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1. Introduction — why new experiments?

The Standard Model of particle physics is a
well tested theory. It has been thoroughly tested
in particular with the four LEP experiments
ALEPH, DELPHI, L3 and OPAL, which collected
data at the LEP electron-positron collider from
1989 to 2000. The current high-energy fron-
tier lies at Fermilab, where the Tevatron proton-
antiproton collider provides the CDF and DO ex-
periments collisions at 2 TeV centre-of-mass en-
ergy. All the results from these two experiments
are also in concordance with the Standard Model.

Why should we then look for something else?
For the first, the mass generation mechanism of
the Standard Model, the Higgs mechanism, has
not been experimentally verified since the Higgs
boson, which emerges from the Higgs mechanism,
has not been found yet. Secondly, the Higgs sec-
tor becomes problematic when the theory is ex-
trapolated to high energies. The Higgs mass ac-
quires radiative corrections through virtual par-
ticle loops, and the higher the energy, the larger
these corrections become, approaching finally the
Planck scale, 10' GeV. In order to cancel these
radiative corrections, one would have to fine-tune
the coefficients in front of these corrections with a
very high precision in order to cancel mass terms
from radiative corrections in such a way that only
the bare mass, O(100) GeV remains. This is
called the naturalness problem. Third, there is
no natural explanation why the electroweak mass
scale (the energy scale for the unification of the
electromagnetic and weak forces, O = 100 GeV),
and the Planck scale (the scale in which grav-
itation becomes as strong as the other forces,

O = 102 GeV), are so vastly different. This is
called the hierarchy problem.

A possible solution, introduced originally to
solve the naturalness problem, is to introduce
supersymmetry, which is a symmetry between
bosons and fermions. Supersymmetry predicts
superpartners to all existing particles, boson part-
ners to fermions and vice versa. The superpart-
ners would automatically cancel the large radia-
tive corrections to Higgs mass. Furthermore, the
lightest supersymmetric particle, called the LSP,
is stable in most of the supersymmetry models,
and the LSP is actually the best candidate for
the Dark Matter of the Universe, making 23% of
the matter-energy density of the Universe. The
known matter makes only 4% of the matter-
energy density.

Our Universe was created in the Big Bang ac-
cording to the standard cosmology. It is natu-
ral to assume that the same quantity of particles
and antiparticles were existing in the primordial
soup. Our present Universe seems to consist of
only matter, so where did all the antiparticles
disappear? A. Sakharov defined three conditions
in 1967 which are required for the disappearance
of the antiparticles in the early Universe: C and
CP violation, baryon number violation, and in-
teractions out of thermal equilibrium. LHC may
shed light on the primordial CP violation, both by
providing data for studying the Standard Model
CP violation, and by providing access to possible
CP-violating effects beyond the Standard Model.
The best place to look for CP violation at LHC
are the B-hadrons, but CP-violating effects could
even be studied with other processes.



For an overview of the current experimental
status in particle physics, and reviews over ex-
perimental methods, see Ref. [1].

2. The next generation of experiments:
ATLAS at the Large Hadron Collider

2.1. The Large Hadron Collider, LHC

The Large Hadron Collider, LHC, is a proton-
proton collider, designed to operate at a centre-of-
mass energy of /s =14TeV, and at a design lumi-
nosity of L =1 x 103* cm™2s~!. The accelerator
is located in the Large Electron Positron (LEP)
Collider tunnel across the Swiss-French border,
100 m underground. The length of the tunnel is
27 km.

The proton beams are first accelerated step by
step in smaller accelerators at CERN: Linear Ac-
celerator LINAC2, Proton Syncrotron PS, and
Super Proton Synchrotron SPS. The CERN ac-
celerator complex is shown in Fig. 1. At the last
stage before the LHC, at SPS, the beams are ac-
celerated to 450 GeV before injection to LHC.
Each of the two beams at LHC contain 2808 pro-
ton bunches, with a minimum distance of approx-
imately 7 m in between. Each bunch contains
about 1.15 x 10" protons and has a length of a
few centimeters. The proton beams collide with a
rate of 40 MHz (every 25 ns). At the design lumi-
nosity, the average number of proton-proton colli-
sions per bunch-bunch crossing is about 23. Most
of the extra events, called ” pile-up” events, are so-
called minimum bias events, producing only low-
pr hadrons (below 0.5 GeV).

The proton beams are bent along the LHC ring
by 1232 superconducting dipole magnets. At 7
TeV beam energy, these magnets have to produce
a field of around 8.4 Tesla at a current of around
11,700 A. The magnets have two apertures, one
for each of the counter-rotating beams. The mag-
netic field is arranged in such a way that the bend-
ing direction is opposite for the two beams. The
construction of the dipole magnets is shown in
Fig. 2. Each dipole magnet is 14.3 metres long.
The magnets are kept superconducting by using
superfluid helium at a temperature of 1.9 K.
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Figure 1. The CERN Accelerator Complex.

2.2. The ATLAS Experiment

ATLAS [2] is a general-purpose experiment at
the Large Hadron Collider (LHC), with an em-
phasis on high-pr physics beyond the Standard
Model (SM). ATLAS has also capabilities for
a rich B-physics programme, thanks to precise
vertexing, tracking, high-resolution calorimetry,
good muon identification, and a dedicated and
flexible trigger scheme. Furthermore, ATLAS has
a well-defined B-physics programme for all stages
of the LHC-operation, from the commissioning
run all the way up to the highest luminosity run-
ning at the LHC.

The ATLAS coordinate system is a right-
handed system with the x-axis pointing to the
centre of the LHC ring, the z-axis following the
beam direction and the y-axis going upwards.
The azimuthal angle ¢ = 0 corresponds to the
positive z-axis and ¢ increases clock-wise looking
into the positive z direction. The polar angle € is



Figure 2. The LHC Dipole Magnet layout. The
red lines show the magnetic field lines within the
magnet and across the two beam pipes.

measured from the positive z-axis.
Transverse momentum pr is defined as the mo-
mentum perpendicular to the LHC beam axis:

pr = pcosf (1)

where p’ is the three-momentum of the particle,
and @ is the polar angle with respect to the beam-
line.

Pseudorapidity is defined as

n = —In(tan(6/2)) (2)

The ATLAS detector is formed of three parts:
The Inner Tracking Detector, which is is located
closest to the collision point, with a pseudorapid-
ity coverage of |n| < 2.5; the calorimeter, com-
posed of electromagnetic, hadronic, and forward
sections and covering |n| < 5, and the magnetic
muon spectrometer with |n| < 2.7. The ATLAS
detector layout is shown in Fig. 3.

The Inner Detector comprises three subdetec-
tors: Pixel, Semiconductor Tracker (SCT) and
Transition Radiation Tracker (TRT). Each one
is split into a barrel and two end-caps. The in-
nermost part is the Pixel subdetector, consist-
ing of 80 million rectangular silicon pixels of size
50 um x 400 pm, leading to a resolution of 14 pm
in r¢ and 115 pym in the z-direction. They are or-
ganized in three barrel layers at radii of 5.0, 8.9,

Figure 3. The ATLAS detector layout.

and 12.3 cm, respectively, and in three disks on ei-
ther side. The Pixel sections are shown in Fig. 4.

Figure 4. The Pixel Barrel layers 1 and 2.

The Semiconductor Tracker (SCT) comprises
four barrel layers of 153 cm length which are lo-
cated between a radius of 30 cm and 51 cm. The
detector elements are 6 cm long silicon strips with
80 pm pitch. The end-caps consist of nine disks
of radius 56 c¢m, positioned up to z = 2.8 m.

The Transition Radiation Tracker (TRT) is the
outermost element of the Inner Detector. A total



of 36 layers of straw tubes (4 mm in diameter and
150 cm in length) together with layers of radiator
form the barrel. An individual straw tube has a
resolution of 170 um and it is equipped with elec-
tronics with two thresholds in order to distinguish
tracking hits from radiation hits for electron-pion
separation.

A superconducting solenoid coil provides an ax-
ial magnetic field of 2 T along the beamline for
the whole Inner Detector volume.

Figure 5 shows the insertion of the SCT and
the TRT Barrel into the Barrel Calorimeter.

Figure 5. The insertion of the SCT and the TRT
Barrel in the Barrel Calorimeter.

The Liquid Argon calorimeter is housed in a
barrel and in two end-cap cryostats. The bar-
rel contains the electromagnetic section, which is
composed of 2 mm thick, accordion-shaped lead
absorbers and electrodes with highly segmented
read-out. In the end-cap region the same con-
cept is used for the electromagnetic calorimeter,
followed by a hadronic section with copper elec-
trodes. The third element of the end-cap is the
Forward Detector (outer radius of 45 cm), which
consists of a section with copper absorber and two
sections with tungsten as absorber.

The hadronic calorimeter is organized as a
564 cm long central barrel and two 290 cm long
extended barrels. It uses iron plates as absorbers

and scintillators as active material. The read-out
via fibres is segmented in elements in n — ¢ of
0.1 x 0.1rad and in three compartments in depth.

The muon system consists of trigger cham-
bers, precision chambers for measuring the tracks
and the Toroid magnet system, again organized
in a barrel part and two end-caps. The me-
chanical structure of the barrel is formed by
the eight superconducting coils (25m long, 5m
deep), interconnected by ribs as shown in Fig-
ure 6. One“wheel” of trigger chambers is shown
in Fig. 7.

Figure 6. The coils of the Barrel Toroid Magnet
with the Barrel Calorimeter.

3. Physics basics - luminosity, cross-
sections, trigger

The event rate in particle collisions is given by
N=ocx1L (3)

where ¢ is the cross-section of a physics pro-
cess, and L is the instantaneous luminosity. The
LHC design instantaneous luminosity is L = 1 x
1034 cm—2s~ %

The integrated luminosity is given by

L:/Ldt (4)



Figure 7. The End-Cap Muon Trigger chambers.

where L is the instantaneous luminosity and dt
is the time. For example, an effective year is typ-
ically taken as 107 s (about 1/3 of a full year),
since the accelerator cannot be operated con-
tinuously, but there are breaks and shut-downs
for beam injection and for machine development.
The integrated luminosity corresponding to run-
ning the accelerator at the design luminosity for
an effective year is then:

L= /Ldt =10* ecm 257! x 107 s = 100 fb~!
where

L barn=1b=10"2* cm? (5)

The number of events for an effective year is

then
N=oxL (6)

Figure 8 shows the cross-section, event rate,
and number of events per year as a function of
the particle mass at the LHC design centre-of-
mass energy and design luminosity.
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Figure 8. The cross-section, event rate, and
number of events per year as a function of the
particle mass at the LHC design centre-of-mass
energy of \/s=14TeV and design luminosity of
L=1x10% cm2s71.

Using Equation 6, the number of bb events per
year is thus:

N(bb) = o x £ =500 b x 100 fb~' = 10" events

We can also estimate the expected numbers of
hypothetical new particles from the Fig.8, since
one can predict the cross-sections of these new



particles as a function of the particle mass, and
possibly fixing some free parameters. The num-
ber of Higgs events per year, assuming the Higgs
mass being 200 GeV, and taking the four lepton
decay mode, is:

N(H —40) = 0 x £ =20 fb x 100 fb~!
= 2000 events

The number of SUSY events per year, assum-
ing m(squark) = 300 GeV and fixing some model
parameters, is

N(GG+ GG+ §g) = o x £ =500 pb x 100 fb~*
=5 x 107 events

There is, however, an evident problem here: we
cannot collect all the data produced at LHC. The
data can be written on disk with a typical max-
imum rate of 100-200 Hz, which means that at
most 10 — 10° events per year can be stored.
Therefore a trigger system is needed. Trigger-
ing means selecting online those events which are
interesting, and throwing away the uninteresting
ones. The challenge is to design the trigger sys-
tem in such a way that the system has as high effi-
ciency as possible to the wanted signal events and
as low efficiency as possible to the background
events.

The ATLAS trigger system contains three lev-
els which successively reduce the event rate from
40 MHz to 100-200 Hz. The level-1 is a hard-
ware trigger based on high-pr muon signals
from the muon trigger chambers, high-FEr elec-
tron and photon signals from the electromagnetic
calorimeters, high- Er jet signals from the hadron
calorimeters, and missing transverse energy signal
obtained by summing up all the visible Fp seen
in the calorimeters. The level-2 trigger is run on
online processors, and is able to combine trigger
signatures from different subdetectors. The high-
est trigger level, the event filter, reconstructs the
whole event by combining data from all the sub-
detectors. The event filter runs on a computer
farm.

High energy physics off-line data analysis starts
from the raw data stored on a disk. The raw data,
which is digital data from detector elements in lo-
cal coordinates (e.g. 5 counts from wire number

25) is first converted to detector signals in a global
geometry (e.g. a signal of 5 pC from a wire with a
position =100 cm, y=70 cm, z=55 cm). For the
conversion, calibration and geometry databases
are needed. Then, a pattern recognition program
tries to combine hits to particle trajectories in
the tracking detectors or muon chambers, or to
combine energy clusters to jet or electron/photon
clusters in the calorimeters. Finally, an event
reconstruction combines the particle trajectories
and energy clusters into a complete event, from
which one can try to figure out the original phys-
ical process.

One also needs simulated events in order to un-
derstand how the original signals look like in de-
tectors with a certain resolution. In the Monte
Carlo simulation process one goes the other way
around: one starts with the physics process, fol-
lows the particle trajectories through the detec-
tor, simulates the physical processes occurring
in the detectors (e.g. ionisation in the tracking
detectors, shower formation in the calorimeters),
and finally produces the simulated raw data.

4. Physics examples: Higgs, B-physics,
black holes

4.1. Search for the Higgs boson

The Higgs mechanism, or something similar, is
required to generate particle masses according to
the Standard Model. The problem is that the
Higgs particle itself has not yet been found, and
the Standard Model as such does not predict the
Higgs mass. The Higgs searches at LEP have put
a lower limit for the Higgs mass at 115 GeV since
the Higgs was not found at LEP. Furthermore,
one can combine all the Standard Model precision
measurements from LEP and Tevatron in order to
estimate the most probable Higgs mass. This is
possible, since the Higgs mass indirectly affects
the measurable particle masses through virtual
loops. These virtual loop corrections are most sig-
nificant for the heaviest particles, the top-quark
and the W- and Z-bosons. Figure 9 shows the
probability as a function of the Higgs mass as
derived from the combined Standard Model pre-
cision measurements. Figure 10 shows the mass
of the W boson versus the mass of the top quark,



overlaid with the allowed Higgs mass bands. It is
interesting to note that the current measurements
of W boson and top quark masses favour a Min-
imal Supersymmetric Standard Model (MSSM)
Higgs.

Figure 9. The x? probability for the Higgs mass
derived from Standard Model precision measure-
ments. The lower the x2, the larger the probabil-
ity. The yellow region is the mass region excluded
by LEP.

At LHC, the dominant process for producing
a Higgs is gluon-gluon interaction which pro-
duces a Higgs via intermediate virtual top quarks,
see Fig. 11. The Higgs coupling to bosons and
fermions is related to the their mass, so the Higgs
is both produced by, and decays to preferably to
heaviest possible particles.

Below Higgs mass of 130 GeV, the dominant
Higgs decay is the decay to a b-quark pair. This
decay mode is, however, very difficult to trigger
on. Therefore one will instead be looking for
the Higgs in alternative decay modes: H — 77,
qqH — qqr7, qqH — qqW W, ttH — ttbb. These

Figure 10. The measured W-mass (y-axis) versus
the measured top mass (z-axis), and the Higgs
mass bands. The red band shows the W-mass
versus the top-mass band for a Standard Model
Higgs; the upper edge of the band corresponds to
a Higgs mass of 114 GeV, and the lower edge cor-
responds to a Higgs mass of 400 GeV. The green
band shows the W-mass versus the top mass in
the Minimum Supersymmetric Standard Model
with five Higgs particles. In this case, the light-
est of these five Higgs particles would play the
same role as the Standard Model Higgs.

decay modes are possible to trigger on thanks to
isolated photouns (first decay mode), isolated taus
(second decay), and high-pr leptons (leptonic de-
cays of W’s in the third case, and semileptonic
decays of the top-quarks in the fourth case). Be-
yond Higgs mass of 130 GeV, dominant decay
modes are H — ZZ*) (Z* stands for an off-
shell Z boson, i.e. a virtual Z boson with a mass
below the nominal Z-boson mass of 91.2 GeV),
H— WW® = v, and qqH — qgWW. The
significance of Higgs signals with the different de-
cay modes in ATLAS are shown in Fig. 12.



Figure 11. Higgs production through gluon-gluon
fusion, top-antitop fusion, W/Z bremsstrahlung,
and WW/Z Z fusion.

Figure 12. Higgs signal significance in ATLAS in
different decay modes as a function of the Higgs
mass. Signicance S of the signal is defined as

S = N(signal)/4/N(background). The assumed

integrated luminosity is 30 fb~!.



4.2. B Physics

The ATLAS B-physics goals comprise both
precision measurements and a search for new
physics beyond the Standard Model. One of the
CP-violation parameters, called sin(2/), can be
measured with a high precision (at the percent
level) using time-dependent asymmetry between
the decays BY — J/YK9 and By — J/¢¥KS. The
contributions from a possible new physics phase
Onp can be distinguished if they contribute at
this level or more.

ATLAS will be able to measure a wealth of
B-hadron parameters. In particular, measure-
ments of BY, B. and b-baryon properties will be
highly interesting since the currently operating
B-factories at SLAC (US) and KEK (Japan) lab-
oratories cannot produce these particles, and the
statistics at the Tevatron will be limited. AT-
LAS will be able to measure, for example, the
BY — BY mixing parameter Amy, the lifetime
difference between the B? meson flavour eigen-
states AT's/T's, and the weak phase Oy of the
BY-meson system with good precision. Proper-
ties of the B.-meson such as mass and lifetime
will be measured with high statistics, giving in-
sight to the strong potential binding the heavy
quarks together, as well as to the interplay be-
tween strong and electroweak effects. b-baryon
spectroscopy has just been started at the Teva-
tron, and ATLAS will continue these measure-
ments, as well as other measurements such as the
Ay polarization. Finally, the family of very rare
decays B— ptp~(X) will give a handle on ex-
ploring the new-physics parameter space.

4.3. Mini Black Holes

Some of the New Physics models, i.e. models
going beyond the current Standard Model, pre-
dict the existence of more dimensions than the
four we know of (three space dimensions and one
time dimension). These new models could for ex-
ample explain why gravity is so weak (the ex-
planation would be that the gravity is actually as
strong as the other forces, but it mainly resides in
an unobservable dimension). These models pro-
vide a possible solution to the hierarchy problem,
since the Planck scale could be close to the elec-
troweak scale if the extra dimensions are taken

into account.

The extra dimension models may allow for the
production of mini black holes, if the parton-
parton impact parameter would be less than the
Schwarzschild radius. These mini black holes
would evaporate immediately through Hawking
radiation, leading to a spherical production of all
types of particles. The signal for mini black hole
production would be an excess of spherical events
with a high invariant mass.

5. ATLAS current status

In the cavern, common data-taking with a
cosmic-ray trigger is serving to test the detector
performance. Figure 13 shows a reconstructed
cosmic muon in the ATLAS subdetectors.

Figure 13. A cosmic muon as seen in the ATLAS
subdetectors.

The current turn-on plans for the LHC are as
follows. The beam-pipe will be closed in June
2008, followed by first injection of protons into
the LHC ring later in June. The first collisions at
/s =14 TeV centre-of-mass energy will take place
in at the end of summer 2008. November 2007.
The first pilot run with a luminosity of about 1 x
1032 cm~2s~! should take place before the end of
2008.
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