ple [27].
T he pileup e ect seam s to be also negligible based on the inform ation presently available [28].

T he distributions of the transverse m om entum , P , psesudorapidity, , and polar angle,

, of reconstructed muons (see F 4. [4, green histogram s) reproduce w ith good e ciency the
generated data (see Fig.[4, brown histogram s).
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Figure 4: D istrbutions of the transversem om entum Pt ,pseudorapidity  and polarangle form uons from
bbZ (! * ) M onte C arlo events, generated (brown) and both reconstructed (green) within the j j 25
acceptance.

T he distrbution of the reconstructed din uon nvariantm ass is shown in F ig.[d (top) together
w ith the result of a Gaussian t. The solid line corresponds to the follow ing values for the t
param eters:

<M ™ >=9047 005G&/ ™M "™)y= 302 006Ge&/ (3)

The tmean is an aller than the nom lnalvalue ofm , [29]. The 2 naturalw dth contributes
to M ™) for approxinately 1.9 G &/ thus in plying a m easuran ent accUracy s = 2:3 G &7 .
T his is just the value obtained unfolding the reconstructed distribution w ith the distrdbution of
the Z generated mass, M 2 . W hen the di erence between reconstructed and generated m ass

gen

M M2 isplotted,Fig.[H (bottom ), the G aussian t of the distrdbution gives the ollow ing

gen

results for the t param eters:

<M™ MZ >= 082 003G&/ res = 235 003G&/ (4)

From this study we conclude that in them ; region the reconstructed * Invariant m ass
distribution show sam ean value shifted by 820 M &/ w ith respect to the nom inalvalue, towards
the Jow m ass region, and a resolution of 2.6 % . These results w ill be used Jater in Sec.[Z2.

6.2 b-tagging studies

T he two b-tagging algorithm s called 3D and SV 2, which are in use within the ATLA S Collab-
oration [30], were studied with a subsam ple ofbbh ! bb * events.

Starting from the In pact param eters (transverse and longitudinal) and their signi cances,
both algorithm s assjg% a welght to each track of the Ft, that is to each track w ithin a cone of
opening angle R = 24 2, with at Jeast one track reconstructed in the tracker. The
track weight is the ratio between the likelihood functions for a b—gt track and for a track of a
lIght #t (from a light quark,u,d, s,cora gluon). In tum the tweight w . isde ned as the
sum of the logarithm s of the tracks weights. This allow sb—gts (W & > W) to bediscrin nated
against Iight Bts (W 4« < W) { the value w o, is chosen, depending on the physics under study,
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such as to have a high e ciency  for b—pt denti cation and a high rejction factor R 5 for
Iight ts.

The SV 2 algorithm in proves on the 3D algorithm by using additional inform ation on other
variables not too strongly correlated w ith the In pact param eters (as eg. fraction of the gt en—
ergy and Invariantm ass of all particles at the secondary vertices, num ber of tw o4rack secondary
vertices).

In Tabkl[, the results of a study ofa bbh ! bb * sam ple are reported. Sin ilar results
have been obtained from a bbZ ! bb * sam ple. For both sam ples, a selection cut, P 4 >
15 G &/, isapplied, since below this value the e ciency of b-denti cation drops. T he study is
Iim ited to the inner detector acceptance j j 25 and to two values of the gt opening angle,

R=07and R = 04

A ]gorji:hm R b R 5 W cut R b R 5 W cut
SV 2 0.7] 49% 71 1 04| 50% 58 1
3D 0.7 ] 55% 27 1 04 | 54% 26 1
SV 2 0.7 46% | 219 2 04| 46% | 200 2
3D 0.7 49% 52 2| 04 49% 50 2

Table 4: b-tag perform ance. The table shows, for the two algorithm s used, the gt opening angle R, the
e ciency on b—gt denti cation , the refection of Iight ptsR 5 and the value of w ¢ (see text).

A s results of this study, it is possble to conclude that:

T he SV 2 algorithm ,which usesm ore inform ation on b decays products, provides a higher
refction rate w ith little loss in e ciency.

N o relevant In provem ent is obtained by shrinking the #t cone opening angle, R, from
07t0 04. Thereforethe ATHENA (v. 10.0.1) default value, R=0.7,willbeussd In the
follow ing analysis.

The cut value w,+ = 1 tums out to be a good com prom ise w ith a b—gt denti cation
e ciency of 50% and a rejction of light gtsby a factorof  70.

Tn case ofhigh lum inosity, possible track pileup doesnt have a signi cant In uence on b-tagging
e clency for this class of events. T heir topology w ith two muons en erging from the prin ary
vertex facilitates the selection of the correct prim ary vertex out of m any interaction vertices.

6.3 M ethod for bbZ ! bb * background subtraction

T hem ethod proposed in [8 ]exploits the tw o follow ing points (at the level of particle generation):
a)therateofh/A ! e e isexpected to be suppressed w ith regpect to the signalh/A ! °

2
by a factor *=— ,

me

b) the rate of the background bbZ ! bb * is equal to the rate of bbZ ! bbe' e because
of the production diagram s which are the sam e, and of the lepton coupling universality in the
Z decay.

In this context the associated Z production and decay in the channel bbZ !
studied using a control sam ple of bbZ ! e€'e events. The e ect of inner brem sstrahlung (1B )

+ has been
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radiation hasbeen investigated and corrected for; the In pact in the event reconstruction isnot
large. The ratio of the num ber of reconstructed events from the two sam ples in the region of
m ass higher than m ; , Interesting for new physics search, is stable and In plies correction factors
close to one [8] .

A s a result, barring corrections for di erent inner brem ssttahling and detector response,
the number of bbZ ! bbe"e givesdirectly the num ber of background eventsbbz ! bb *
D etails of the m ethod are given in A ppendix [A].

6.4 Signi cance of the search

Statisticalm ethodsusad in H ggsboson searches arediscussed in R ef. [31]. H ere the signi cance
of a search is given using ps? as a statistical estin ator, where S is the num ber of signal events
(h/A orh/A /H),and B the num ber of background events. D iscovery m eans that the signal is
larger than 5 tin es the background statistical error (1@% 5). T he probability of a background

uctuation of this size is lessthan ~ 2:87 10'. A search resulting in 5% 3 is Interpreted
as an indication of new physics.

7 M onte C arlo data analysis

71 DbbA ! bb * ; bbh ! bb * ; bbH ! bb *

T he signature of the h/A channel is a pair of well isolated high-energy m uons w ith opposite
charge and two hadronic fts containing b quarks. The invariant m ass of the reconstructed
muons is supposed to orighhate from a h or A boson and m ust be com patible, w ithin them ass
resolution, w ith the corresponding m ass,my, orm .

N o sinulation of the trigger is im plem ented; how ever two m uons of transverse m om entum
above trigger experim ental threshold are required and the detector acceptance considered is
3 25. The event selection is divided in three steps: preselection, tt veto selection, nal
selection .

T he presekction, cuts 1-2-3 in Table[H, requires at Jeast two well denti ed opposite charge
muons w ith Py 10 G&/ In the pssudorapdity range j 235 (cut 1), thus satisfying
the trigger requirem ent. The presence ofa ptpairwith Pry. 10G &/ and j «J 25 isas
well dem anded, w ithout any b-identi cation requirem ent (cut 2).

A further requirem ent (cut 3) is that at least one of these Btsbe denti ed as originating from a
b-quark w ith Pr 4 > 15G &/, that is the energy lower Iim it for a reliable b—gt denti cation [30]
(Sec. 164). These cuts are designed to select events full 1ling the m inin um conditions to be
analyzed Jater. T he events excluded are in any case not suitable to undergo any further analysis.

The tt veto sekction is designed to suppress this background, characterized by a large
m issing transverse energy due to the presence of neutrinos. EX** is required to be less than
45 G eV (cut 4). Other cuts (cut 56) are applied on the rst and second m ost Jarge muon
transverse m om entum , P+ ; and P; 5, and (cut 78) on the rst and second m ost large gt
transverse m om entum , Pr 41 and Pr 4 . At Jleast one of these ptswas previously denti ed as
originating from a b-quark (cut 3).

The nal sekction criteria are designed m ainly to disentangle the signal events from the
irreducible 7 background. The m ain requirem ent is that the * Invariant m ass has to lie
inside a window around h/A m ass, determ ined by the naturalw dth of the bosons and by the
experin ental resolution of the * invariant m ass, Sec.[d.
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T he m uons origihating from b decays in bbbb events, w ith a cross section of 500 pb [32],
can m in ic the signalevents. To avoid this possible contam ination a low hadronic activity near
both muons is required. The isolation criteria dem ands that the sum of the charged track
momenta n a cone ( R < 02) around them uon direction be less than 5 G &/ . T hese selection
cuts are sum m arized in Table[d.

Cut Number Variable

1| N 2; Prp 10Ge/; J j< 25
2| N g 2; Prge 10G&/; J e < 25
3| Npsge 1;Pr s 1I5G&V; Wyag > 1
4 ENSS < 45Ge

5 25G&/ < Pr 1 < 955G«

6 206V < Pr 5, < 60Ge&/

7 Prin < 40G&/

8 Pren < 70G&V

9 M muyjor¥M ™ myi< 2

10 Priaaxs] < 5G&/ ncone R < 02

Table 5: Selection criteria forh/A ! * w ith two b-quarks nal state.

A key point of the selection is the detemm ination of the m ass window used (cut 9). Its
value isdeterm ined asa function of , ( a ), the totalwidth oftheh (A ) H iggsboson, and the
experim entalm ass resolution , = 26% (Sec.[6.dl). Them asswindow is centered on theh (&)
m ass corrected for the biask in themuon reconstruction, my, = mpa  kwithk= 820M e/
(Sec.[6.1]). Tts Iim its, na rarede ned by:

corr hA 2
hA = mh;A f 236 + m 7 (5)

w here f is the standard deviation factor corresponding to a chosen probability. In our analysis
f= 2,which corresgponds to ncluding 97.7% of the signal. The event is selected if the *
invariant m ass is inside the w indow lim its (3) either for the A or the h m ass.

ForthebbH ! bb * channel the procedure is the sam e as for the h/A search, but for the
selection window . The window lim its are obtained from Eq.[Hdwithmy (the H m ass) replacing

mya in m &

hAa *

7.2 R eference point

T he analysis procedure is rst discussed for the reference pointm , = 11031 G&/7 ,tan = 45
my, = 11000G&/ ,my = 12746 G&/ ). Fora given M SSM neutralH ggsboson (h,A ,H) at
this point, Table[d show s the production cross sectjon tin es the * decay branching ratio,
wp « s the expected number of signal events at L dt = 300 fb !, N®P  the number of
M onte C arlo generated events N™ © and theirweight w . The weight of the signal events is close
tooneasitisforall m, ,tan ) points [7]. The background weights (Tablk[3d) are also close to
one.
W e shall justify the cuts by show ing exam ples of distrdbutions obtained forthebbh ! bb *
signal and the bbZ ! bb background, and refer otherw ise to [7] either for variables
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di erent from the onesdigplayed or fora di erent signal (bbA ! bb * orbbH ! bb * )
or fora di erentbackground (tt! bb * orzz ! o * ). In allcases the reconstructed
distrdbutions w ithout cuts com pare to the generated distrdbutions as expected.

process bb * NP0 | M e w
(signal) [Pb]
bbh ! bb * 0245 | 73500 | 76517 | 0.96
bbA ! bb * 02433 | 72900 | 74965 | 097
bbH ! bb * 0.001619 486 600 | 0.88

Table 6: h, A, H production at the reference point tan = 45,m, = 11031 G&/ (m, = 11000G&/ ,my =
&27.46 G &7 ): process, cross section tines  * decay branching ratio, ,, - ,number of events expected for
Ldt= 300 fb ' ,N®P:00 number ofM onte C arlo generated events, N" € , their weight w .

T he distrbbutions of the num ber ofmuons N and of the m uon transverse m om entum Py
in the processesbbh ! bb * and bbZ ! bb * are displayed in Fig.[d for the generated
(hatched ) and reconstructed (full color) events w ithout any cut applied .

T he preselection requiram ent on m uon pair (cut 1, Table[d) reduces approxin ately to sam e
fraction of signal ( 62% ) and background (Z 59% ,tt  67% ) events. T he requirem ent on
Bt pair (cut 2) leaves alm ost untouched tt ( 63% ) reducing 2 to  54% , because of them ore
energetic Pr & gpectra of the top decay [7]. Unfortunately for the sam e reason this cut reduces
the signal sam ple signi cantly to  30% , see Tabl[].

The mean Pt transverse mom entum < Pr g > s 26 G& for the h boson, and 36
G&/ forZ decays, see Fig.[q [7]. Then, as stated In Sec.[3.3, the requiram ent that two b—gts
be denti ed will not enhance the signal over this gpeci ¢ background. This requirem ent w ill
suppress m ore the signalthan the Z2 background, since the two b—fgts of this background events
are usually m ore energetic than those accom panying the signal. A ccording to the study in Sec.
[6.7, only one £t is required to be tagged as a b—gt.

A fter the three preselection cuts (12-3) the signal sam ple of h or A isreduced to  10% .
The backgrounds are reduced to  17% forthez, 53% fortt,and 28% forZz.

The tt veto sekction is designed to exploit features of t decays. The tt sam ple is char-
acterized by a transverse m issing energy E %, which, due to neutrinos, is Jarger than in the
h/A sam ple,as shown in Fig.[8. The EX ™ cut (cut 4, Tabke[d) is extrem ely e ective, reducing
tt to 14 % of the origihal sam ple while kesping the signalat 9 % alm ost unchanged and
the Z background at 14 $ . The two cuts (56), related to P+ distributions, reduce the tt
orighal sample to 8 % , but are little e ective on the Z sample (to  10% ) and the signal
samplesofh and A (to 8 % ). A further reduction of the tt background to 1.4 % is obtained
by applying cuts (7-8) on Pr 4. At this stage, the Z sampl isreduced to 5.8 % while theh
signalaswellas the A signalis reduced to 6.0 % , see Fig.[d.

The e ect of cuts (1-8) is summarized In Fig. [10 which shows the distdbutions of the
reconstructed  * Invariant m ass for signal (h and A ) and (weighted) background (Z, tt and
77 added up) events. The h/A signal (light blue) is clearly visble on top of the rem aining
background events (Z, tt and 27 added up, dark brown).

To evaluate the signi cance of observation of a signal, the mass window (Eq. [J) is then
selected, nalselection (cut 9, Table[d). At the reference point m, = 11031 G&7, » = 428
G&/ andmy, = 11000G&7, = 420G &7),Eq.[Hin plies to ook for theA signalin a window ,

a,0£3394 G&/ around a corrected m ass valie, m 577, 0£ 109490 G &/ , and for the h signalin
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bb * events (right, gray). A lldistrbutions are nom alized at L dt= 300 fo ! . Entries are perbin w dth
of 10° M eV .

awidow, ,,0£3369Ge/ around m > = 109180 G&/ (see [7] for the others values of tan ,
ma and my, ). As for the probability requirem ent f= 2, the windows , and  are increased
by a factor 2 to cbtain the e ective selection window used in Table[d.

T his selection reduces drastically the background sam ples, the 72 to less than 0.13% , the
ttto 017 % and the 27 to a negligble 024 $ . The event signal surviving in both A and h
channelsis 42 %.

The last reduction (cut 10) on muon isolation does not change signi cantly the previous
results. Tndeed this cut is expected to be e ective in the data against the heavy avour Q CD
background, and cannot be tested properly in M onte C arlo.

P rocess N SxP300 NMC N1 cur N oout N 5out
bbh ! bb * 73500 76517 47099 22969 7907
bbA ! bb * 72900 74965 46247 22693 7919
bbH ! bb * 486 600 394 222 95
bbZ ! bb * 6836700 | 3314000 | 1945387 | 1178864 | 579751
tt! bb * 1713420| 1806437| 1217706| 1137780| 953928
727 ! bb * 33819 97244 46487 38600 | 27744

Table 7: Presekction. Signal/Background process, num ber of events expected at P\L dt= 300 o * ,NS¥P300
num ber of M onte C arlo events generated, N" © , and after three preselection steps, N 1cut, N scur and Nsg,e (Table
[@). T he signal is evaluated at the reference point (tan =45 ,m, = 11031 G&/ ,my = 11000G &7 ). Cuts1 to
3 are describbed in Tablk[d

W e caloulate that the signi cgnee — atRL dt= 300 b ! is 56, scaling down to 18
at Ldt= 30f 'and 10at Ldt= 10 o '. Asdiscussed in Sec. [3.3, the process of Z
production accom panied by two Iight gts, which has not been simulated, can be an additional
signi cant background. Its in portance has been estin ated from the relative cross—section and
fake btagging probability. W hen this background is taken into account, we have estin ated
that the signi cance is lowered by  25% .
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Process N 3cut N 4cut N Scut N 6cut N Tcut N 8cut
bbh! bb * 7907 7099 6234 5575 5085 4636
bbA ! bb * 7919 7096 6183 5575 5118 4595
bbH ! bb * 95 78 66 54 50 44
bbZ ! bb * 579751 | 478106 | 397030 | 334609 | 226414 | 193334
tt! bb * 953928| 256662 190672| 143746| 41954| 25567
Zz7Z ! bb * 27744 24516 19102 15957 10926 8574

Table 8: tf veto selection. Signal/Background process, num ber of M onte Carlo generated events after the
preselection cut 3 and cuts 4 to 8. The signal is evaluated at the reference point (tan =45 ,m, = 11031 G&/7,
my = 110.00G&V ). Cuts 3 to 8 are described in Table[d.

W e conclude that ifmy, = 110.00 G&/ and consequently m, = 11031 G &/ there isa high
probability for these bosons to be discovered at the beginning of data taking.

8 Search in theM SSM plane

81 DbbA ! bb * ,bbh ! bb *

A search for neutral H ggs bosons h/A has been perform ed in the (m, , tan ) plane, varying
tan between 15 and 50, in steps of 5, and my, between 95 G&/ and 125 G&/, In steps of 2.5
G &V . For each point the statistics reached leads to weight factors for h and A boson close to
unity.

T he analysis describbed in Sec.[7 has been repeated for all 104 sin ulated points and the
results are reported in Ref. [7].
T he use of an asym m etric selection w indow , centered at m & (see Sec. [1.1]), has been tested

hA
form asses below 100 G &/ ,with a view to exclude the Z events, however w ithout obtaining a
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Process N 8cut N 9cut N 10cut
bbh ! bb * 4636 | 3212 3165
bbA ! bb * 4595 | 3151 3110
bbH ! bb * 44
bbz ! bb * 193334 | 4496 4206
tt! bb * 25567| 3148 2969
Z7Z ! bb * 8574 260 234

Table 9: Finalselction. Signal/B ackground process, num ber ofM onte C arlo generated events, after cut 8 and
successive cuts 9 and 10. The signal is evaluated at the reference point (tan = 45,m, = 11031 G&/ ,my =
110.00 G&/ ). Cuts 8 to 10 are described in Table[d (see text for cut 9 w indow ).

signi cantly in proved result ( 10% ). A symm etrdic w indow as described In Sec.[ZJl was thus
applied to allm asses.

T he search signi cance for theh/A neutralboson isshown asa function ofm yp to highest
allowed value ofm y, , n Fig.[11l for all scanned values of tan and three um inosity, L dt= 300
ot (825,30 T (S2?,)and 10 fo ' (817, ) [7]. The values for the two lower um inosities
were derived from the rst one, which corresponds to the highest statistics..

O ne should note that large h/A m asses are penalized by a an all cross section, thus in plying
a lower signi cance, whilke themassesneartom , su er from thedi culty in disentangling the
neutral H iggs boson signal from the Z background.

T he best m ass range for an early discovery of h is between 100 and 120 G &/ at any given
tan . Iftan > 30 a large range of m asses is accessible to discovery even after the rst year
of data taking. M ore integrated lum inosity, between 30 and 50 fb !, is needed for tan
between 30 and 20. The discovery at tan = 15 dem ands a um inosity of 150 o !, m aking
the exploration of this region possible only after a few years of data taking.

r These considerations are sum m arized in Fig.[12, where them inin um integrated um inosity
Ldt,demanded fora 5 discovery of the h/A neutral H iggs boson, is plogted as a function
of ma up to highest allowed value of my,, at given tan wvalues. W ith a L dt 10 o 1,
corresponding to one year of data taking, m ost of them asses are accessible iftan > 30.M ore
Integrated lum inosity isneeded fortan = 20and tan = 15.Low massesnead aswellm ore
um inosity in order to extract the evidence of a signal from the m ost copious Zpadkground.

D iscovery contours in the (tan ,m, ) planeare shown, n Fig.[13, in di erent L dtscenarios
fora signi cance of 5 (discovery, on the left) and of 3 (on the right). T he latter can interpreted
as the contour region for an early indication of a signal or, In case of negative search, for its
exclusion.

8.2 DbbH ! bb *

To increase the discovery potential for a neutral H iggs boson discovery in the region up 139
G &/ a search for the neutralH iggs boson H hasbeen perform ed in the (tan ,m , ) plane inside
the lin its used for the h/A search (Sec.[8.]). T his search required a separate analysis due to
the higher m ass region involred.

D ue to the extram ely low cross section of the H in thism ass region, for a few m asses w ith
a cross section tines branching ratio 5 Br am aller than 0.01 pb, comm on values
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Figure 10: D istrbbutions of the reconstructed * nvariant m ass, M "V, for signal and backgrounds events,
after the selection cuts 1-8 (Tablk[[H) at the r@ference point (tan = 45, m, = 11031 G&/ ,my = 110.00
G &/ ). The two distrbutions are nom alized at L dt= 300 fb ' . The h/A signal (light blue) em erge over the
background (Z, tt and ZZ) (dark brown). Entries are perbin width of 15  10M &v .

of center and selection window were chosen, corresponding to the m ean values in that m ass
region. T his procedure doesn’t a ect any result due the narrow spread of values for the m ass
myz and the naturalw dth y , In plying that the w indow value is essentially dom inated by the
experim ental resolution. R

T he discovery of the boson H dem ands a high integrated um inosity, L dt 300 fb !, and
it would be possible at m asses corresponding tom, = 12250 G&/7 and 125 G &7 for values of
tan 30.Attan = 25,only a narrow range ofmy m asses around 134 G &/ (corresponding
tomy = 125G &/ ) isaccessble. Lower values of tan  are excluded even at high m asses.

TIn conclusion, a discovery of H boson ispossible only in a few points of the param eter space,
for a value of m ; around the m axinum value of my, at the ultim ate lum inosity expected at
the LHC.

8.3 Combined search for bbA ! bb * ,
bbh ! bb * ,bbH ! bb *

The results of Sec.[82 on the H boson search were com bined w ith the results from the h/A
search (Sec.[81l). To this purpose, the H analysis was repeated w ith a w indow not overlapping
w ith the h/A window , thus avoidding the double counting of background events. Thiswork was
perform ed only for high m, values, where the cross section tim es the * branching ratio
(Sec.[82) hasvalues 0.01 pb [7].
In Table[IQ the signi cance of the exclusive search for the h/A boson (S ,S27, ,S:7,)
gnd the corresponding signi cance including the H search (S0, 4,557 ,,y and S;7,.,) at
L dt= 300,30,10 b ‘are chown.
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Figure 11: Search signi cance ps? forah/A neutra]RH ggs boson, asa function ofm 5 up to the largest allow ed

valie ofmy, In threedi erentdata taking scenarios, L dt= 300,30 and 10 fo 1 (S is the num ber ofh/A signal
events, B is the num ber of background events). O n the left the results for tan = 50, 40, 30, 20, and on the
right the results for tan = 45, 35,25,15. The data are listed In Ref. [7].
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on the right the results fortan = 45, 35,25, 15. The blue horizontal Ine is L dt= 10 fo 1 . Thedata are
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Figure 13:
D iscovery potential for a neutral H iggs boson h/A ofmassm 5 decaying to * , accom panied by two b—fts,
inthemy max scenario (Sec.[d), as a function ofm » : contours are drawn for a search signi cance PS? =5

(Jeft) and ps? = 3 (right), with an integrated lum inosity of L dt= 300 (top), 30 (center) and 10 (bottom )
ol.
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The additional H search contributes to the M SSM H iggs sector discovery for tan > 15 at
the ultin ate um inosity. O therw ise the contrlbution of this search is negligible, for a value of
m, around the m axinum valie ofmy, as expected from the low cross section, and the large
num ber of background events (beingmy closetom ).

tan m Eom my SS?% SS?A S}%?A SS?%;H SS?A;H S}%?A;H
o’Mer]| Mev]
15 122.50 | 136180 3.86 122 0.70 5.09 1.64 093
15 125.00 | 152610 151 0.48 0.28 227 0.73 019
20 122.50 | 131870 9.76 3.08 1.78 1169 3.77 214
20 125.00 | 139490 463 147 0.85 725 234 0.76
25 122.50 | 130020 || 15.98 5.05 292 1751 5.65 32
25 125.00 | 134420 || 10.27 3.25 1.88 1520 49 2.78
30 122.50 | 129090 || 25.13 7.95 459 27.01 8.71 494
30 125.00 | 131890 || 16.13 510 295 22 .88 7.36 418
35 122.50 | 128560 || 34.71 | 10.97 6.34 3529 11.38 6.45
35 125.00 | 130470 || 24.18 7.65 441 32.66 10.54 5.09
40 122.50 | 128260 || 43.68 | 13.81 7.98 4395 1418 8.03
40 125.00 | 129610 || 34.02 | 10.76 621 43 .56 14.05 7.96
45 120.00 | 127790 || 59.03 | 1867 | 10.78 5416 1747 9.90
45 122.50 | 128090 || 54.70 | 17.30 9.99 54 61 17.62 9.98
45 125.00 | 129090 || 4354 | 13.77 7.95 53.90 17.38 9.85
50 120.00 | 127780 || 67.10 | 2122 | 12.25 60.72 19.59 11.10
50 122.50 | 128020 || 65,55 | 20.73 | 11.97 6527 2110 11.93
50 125.00 | 128760 || 56.16 | 17.76 | 10.25 66.70 2152 1219

Tablke 10: Signi cance of A/h and A /h/H searches. The signi cance values for the two searches, S5 , 5204
SpY,and S2%% . SR a . w /Saoa, . rat Ldt= 300,30,10 fo ', respectively, are given fora set of tan  values
and two values of the m ass of the Iightest neutral H iggs boson, m ;" . Themassmy of the corresponding H
H iggs boson is also noted.

9 Conchisions

T he possibility of the discovery of the M SSM h/A bosons in the region of high tan ( larger
than 15) and m ass close to 100 G &/ hasbeen investigated by exploiting the decay of the neutral
h/A boson nto twomuons,h! * andA! ¥ , accom panied by two b—gts. T his region
is also accessible by charged M SSM H iggsboson H  decays.

For this purpose an analysis using fiilldetector sim ulation hasbeen perform ed. M onte C arlo
events have been generated for a centerofm ass energy P s= 14 T&/ through the ATHENA
Interface (v9.04),while the ATLA S detector response has been sinmulated using the GEANT
program through the ATHENA interface (v.10.0.1).

The results described in this paper show a well de ned possibility for the discovery of a
neutral H iggs boson in a region traditionally di cult due to the presence of the Z resonance.

T his is achieved thanks to the high resolution perform ance of the AT LA S detector, nam ely
of the m uon spectrom eter and the Inner detector, together w ith the high b-tagging capability.
For com pleteness the search of H! 7 has been explored in the sam e m ass region.
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The discovery of a neutralM SSM boson lJgoks possible in a m ass range of 100 to 120 G &V
attan > 15,with an integrated lum inosity L dt= 10 o !, which corresponds to one year
of data taking. A waming should be m ade however because of unaccounted uncertainties in
badkground and other system atic errors that cannot be evaluated precisely at this time.

W ith a view to perform thisanalysison realdata am ethod to subtract them ain contributing
background of Z boson decays Z ! ° has been suggested by us [8]. Thism ethod m ainly
relies on experim ental data with lin ited M onte C arlo corrections. T he procedure is based on
the use of a control sam ple of 72 bosons decaying to electrons, and does not depend on com plex
theoretical calculations nor on their m plem entation in M onte C arl.

10 A cknow ledgm ents

T hiswork hasbeen perform ed withins AT LA S C ollaboration and we thank collaboration m em —
bers for helpfiil discussions. W e have m ade use of physics analysis fram ework and tools w hich
are the result of collaboration-w de e orts.

A Appendix:
subtraction of the bbz ! bb ° background

Follow Ing them ethod outlined in Sec.[6.3 and based on the universality of the lepton coupling,
the num ber of background eventsbbz ! bb * Nz + ,isgiven by thenumber, Ny, <o ,
ofbbZ! e"e events collected in the sam e realdata sam ple. In both cases the num ber of events
is the one counted w ithin a w indow of the tw o-epton invariant m ass distribution. T he m ethod
has been fully proved w ith the sim ulation described in [8].

Theratio Ny, + =N, . hasbeen shown to be a regular function of the dilepton in-
variant m ass In the region of interest between 975 G &/ and 140 G &/ once possible sources of
di erencesbetween e* e and * data have been taken Into account, and to be close to one.
W e like to recall here these di erences and their in pact on the above ratio.

C learly, depending on w hether the nalstate contains electrons orm uons, one has to provide
for the di erences In the detector response that is for the acceptance and resolution of the
electrom agnetic calorin eter and the m uon spectrom eter.

Sihce our sam ples are bbz ! 7 orbbz ! e e ,in those events where a sam ileptonic
b decay occurs w ith the sam e avour as one of the 7 decay products, m ore than one invariant
m ass com bination is possible, nam ely three (only opposite charge legpton pairs are considered
for invariant m ass com binations). O ften, the value of the invariant m ass associated to this
com bination of one lepton origihating from Z and another one from b decay sits far from
m; (and thus has no e ect In the interested region). However the higher e ciency in muon
detection increases the num ber of fake com binations in the m uon sam ple.

Less obvious are the corrections required by the di erent inner brem sstrahlung in the two
sam ples. The inner bram sstrahlung (IB ) is the em ission of photons, prm ,NEAr the Ze' e or
zZ * vertex. T he presence of such photons changes the kinem atic con guration of the decay,
In particular the lepton 4-m om enta. T he In pact of thise ect on the H iggsm ass resolution w ith
the AT LA S detector has been studied in Ref. [33]. Here we discuss its in pact on the num ber
of detected events as a function of the dilepton reconstructed invariant m ass in the region of
our search.
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A tthegenerator level in the electron (muon) sam ple 852% (91.6% ) of the eventsarew ithout
IB photons, 13.7% (8% ) have 1 prm , 094% (02% ) have 2y - T he corresponding average
transverse m om entum of the radiated photons, w fthout any cut except those m entioned in Sec.
[4, is close In the two sam ples, < P, >= 16:18 G&/ forthee'e smpland < P, " >=
1643 G&/ for the * sam ple. These IB photons are mainly contained in a cone w ith an
opening R = 0:I15 around a muon track and R = 025 around an electron track. By
summ Ing up the IB photon 4-m om entum to the close lgpton 4-m om entum one obtains that the
ratioN,, + =Ny . Staysthesmewihin 12% fordilepton nvariantm asses between 100
and 140 G &/ . Tt would otherw ise show a spread of 30% .

At the detector level m uons, electrons and photons Involre di erent detectors (m uon spec—
trom eter and electrom agnetic calorin eter) im plying di erent m om entum resolution, angular
acoeptance and e ciency. In this analysis we used denti cation criterda as follow s.

A muon is reconstructed as a track, in both the Inner detector and the m uon spectrom eter
(so nam ed com bined reconstruction), and enters the analysis if P+ > 10 G&7 and j j< 25.
T he average m om entum reconstructed is < P >= 3783 G &/ . The reconstruction e ciency
is higher form uons than for electrons.

An electron is reconstructed as a cluster in the electrom agnetic calorin eter associated w ith

a track inside = 0:025 and = 005, and enters the analysis if P ¢+ > 10 G& and
J j< 25. Thebest perform ance is achieved when the energy ism easured in the electrom agnetic
calorim eter (with a cluster size of 5 5 cells) and the angles ( ; ) In the tracker. T he average

mom entum reconstructed is < Pr >= 4261 G&/.

A photon is reconstructed as a cluster In the electrom agnetic calorin eter not associated
to any track inside = 0025 and = 005, and enters the analysis if E > 10 G&7 and
J Jj< 25. A cluster size of 5 5 cells is used to m easure the energy. T he value chosen for the
E+ threshold ensures a good photon reconstruction e ciency.

In this analysis however a photon’s 4-m om entum is summ ed with that of the lpton if
the photon is reconstructed Inside a cone R < 0:I5 around an electron (e *e sample) or

R < 025 around amuon ( °* sam ple). As a result, although the num ber of photons of
any origin is m ore in portant in the €" e than in the * sam ple, the num ber of photons
reconstructed separately isequal (1% ) In the two sam ples. The e ect of sum m ing the photon
and lepton 4-m om enta show s up in the distrbution of the ratio N + =N . asa function of
the dilepton invariant m ass when only events containing an 1B photon at the generator level
are considered. Tt consists in a shift from the low-m ass tail towards the Z m ass.

Basad on the whole sin ulation we could conclude [8]that theratioN + =N.. is 12
and does not depend, in the region of our search and w ithin the sim ulation statistics, on the
tw o-lepton invariant m ass.
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