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THE PHYSICS PROGRAMME WITH ATLAS�El»bieta Ri
hter-W¡sCERN, IT Division, 1211 Geneva 23, SwitzerlandInstitute of Computer S
ien
e, Jagellonian UniversityReymonta 4, 30-059 Kraków, PolandInstitute of Nu
lear Physi
sKawiory 26a, 30-055 Kraków, Poland(Re
eived O
tober 19, 1999)This arti
le presents short overwiew of the physi
s programme whi
hshould be possible with the ATLAS dete
tor, as do
umented in ATLASDete
tor and Physi
s Performan
e Te
hni
al Design Report. The physi
spotential studied in previous do
uments (ATLAS Letter of Intent andATLAS Te
hni
al Proposal) have been re-examined and many new strate-gies proposed. Here sear
h for the Higgs boson is dis
ussed in somewhatmore details, while only highlights of the new results are given for ea
h ofthe other important aspe
ts in this very broad physi
s programme.PACS numbers: 12.15.�y, 12.60.Fr, 12.60.Jv1. Introdu
tionThe Large Hadron Collider (LHC) is a proton-proton 
ollider with 14 TeV
entre of mass energy and a design luminosity of 1034
m�2s�1. The ATLASexperiment has now entered the 
onstru
tion phase for many of its dete
tor
omponents [5℄ with a stri
t s
hedule to meet the �rst 
ollisions at LHC insummer 2005. The 30fb�1 is expe
ted to be 
olle
ted with the low luminosityoperation over �rst 3 years of running and 100fb�1 per year with the highluminosity operation. The ultimate integrated luminosity will be 300fb�1.The ATLAS physi
s programme has been already dis
ussed in severaldo
uments, the most 
omprehensive ones being the Letter of Intent [2℄ andthe Te
hni
al Proposal [3℄ and re
ently 
ompleted Dete
tor and Physi
s Per-forman
e Te
hni
al Design Reports [1℄. The goals whi
h have been de�nedthere and whi
h have guided the dete
tor optimisation pro
edure remain� Presented at the XXXIX Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,May 29�June 8, 1999. (3933)



3934 E. Ri
hter-W¡sessentially the same. The most important one being measurements thatwill lead to an understanding of the me
hanism of ele
troweak symmetrybreaking.The high energy and luminosity of the LHC o�ers a large range of physi
sopportunities, from the pre
ise measurement of the properties of known ob-je
ts to the exploration of the high energy frontier. The need to a

ommo-date the very large spe
trum of possible physi
s signatures has guided theoptimisation of the dete
tor design. The desire to probe the origin of theele
troweak s
ale leads to a major fo
us on the Higgs boson; ATLAS mustbe sensitive to it over the full range of allowed masses. Other importantgoals are sear
hes for other phenomena possibly related to the symmetrybreaking, su
h as parti
les predi
ted by supersymmetry or te
hni
olour the-ories, as well as new gauge bosons and eviden
e for 
omposite quarks andleptons. The investigation of CP violation in B de
ays and the pre
isionmeasurements of W and top-quark masses and triple gauge boson 
ouplingswill also be important 
omponents of the ATLAS physi
s programme.The ex
ellent performan
e of the dete
tor is needed to a
hieve thesephysi
s goals.� The various Higgs boson sear
hes, whi
h resent some of the most 
hal-lenging signatures, were used as ben
hmark pro
esses for the settingof parameters that des
ribe the dete
tor performan
e. High-resolutionmeasurements of ele
trons, photons and muons, ex
ellent se
ondaryvertex dete
tion for � -leptons and b-quarks, high-resolution 
alorime-try for jets and missing transverse energy (EmissT ) are essential to ex-plore the full range of possible Higgs boson masses.� Sear
hes for SUSY set the ben
hmarks on the hermeti
ity and EmissT
apability of the dete
tor, as well as on b-tagging at high luminosity.� Sear
hes for new heavy gauge bosons provided ben
hmark require-ments for high-resolution lepton measurements and 
harge identi�
a-tion in the pT range as large as a few TeV.� Signatures 
hara
teristi
 for quark 
ompositeness set the requirementsfor the measurement of very high-pT jets.� The pre
ision measurements of the W and top-quark masses, gaugeboson 
ouplings, CP violation and the determination of the Cabibbo�Kobayashi�Maskawa unitarity triangle yielded ben
hmarks that ad-dress the need to pre
isely 
ontrol the energy s
ale for jets and leptons,determine pre
isely se
ondary verti
es, re
onstru
t fully �nal stateswith relatively low-pT parti
les and trigger on low-pT leptons.
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esses, heavy �avour and gauge boson produ
tionIn the initial phase at low luminosity, the experiment will fun
tion asa fa
tory for QCD pro
esses, heavy �avour and gauge bosons produ
tion.This will allow a large number of pre
ision measurements in the early stagesof the experiment. A large variety of QCD related pro
esses will be stud-ied. These measurements are of importan
e as studies of QCD `per se' ina new energy regime with high statisti
s. Of parti
ular interest will be jetand photon physi
s, open 
harm and beauty produ
tion and gauge bosonsprodu
tion. A study of di�ra
tive pro
esses will present signi�
ant exper-imental 
hallenges itself, given the limited angular 
overage of the ATLASdete
tor. Several aspe
ts of di�ra
tive produ
tion of jets, gauge bosons,heavy �avour partons will be nevertheless studied in detail. LHC will ex-tend the exploration of the hard partoni
 pro
esses to large energy s
ales(of few hundred GeV2), while rea
hing small fra
tional momentum of theproton being 
arried by a s
attered partons (of 10�5). Pre
ise 
onstraintson the partoni
 distribution fun
tions will be derived from measurementsof Drell-Yan produ
tion, of W and Z bosons produ
tion, of produ
tion ofdire
t photons and high-pT jets, heavy �avours and gauge boson pairs. De-viation from the theoreti
al predi
tions for QCD pro
esses themselves mightindi
ate the onset of new physi
s, su
h as 
ompositeness. Measurement andunderstanding of these QCD pro
esses will be essential as they form thedominant ba
kground sear
hes for new phenomena.1.1.1. B-physi
sEven at low luminosity, LHC is a beauty fa
tory with 1012 b�b expe
tedper year. The available statisti
s will be limited only by the rate at whi
hdata 
an be re
orded. The proposed B-physi
s programme is therefore verywide. Spe
i�
 B-physi
s topi
s in
lude the sear
h for and measurement ofCP violation, of B0s mixing and of rare de
ays. ATLAS 
an perform 
om-petitive high-a

ura
y measurements of B0s mixing, 
overing the statisti
allypreferred range of the Standard Model predi
tions. Rare B mesons su
h asB
 will be 
opiously produ
ed at LHC. The study of B-baryon de
ay dy-nami
s and spe
tros
opy of rare B hadrons will be also 
arried out.Let us high-light thus two examples (see also Fig. 1):The angle � of the unitarity triangle is expe
ted to be measured with apre
ision of Æ(sin 2�) = 0:012 (stat) with an integrated luminosity of 30fb�1,
olle
ted at low-luminosity data taking. Already after 1 year at low lumi-nosity (10fb�1) around 14 400 signal events with lepton-tag and 11 600events with B�-tag are expe
ted from B0d ! J=	 ! ee 
hannel about theba
kground of 900 events (in ea
h 
ases).
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hter-W¡sFor the B0s os
illation the maximum value of �ms whi
h is expe
tedto be measured with 30fb�1 data is 38:5ps�1 from samples of B0s ! D�s �+and B0s ! D�s a+1 with trigger muon-tag. The expe
ted a

ura
y of the �msmeasurement is 0:16ps�1 and this quantity 
an be measured over the wholerange predi
ted in the Standard Model.
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Fig. 1. On the left-side: Invariant mass distribution of the B0d peak in the muon-tagged J=	! ee 
hannel (open histogram) with superimposed the estimated ba
k-ground 
ontribution (shaded histogram). On the right side: Proper-time resolutionfor the de
ay 
hannels B0s ! D�s (���)a+1 (�0�+). Plots are from [1℄.1.1.2. Top-quark physi
sLHC has a great potential for performing high pre
ision top physi
smeasurements with about eight million t�t pairs expe
ted to be produ
ed foran integrated luminosity of 10fb�1. It would allow not only for the pre
isemeasurements of the top-quark mass (with a pre
ision of 2 GeV) but alsofor the detailed study of properties of the top-quark itself. The single topprodu
tion should be observable and the high statisti
s will allow sear
hesfor many rare top de
ays. The pre
ise knowledge of the top-quark masspla
es strong 
onstraints on the mass of the Standard Model Higgs boson,while a detailed study of its properties may reveal as well new physi
s.A very large samples of top-quark events whi
h will be a

umulated atLHC will allow a pre
ise measurement of the top-quark mass. More than120 000 single lepton plus jet events would be sele
ted, with a signal-to-ba
kground ratio of over 60, within a single year of running at low luminosity.Measuringmt by re
onstru
ting the invariant mass of the t! jjb 
andidatesin these events would yield a statisti
al error below 0.1 GeV (see Fig. 2).Studies on the systemati
s errors indi
ate a total error below 2 GeV should be
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Fig. 2. On the left-side: Invariant mass distribution of the sele
ted jj pairs for thein
lusive t�t sample, normalised to an integrated luminosity of 10fb�1. The shadedhistogram shows the ba
kground, whi
h is dominated by 'wrong 
ombinations' fromt�t events. On the right side: The same but for a

epted jjb 
ombinations. Only thejjb 
ombination with the highest pT is shown for ea
h event. Plots are from [1℄.obtainable, provided the energy s
ales for jets and b-jets 
an be understoodat the 1% level.At LHC, the largest sour
e of top-quarks is from t�t produ
tion. The pro-du
tion 
ross-se
tion will be determined with pre
ision of 10%, dominatedby the un
ertainty on the absolute luminosity.The large top-quark mass implies that the top quark would tend to
ouple strongly to other massive parti
les. Therefore determining whetherthe top quark has the 
ouplings and de
ays predi
ted by the SM provides asensitive probe of physi
s beyond SM. For example the measurement of theVtb will be possible with pre
ision better than 10%. The BR(t! Wb) will bemeasured with relative statisti
al pre
ision of 0:5% already after 
olle
ting10fb�1. The upper limit whi
h would be possible to derive on FCNC de
ayt! Z
 will be of 5 � 10�5 for an integrated luminosity of 100fb�1.1.1.3. Physi
s of ele
troweak gauge bosonsGauge bosons and gauge-boson pairs will be abundantly produ
ed atthe LHC. The large statisti
s and the high 
entre-of-mass energy will al-low several pre
ision measurements to be performed, whi
h should improvesigni�
antly the pre
ision a
hieved as present ma
hines.One of the 
hallenges to the LHC experiments will be whether the pre-
ision of the W -mass measurement 
an be improved. At the start of LHCmW will be known with pre
ision of 30 MeV (Tevatron and LEP). Given the300 million single W events expe
ted in one year of data taking almost 20
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hter-W¡smillion events with re
onstru
ted W ! `� will have transverse mass in therange of 65-100 GeV, see Fig. 3. The expe
ted statisti
al un
ertainty on theend-point measurement of this distribution is about 2 MeV. The very ambi-tious goal for both theory and experiment is to redu
e the individual sour
esof systemati
 errors to less than 10 MeV, whi
h would allow for the measure-ment of the W mass with pre
ision better than 20 MeV. The most serious
hallenge in this measurement is the determination of the lepton absoluteenergy and momentum s
ale to 0:02%. The 20 MeV pre
ision if a
hieved byATLAS alone [6℄ should de
rease to 15 MeV by 
ombining ATLAS and CMStogether. Su
h pre
ision would ensure that the pre
ision of the W mass isnot the dominant sour
e of errors in testing radiative 
orre
tions in the SMpredi
tion for the Higgs mass.
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0 1000 2000 3000Fig. 3. On the left-side: Distribution of the W transverse mass as obtained atparti
le level and by in
luding the expe
ted ATLAS dete
tor resolution. On theright side: The distribution of the invariant mass of the W
 system for the Stan-dard Model (shaded histogram) and a non-standard value of 0.01 for �
 (whitehistogram). The number of events 
orresponds to integrated luminosity of 30fb�1.Plots are from [1℄.The large rate of gauge boson pair produ
tion at the LHC enables AT-LAS to provide 
riti
al tests of the triple gauge-boson 
ouplings. The gauge
an
ellations predi
ted by the Standard Model will be studied and measure-ments of possible anomalous 
ouplings made. The experimental sensitivityto Triple Gauge Couplings (TGCs) 
omes from the in
rease of the produ
-tion 
ross-se
tion and the alternation of di�erential distributions for non-standard TGCs. As a 
onsequen
e an in
rease in the number of events withlarge di-boson invariant masses is a 
lear signature of non-standard TGCs asillustrated in Fig. 3, where the invariant mass of the hard s
attering is shownforW
 events simulated with Standard Model and non-standard TGCs; lim-
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an be obtained from event 
ounting in the high-mass region.However the most sensitive variables to 
ompare with Standard Model pre-di
tions are the transverse momentum spe
tra of high-pT photons or re
on-stru
ted Z bosons. It is also advantageous to 
ombine it with informationfrom angular distributions, in
luding the boson de
ay angles.A pre
ision of (0.001) for the best 
onstrained 
ouplings, 
omparable tothe world-limit at the time of the LHC start-up, 
an be a
hieved with only10fb�1. 1.2. Physi
s of Higgs bosonIf the Standard Model (SM) Higgs boson is not dis
overed before LHCbegins operation, the sear
hes for it and its possible supersymmetri
 ex-tensions in the Minimal Supersymmetri
 Standard Model (MSSM) will bea main fo
us of a
tivity. Sear
h strategies presented here explore a va-riety of possible signatures, being a

essible already at low luminosity oronly at design luminosity. Although the 
leanest one would lead to re
on-stru
tion of narrow mass peaks in the photoni
 or leptoni
 de
ay 
hannels,very promising are the signatures whi
h lead to multi-jet or multi-t �nalstates. In several 
ases signal-to-ba
kground ratios mu
h smaller than oneare expe
ted, and in most 
ases dete
tion of the Higgs boson will providean experimental 
hallenge. Nevertheless, the ATLAS experiment alone will
over the full mass range up to 1 TeV for the SM Higgs and also the fullparameter spa
e for the MSSM Higgs s
enarios. It has also a large potentialfor sear
hes in alternative s
enarios.1.2.1. SM Higgs bosonThe overall sensitivity for the dis
overy of a Standard Model Higgs bosonover the mass range from � 80 GeV to � 1 TeV is shown in �gure 4. Thesensitivity is given in units of S=pB for the individual 
hannels as well asfor the 
ombination of various 
hannels, assuming integrated luminosity of30 and 100 fb�1. A 5�-dis
overy 
an be already a
hieved over the full massrange after a few years running at low luminosity. At least two dis
overy
hannels are available over most of the Higgs-boson mass range.The most important 
hannels in the intermediate mass region, for whi
ha mass peak would be re
onstru
ted, are the four-lepton 
hannel, H !ZZ� ! 4`, the dire
t two-photon 
hannel, H ! 

, as well as the asso
iatedprodu
tion 
hannels, where Higgs boson is produ
ed in asso
iation with ave
tor boson or a t�t pair and de
ays into 

 or b�b pairs. For Higgs-bosonmasses around 170 GeV, for whi
h the ZZ� bran
hing ratio is suppressed,the dis
overy potential 
an be enhan
ed by sear
hing for the H !WW � !`�`� de
ay. Most of these 
hannels are 
hallenging in terms of dete
torperforman
e.
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Fig. 4. ATLAS sensitivity for the dis
overy of a Standard Model Higgs boson.The statisti
al signi�
an
es are plotted for individual 
hannels, as well as for the
ombination of all 
hannels, assuming integrated luminosities of 30fb�1 (top) and100fb�1 (bottom). Depending on the numbers of signal and ba
kground events,the statisti
al signi�
an
e has been 
omputed as S=pB or using Poisson statisti
s.Plots are from [1℄.
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s Programme with ATLAS 3941For mH > 2mZ , the dominant dis
overy 
hannel is the four-lepton
hannel where the dis
overy 
an be a
hieved for Higgs boson masses up to600 GeV over less than one year of data-taking at low luminosity. In the massrange between 400 GeV and about 1 TeV the best dis
overy potential is pro-vided by H ! WW ! `�jj mode 
omplemented by H ! ZZ ! ``jj; ``��modes.t�tH with H ! b�bIf the mass of the Standard Model Higgs boson is lighter than 2 mW ,the H ! b�b de
ay mode is dominant with bran
hing ratio of 90%. Theobservation of su
h 
hara
teristi
 signature would be important for both theHiggs dis
overy and for the determination of the nature of any resonan
eobserved in this mass region. Sin
e the dire
t produ
tion gg ! H withH ! b�b, 
annot be e�
iently triggered nor extra
ted as a signal above thehuge QCD two-jet ba
kground, the asso
iated produ
tion with a W or Zboson or a t�t pair remains as the only possible pro
ess to observe a signalfrom H ! b�b de
ay.Of parti
ular relevan
e turned out to be t�tH produ
tion [7℄. The 
onsid-erably 
omplex �nal state, 
onsists of twoW bosons and four b-jets. Semilep-toni
 de
ay of one of the W bosons provides a trigger and re
onstru
tionof both top-quarks in addition to asking for four b-tagged jets gives a han-dle against W+jet ba
kground and against 
ombinatorial ba
kground fromsignal itself. The signal appears as a peak in the mb�b distribution aboveba
kground dominated by t�tb�b events, see Fig. 5.The signi�
an
e for the Higgs boson dis
overy in this 
hannel ex
eeds 5�for masses up to about 120 GeV (130 GeV) and for an integrated luminosityof 100fb�1 (300fb�1).H !WW � with both W ! `�For Higgs-boson masses 
lose to 170 GeV, the signal signi�
an
e inthe H ! ZZ� ! 4` 
hannel is redu
ed, due to the suppression of theZZ�bran
hing ratio as theWW de
ay mode opens up. Based on the methodsuggested in [8℄, the dis
overy potential of this 
hannel have been investi-gated with ATLAS. The signal signature 
onsists of pair of opposite signleptons and missing energy. It 
an be dis
riminate from the various ba
k-grounds in the sele
tion pro
edure whi
h uses topologi
al di�eren
es in theangular distributions of the di-lepton system due to the opposite spin orien-tation of the W pair originating from the de
ay of the s
alar Higgs boson,see Fig. 6.A good signal-to-ba
kground ratio, of 0.7, 
an be obtained and the evi-den
e for Higgs-boson signal is given by the ex
ess of events in the transverse
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Fig. 5. On the left-side: For fully simulated events, the re
onstru
ted mb�b distribu-tion for t�tH with H ! b�b signal events with both top-quarks being re
onstru
tedinside a mass window and for low luminosity performan
e. The shaded area denotesthose events for whi
h jet assignment in the Higgs boson re
onstru
tion is 
orre
t.On the right side: Invariant mass distribution, mb�b, of tagged b-jet pairs in fullyre
onstru
ted t�tH events with Higgs boson mass of 100 GeV above the summedba
kground for an integrated luminosity of 100fb�1 (30fb�1 with low-luminosityperforman
e and 70fb�1 with high luminosity performan
e). Plots are from [1℄.
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Fig. 6. On the left-side: Di�eren
e in the pseudorapidity between the two leptonsfor H !WW � ! `�`� signal events with mH = 170 GeV, and for the WW � andt�t ba
kground events. All distributions are normalised to unity. On the rightside:Di�eren
e in azimuth between the two leptons for H !WW � ! `�`� signalevents with mH = 170 GeV and for the WW � and t�t ba
kground events. Alldistributions are normalised to unity. Plots are from [1℄.
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s Programme with ATLAS 3943mass distribution of the di-lepton system. This distribution also shows thesensitivity to the Higgs boson mass whi
h hopefully 
an be 
onstrained inthis 
hannel to better than � 5 GeV.Determination of the Higgs-boson mass and widthAssuming that a Standard Model Higgs boson will have been dis
overedat the LHC, the pre
ision measurements of its properties should give furtherinsights into the ele
troweak symmetry-breaking me
hanism and into theway the Higgs 
ouples to fermions and bosons.
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Fig. 7. On the left-side: Relative pre
ision �mH=mH on the measured Higgs-bosonmass as a fun
tion ofmH , assuming an integrated luminosity of 300fb�1. The bla
ktriangles (bla
k 
ir
les) 
orrespond to the 
ombination of all 
hannels for an overallun
ertaintity of 0:1%(0:02%) on the absolute s
ale of EM Calorimeter. On the rightside: Relative pre
ision ��H=�H on the measured Higgs-boson width as a fun
tionof mH , assuming an integrated luminosity of 300fb�1. Plots are from [1℄.The ultimate experimental pre
ision with whi
h ATLAS should be ableto measure the Higgs boson mass and width is shown in Fig. 7. It showsresults expe
ted for various 
hannels as well as 
ombination of all 
hannels.The quoted pre
ision in
ludes the statisti
al error in determination of thepeak position, 
oming from both the limited number of signal events, theerror on the ba
kground subtra
tion, and the systemati
 error on the ab-solute energy s
ale. The latter is assumed to be 0:1% for de
ay 
hannelswhi
h 
ontain leptons or photons and 1% for de
ay 
hannels 
ontaining jets.For 
omparison, the pre
ision of the Higgs-boson mass measurement hasalso been determined assuming a systemati
 un
ertainty of 0.02% for theele
tromagneti
 s
ale.The Higgs-boson width 
an be experimentally obtained from a mea-surement of the width of the re
onstru
ted Higgs peak, after unfolding the
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ontribution of the dete
tor resolution. The dire
t measurements are onlypossible for masses larger than 200 GeV, above whi
h the intrinsi
 width ofthe resonan
e be
omes 
omparable to or larger than the experimental massresolution. This mass region is 
overed mainly by H ! ZZ ! 4` de
ays.1.2.2. MSSM Higgs bosonsOver the past years, prospe
ts for the dete
tion of MSSM Higgs bosonsat LHC have been re-evaluated [9℄. These studies have sele
ted sets ofparameters, for whi
h supersymmetri
 (SUSY) parti
le masses are large,so that Higgs boson de
ays to SUSY parti
les are kinemati
ally forbidden.The interest was fo
used on the dis
overy potential of various de
ay modesa

essible also in the 
ase of the SM Higgs boson: h ! 

, h ! b�b, H !ZZ ! 4`, and of modes strongly enhan
ed at large tan�: H=A ! �� ,H=A ! ��. Mu
h attention was given also to other potentially interesting
hannels su
h as:H=A! t�t, A! Zh and H ! hh.The 
on
lusions whi
h 
an be drawn from these studies and from Fig. 8are that 
omplete region of parameter spa
e, mA = 50� 500 GeV andtan � = 1 � 50, should be a

essible for the Higgs boson dis
overy bythe ATLAS experiment. The overall dis
overy potential relies heavily onthe H=A! �� 
hannel, on the t�th with h! b�b and on the dire
t and as-so
iated h! 

 
hannels. Over large fra
tion of the parameter spa
e morethan one Higgs boson and/or more than one de
ay mode would be a

es-sible. For almost all 
ases experiment will be able to distinguish betweenthe SM and the MSSM models. This 
omplete 
overage 
an also be rea
hedindependent on the mixing s
enario in the stop-sbottom se
tor.Fig. 8 also display the present LEP2 limit and the ultimate limit ex-pe
ted by the end of LEP2 operation in 2000 assuming that no Higgs-bosondis
overy is made. The present experimental limit from LEP2 already ex-
ludes value of tan � below 2-3, and the expe
ted ultimate limits will extendthese ex
luded regions to tan � < 3 (maximal mixing) or even tan� < 7(minimal mixing). It makes prospe
ts for the dis
overy of several 
hannelsless promising as they do not have dis
overy potential at large tan�. Stud-ies of these 
hannels are nevertheless 
onsidered valuable, sin
e they providemodel-independent probes of possible Higgs-boson signatures and sin
e they
ontribute to the general pro
ess of quantifying and optimising the dete
torperforman
e for the exploration of new physi
s signatures.The interplay between SUSY parti
les and the Higgs se
tor has alsobeen addressed. SUSY s
enarios have an impa
t on dis
overy through theopening of Higgs boson de
ays to SUSY parti
les (mostly for H and A) andthrough presen
e of SUSY parti
les in loops (mostly for produ
tion via ggfusion and for h! 

 de
ays). S
enarios in whi
h SUSY parti
les are lightand appear as Higgs de
ay produ
ts have been studied in the framework of
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Fig. 8. ATLAS sensitivity for the dis
overy of MSSM Higgs bosons in the 
ase ofminimal mixing. The 5� � dis
overy 
ontour 
urves are shown in the (mA; tan�)plane for individual 
hannels dis
ussed and for an integrated luminosities of 30fb�1(top) and 300fb�1 (bottom). Also in
luded are the present LEP2 limit (for anintegrated luminosity of 175pb�1 per experiment) and the expe
ted ultimate LEP2limit (for an integrated luminosity of 200pb�1 per experiment at a 
entre-of-massenergy of 200 GeV). Plots are from [1℄.



3946 E. Ri
hter-W¡sSUGRA models. The dis
overy potential of the lightest neutral Higgs h inthe SM produ
tion pro
esses would not be signi�
antly di�erent from what isobtained in the heavy SUSY s
enario, sin
e within the model, giving presentexperimental 
onstraints, the de
ay of h to the lightest SUSY parti
les iskinemati
ally forbidden. Moreover, over a large fra
tion of the SUGRAparameter spa
e, the h-boson would appear at the end of the de
ay 
as
adeof SUSY parti
les in the 
hannel �20 ! �10h whi
h will be observable withATLAS dete
tor. The neutral heavy Higgs bosons would be dete
ted in some
ases via their de
ays into neutralinos and 
harginos, using multilepton �nalstates.The eviden
e for MSSM Higgs-boson signal would not however 
onstitutea dire
t proof of the existen
e of supersymmetry, unless supersymmetri
parti
les are dis
overed themselves.The lightest Higgs bosonThe lightest Higgs boson will be seen in the Standard Model produ
tionpro
esses, available as well for the SM Higgs boson in the mass range 100-150 GeV or in the de
ay of SUSY 
as
ade. However there is a region ofparameter spa
e where it might be not a

essible neither to LEP nor toLHC. As shown in Fig.8 it might happen for tan � > 10 and mA � 120 GeVIn the (mA; tan �) parameter spa
e relevant for the LHC sear
hes, boththe dire
t and asso
iated produ
tion 
ross-se
tions and the bran
hing ratiosh! 

 and h! b�b rea
h asymptoti
ally the SM values as mA and/or tan�in
reases. In this de
oupling limit the lightest MSSM Higgs boson behaveslike a SM Higgs. The 5�-dis
overy 
ontours are shown in Fig. 9. For anintegrated luminosity of 30fb�1 only low tan � region and only h ! b�b isa

essible while already for an integrated luminosity of 100fb�1 almost fullparameter spa
e 
an be 
overed with importan
e of h ! 

 de
ay moderising with in
reasing luminosity.The lightest Higgs boson often appears at the bottom of the 
as
ades.One 
opious produ
tion sour
e is the de
ay of the se
ond neutralino into thelightest SUSY parti
le; the former is produ
ed with large rate in the de
reaseof squarks and gluinos. In the R-parity 
onserving SUSY models the lightHiggs h is always a

ompanied by missing transverse energy; 
arried o� bythe lightest SUSY parti
le. The presen
e of missing transverse energy andseveral energeti
 jets 
an be used to obtain a sample that 
onsists mainly ofthe de
ay produ
ts of SUSY parti
les. The dis
overy of the Higgs h in itsdominant de
ay mode h! b�b without a lepton being present then be
omespossible (see Fig.10).The SUGRA parameter was s
anned in sear
h for 
on�guration whereHiggs signal 
an be observable in the 
as
ade de
ay. The proje
tion on the(mA; tan �) plane is shown in Fig. 10. Outside the marked region signal will
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Fig. 9. For an integrated luminosities of 30fb�1, 100fb�1 and 300fb�1, the 5�-dis
overy 
ontour 
urves for the h! 

 (left-side) and h! b�b 
hannels (right-side)in the (mA; tan�) plane. Plots are from [1℄.
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0 1000 2000 3000Fig. 10. On the left: The re
onstru
ted mb�b distribution for h! b�b signal in SUSY
as
ade + total ba
kground (solid line), SUSY and SM ba
kground (dashed) andfor SM ba
kground (bla
k). for an integrated luminosity of 30fb�1 and SUGRApoint (m0;m1=2) = (400; 400). On the righ: For integrated luminosities of 30 and300 fb�1, 5�-dis
overy 
ontour 
urves for the h ! b�b from SUSY 
as
ade in the(mA; tan�) plane. Plots are from [1℄.not be observable. Either the Higgs h is not produ
ed in the SUSY 
as
adeof heavy gaugino de
ays into lighter ones or a large b�b redu
ible ba
kgroundoverwhelms the signal. The observability region overlaps with the parameterspa
e above mA = 500 GeV where there is no or redu
ed sensitivity to theheavy boson in the MSSM model.
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hter-W¡sThe heavy Higgs bosonThe heavy Higgs bosons: H and A are almost degenerate in mass overmost of the parameter spa
e. Their a

essibility relies on the predi
ted en-han
ed produ
tion in asso
iation with b�b pairs for large tan � or on the di-re
t produ
tion for low and moderate tan �. The 
ouplings ZZH and WWHare strongly suppressed with rising tan� and/or mA and as a 
onsequen
ebran
hing ratio to other de
ay modes like ��; t�t; �� be
ome enhan
ed. Thusdis
overy in these modes, not a

essible for SM Higgs will be
ome the evi-den
e for the MSSM s
enario of the Higgs se
tor.The a

essibility of the large tan � region was re
ently revisited for twode
ay 
hannels �� and ��. In the �rst 
ase � -identi�
ation, the EmissT reso-lution and the re
onstru
tion of the �� invariant mass are 
ru
ial elementsof the dis
overy potential. The se
ond de
ay mode is less 
hallenging exper-imentally requiring only high e�
ien
y for muons identi�
ation and goodmass resolution. New strategy for 
ombined analyses with and withouttagging on the spe
tator b-jet in the b�bH, b�bA asso
iated produ
tion wasevaluated. This has resulted in the signi�
ant improvement of the overallsensitivity to these 
hannels, presented in terms of 5�-dis
overy 
ontours inFig. 11.

Fig. 11. For an integrated luminosities of 30fb�1, 100fb�1 and 300fb�1, the 5�-dis
overy 
ontour 
urves for the H ! �� (left-side) and H ! �� 
hannels (right-side) in the (mA; tan�) plane. Plots are from [1℄.In some regions of SUSY parameters spa
e is predi
ted large bran
hingratio for neutralino and 
hargino de
ays, H ! �0i�0i , or H ! ��i ��i , withfurther de
ay via 
as
ades into multi-lepton �nal states. Su
h multi-lepton�nal states together with missing transverse energy provide a 
lean signature.In some regions of SUSY parameter spa
e there would be possible to extra
tsu
h signal from SM and SUSY ba
kground requiring presen
e of 2 pairs of
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s Programme with ATLAS 3949same-sign and opposite-sign leptons, see Fig.12. The re
onstru
ted invariantmass of the 4-lepton system will show sensitivity to the mass of the Higgsboson. In some 
ases, taking only events near the endpoint of the di-leptonmass distribution from �02 ! �01`` de
ays, would allow to re
onstru
t thefour-momentum of the �02 and, assuming its mass, even re
onstru
tion ofthe mass of the Higgs boson in H ! �02�02 de
ay. The a

essibility of thisde
ay mode was studied within SUGRA and results of this s
an are shownin (mA; tan �) plane Fig. 13.
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Fig. 12. On the left-side: For H ! ��! 4` de
ays with mA = 371 GeV distribu-tion of four-lepton invariant mass for the ba
kground (solid line) and the summedsignal+ba
kground (points with error bars) for an integrated luminosity of 300fb�1.On the right-side: Expe
ted re
onstru
ted Higgs mass for end-point OS-SF pairs(see text) and integrated luminosity of 300fb�1. Plots are from [1℄.
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Fig. 13. For an integrated luminosity of 300fb�1, the 5�-dis
overy 
ontour 
urvesfor the H ! ��! 4` 
hannel in the (mA; tan�) plane for �xed (m0 = 50, 100,150 and 200 GeV). Plots are from [1℄.



3950 E. Ri
hter-W¡sThe 
harged Higgs bosonThe possibility for dis
overing the 
harged Higgs heavier than the top-quark produ
ed by gg ! H�tb and gb! H�t fusion have been investigated.WithH� ! tb de
ay these pro
esses lead to multi-top, multi-bjet �nal state.The a

essibility of the gb ! H�t fusion was studied re
ently. Askingfor 3 b-tagged jets, vetoing additional b-jet and re
onstru
ting both top-quarks suppresses dominant t�t ba
kground su�
iently for the Higgs signalobservability in the small and large tan� ranges. The re
onstru
ted masspeak is however rather broad, of 15-50 GeV for the Higgs mass varyingfrom 200-500 GeV. Fig. 14 shows signal and ba
kground distributions forthe 300 GeV Higgs (left) and 5�-dis
overy 
ontour 
urves in the (mA; tan �)plane (right).
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Fig. 14. On left-side: The signal and ba
kground distribution for re
onstru
tedinvariant mass mtb for Higgs mass of 200 GeV, tan� = 1:5 and an integratedluminosity of 30fb�1. Errors are statisti
al only. On right-side: For integratedluminosities of 30fb�1, 100fb�1 and 300fb�1, 5�-dis
overy 
ontour 
urves for theH� ! tb 
hannel in the (mA; tan�) plane. Plots are from [1℄.Determination of the Higgs-boson mass and tan �The theoreti
al motivation for pre
ision measurements in the MSSM iseven stronger than in the Standard Model. In the SM, a pre
ise knowledgeof the pro�le of the Higgs boson (mass, width, bran
hing ratios, 
ouplings)would 
on�rm 
orre
tness of the model itself. However, sin
e the sensitivityof the pre
ision ele
troweak measurements to the Higgs mass through radia-tive 
orre
tions is only logarithmi
 one, pre
ise knowledge of the Higgs-bosonmass would not substantially over
onstrain the model.
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s Programme with ATLAS 3951In the MSSM, the Higgs se
tor 
onstraints strongly the predi
ted re-lations between Higgs-boson masses, tan� and other parameters of SUSYmodel. Pre
ise measurements of the Higgs(es)-boson parameters and ofSUSY parti
le masses, if mat
hed well by the pre
ision of theoreti
al 
al
u-lations, would allow to over
onstrain the SUSY model itself.Fig. 15 shows expe
ted pre
ision on the measurement of the Higgs bosonmass and value of tan�. Pre
ision on the mass measurement vary from0:1% to 12% depending on the �nal state of interest. For large tan� itsvalue will be determined with pre
ision to few per
ent as well from H ! ��or H ! �� 
hannels.
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Fig. 15. Expe
tyed pre
ision on the measurement of the Higgs boson masses (attan� = 30) and for tan� (at mA = 300 GeV) for an integrated luminosity of300fb�1. Plots are from [1℄. 1.3. SupersymmetryDis
overing SUSY at the LHC will be straightforward if it exists at theele
troweak s
ale. Copious produ
tion of squarks and gluinos 
an be ex-pe
ted, sin
e the 
ross-se
tion should be as large as a few pb for squarksand gluinos as heavy as 1 TeV. Their 
as
ade de
ays would lead to a varietyof signatures involving multi-jets, leptons, photons, heavy �avours, W andZ bosons, and missing energy. The 
ombination of a large produ
tion 
ross-se
tion and distin
tive signatures makes it easy to separate SUSY from theStandard Model ba
kground.In several models also the pre
ision measurement of the masses of SUSYparti
les and the determination of the model parameters will be possible.The main 
hallenge would be therefore not to dis
over SUSY itself, but toreveal its nature and determine the underlying SUSY model. For severalspe
i�
 SUSY s
enarios: SUGRA, GMSB, and R-parity violating models,the 
hara
teristi
 signatures have been investigated in detail. Methods su
h
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hter-W¡sas looking for kinemati
 endpoints for mass distributions and using these todetermine 
ombinations of masses have been proven generally useful.In
lusive dis
overyThe starting point will be to look for 
hara
teristi
 deviations from Stan-dard Model. In SUGRA and some other models, there 
ould be events withmultiple jets and/or leptons plus large EmissT . In GMSB models it would beevents with prompt photons or quasi-stable leptons. In R-parity violatingmodels, there would be events with high jets and/or leptons multipli
ity.Any su
h signal would point to possible 
lasses of models and would in-di
ate the rough mass s
ale [10℄. The next step would be to use partialre
onstru
tion methods to try to 
onstrain as many 
ombinations of massesas possible.R-parity 
onserving s
enariosIn this s
enarios several examples the de
ay produ
ts of SUSY parti
lesalways in
lude and invisible �01, so no mass peaks 
an be re
onstru
ted di-re
tly. It is possible however to pi
k out parti
ular multi-body de
ay modesand then to determine 
ombinations of masses by measuring endpoints ofthe visible mass distributions [10℄. For example, in the de
ay �02 ! �01``the endpoint of the dilepton mass distributions measures m�02 �m�01 , seeFig.16. In the de
ay ~q ! �02q with �02 ! �01h(! b�b) upper edge of the min-imal 
ombination of the jjb system where b-jets re
onstru
t h ! b�b de
ayis sensitive to the mass of the squark. Examples of su
h distributions areshown in Fig.16 In the favorable 
ases su
h measurement 
an be su�
ientto �t the parameters of the model. If a long de
ay 
hain 
an be identi�ed,it is even possible to determine the masses involved without relying on themodel. The SUSY produ
tion 
ross se
tion at the LHC is dominated bygluinos and squarks, whi
h de
ay mainly through the lighter 
hargino andtwo neutralinos. For this reason many of the analyses involve de
ays of these
ond neutralino: �02 ! �01``, �02 ! ``, �02 ! h�01.R-parity breaking s
enariosIn these s
enarios were the LSP de
ay into quarks and/or leptons signa-tures (bayron or lepton number violation) are very di�erent with respe
t toR-parity 
onserving models, for whi
h the basi
 signature is the EmissT fromundete
ted �01 in the �nal state. Depending on the value of the 
ouplingthe LSP will de
ay outside the dete
tor, thus giving a phenomenology iden-ti
al to R-parity 
onserving models or will de
ay inside the dete
tor with adispla
ed vertex or at the intera
tion point. For this latter 
ase, no addi-tional information is available to disentangle the LSP de
ay produ
ts fromthe Standard Model ba
kground.
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Fig. 16. On the left-side: Dilepton mass distribution for Point3 with 
as
ade de
ay�02 ! �01`` (solid) and Standard Model ba
kground (shaded). On the right-side:The minimum mass 
ombination in jbb mass distribution at Point1 with 
as
adede
ay �02 ! h(! b�b)�01. Plots are from [1℄.
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Fig. 17. On the left-side: The EmissT spe
tra for the R-parity 
onserving 
ase, andfor the de
ay into two jets and respe
tively a 
harged lepton or a neutrino. On theright-side: The invariant mass spe
trum of jjl 
ombination for SUSY (dashed),QCD (dashed), and both (full line). Plots are from [1℄.Several su
h s
enarios were studied in ATLAS. As as example Fig. 17(left-side) shows the expe
ted EmissT spe
tra for the R-parity 
onserving 
ase,and for de
ays into two jets and respe
tively a 
harged lepton (�01 ! q�q`)or a neutrino (�01 ! q�q�). In the �rst 
ase there is available very distin
tSUSY signature as the two additional leptons per event allow easy separationfrom SM ba
kground, and two leptons 
an be taken as a 'seeds' for the fullre
onstru
tion of the �01. Example of su
h re
onstru
tion is shown in Fig. 17(right side).
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hter-W¡sGauge mediated SUSY breaking models (GMSB)In the GMSBmodels the lightest SUSY parti
le (LSP) is the gravitinowithmG << 1 GeV. The next lightest SUSY parti
le (NLSP) is neutralinoor slepton. The NLSP de
ay promptly to gravitinos �01 ! G
 or `R ! G`or de
ay outside the dete
tor. There are four distin
t 
ases of GMSB phe-nomenology, depending on whether the NLSP is neutralino or a slepton andwhether is has a short or long lifetime: two hard photons + EmissT ; multi-ple leptons; quasi-stable 
harged leptons; SUGRA like signature. Presen
eof extra photons plus the usual jets/leptons/EmissT signatures renders theSM ba
kground negligible. Somewhat distin
t signatures are non-pointingphotons or long-lived 
harged leptons. ATLAS dete
tor is parti
ularly wellsuited to dete
t su
h event. Several studies on the 
apability of re
onstru
t-ing su
h events were performed in ATLAS.1.4. Physi
s beyond the Standard ModelOther sear
hes beyond the Standard Model have been also investigatedwith ATLAS, evaluating strategies for sear
hing for te
hni
olour signals,ex
ited quarks, leptoquarks, new gauge bosons, right-handed neutrinos andmonopoles have been evaluated [1℄. Given the large number of detailedmodels published in this �eld, rather an exploratory point of view is taken,examples are used and in some 
ases a detailed study was performed.REFERENCES[1℄ ATLAS Collaboration, ATLAS Dete
tor and Physi
s Performan
e TDR,ATLAS TDR 15, CERN/LHCC 99-15.[2℄ ATLAS Collaboration, ATLAS Letter of Intent, CERN/LHCC/92-4, CERN1992.[3℄ ATLAS Collaboration, ATLAS Te
hni
al Proposal, CERN/LHCC 94-43,CERN 1994.[4℄ [1℄ and referen
es therein.[5℄ ATLAS Collaboration, ATLAS Te
hni
al Design Reports, CERN/LHCC/96-40 � CERN/LHCC/96-42; CERN/LHCC/97-16 � CERN/LHCC/97-22;CERN/LHCC/98-14.[6℄ F. Gianotti,'Measurement of theW mass at LHC', ATLAS Internal Note ATL-COM-PHYS-99-063 (1999), published in Pro
eedings from IVth InternationalSymposium on Radiative Corre
tions, Bar
elona'98.[7℄ E. Ri
hter-Was, M.Sapinski, A
ta Phys. Pol. B30, 1001 (1999).[8℄ M. Dittmar, H. Dreiner, Phys. Rev. D55, 167 (1997); Contributed paper toEPS 
onferen
e, abstra
t 325, hep-ph/9703401.[9℄ E. Ri
hter-Was et al., Int. J. Mod. Phys. A13, No 9 (1998).[10℄ I. Hin
hli�e et al., Phys. Rev. D55, 5520 (1997).


