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1. Introduction

The start-up of the LHC operation at
√

s= 7 TeV on 30 March 2010 opened the exploration
of a new energy regime and a bright era for particle physics.

This paper reports first physics results obtained by the ATLAS experiment, based on an inte-
grated luminosity of up to∼340 nb−1 recorded between 30 March and 19 July 2010.

The first presentation of physics results at a prestigious international conference like ICHEP
represents the crowning achievement of 20 years of efforts of the worldwide ATLAS Collaboration
to build, commission and operate a detector of unprecedented technology, complexity and perfor-
mance. The Collaboration consists today of about 3000 scientists (of whichabout 1000 are PhD
students) from 174 Institutions and 38 countries.

This paper is organised as follows. Section 2 describes the experiment status and operation
with first data. Sections 3 and 4 discuss a few examples out of a large amount of detector per-
formance and physics results presented at ICHEP (much more information can be found in the
contributions to this conference by ATLAS speakers [1]). Finally, Section 5 is devoted to the con-
clusions.

2. Experiment status and operation

The ATLAS detector and its performance are described in detail in references [2, 3]. Briefly,
the inner detector consists of silicon pixels and strips (arranged in layers inthe barrel part and in
disks in the end-cap regions) surrounded by a transition radiation detector made of straw-tube type
drift chambers. This whole system is immersed in a 2 Tesla field provided by a thin supercon-
ducting solenoid located in front of the electromagnetic calorimeter. The latter isa fine-grained
lead-liquid argon sampling detector with accordion shape. Hadron calorimetry includes an iron-
scintillating tiles calorimeter in the central part, and liquid-argon detectors with copper and tungsten
absorbers in the end-cap and forward regions (where the radiation levels are higher). Finally, the
external muon spectrometer consists of gas chambers in air, immersed in strong magnetic fields
provided by three superconducting toroid magnets.

Thanks to very strict construction specifications and rigorous quality controls, as well as to an
intense commissioning campaign with cosmics rays in 2008 and 2009, the fractionof non-working
channels in the various detector components was typically a few permil for thedata samples used
for ICHEP. Also large (97% or larger in most detector systems) was the fraction of good quality
data, i.e. data usable for physics analyses. These are excellent achievements for an experiment in
the early stages of operation.

Figure 1 shows the integrated luminosity as a function of time delivered by the LHC in condi-
tions of stable beams and recorded by ATLAS. By the time of the ICHEP conference, ATLAS had
collected about 340 nb−1 with the full detector active, corresponding to a remarkable data-taking
efficiency of about 95%. It can be seen that most of this luminosity was delivered in the first half
of July, after the machine commissioned multi-bunch operation at high intensity (50 bunches per
beam, with 1011 protons per bunch, [4]). The data have therefore been analysed very quickly and
efficiently. The peak luminosity reached∼ 1.6×1030 cm−2 s−1 in the first half of July 2010.
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Figure 1: Left: Integrated luminosity delivered by the LHC (green) and recorded by ATLAS (yellow) from
the beginning of data-taking at

√
s=7 TeV to the beginning of ICHEP. Right: Efficiency of the LVL1jet

trigger, as a function of the calibrated jetpT reconstructed offline, for the lowest threshold. The dots indicate
the data and the open circles the Monte Carlo simulation.

Commissioning the trigger is one of the most crucial operations in the early stages of a hadron-
collider experiment. It can also be very challenging if the machine instantaneous luminosity ramps
up quickly. ATLAS has a three-level trigger system selecting about 200 Hz of interesting events
for recording to mass storage, out of 40 MHz (at LHC design operation)of beam-beam collisions.
It is based on programmable hardware devices at level-one (LVL1), which use the fast signals
from two walls of minimum-bias scintillator counters (located in front of the end-cap cryostats
at z = ±3.5 m from the collision centre), the calorimeters, and the muon spectrometer, and on
software algorithms at the higher levels (HLT). As long as the instantaneous luminosity was well
below∼ 1029 cm−2 s−1 events have been selected using the LVL1 trigger only. The HLT system
was run in transparent mode for commissioning purposes, without applyingactive rejections. When
the luminosity approached∼ 1029 cm−2 s−1, several HLT chains (reconstructinge, γ, jets,τ, µ
candidates) had to be enabled, one after the other, in order to cope with theincreasing event rate
while keeping low energy thresholds at LVL1. At the time of ICHEP, ATLAS had already deployed
a quite rich trigger menu.

An example of (early) trigger performance is presented in figure 1, whichshows the efficiency
turn-on curve of the LVL1 jet trigger for the lowest available LVL1 energy threshold. The jet trigger
becomes fully efficient forpT ∼ 50 GeV. The data are well described by the Monte Carlo (MC)
simulation, indicating a good understanding of the detector and trigger behaviour.

After being recorded in the pit, the data are processed at CERN, the “Tier-0" of the LHC
Computing Grid (LCG [5]), and then distributed worldwide to the ATLAS Tier-1and Tier-2 sites.
The total throughput of ATLAS data (including MC samples and detector data) over the Grid
has reached peaks of 10 GB/s, well above the design value of 2 GB/s. More than 1000 ATLAS
physicists have been doing analysis using Grid resources in June-July 2010, for a total of about
11 million processed analysis jobs. The LHC Grid has been performing remarkably well right
from the beginning of the LHC operation, allowing the experiments to producephysics results very
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Figure 2: Left: Reconstructed mass spectrum of opposite-sign muon pairs in a data sample selected with
a low-threshold LVL1 muon trigger. Right: Mass resolution of the reconstructedJ/ψ → µ+µ− peak, as
a function of the pseudorapidity of the furthest forward muon, for the data (dots with error bars) and the
simulation (open triangles).

quickly.

3. Detector performance with first LHC data

One of the most impressive outcomes of the first months of operation is the excellent perfor-
mance of the accelerator and detectors.

As mentioned in the previous section, ATLAS has been taking data with very high efficiency
and negligible fraction of non-operating channels. In addition, the detector performance is much
better than expected at this early stage for a very complex apparatus, andis close to specifications
in many cases.

Another very positive news is that the detector simulation [6], based on the Geant4 toolkit [7],
reproduces the detector response remarkably well, indicating a very accurate geometry description
and an extremely mature understanding of the underlying physics. Clearly,15 years of test-beam
activities and increasingly realistic simulation studies to understand the detectorresponse in all
details, model it in the simulation framework and validate the simulation against realdata paid
dividends.

A few examples are discussed below.

The left panel in figure 2 shows the reconstructed mass spectrum for opposite-sign muon pairs
in the mass range from a few hundreds MeV to about 100 GeV. Very simple,minimal requirements
were applied to select these events: a firing LVL1 muon trigger with thresholdpT ∼ 6 GeV, and two
opposite-sign muons, reconstructed offline by combining the information of the inner detector and
the muon spectrometer, originating from within 1 cm from the primary vertex along the beam axis
(to reject the background from cosmic rays). Several resonances are visible in the reconstructed
spectrum: unresolvedρ andω peaks atm(µ+µ−) ≃ 780 MeV,φ(1020), charmonium states (J/ψ
andψ ′

), Y andZ.
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Figure 3: Left: Reconstructed conversion radius ofγ → e+e− candidates in the inner detector for the data
(dots) and the MC simulation (open histogram). The full histogram shows the distribution for true photon
conversions predicted by the simulation. The labels indicate the location of the beam pipe, active detector
layers (pixels and SCT) and support structures. Data and simulation are normalized to the same number of
photon conversions. Right: Resolution of the two components (Emiss

x andEmiss
y ) of the missing momentum

vector in the transverse plane as a function of the total transverse energy in the calorimeters, as measured
in a sample of minimum-bias events. Energies are calibratedto the correct scale. The dots indicate the data
points and the curve the result of a fit to the simulation. The fit results for both data and simulation are
indicated.

Among the low-mass resonances,J/ψ → µ+µ− plays a special role for the detector commis-
sioning with early data, as it provides large and clean samples of low-pT muons to study the muon
trigger, reconstruction and identification efficiency, as well as the inner detector momentum resolu-
tion and absolute scale in the few GeV region. The right panel in figure 2 shows the mass resolution
of the reconstructedJ/ψ peak as a function of the muon pseudorapidity. The resolution is typically
∼30 MeV in the barrel region, deteriorating to∼ 70 MeV in the end-cap region (mainly because of
the larger amount of material). The simulation reproduces the data to a few percent. Similar studies
show that the reconstructedJ/ψ peak is within 3 MeV of the PDG [8] value over the full coverage
of the inner detector (|η |<2.5), and is reproduced by the simulation to better than∼ 5 MeV. These
results indicate that the absolute momentum scale of the inner detector is alreadyunderstood to the
permil level in the few GeV region.

One of the key contributions to this result is the good knowledge (already atthis stage) of the
material in the inner detector, as low-momentum particles are significantly affected by multiple
scattering. In general, mapping the tracker material with high accuracy (few percent) is one of the
most important requirements for the LHC physics programme, e.g. for a precise measurement of
theW mass. Several methods with complementary sensitivity will be used to achieve thisgoal.
One of them is based on the reconstruction of converted photons. The left panel in figure 3 shows
the reconstructed conversion radius forγ → e+e− candidates in the ATLAS inner detector. Clear,
distinct peaks are visible at the locations of material layers: the beam-pipe, three pixel layers, some
pixel support structure, the first two silicon-strip (SCT) layers, etc. The data are well reproduced by
the MC simulation, except in the region of the pixel support structure, where material displacements
at the level of∼1 cm are observed in the simulation. This problem, which has been fixed since
then, demonstrates that the quality of the data and of the reconstruction algorithms were already
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sensitive enough to spot tiny imperfections in the simulated geometry (at the level of a percent of a
radiation length in this case). Using photon conversions and other methods (e.g. the reconstruction
of secondary vertices of hadronic interactions), the knowledge of the inner detector material had
achieved a precision of about 10% at the time of the ICHEP conference.

Early data have also been used to understand the quality of the missing transverse energy,
which is measured from the energy deposited in the calorimeters. At this stageof the experiment,
this observable is a very powerful debugging tool, as it is sensitive to instrumental effects in the
calorimeters (noise, coherent noise, mis-calibrations, cracks in the acceptance, etc.) and to cosmic
rays and beam-related backgrounds. In the discovery era, missing transverse energy will become an
excellent signature for new physics (e.g. Supersymmetry), provided theabove-mentioned effects
have been well understood and corrected for. The resolution of the twocomponents of the missing
momentum vector in the transverse plane is shown in the right panel of figure3 as a function of
the total transverse energy deposited in the calorimeters. The data follow theexpected trend for
the resolution curve and are in excellent agreement with the simulation. This is avery encouraging
result, as this measurement is made over almost the full calorimetry coverage (nine pseudorapidity
units), five different detectors, and about 200000 readout channels. It demonstrates that the main
instrumental effects are under control.

4. Preliminary physics results

This section presents some highlights of the physics achievements of ATLAS inthe first few
months of LHC operation. They demonstrate that, already at this early stage,the “rediscovery"
of the Standard Model is well advanced, and that the experiment is on good track to undertake
sensitive searches for new physics. More details can be found in [1].

4.1 Jet measurements

Jets are the most abundant high-pT objects produced at hadron colliders, and have allowed the
LHC experiments to exceed the Tevatron kinematic reach very quickly. This isdemonstrated by
the plot in the left panel of figure 4, which shows that the invariant mass ofthe two leading jets
in the event (i.e. the centre-of-mass energy of the parton-parton hard-scattering) extends beyond
2 TeV (the centre-of-mass energy of the proton-antiproton collisions at the Tevatron).

The first ATLAS measurement of the inclusive jet cross section is shown inthe right panel
of figure 4. It covers a broad rapidity region (|y| < 2.8) and jets withpT > 60 GeV. The data
are compared to the prediction of Next-to-Leading-Order (NLO) perturbative QCD [10]. Good
agreement is observed over five orders of magnitude. The experimentaluncertainties (30-40%) are
dominated by the knowledge of the absolute jet energy scale, obtained as described below.

Jet energies have been corrected for calorimeter non-compensation, impact of upstream mate-
rial and other effects by usingη- andpT-dependent calibration factors obtained from a full Geant4-
based simulation of the ATLAS detector (the available data sample at the time of ICHEP was not
large enough for a fully data-driven method). This procedure is justifiedby the large number of
detailed and extensive studies made to validate the simulation against test-beam and LHC data (see
section 3). As jets are complex objects, efforts have been made to achieve aprecise modeling of
the basic constituents (calorimeter clusters, single hadrons, tracks). Longitudinal and lateral shower

6
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error, and the grey bands the systematic uncertainties. TheNLO perturbative QCD theoretical prediction [10]
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Figure 5: Fractional jet energy scale systematic uncertainty (totaland the individual contributions) as a
function of pT for jets in the central part of the barrel calorimeter.

shapes, as well as energy response variations as a function of rapidity, have also been studied in
great detail. Figure 5 shows that the resulting uncertainty on the jet energyscale was at the level
of ∼ 7% at the time of ICHEP. A large number of potential contributions have been studied and
included: upstream material, electronic noise, shower model, MC generators, etc.

More recent results on jet physics can be found in references [11, 12, 13].

4.2 W and Z measurements

First measurements ofW andZ bosons are fundamental milestones in the “rediscovery" of the
Standard Model at

√
s=7 TeV. These particles are also omni-present backgrounds to searches for

new physics.
To selectW → ℓν candidates, events were required to have a well-identified lepton (electron

or muon) withpT>20 GeV, missing transverse energyEmiss
T > 25 GeV (coming from the escaping
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Figure 6: Missing transverse energy distributions forW → eν candidates at the pre-selection level (left
panel) and after all cuts except theEmiss

T andmT cuts (right panel). The data (dots) are compared to the
PYTHIA MC prediction (histograms) for theW → eν signal and the various background components. The
total number of MC events is normalised to the number of candidates observed in the data.

neutrino) and a transverse mass of the lepton-“neutrino" systemmT > 40 GeV. The efficiency of
these selections is 30-40%. A total of 815W → eν and 1111W → µν candidates were selected in
the full data sample recorded before ICHEP. Backgrounds amount to 5-10% of the signal. QCD jet
production, which is the dominant background contribution to theW → eν process, and is not well
modeled by the MC simulation, was estimated with partially data-driven methods usingcontrol
samples selected in background-enhanced regions.

Figure 6 shows theEmiss
T distributions for theW → eν channel at the pre-selection level (left

panel), where looser lepton identification cuts are applied, and after all selections except theEmiss
T

and mT cuts (right panel). The dramatic emergence of a “Jacobian peak" in the region around
∼ 40 GeV is observed when applying stronger identification cuts to extract genuine electrons from
the background of fakes. There is good agreement in shape between the data and the PYTHIA MC
prediction.

The first measurement of theW→ ℓν cross section in ATLAS is compared in figure 7 with pre-
vious measurements and with the Standard Model prediction. The measured value,σ(W → ℓν) =

9.3± 0.9(stat)± 0.6(syst)± 1.0(lumi) nb, averaged over both channels (e,µ), is a factor about
four larger than at the Tevatron and is in good agreement with the StandardModel expectation.
The total uncertainty of about 15% receives similar contributions from the statistical uncertainty,
the systematic uncertainty (dominated by the lepton trigger, reconstruction andidentification ef-
ficiencies), and the uncertainty on the integrated luminosity (∼11%). The ATLAS measurements
confirm an asymmetry betweenW+ andW− production, withW+ featuring a 40% larger cross
section, as expected inppcollisions from the proton composition in terms of valence quark.

At hadron colliders the production cross section of theZ-boson is typically a factor∼10
smaller than theW cross section. The right panel in figure 7 shows the reconstructedZ → e+e−

mass spectrum in ATLAS. Events were selected by requiring two opposite-sign same-flavour lep-
tons (e+e−, µ+µ−) in the final state, withpT >20 GeV. A total of 46 (79) candidates were retained
in the electron (muon) channels. These samples are very pure: the signal-to-background ratio is
larger than∼100 in a mass window of size±25 GeV around the nominalZ mass. At the time of
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Figure 7: Left: The measured cross section forW → ℓν production (withℓ = e,µ), and forW+ andW− sep-
arately, compared to the theoretical predictions based on NNLO QCD calculations (FEWZ program [14]).
The data points are plotted with their total uncertainty. The predictions (lines) are shown for bothpp col-
lisions (W+, W− and their sum) andpp collisions (W) as a function of

√
s. Measurements at previouspp

colliders are also shown. Right: The reconstructedZ → e+e− mass spectrum in the data (dots) compared
to the PYTHIA MC simulation (histogram). The MC is normalized to the number of events observed in the
data.

ICHEP, the measured mass resolution was worse than predicted by the MC simulation (figure 7),
as the inter-calibration of the electromagnetic calorimeter was at the level of 2-3%.

The measured cross section for 66< m(ℓℓ) < 116 GeV, averaged over thee andµ channels,
wasσ(Z/γ∗ → ℓℓ) = 0.83±0.07(stat)±0.06(syst)±0.09(lumi) nb at the time of ICHEP, in good
agreement with the Standard Model prediction.

More recent results onW andZ physics can be found in references [15, 16].

4.3 Observation of top-quark candidates

The tt production cross section is expected to be∼ 160 pb inpp collisions at
√

s= 7 TeV, a
factor about 20 larger than at the Tevatron. At hadron colliders the two main channels for precise
measurements are the lepton+jet channel (ℓ j), arising from decays of the typett → bW bW→
bℓνb j j, and the dilepton channel (ℓℓ), arising fromtt → bW bW→ bℓνbℓν . In both casesℓ =

e or µ. Theℓ j channel has a factor∼ 7 larger cross section, whereas theℓℓ channel has a better
signal-to-background ratio.

A preliminary ATLAS analysis to selectℓ j candidates required one identified electron or
muon with pT > 20 GeV, at least four jets withpT > 20 GeV, one of which should be tagged
as coming from a b-quark, andEmiss

T > 20 GeV. To selectℓℓ candidates, two opposite-sign leptons
(e+e−,µ+µ−,e±µ∓) with pT > 20 GeV were required, at least two jets withpT > 20 GeV and
largeEmiss

T . In addition, in the case ofe+e− andµ+µ− final states, the invariant mass of the lepton
pair was required to be away from theZ mass region. The signal efficiency of these selections is
about 25-30% for both the above channels, and the expected signal-to-background ratios are∼ 3
in theℓ j channel and∼10 in theℓℓ channel.

An analysis of this type was conducted on the full data sample recorded before ICHEP. Nine
candidates were found in the data, seven in theℓ j channel (foure j and threeµ j) and two in theℓℓ
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Figure 8: Display of thett → eµ + X event candidate recorded by ATLAS in July 2010. The red line
indicates the muon direction, while the electron is shown asa green track associated with a calorimeter
cluster. The insert gives an expanded view of the vertex region, showing three tracks withpT > 1 GeV
originating from the secondary vertex (in blue).

channel (oneeeand oneeµ). The expectation fromtt production is 5 events and 0.5 events in the
two channels, respectively. The kinematic properties of the 9 observed candidates are consistent
with tt production.

Figure 8 shows one of the selected candidates. It is a beautiful dilepton event, containing
a muon withpT = 48 GeV, an electron withpT = 23 GeV, and large missing transverse energy
(Emiss

T > 77 GeV). The leading jet (pT = 57 GeV) is tagged as a b-quark jet, and originates from
a secondary vertex at a distance of 3.8 mm from the primary vertex in the transverse plane. This
event is very pure, as the signal-to-background ratio foreµ events with a b-tagged jet is expected
to be∼ 15.

This first observation of candidate events due tott production marks the beginning of an ex-
tremely interesting era of precision physics in the top-quark sector at the LHC [3].

More recent ATLAS results on top physics can be found in reference [17].

4.4 Searches for new physics

Another important result of the first months of operation is that the big energy leap provided
by the LHC has allowed ATLAS to perform first searches for new physics with, in some cases,
sensitivity comparable with the Tevatron collider, in spite of the very small amount of luminosity
accumulated before the ICHEP conference (∼ 340 nb−1 compared to several fb−1 at the Tevatron).
In one case, described below, the present Tevatron limits have been exceeded.

Strongly-produced new particles are the best candidates to break new ground, as QCD cross
sections grow fast with centre-of-mass energy. Therefore, the measured dijet mass spectrum has
been examined, looking for the possible production of new (heavy) resonances decaying into two
jets, such as the excited quarksq∗ → gq predicted by Compositeness theories. The left panel in
figure 9 shows that the dijet spectrum measured in the data is smooth with no bumps. Upper
limits were therefore set on theq∗ production cross section, which translate into lower bounds on
mass. This is shown in the right panel of figure 9. The mass range 0.4 < m(q∗) < 1.29 TeV was
excluded at the 95% C.L.1 This limit includes systematic uncertainties (from e.g. the knowledge

1Masses below 0.4 TeV are not excluded because they would contribute toa region where the dijet mass spectrum
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Figure 9: Left: The measured dijet mass distribution (points with error bars) for events with a leading
jet with pT > 80 GeV and a sub-leading jet withpT > 30 GeV. Overlaid is a fit with a smooth function
(black line). The expected signals from excited quarks of various masses are also shown. Right: The
measured 95% C.L. upper limit on the accepted cross section after all selections as a function of the dijet
mass (black solid curve). The red line with the yellow band shows the expected limit with its uncertainty.
The dashed curves give the expected accepted cross sectionsfor q∗ production for different choices of the
Parton Distribution Functions (PDF). Theq∗ mass lower bound is set where the measured limit (black curve)
intersects the predicted cross section.

of the jet energy scale and luminosity, the fit to the dijet mass spectrum) and deteriorates by only
∼ 100 GeV when varying the PDF set from the ATLAS default (MRST2007)to a different set
(CTEQ6L1). The upper bound of the excluded region (1.29 TeV) exceeds the CDF limit (260<
m(q∗) < 870 GeV [18]), and is the most stringent to date.

More recent ATLAS searches for new physics in dijet final states are described in refer-
ences [19, 20].

5. Conclusions

Since 30 March 2010 ATLAS has been recording data during the first LHC run at
√

s= 7 TeV. A
total integrated luminosity of∼340 nb−1 has been collected until the beginning of the conference.
The Collaboration is extremely grateful to the LHC operation team for an impressive machine
turn-on.

The whole experiment has worked very efficiently, from data-taking at the pit (with ∼95%
efficiency), through data calibration, processing and transfer worldwide, to the quick delivery of
physics results (many of which are based on the full data sample recordeduntil the beginning of
ICHEP).

The first data demonstrate that the detector performance, and the quality ofthe reconstruction
and simulation software, are better than expected at this (initial) stage of the experiment, and are
close to nominal in some cases.

is not fully unbiased.
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Preliminary physics results include first measurements of the jet,J/ψ , W, Z production cross
sections, observation of top-quark candidates, and first searches for new physics with sensitivity
exceeding that of the Tevatron.

The ICHEP 2010 conference marks the beginning of the LHC physics exploitation and there-
fore of a new, hopefully glorious era for particle physics.
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