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0.1 ATLAS Physics Analysis

For a long time the MPP ATLAS group has been con-
tinuously working on the preparation of physics analy-
sis of hadron collision data at the LHC. The results ob-
tained in the years 1997-2007, including preparatory
work based on Tevatron data, are described in the pre-
vious reports [?] (p.82-84), [?] (p.106-112), [?], and
references therein.

The present physics studies for the ATLAS exper-
iment cover a broad physics range. Already at the
early stage of data taking, a number of Standard Model
(SM) processes occur in abundance. These processes
allow for detailed studies of the detector performance,
as well as for the precision measurement of QCD
and electroweak observables. The data collected so
far allow for the first measurements of inclusive lep-
ton distributions, as well as the observation of elec-
troweak gauge bosons. Also the processes involving
top-quarks will very soon become measurable as the
integrated luminosity increases. A good understand-
ing of SM processes is essential also for new discov-
eries. The ATLAS discovery potential is explored in
searches for the Higgs boson both in the Standard
Model and in supersymmetric extensions, as well as
in a generic search for supersymmetric particles and
other phenomena like the lepton flavour violation. The
ongoing investigations are described in more detail be-
low.

0.1.1 Standard Model Processes

Inclusive Lepton Cross Sections

At the LHC pp collision events with highly energetic
electrons and muons in the final state provide clean
signatures for many physics processes of interest. A
good understanding of the inclusive electron and muon
cross sections is therefore of great importance. The
MPP group contributes to these measurements [?, ?,
?].

At the LHC electrons are produced predominantly
in decays of heavy quarks for transverse energies be-
low about 30 GeV and in decays ofW andZ bosons
at higher transverse energies. The MPP group signif-
icantly contributed to the optimization of the electron
selection criteria to arrive at an electron selection effi-
ciency which is flat in the transverse electron energy
(see Fig. 1). The first measured inclusive electrons
spectrum at a center of mass energy of 7 TeV at the
LHC is shown in Fig. 2 in comparison with the pre-
diction of the Pythia minimum bias Monte-Carlo. The
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Figure 1: Monte-Carlo prediction of the electron recon-
struction efficiency for electrons from heavy quark andZ
boson decays. [?]
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Figure 2:Comparison of the measured distribution of the
transverse energies of prompt electrons fromc and b de-
cays with the Pythia 6.4 minimum bias Monte-Carlo pre-
dictions. [?]

MPP group contributes to the study of the observed
20% discrepancy between data and Monte-Carlo pre-
diction, using the increasing statistics of the inclusive
electron sample.

The MPP group is also involved in the measure-
ment of the inclusive muon cross section contribut-
ing with its experience in muon performance stud-
ies. The measured inclusive muonpT spectrum is pre-
sented in Fig. 3 where it is compared to the Pythia 6.4
minimum bias Monte-Carlo prediction. The measured
spectrum is well reproduced by the Monte-Carlo sim-
ulation. The discrepancy observed forpT > 20 GeV
is due to muons originating fromW andZ boson de-
cays. According to the Monte-Carlo simulation, the
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Figure 3: Comparison of the measured inclusive muon
transverse momentum spectrum with the Pythia 6.4 mini-
mum bias Monte-Carlo prediction. The Monte-Carlo data
is decomposed into three sources of muons, namely in-flight
decays of charged pions and kaons and the decays of heavy-
flavour hadrons. [?]

main sources of muons at transverse momenta be-
low 20 GeV are in-flight decays of charged pions and
kaons and the decays of heavy-flavour hadrons. The
contribution of pion and kaon decays in-flight to the
inclusive muon spectrum will be estimated from data
by comparing the momentum measured in the inner
detector with the momentum measured in the muon
spectrometer. Late pion and kaon decays in the inner
detector lead to a large momentum imbalance between
the inner detector and muon spectrometer as illustrated
in Fig. 4, as the inner detector measures the pion or
kaon momentum while the muon spectrometer mea-
sures the momentum of the decay muon.

Electroweak Gauge Boson Production

The measurement of theW andZ boson production is
a first essential step in understanding hard electroweak
processes in the high-energy regime of the LHC. With
a sufficient amount of collected data, precise inclu-
sive and differential cross section measurements can
be performed to probe the parton density functions. In
addition, these processes are studied with the motiva-
tion of estimating the backgrounds to the searches for
Higgs bosons and supersymmetric particles. Of par-
ticular interest here is the electroweak gauge bosons
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Figure 4: Distribution of the difference of the muon mo-
mentum measurements in the inner detector and the muon
spectrometer normalized to the inner detector momentum
measurements in simulated data. [?]

production in association with jets, where the bosons
are decaying into electrons, muons orτ leptons.

W bosons have already been observed in the first
16.6 nb−1 of ppcollision data collected with ATLAS:
43 W bosons in theeνe final state and 67W boson
in the µνµ final state. As expected forpp collisions,
moreW+ thanW− bosons have been detected, 70W+

and 40W− bosons. The first measurements of inclu-
siveW andZ production cross-sections have also been
performed. Fig. 5 shows the transverse mass distribu-
tion of theW → µνµ candidates in the first 16.6 nb−1

of pp collision data collected by ATLAS. The Monte-
Carlo prediction is consistent with the measured distri-
bution and has a negligible background contamination.
A first measurement of theW production cross section
could also be performed. The experimental error of
the cross section is dominated by the statistical error
of the number of observedW candidates and the 10%
uncertainty of the luminosity measurement. The mea-
suredW production cross section agrees well with the
NNLO calculations as shown in Fig. 6.

Also candidates forZ → ℓ+ℓ− decays with iso-
lated charged leptons were observed by ATLAS.
In the recently collected 229 nb−1 of pp colli-
sion data ATLAS observes clearZ peaks in the
dilepton invariant mass spectra as shown in Fig. 7
[?]. The measured cross sections of[0.72 ±
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Figure 7:Invariant massmℓℓ of Z candidates in the electron (a) and muon (b) channels. [?]

0.11(stat)±0.10(syst)±0.08(lumi)] nb for Z → e+e−

and[0.89± 0.10(stat)±0.07(syst)±0.10(lumi)] nb for
Z → µ+µ− are in agreement with the theoretical pre-
diction as illustrated int Figure 8.

0.1.2 Top-Quark Physics

Overview

The top-quark is by far the heaviest known elemen-
tary building block of matter. The precise knowledge
of the quantum numbers of the top-quark helps to fur-
ther constrain the parameters of the Standard Model,
and is a mandatory prerequisite for any study of new
physics that will almost inevitably suffer from top-
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quark reactions as background processes. In addition,
the top-quark should have the strongest couplings to
any mechanism that generates mass, which makes it a
very interesting object for an unbiased search for this
mechanism.

The present main interest of the top-quark physics
analysis work of the MPP group is the investigation
of the tt̄ production process, and particularly the de-
termination of the mass of the top-quark (mtop) and

the production cross-section (σtt̄ ) in the reactiont t̄ →
bb̄ W+ W−.

The analyses use two decay channels of the W-
boson pair, the lepton + jets channel, where the W-
boson pair decays intoℓν qq′ with ℓ = e, µ (branching
ratio,BR = 30%) and the all-jets channel, where both
W-bosons decay into aqq′ pair (BR = 44%). In both
channelsmtop is obtained from hadronically decaying
W-bosons and the corresponding b-jet.

The main background reactions tot t̄ production,
as determined from Monte Carlo simulations, are the
W + n-jets production, QCD multijet production, sin-
gle top-quark production, and that fraction of thett̄
production where the W-boson pair decays via the
other decay channels. The QCD multijet production
process is special due to the huge cross-section be-
fore any cut, such that event samples fully covering
the signal phase space cannot be simulated with suf-
ficient statistics, especially for the lepton + jets chan-
nel, where the selected lepton mostly results from a
wrongly reconstructed jet. Eventually this background
contribution has to be obtained from data. So far, ini-
tial studies of this background based on Monte Carlo
samples have been performed and methods to evaluate
it from the data, like the matrix-method, have been im-
plemented. The matrix-method was successfully ap-
plied to estimate the background fraction from Monte
Carlo samples with a deliberately unknown composi-
tion of signal and background events [?]. In the MPP
investigations, for the first time thekt -jet algorithm has
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been used in top physics analyses at ATLAS [?, ?] Be-
cause of a better stability against divergences, this al-
gorithm is theoretically preferred over the traditionally
applied cone-jet algorithm. By now also the experi-
mental advantages became apparent, such that since
recently a variant of it, namely the anti-kt jet algorithm
is the ATLAS standard.

At present the analyses are optimized on Monte
Carlo samples and are ready to be applied to the data
to be taken still this year. The analyses are mostly per-
formed assuming the initially envisaged proton-proton
center of mass energy of

√
s = 10 TeV and for in-

tegrated luminositiesLint of several 100 pb−1. An
overview of the recent activities is given below, the
initial investigations were reported in [?] (p.106-112),
[?].

Lepton + Jets Channel

The lepton + jets channel is the best compromise
of branching fraction and signal-to-background ratio
(S/B), defined as the ratio oft t̄ signal events to physics
background events. Therefore most of the effort is in-
vested in this channel. At MPP a number of analyses
have been performed to arrive at the most sensitive ob-
servable and analysis strategy for obtainingmtop from
the invariant mass of the three jets assigned to the de-
cay products of the hadronically decaying top-quark.
Different event- and jet selection algorithms, observ-
ables, jet calibration schemes (see Sec.??), and fitting
methods have been exploited for this.

In the lepton + jets channel the charged lepton with
a high transverse momentum1 (pT) from the decay
of one W-boson is utilized to trigger and identify the
event, and to efficiently suppress background without
genuine charged leptons, i.e. from the QCD multijet
production. In general, the event selection for the lep-
ton + jets channel requires an isolated electron or muon
within the good acceptance of the detectors, which has
a transverse momentum of more that 20 GeV and lies
within the rapidity range of|η| < 2.5. Since the ini-
tial state is balanced inpT, to account for the neutrino
a missing transverse energy of more than 20 GeV is
required. In addition, at least four jets are required

1In the ATLAS right-handed coordinate system thex-axis
points towards the center of the LHC ring, they-axis points
upwards and thez-axis points in the direction of the counter-
clockwise running proton beam. The polar angleθ and the
azimuthal angleφ are defined with respect to thez-axis and
x-axis, respectively. The pseudo-rapidity is defined asη =
− ln(tan(θ/2)) and the radial distance in(η, φ) space is∆R =
√

∆η2 + ∆φ2.
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Figure 9:The reconstructed top-quark mass together with
a fit.

within the same range of rapidity, and having trans-
verse momenta of more than 40 GeV for the three
highestpT jets, and more than 20 GeV for the fourth
jet. All jets should be well separated from the identi-
fied lepton. Given the different emphasis of the ana-
lyses, these requirements are slightly modified or ad-
ditional requirements like the presence of identified b-
jets, or restrictions to the reconstructed invariant mass
of the W-boson are imposed. With these selections,
for each lepton sample an average signal efficiency of
about 10% is reached, and the S/B is about 1.5.

The standard assignment of jets to the top-quark and
the W-Boson are as follows. For each event, from
all jets with pT > 20 GeV the three jet combination
which maximizes the transverse momentum is chosen
to form the hadronically decaying top-quark. This al-
gorithm is named thepT-max method. Out of this,
the two jet pair with the smallest∆R is taken to repre-
sent the W-boson. A typical top-quark mass spectrum
observed with these requirements [?], and only using
signal events and W + n-jets events, is shown in Fig. 9.
In this example, the spectrum is fitted with a Gaus-
sian function to parameterize the correct combinations
leading to the top-quark mass and width, and a sum
of Chebyshev polynomials used to describe the events
stemming from the sum of the physics background
events and wrong jet combinations in selected signal
events. The Gaussian part of the fit is also shown sep-
arately and compared to the red histogram made from
the correct jet triplet. In this case correct jet triplets
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are defined as those combinations of jets where the re-
constructed four-vector of the jet triplet coincides with
that of the top-quark to within∆R = 0.1.

From this figure it is clear that firstly the correct jet
triplets constitute only a small part of the events in
the peak region around the generated top-quark mass
of 172.5 GeV, secondly that the shape of the combi-
natorial background can well influence the fitted peak
value, and thirdly that the shown W + n-jets contribu-
tion is still sizeable and not entirely flat.

These issues are addressed, e.g. by using other al-
gorithms to select the jet triplet, or by exploiting ad-
ditional variables or a constrained fit that both help
to separate signal from background. Additional algo-
rithms studied include the so-called∆R method that
exploits the angular correlations between the two b-
jets that should have a large∆R, and the two light-jets
that should have a small∆R. This algorithm works
without explicitly using b-jet identification, instead
from apT ordered jet list the first two jets are assumed
to be the b-jets and the next two jets to stem from the
W-Boson decay. On these jets the angular require-
ments are applied. Whether the decrease in statistical
precision compared to thepT-max method is compen-
sated by superior features like an improved resolution,
or a smaller bias in the reconstructed mass, is under
investigation.

Due to the presence of the decay of the top-quarks
that correlate the W-Bosons and their corresponding
b-quarks, the signal events should exhibit a different
correlation of the observed jet structure than the back-
ground processes without top-quarks. The separation
of the jets can be monitored when running thekt -jet
algorithm by studying thedmerge(M → M − 1) val-
ues at which anM-jet configuration is reduced to an
(M − 1)-jet configuration. In a multivariate analysis
it was found that thedmergevalues in signal and back-
ground events are not sufficiently different to be used
as discriminating variables [?]. In contrast, a likeli-
hood function build from seven event variables, like
e.g. the invariant mass of the charged lepton and its as-
signed b-jet, or the∆R between the W-Boson and the
b-jet from the hadronically decaying top-quark candi-
date, is clearly able to significantly improve the S/B,
while retaining most of the events where the correct jet
triplet was selected. This is demonstrated in Fig. 10.

A kinematic fit exploiting as constraints the known
W-Boson mass both for the leptonic and the hadronic
W-Boson decays, and in addition the equality of
the two corresponding reconstructed top-quark masses
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Figure 10:Same as Fig. 9 but with an additional likelihood
selection.

mainly serves three purposes. Firstly, it increases the
efficiency for selecting the correct jet triplet by mak-
ing more detailed use of the entire event. Secondly,
it provides a quality measure, namely the probability
P(χ2) of the fit, to better suppress background events.
Finally, it improves on the resolution of the top-quark
mass provided the uncertainties of the measured quan-
tities and their correlations are properly understood,
something that is only expected after a larger data set
has been analyzed. Compared to thepT-max method
the efficiency for selecting the correct jet triplet is in-
creased by about 15% absolute, and about 25% of
the background events can be removed [?] by requir-
ing P(χ2) > 0.15. An example of such a selection
for events with four reconstructed jets and requiring
P(χ2) > 0.15 is shown in Fig. 11. The better sup-
pression of the W + n-jets events compared to Fig. 9 is
apparent. It has been verified that this improvement,
is very stable against variations of the assumed object
resolutions. Since at the moment only initial approxi-
mations are made for the resolution of the objects, the
possible improvement in the mass resolution is not yet
exploited.

The largest systematic uncertainty in any determi-
nation ofmtop stems from the imperfect knowledge of
the jet energy scale (JES), which depends on kinematic
properties likepT andη of the jets, and is different for
light-jets and b-jets. Therefore, one of the most im-
portant features of anymtop estimator is the stability
against the variation of the JES. To minimize the JES
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Figure 11:The top-quark mass distribution when applying
a constrained fit selection.

uncertainty on the measuredmtop two paths are fol-
lowed: one is a calibration by means of the known W-
boson mass (MPDG

W ) to obtain the JES for light-jets, the
other is exploring the stabilized top-quark mass (mstab

top ,
see below) to be as independent as possible of the ac-
tual JES value, without actually determining it.

In the lepton + jets channel an iterative in-situ cali-
bration of the JES for the selected events has been per-
formed [?]. Jets are treated in the massless limit with
unchanged reconstructed angles, such that any change
in the invariant two-jet mass (Mreco

W ) can be expressed
in energy dependent JES factors. The jet calibration
then makes use of the fact thatMreco

W calculated from
the jets assigned to the W-boson decay has to match
MPDG

W . The energy bins are chosen logarithmically
from 50 GeV to 400 GeV and the resulting calibration
factors, which are consecutively applied per iteration,
are shown in Fig. 12 for the initial situation, the 9th

iteration and the final result. The flatness of the cali-
bration factors of the 9th iteration with values close to
unity clearly shows that the fit has converged. Com-
paring the initial and final situation reveals that the it-
erations slightly change the simple picture one would
have obtained by once adjusting the peak of the ini-
tial distribution toMPDG

W . When applying this global
scaling method the uncertainty onmtop from the JES
uncertainty is considerably reduced [?].

The variablemstab
top is calculated as the ratio of the re-

constructed masses of the top-quark and the W-Boson
candidates from the selected jet triplet. For conve-
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nience this ratio is multiplied byMPDG
W . The main

consequence of usingmstab
top is a strong event-by-event

cancellation of the JES dependence of the three-jet
and two-jet masses in the mass ratio, while retaining
the sensitivity tomtop. The quantitative gain in stabil-
ity when usingmstab

top instead of the jet triplet invari-
ant massmreco

top is apparent from Fig. 13 taken from [?]
Using this variable a template analysis has been de-
veloped [?, ?, ?]. In this analysis Probability Density
Functions (PDFs) are constructed from templates of
the signal events at various assumedmtop values and
from a template of the combined physics background
events. The signal PDF linearly depends onmtop,
whereas the background PDF does not. Using pseudo-
experiments for a given luminosity the sensitivity of
the method, together with the systematic uncertainties
from various sources, has been estimated. An exam-
ple of a pseudo experiment is shown in Fig. 14 for
the muon channel and for

√
s = 10 TeV andLint =

100 pb−1. For this situation the statistical uncertainty
for the combined electron and muon channel is about
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2 GeV. The total systematic uncertainty is estimated to
be about 3.8 GeV for each channel, still dominated by
the systematic uncertainty from the JES for light jets
and b-jets [?].

The determination of the combinatorial- and
physics background from data rather than from Monte
Carlo samples likely results in a reduced systematic
uncertainty. For this purpose a data driven method
was developed that explores themreco

top and Rtop =
mreco

top /Mreco
W distributions at the same time. The idea

is to use e.g. the events from the sideband region of
themreco

top distribution to predict the shape of the back-
ground contribution to theRtop distribution. An ini-
tial investigation ignoring possible shape differences
of the combinatorial- and physics background, and us-
ing a simple four-vector smearing approach, yields
promising results, and will be extended to fully sim-
ulated Monte Carlo events and eventually data.

A direct fit to the mreco
top distribution and the tem-

plate method lead to different systematic uncertainties.
An analysis is underway to systematically compare the
two approaches. This is done for thepT-max and for
a selection method that defines the top-quark as the jet
triplet with the minimum sum of the three∆Rvalues.

Concerning the cross-section measurement an ini-
tial investigation of a cut and count analyses with
and without using b-jet identification has been per-
formed [?]. It exploits the lepton + jets channel at√

s = 10 TeV and forLint = 200 pb−1. Within the
systematic uncertainties investigated the total system-
atic uncertainty estimated is about 30%.

All-Jets Channel

In the all-jets channel only jet requirements and jet
topologies can be used to separate the signal from the
background reactions. Consequently, this channel suf-
fers from a much higher background from the QCD
multijet production. Here, events with isolated lep-
tons are vetoed, and the missing transverse energy is
required to be consistent with zero. In addition, at
least six jets, not consistent with being purely electro-
magnetic, and two of which are identified b-jets, are
required within|η| < 2.5. By exploring the trans-
verse energies of the jets and the angular correlation
of the two b-jets, the S/B is improved by several or-
ders of magnitude to about 10−1, while retaining a
signal efficiency of about 10%. In this procedure the
use of b-jet identification is absolutely essential. In
addition, the availability of a multi-jet trigger with ap-
propriate thresholds is imperative to not loose the sig-
nal events already at the trigger stage. This involves
a delicate optimization to retain a sufficiently high ef-
ficiency for the signal events, while not saturating the
ATLAS readout system with the QCD multijet events.
The trigger conditions have been carefully studied,
and the use of some trigger signals are suggested to
ATLAS. Under the assumption that these will be avail-
able, and when exploiting the above event selection, a
mass distribution has been isolated, where the signal
starts to be visible on a still large background. For
this analysis the next steps are the optimization of the
background description and a fit to the distribution to
access the sensitivity tomtop.

0.1.3 Searches for the Higgs Boson

The origin of particle masses is one of the most im-
portant open questions in particle physics. In the Stan-
dard Model, the answer to this question is connected
with the prediction of a new elementary neutral parti-
cle, the Higgs bosonH. The massmH of the Higgs bo-
son is a free parameter of the theory. The experimental
lower bound of 115 GeV has been set by the LEP ex-
periments, while the recent searches at the Tevatron
have excluded a SM Higgs boson in the mass range of
162 GeV< mH <166 GeV. The theoretical upper limit
of about 800 GeV still leaves a wide mass range to be
explored.

In the minimal supersymmetric extension of the
Standard Model (MSSM), the Higgs mechanism pre-
dicts the existence of five Higgs bosons, three neutral
(h/H/A) and two charged onesH±. Their production
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cross sections and decays are determined by two inde-
pendent parameters, e.g. the ratio tanβ of the vacuum
expectation values of the two Higgs doublets in this
model and the massmA of the pseudoscalar Higgs bo-
son. Current experimental searches at LEP and Teva-
tron exclude at a 95% confidence level theA boson
mass values below 93 GeV, as well as the tanβ values
below 2. For anA boson mass of up to 200 GeV, also
the high tanβ values above 40 are excluded.

The search for the Higgs boson is one of the main
motivations for the LHC and the ATLAS experiment.
The high cross sections of the background processes
exceeding the signal by many orders of magnitude call
for selective triggers, efficient background suppression
and reliable prediction of the background contribu-
tions. Until recently, the MPP group has been devoted
to the preparation for an early Higgs boson discovery
during the first years of LHC running at the nominal
center of mass energy of 14 TeV. The results obtained
in these studies can be found in the newly published re-
view of the ATLAS physics potential [?]. As of lately,
the searches are being optimized for the initial LHC
operation at a center of mass energy of 7 TeV. With a
relatively low expected total integrated luminosity of
1 fb−1, the Higgs boson discovery is rather unlikely
under these operating conditions. However, the al-
lowed Higgs boson mass range can be constrained be-
yond the present experimental limits, as summarized
in [?, ?].

The Standard Model Higgs Boson

The expected potential for the Standard Model Higgs
boson discovery is shown in Fig. 15. In the mass range
above 180 GeV, the key discovery channel is the Higgs
boson decay into four charged leptons via two interme-
diateZ bosons. The lower mass range can only be cov-
ered by the combination of searches in several Higgs
boson decay modes.

The clearest signature is found in the four-lepton
decay channelpp → H → ZZ(∗) → 4ℓ which also
allows for a precise Higgs boson mass measurement.
The reconstruction of this channel strongly relies on
the high lepton identification efficiency and good mo-
mentum resolution of the ATLAS detector. The re-
ducibleZbb̄ andtt̄ background processes can be sup-
pressed by means of theZ boson mass reconstruction
and the requirement of a low jet activity in the vicinity
of each lepton. The remaining reducible background is
small compared to the irreduciblepp → ZZ(∗) back-
ground. In addition to the optimization of the analy-
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Figure 15:Discovery potential of the ATLAS experiment
for the Standard Model Higgs boson. The statistical signif-
icance expected for an integrated luminosity of 10 fb−1 at
a center of mass energy of 14 TeV is shown for the differ-
ent Higgs boson decay modes and their combination as a
function of the Higgs boson massmH . [?]

sis selection criteria, our studies include the detailed
evaluation of the theoretical and experimental system-
atic uncertainties for both signal and background pro-
cesses [?]. We also evaluate the potential to exclude a
part of the allowed Higgs boson mass range in the ini-
tial phase of LHC operation [?], including the devel-
opment of the methods for the precise determination of
the background contributions from data. The expected
exclusion limits are shown in Fig. 16 (top picture). The
best upper limit on the Higgs boson production, ob-
tained for the Higgs boson mass around 200 GeV, is
still about a factor of two above the Standard Model
prediction. The exclusion reach is especially low in
the mass region around 160 GeV, where theH → ZZ∗

decays are strongly suppressed by the Higgs boson de-
cays into two on-shellW bosons.

Due to the high branching ratio for the decayH →
W+W− → (ℓ+ν)(ℓ−ν), the Higgs boson with a mass
between 140 GeV and 180 GeV can be excluded in
this channel during the initial phase of LHC opera-
tion. In combination with the four-lepton and the two-
photon decay channels, the exclusion reach is slightly
improved to cover the mass range from 135 GeV to
190 GeV, as shown in Fig. 16 (bottom picture). Due
to the two neutrinos in the final state of the Higgs bo-
son decays intoW bosons, no precise measurement of
the Higgs boson mass is possible. Precise determina-
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Figure 16:Expected upper limits (95% confidence level)
on the Standard Model Higgs boson production rate in the
H → ZZ(∗) → 4ℓ channel alone (top picture) and after the
combination with theH → WW→ ℓνℓν andH → γγ chan-
nels (bottom picture). Both figures are shown as a func-
tion of the Higgs boson mass at an integrated luminosity of
1 fb−1 and a center of mass energy of 7 TeV, normalized to
the Standard Model prediction. The bands indicate the 68%
and 95% probability regions in which the limit is expected
to fluctuate in the absence of signal. [?]

tion of the background contributions is therefore re-
quired to exclude the presence of signal events. For
this purpose, we are measuring the Standard Model
background processes with present LHC data. The
H → WW decay channel also allows for an early
Higgs boson discovery during the LHC operation at
14 TeV. Parallel to the optimization of the event selec-
tion criteria in this context [?], we have developed a
new algorithm for the jet reconstruction [?, ?], which
is used for the suppression of thett̄ andW+ jetsback-
grounds to the Higgs boson production via theW or Z
gauge boson fusion. The algorithm reconstructs the
jets using particle tracks in the inner detector instead
of energy depositions in the calorimeters. The inner
detector tracks can be associated to common vertices
leading to a jet reconstruction probability which is in-

sensitive to the presence of multiple proton-proton in-
teractions per beam collision (pile-up events).

In the mass range below 140 GeV, the Higgs boson
predominantly decays intobb̄ pairs. Due to the large
contribution of QCD background in the gluon-fusion
production mode, this decay can only be triggered and
discriminated from the background in the production
mode of the Higgs boson in association with att̄ pair.
Our studies have shown that the discovery potential in
theH → bb̄ decay channel is very much limited by the
large experimental systematic uncertainties [?, ?].

The second most frequent mode which can be ob-
served in the mass range below 140 GeV is the decay
into aτ+τ− pair. This decay can only be discriminated
against the background processes in the Higgs boson
production mode via theW or Z gauge boson fusion
where two additional forward jets in the final state pro-
vide a signature for background rejection. The decay
modes with bothτ leptons decaying leptonically (ℓℓ
mode) as well as with one hadronic and one leptonic
τ-decay (ℓh mode) have been studied [?, ?]. The event
selection criteria have been optimized using multivari-
ate analysis techniques. With a neural network based
background rejection method, the signal significance
is improved compared to the standard analysis with se-
quential cuts on the discriminating variables, as shown
in Fig. 17.

Higgs Bosons Beyond the Standard Model (MSSM)

The searches for the three neutral Higgs bosons pre-
dicted by the MSSM differ to some extent from the
searches for the SM Higgs particle. Compared to the
Standard Model, the neutral Higgs boson decay modes
into two intermediate gauge bosons are suppressed
in the MSSM, while theA andH boson decays into
charged lepton pairs,µ+µ− and τ+τ− are enhanced.
The later decay channel has an about three hundred
times higher branching ratio compared to the first one
but is more difficult to reconstruct and provides a less
precise determination of the Higgs boson mass.

Our studies of MSSM Higgs boson decays into two
τ leptons are summarized in [?]. The dominant back-
ground contribution originates from theZ → τ+τ−
and tt̄ processes and can be suppressed by the re-
quirements on the presence ofb jets in the final state
and large angular separation between the two decaying
leptons. This channel provides the highest sensitivity
reach for the neutral MSSM Higgs bosons.

Motivated by the excellent muon reconstruction in
the ATLAS detector, we also study the prospects for
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Figure 17:Discovery potential for the Higgs boson search
in theH → τ+τ− decay channel, shown separately for the
ℓℓ and ℓh decay modes and their combination at an inte-
grated luminosity of 30 fb−1 and a center of mass energy of
14 TeV. The results are obtained using the standard analy-
sis with sequential cuts on the discriminating variables (top
picture), as well as for neural network based analysis (bot-
tom picture). The shaded bands indicate the effect of the
experimental systematic uncertainties. [?]

the search in the channel with MSSM Higgs boson de-
cays into two oppositely charged muons. The event
selection criteria are optimized for the best discov-
ery potential taking into account the theoretical and
experimental systematic uncertainties [?]. The in-
variant dimuon mass distribution after all analysis
selection criteria is shown for the signal and dom-
inant background processes in Fig. 18. The domi-
nant Z → µ+µ− and tt̄ background contributions
are rather large compared to the signal and are sub-
ject to sizable experimental systematic uncertainties,
particularly with regard to the jet energy scale. It is
therefore important to measure this background con-
tribution with data. This can be done by combining
the information from the side-bands of the invariant
dimuon mass distribution with the measurements on
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thee+e− control sample. The latter is motivated by an
almost vanishing Higgs boson decay probability into
two electrons, while the background contributions are
similar for the dimuon and the dielectron final states.
The expected ratio of invariant dielectron and dimuon
mass distributions is shown in Fig. 19 after all analy-
sis selection criteria and after correcting for the dif-
ferent electron and muon reconstruction and identi-
fication efficiency. We perform a detailed study of
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channel, shown for an integrated luminosity of 4 fb−1 . [?]

the background estimation from data in [?, ?]. The
presented method allows for a significant decrease of
systematic uncertainties and thus in an improved sen-
sitivity reach for the MSSM Higgs boson search in
the µ+µ− decay channel. Especially during the ini-
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tial phase of LHC running with the limited amount of
data, the introduced control data samples are essen-
tial for obtaining reliable exclusion limits. The exclu-
sion reach with early data at a center of mass energy
of 7 TeV has been evaluated for theh/H/A → µ+µ−

channel in [?], see Fig. 20. At an integrated luminos-
ity of 1 fb−1 one cannot improve the current limits
reached by the Tevatron experiments using this chan-
nel alone. However, its combination with searches in a
more sensitiveh/H/A → τ+τ− decay channel allows
for an improved coverage of the(mA, tanβ) parameter
space.
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Figure 20: The tanβ values needed for an exclusion of
the neutral MSSM Higgs bosons shown as a function of
the Higgs boson massmA for the analysis mode with at
least one b-jet in the final state. An integrated luminosity
of 1 fb−1 and a center of mass energy of 7 TeV are as-
sumed. Dashed lines represent the results assuming zero
uncertainty on the signal and background, while the full
lines correspond to the results with both signal and back-
ground uncertainty taken into account. [?]

The light neutral MSSM Higgs boson is difficult
to distinguish from the Standard Model Higgs boson.
Clear evidence for physics beyond the Standard Model
would be provided by the discovery of charged scalar
Higgs bosons. We have studied the prospects for the
search for the charged MSSM Higgs bosons in the de-
cay channelH± → τ±ντ which dominates for rela-
tively small Higgs boson masses below 200 GeV [?,
?]. The charged Higgs bosons are produced in top
quark decays inpp→ tt̄ → (bH±)(bW∓) events. The
τ leptons fromH± decays are reconstructed in their
hadronic decay modes while theW bosons from top
quark decays are required to decay leptonically. Since
H± mass cannot be reconstructed because of the unde-
tected neutrinos in the final state, these events can only
be distinguished as an excess of events with recon-

structedτ leptons and large missing transverse energy
above the high background of standard model decays
of top quark pairs. In Fig. 21, the discovery region in
the(m±

H , tanβ) plane is shown for a charged Higgs bo-
son in the above production and decay mode assuming
different amounts of integrated luminosity. The theo-
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charged MSSM Higgs bosons shown as a function of the
Higgs boson massmH± for different levels of integrated lu-
minosity. A center of mass energy of 14 TeV is assumed.
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retical and experimental systematic uncertainties have
been taken into account. We have developed the meth-
ods to decrease the original instrumental background
uncertainty of 50% down to 10% by means of the con-
trol measurements on data [?, ?].

0.1.4 Search for Physics Beyond the
Standard Model

Supersymmetric Particles

Supersymmetry (SUSY) is the theoretically favored
model for physics beyond the Standard Model. The
new symmetry uniting fermions and bosons predicts
for each Standard Model particle a new supersymmet-
ric partner with the spin quantum number differing by
1/2. Supersymmetry provides a natural explanation
for Higgs boson masses near the electroweak scale.
In addition, the lightest stable supersymmetric parti-
cle is a good candidate for the dark matter. The SUSY
models can also provide solutions to the problem of
the unification of the fundamental forces. In order
to suppress the SUSY-induced processes violating the
barionic and leptonic quantum numbers, the so-called
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R-parity has been introduced as a conserved quantum
number. Each SM particle has an R-parity equal to 1,
while the supersymmetric partners carry an opposite
sign, i.e. an R-parity of -1.

If the mass scale of the SUSY particles is accessible
at the LHC, the squarks and gluinos (the superpartners
of quarks and gluons with spin 0 and 1/2, respectively)
will be copiously produced inpp collisions. Assum-
ing that the R-parity is conserved in these processes,
all supersymmetric particles must be produced in pairs
and each will decay to the weakly interacting light-
est supersymmetric particle via decay chains involv-
ing the production of quarks and leptons. Therefore,
the SUSY events at the LHC are characterized by the
large missing transverse energy, highly energetic jets
and leptons.

If the supersymmetry would be a conserved sym-
metry, each particle and its superpartner are expected
to have an equal mass. However, since the supersym-
metric partners of the Standard Model particles are not
observed so far, SUSY must be a broken symmetry. A
model with the SUSY breaking mechanism mediated
by the gravitational interaction is called mSUGRA and
is described by the common mass termsm0 andm1/2

for all boson and fermion masses, respectively, at an
energy scale above 1015 GeV, where the electroweak
and strong interactions are unified (GUT scale).

The searches for SUSY signatures with conserved
R-parity are performed in ATLAS by searching for an
excess of events in various channels. These channels
explore a large variety of possible signatures in the
detector, divided according to different jet and lepton
multiplicities. Fig. 22 shows the 5σ discovery reach
for the mSUGRA model in the final states with 4 jets
and 0 leptons, the states with 4 jets and 1 lepton or in
the final states with 2 jets and 2 leptons.

The Standard Model processes with similar signa-
tures as the signal are the top-quark pair (tt̄) and the
gauge bosons (W andZ) production. These processes
are characterized by a large missing transverse en-
ergy originating from weakly interacting neutrinos and
therefore constitute the main background to SUSY
searches at the LHC. Additional important source of
the background is the QCD jet production in which the
mis-measured jet energy can lead to the high-energy
tails in the distribution of the missing transverse en-
ergy. It is expected that at the LHC the Monte Carlo
prediction will not be sufficient to achieve the good un-
derstanding and the control of the background for the
SUSY searches. Our studies are concentrating on the

Figure 22:The 5σ discovery reach of the ATLAS experi-
ment in the search for the mSUGRA signal using channels
with various jet and lepton multiplicities in the (m0, m1/2)
parameter space of the mSUGRA model. The discovery
reach is evaluated for the center of mass energy of 10 TeV
and an integrated luminosity of 200 pb−1.

data-driven estimation of these, which is essential for
an early discovery of SUSY with the ATLAS detector.

We have developed the methods for the determina-
tion of the tt̄ background contribution from data [?].
The background contribution is measured by means of
the control data samples which are free of the SUSY
signal contribution. The contribution from thett̄ pro-
duction with top quark decays involving theτ leptons
and non-reconstructed electrons or muons is estimated
from similar events with identified muons and elec-
trons. The control data sample is composed mainly
of tt̄ events in which both top quarks decay into a b-
quark, neutrino and a lepton (electron or muon). Addi-
tional kinematic constraints are applied on these events
similarly to the criteria used for the signal selection.
The number of b-jet pairs passing the kinematic con-
strains is used to divide the measured data sample into
the SUSY-dominated and thett̄-dominated region (see
Fig. 23).

Similar strategy is used to define the control sam-
ple with semi-leptonictt̄ → (ℓνb)(qqb) decays [?].
In this case the discriminating variable distinguishing
between the signal and the background region is the
invariant mass of the three nearby jets. In case of the
tt̄ events, the value of this variable will be close to the
top quark mass (see Fig. 24).

The contribution of thett̄ background with tau lep-
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Figure 23:Number of b-jet pairsNb− jet pairs selected after
the kinematic constraints on thett̄ → (ℓνb)(ℓνb) process.
The Nb− jet pairs > 0 region is mainly populated by thett̄
events. This region is used as a control data sample for the
estimations of thett̄ background to the searches for SUSY
signatures with one lepton in the final state. The events with
Nb− jet pairs = 0 originate predominantly from the gauge bo-
son production processes and by the SUSY signal. The two
typical SUSY models labeled SU1 and SU3 are shown for
the signal. [?]
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Figure 24: Invariant mass of the tree nearby jets in each
event. This variable is used for the selection of the con-
trol data sample oftt̄ → (ℓνb)(qqb) events, needed for an
estimation of thett̄ background in SUSY searches with no-
lepton signatures. The arrows indicate the selected window
for this variable. The contributions of the Standard Model
processes are shown by the stacked hatched histograms.
The SUSY contribution for two typical SUSY mSUGRA
models (SU3 and SU4) are overlayed. [?]

tons produced in top-quark decays can be estimated
from the control data sample by replacing the recon-
structed electron or muon with a simulated tau lepton
decay (see Fig. 25). Similarly, one can also estimate
the contribution oftt̄ with a non-identified electron
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Figure 25: Missing transverse energy distribution in the
one-lepton final state. The solid line shows the Monte Carlo
estimate, circles are the result of data-driven estimation.
The shaded histograms show the increase of the data-driven
estimates due to the contaminating SUSY signal (repre-
sented by SU3 and SU4 models) in the control data sample
and the dashed lines show the SUSY signals stacked on the
top of thett̄ background. [?]

or muon by removing the reconstructed leptons from
each event in the control data sample.

We analyzed a set of the most important kinematic
variables for the 70 nb−1 of data collected by the
ATLAS experiment [?]. We find a good agreement
between data and Monte Carlo predictions, indicating
that the Standard Model backgrounds for the SUSY
searches are well under control (see Fig. 26).

Other Extensions of the Standard Model

The discovery of the neutrino flavour oscillations has
shown that the lepton flavour is not a conserved quan-
tity within the Standard Model. Beyond the SM, the
lepton flavour violation can occur in many SUSY ex-
tensions. One of the lepton flavour violating process
accessible at the LHC is a neutrinoless decay of a
tau leptonτ → µµµ. Although the Standard Model
predicts a very small branching ratio for this decay,
BR(τ → µµµ) 6 10−14, some extensions of the Stan-
dard Model, such as SUSY and models with doubly
charged Higgs boson, predict the values which are sev-
eral orders of magnitude higher. Therefore, the mea-
surement of the branching ratio for theτ → µµµde-
cay will put stringent limits on the parameters of such
models beyond SM.

During one year of data-taking at the low luminos-
ity of 1033 cm−2s−1, ATLAS will collect 1012 τ lepton
decays. Due to the very large background contribu-
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Figure 26: Distribution of missing transverse energy in
the two-jets final state. Black points show the measurement
results with 70 nb−1 of data collected by the ATLAS ex-
periment. Shaded histograms show the contribution from
the gauge boson and top-quark production processes. The
open red histogram is the QCD di-jet production process.
The prediction of the low-mass mSUGRA model SU4 (en-
hanced by a factor of 10) is shown by a black dashed
line. [?]

tion only a fraction of these decays can be observed
in ATLAS, namely the decays ofτ leptons originating
from theW andZ boson decays. We studied the sen-
sitivity of the ATLAS detector to theτ → µµµdecay,
where the tau lepton is produced in the decay ofW bo-
son [?]. This process is characterized by a large miss-
ing transverse energy from the non-detectable neu-
trino and by the three nearby muon tracks. The main
background processes are the production of charmed
and beauty mesons, with their subsequent decays into
muons (see Fig. 27).

The study with the simulated data shows that the
upper limit of BR(τ → µµµ) 6 5.9 · 10−7 can be
achieved with 10 fb−1 of collected data. Extrapolating
this expected sensitivity to higher integrated luminosi-
ties, an integrated luminosity of 100 fb−1 has to be
collected by the ATLAS experiment to reach the cur-
rent best upper limit ofBR(τ → µµµ) 6 3.2 · 10−8

(90% CL) by the BELLE experiment.
In addition to the described study of the lepton

flavour violation, we pursue the searches for non-
Standard Model heavy neutral gauge bosonZ′. This
particle is predicted by some extensions of the Stan-
dard Model which address the problems of the mass
hierarchy and the number of generations of lepton and
quarks.
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Figure 27: Invariant mass distribution of the tree nearby
muons, shown for the signal and background processes after
applying all analysis selection criteria. The signal consists
of theτ → µµµdecays with tau leptons originating from the
W bosons (green), while the background processes include
the decays of charmed and beauty mesons. Histograms are
normalized to an integrated luminosity of 10 fb−1 at a center
of mass energy of 14 TeV. Non-shaded area represents the
selected mass window for the evaluation of the limits on the
branching ratio. [?]

0.1.5 Analyses Summary

In summary the MPP physics analyses are well ad-
vanced. First measurements of the inclusive lepton
distributions and of the electroweak gauge boson pro-
duction have recently been performed. A variety of
paths are explored in the search for the most appro-
priate variable and analysis strategy to determine the
top-quark mass, a measurement that will soon be dom-
inated by the systematic uncertainty. In the context of
the searches for new physics phenomena, many new
methods have been developed to understand the back-
ground contribution originating from the above SM
processes. Strategies for the Higgs boson and super-
symmetry searches are optimized for the highest pos-
sible sensitivity during the early data taking phase.
Members of the group are actively participating in the
ATLAS efforts and have presented their own and the
ATLAS collaboration results at international confer-
ences [?, ?, ?, ?, ?, ?, ?, ?, ?].
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