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Abstract. The Large Hadron Collider (LHC) at the European center for high energy research
(CERN) near Geneva, Switzerland, has been designed to collide protons with the highest center
of mass energies (/S = 14 TeV) and luminosities (up to 103* cm~2 s~1) for any particle collider to
date. The main physics goal at this accelerator and its two multi-purpose experiments ATLAS and
CMS is the discovery of the Standard Model Higgs boson, which is expected within an integrated
luminosity [.Zdt = 10 fb~?1, or the first three years of collisions, in the mass range of 115 — 180
GeV. In addition, measurements of Standard Model parameters like the W boson mass myy and top
guark mass m; are possible at high precision, with dmy < 15MeV and 6m; < 1 GeV. lllumination
of new, yet unexplored kinematic domains in proton-proton collisions allows exploration of an
enormous parameter space of new physics models beyond the Standard Model, including a possible
early discovery of supersymmetry within [ Zdt = 1fb~L.
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INTRODUCTION

The Large Hadron Collider (LHC), presently commissioned for first proton-proton (pp)
collisions at CERN, Geneva, Switzerland, has been designed to collide protons at a
center of mass energy of /s = 14 TeV, with a luminosity of . = 103%cm~2s~L. This
makes it the highest energy and collision rate man-made particle collider so far. The
physicspotential of this machine, which can accelerate, store, and collide protonsaswell
as heavy ions, reachesinto yet unexplored kinematic domainswith high expectationsfor
detecting missing ingredients of the Standard Model, improving the precision on some
of its parameters, determining parton density functions in the proton in these domains,
and the discovery of new physics. In particular, the discovery of the elusive Higgs boson
and thus the final experimental confirmation of this mass generating field suggested in
the Standard Model and some of its extensions, is an important goal for the two multi-
purpose experiments ATLAS and CMSinstalled in LHC.

In this article the physics potential of the LHC is reviewed. It starts with a brief ook
at the accelerator and its main parameters, followed by short descriptionsof ATLAS and
CMS. Then, selected predictions for Standard Model (SM) measurements are shown,
and expectations for the discovery of the Higgs boson and strategies for its detection
are discussed. The discovery potential for new physics beyond the Standard Model is
presented for examples of searches for supersymmetry (SUSY). The article concludes
with a brief status of the accelerator.

1 presently visiting INFN Pisa, Pisa, Italy.
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FIGURE 1. Schematicsof Large Hadron Collider (LHC) and the proton accel erator complex at CERN.

THE LARGE HADRON COLLIDER

The LHC, asshown schematically in Fig. 1 and described in detail in Ref. [1], accelerates
and stores protons in two beams circulating in opposite directions through the 26.7 km
long tunnel which was already used for the Large Electron Positron collider (LEP) (e.g.,
see Ref. [2]), in operation from 1989 to 2000.

LHC utilizesatotal of 1232 bending magnets and 392 focusing magnets to keep pro-
tonson the desired orbits, and to steer them to theinteraction regions of the experiments.
All magnets are superconducting, with atotal of about 96 tons of liquid Helium stored in
thering to keep the operational temperaturesaround 1.9 K. The protons are injected into
LHC with an energy of 450 GeV from the Super Proton Synchrotron (SPS), after several
acceleration stages, starting with the linear accelerator LINAC2 (50 MeV), the Proton
Synchrotron Booster PSB (1.4 GeV), and the Proton Synchrotron PS, which injects pro-
tons into SPS with 25 GeV (Fig. 1). In LHC the protons are accelerated to their fina
energy? of 7 TeV using two 400 MHz radio frequency (RF) cavities, one for each beam.
A complete fill has 2808 bunches of approximately 1.2 x 10! protonsin each beam at
design luminosity . = 10%*cm~2s~1. The spacing between two bunches is about 7.5
m or 25 ns, see Ref. [1]. This means that the colliding beam experiments at LHC must
accommodate bunch crossings at a rate of apprOX|mater 40 MHz. Taking the total pp
cross-section opy from Ref. [3] to be opp = 657 + opn ~ 102 mb, including 652 ~ 23

mb for elastic scattering, the total inelastic pp cross-section Gpp , which includes single

and double refractive collisions, is cri)”e' ~ 79 mb. Thisresultsin an average of about 20
(Poisson-distributed) inelastic pp collisionsin a single bunchcrossing.

2 |nitial operation scenarios foresee first physics running at \/S=10 TeV (two 5 TeV beams). See
lhc-commissioning.web.cern.ch/lhc-commissioning for actual schedules.
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FIGURE 2. The ATLAS detector at the LHC.

EXPERIMENTSAND EXPERIMENTAL CONDITIONS

Two of the six experiments at LHC employ large multi-purpose detector systems. AT-
LAS [4] and CMS [5] both feature near hermetic coverage for complete final state re-
construction around the LHC collision points Point 1 and Point 5, respectively (Fig. 1).
The emphasis of the design of these two detectors is to allow precision reconstruction
of al relevant final statesin Standard Model and discovery physicsin the high energetic
pp collisions, but both are also adequate for reconstructing heavy ion collisions as well.

Two more specialized experiments, LHCb [6] for heavy flavour physics, especidly in
the b-quark sector and possible Standard M odel extensions, and ALICE [7] for heavy ion
collisionsat yet unexplored temperatures, are located at Point 8 and Point 2, respectively.
The physics potential of ALICE is summarized in Refs. [8, 9]. The two remaining
smaller experiments also not further discussed here are dedicated to very forward (high
pseudorapidity) physics, LHCf [10] and TOTEM [11].

Thefull physicspotential of ATLAS, based on the eval uation of detailed detector sm-
ulationsof along list of predicted processes from the Standard Model, including the SM
Higgs sector, and beyond the Standard Model, the | atter including SUSY extensionsand
exotic processes, can be found in Ref. [12]. A similar collection of physics performance
evaluationsis available for CMSin Refs. [13, 14].

ATLASand CMSat theLHC

Both ATLAS and CM S follow a similar basic design with an inner tracking detector
surrounded by electromagnetic and hadronic calorimetry, which in turn is surrounded by
amuon spectrometer. The main differences are the magnetic field and the arrangements
of the magnets. ATLAS has a solenoid field of about 2 T in its inner cavity for preci-
sionr — ¢ tracking and vertex reconstruction, and atoroidal field of varying strength for
the muon detector, which alows high precision reconstruction of all momentum com-
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FIGURE 3. The CMS detector at the LHC.

ponents. The solenoid magnet is located in front of the calorimeter system, while the
air core toroid surrounds the whole experiment, see Fig. 2. CMS features a solenoid
magnet with a4 T field, with the magnet encompassing the calorimeters and the muon
Spectrometer surrounding it, see Fig. 3.

The two experiments employ very different calorimeter technologies, with CMS fea-
turing ahighly granular lead-tungstate (PbWO,) crystal calorimeter for electromagnetic
and atiled scintillator/brass calorimeter for hadronic calorimetry. ATLAS, on the other
hand, has liquid argon with lead and copper absorbers for electromagnetic and hadronic
calorimetry, respectively, and atiled scintillator/iron hadronic calorimeter in the central
region. Both calorimeter systems have a highly granular lateral readout structure, with
up to seven(three) depth segmentsin ATLAS(CMYS). In case of ATLAS this granularity
leads to nearly 200, 000 readout channels for the calorimeters alone.

Both detector systems allow reconstructing particles with high efficiency and preci-
sion. Typical parameters are a 90% reconstruction efficiency for u™ and 80% for e*,
both with rejection of the most severe background from (light quark) jets at a level of
10°. Photons can be reconstructed with about 80% efficiency, but at a lower jet rejec-
tion of typically 103. b-jets and 7+ are reconstructed with 50 — 60% efficiencies and a
jet rgiection of about 100. It should be noted that, as both experiments feature different
detector technologies, especially concerning calorimetry, efficiencies and purities differ
in details.

ATLAS and CMS each provide hermetic coverage in azimuth 0 < ¢ < 2z and within
pseudorapidities of |n| < 5. This is particularly important for the precision recon-
struction of the missing transverse momentum generated by neutrinos and other non-
interacting particlesin thefinal state of the pp collisions. Both experiments employ very
precise tracking, calorimeters and muon spectrometers, to measure electron and pho-
ton energies with a high energy limit in the relative energy resolution of less than 1%,
and the muon momentum within fluctuations of typicaly a few percent, with a suffi-
cient relative transverse momentum resolution around 10% for muonswith pt = 1 TeV.
Jets are reconstructed with high efficiency, typically more than 90(95)% for jets with
pt > 60(100) GeV, and a sufficient relative energy resolution with a high energy limit
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FIGURE 4. Total and process cross-sectionsin pp and pp collisions, as function of the center of mass
energy +/s (Ieft). The event rate at LHC design luminosity .# = 10%*cm—2s1 is given on the right scale
of this graph. The plot on the right shows the rates expected at /s = 14 TeV and design luminosity, as
function of the jet transverse energy or particle mass. Indicated are the cross-sections (right scale) as well

asthe event rate per year (left scale).

in the order of afew percent.

Trigger and background issues

One of the most important tasks for each experiment is to reduce the high interaction
rate to a manageable event rate, i.e. the rate at which the data can be recorded (typically
up to 200 Hz). As the left plot in Fig. 4 indicates, the total cross-section is dominated
by SM processes driven by strong interactions (QCD). All cross-sections of interest,
especially the ones for discovery physics including Higgs production and new physics,
are orders of magnitude smaller. In particular in the Higgs mass range between 100 and
300 GeV, whichisof highest interest for discovery, jet production from QCD dominates,
seeright plotin Fig. 4.

The task of the event triggers and online event filters is to enhance the events of
interest in the recorded sample by suppressing the less interesting signatures. This is
realized by athree level trigger system, where the first level trigger® (L1) reduces the
event rate from 40 MHz downto about 75 kHz inlessthan 2 us, based on afast search for
so-called regions of interest (Rol), i.e. regions with significant signal in the calorimeters
and the muon spectrometers. L1 also performs afast analysis of the Rol signal itself for a
first attempt to classify its source (€*/y, u™*, t, and jets). Some simple combinations of
Rol signals, focusing on specific topologies of the final states of interest, are considered
inthe L1 decision as well as rough estimates for missing transverse energy.

3 All numbers and strategies discussed here are for the ATLAS experiment, but similar for CMS.
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FIGURE 5. The left figure shows the average number of charged tracks in the regions away from the
jets in QCD di-jet production, as function of the hardest jet pt. Experimenta data is from CDF [15],
LHC estimates are from Ref. [17]. The figure on the right shows the expected fluctuation in the transverse
momentum measurement as function of thejet area, for two different regions of the ATLAS detector (both
figures extracted from Ref. [18]).

The events accepted by L1 are analyzed in more detail by the second level trigger L2,
which now includes tracks from the inner detectors. L2 reduces the event rate further
to about 1 kHz, within a decision time of less than 10 ms. Events accepted by L2 are
handed to the event filter (EF), wherethe full event datais available and dlightly adapted
precision offline algorithms are run to make a final selection on event topologies of
interest. The final EF output rateisup to 200 Hz, and itsdecisiontimeis 1 s. The events
passing the EF are recorded and fully reconstructed offline.

The pp collision at LHC have intrinsic background contributions which are potential
sources of additional signal fluctuations (noise), and signal (extra energies associated
with a reconstructed particle or jet), or topology biases, e.g. extra jets not belonging to
the hard scattering of interest. First, the underlying event (UE), already well studied at
the Tevatron [15, 16], are collisions of other partons in the same two protons generating
the hard scattering process. The second contribution are multiple interactions (Ml), i.e.
collisions of partonsin other protonsin the same bunch crossing.

The UE activity, yet unknown at LHC, can be evaluated by analyzing the transverse
energy flow away from the two (back-to-back) jets in QCD di-jet production, as sug-
gested in Ref. [15]. Estimates of this transverse energy flow in ATLAS, derived from
calculations documented in Ref. [17], are shown in the left plot of Fig. 5.

Multiple interactions potentially generate a signal baseline and a signal history, i.e.
signa fragments from previous and even the following bunch crossing affect the actual
signal, mainly due to the relatively slow readout of the calorimeters, compared to the 25
ns bunch crossing time. The size and qualitative effect on the signal of interest at agiven
luminosity depends on the readout electronics, especialy the analog signa shaping,
which is designed to minimize these signal biases as much as possible. Typically the
overall effect is limited to increased signal fluctuations with only a small amount of
additional signal, as discussed in Ref. [4] for ATLAS and Ref. [14] for various physics
channels in CMS. For example, the right plot in Fig. 5 shows these fluctuations in the
transverse momentum measurement as function of the jet area, both in the central and
more forward regions of ATLAS (original calculationsin Refs. [19, 20]).
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FIGURE 6. The pr spectrum of muonsfromW — uv,, decays (l&ft). The points indicate expectations
for datafrom full (detailed) simulationsfor ATLAS, while the histogram showsthetrue u p distribution
derived with templates from Z-boson decays. The right plot shows the invariant mass reconstructed from
full hadronically decaying top quarks (t — Wb — | jb) together with the background in ATLAS. Both
figures have been extracted from Ref. [12].

The initial experimental conditions at LHC are likely characterized by a lower lumi-
nosity of . ~ 10%cm~2s~1, a different bunch crossing rate (75 ns, about 13 MHZz),
and different proton beam energies (5 TeV), al of which affect the MI contributions to
thesignal. Thefirst important measurements are therefore the transverse energy flow and
charged track distributionsin minimum bias collisions at variousluminosities, within the
(different) acceptance limitationsintroduced by ATLAS and CM S. These measurements
then allow tuning of the soft, non-perturbative QCD physics in the generator models,
which drives most of the MI dynamics. This excercise, together with the measurements
of the UE activity discussed above, is essential to unfold the corresponding signal con-
tributionsin any precision physics analysisat LHC.

STANDARD MODEL PHYSICSAT LHC

One of the first aspects of hard scattering physics at LHC to be measured are SM
cross-sections in the new and fairly extended kinematic domain, as those are important
backgrounds for discovery physics. In particular, light quark jet production in QCD and
heavy quark final states like tt pairs need to be understood and controlled not only for
SM Higgs searches, but also for possible SUSY and other new physics beyond the SM
(BSM) discoveries. The event rate for SM processes is high even at lower luminosity.
For example, with only 1 fb—* of collected data, which corresponds to about one year of
data taking at a possible initial .2 = 10%2cm~2s™1, one can expect more than 100,000
jets with pr > 1 TeV. The reconstruction quality of many final state physics objects
is therefore quickly dominated by systematic rather than statistical uncertainties. This
means that systematics need to be evaluated and addressed early on, as they introduce
severe limitations on the precision measurement of SM cross-sections, and therefore
the determination and experimental validation of parton density functionsfor the proton
in kinematic domains not yet covered by other experiments. These measurements are
important for controlling the background in Higgs, SUSY, and BSM searches, and thus
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FIGURE 7. Significance of the Standard Model Higgs signa in various decay modes at 30 fb 1 of
collected data, as function of the Higgs mass my, for CM S (left, Ref. [14]) and for the lower mass range
in ATLAS (center, Ref. [21]). The plot on the right shows the integrated luminosity needed for a 5o
discovery of the Standard Model Higgs for three different decay modes, as function of my (Ref. [14]).

for the cross-section measurements for the corresponding new processes themselves.

Precision measurements of the W-boson (my) and the top quark masses (m) are
expected to be possible with uncertainties of 6my < 15MeV and 6my < 1 GeV. Figure
6 (left) indicates that the distribution of the pr of the u from the leptonic W — uv,
decay can be used to constrain myy in afit using kinematic distribution templates derived
fromZ — utu~ decays, evenwithinalow [.Zdt = 15 pb~1, where the statistical and
systematic uncertainties of this measurement are estimated to be of about the same size
in ATLAS, 6my =~ 120 MeV (detailsin Ref. [12]).

The top quark reconstruction in tt events is expected to be possible with an initial
systematic uncertainty of omy =~ 1 — 3.5 GeV for the fully hadronic top quark decay
t — Wb — qob at [.Zdt = 1 fb~1, under the assumption of a systematic jet energy
scale error between 1 — 5%. As the hadronic decay of the W bosons in these events can
be used to control the light quark jet energy scale, the main uncertainty comes from the
b-quark jet energy scale. The statistical error isalready considerably smaller (around 0.4
GeV) at thisintegrated luminosity. All these numbers are expected for ATLAS, see Ref.
[12]. Figure 6 shows on the right the top mass spectrum for the hadronic top decayswith
two light quark jets and one tagged b-jet.

STANDARD MODEL HIGGS DISCOVERY POTENTIAL

The main goal of the LHC physics program, the discovery of the (Standard Model)
Higgs boson, presents significant experimental challenges to both ATLAS and CMS.
A summary of the theoretical aspects of Higgs production at LHC are presented in Ref.
[22]. The paramount experimental challenge for Higgs searchesliesin the suppression of
the typically large background from QCD and electroweak decays, especially generated
by topologies like tt, and the (related) limitations on the precision of the Higgs mass
(my) measurement. The presently considered range for my is given by the combined
results of the four LEP experiments, experimentally excluding my < 114.4 GeV at
the 95% confidence level, see the summary in Ref. [23]. The theoretical upper limit



0.4

< inclusive s £ +2 jets s L +1 photon

2 2 F 43 f

§ 200 oo ] Sost ATLAS W siona ER-TT E

g ignal 1 & 'k 3 . 3

< = 4 Sorp Elineducible bkg 3 = signal El

S50 Ireducible bkg 1 = E rreducile bra 1 s006f 3

N — 1 3Tost [ JReduciblebkg o 2 ATLAS Ireducible bkg E|

5 200 [=JReducible bkg 1 3 1 Boosp 3

2 1 =os 4 ° (] Recucivie bk k|
3 004 3

003F

—

0.1= = 001E

i , , i i I I E| E I i | i i i I E E i i i L i I | =
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145 150 1m0 M5 120 125 130 135 140 145 150
M, (GeV) My (GeV) My, (GeV)

FIGURE 8. TheinclusiveH — yy invariant mass cross-section on top of the reducible and irreducible
background (left). The exclusive cross-sections for the yy final state plus two additional jets and yy plus
one additional photon are shown in the center and right plots, respectively (adapted from Ref. [12]).

at the TeV scale is around 700 GeV (Ref. [24], for example). Global fits to all relevant
Standard Model parameters from LEP (e.g. electroweak parameters) and Tevatron (top
mass) indicate an experimentally preferred upper limit* of 185 GeV [26].

Figure 7 left and center show the significance of the Higgs signal in various decay
modesfor CMS and ATLAS as function of my, at [ .Zdt =30 fb—1, or after about three
years of data taking at 1033cm~2s~1. The different sensitivities in both experiments to
certain decaysare dueto the different detector technologies and the corresponding differ-
encesin signal reconstruction quality and resolution, as well asthe different acceptances
for the specific ingredients of the decay mode and backgrounds. Exclusions of some
thesefinal statesis expected to be possible within afew 100 pb~1 of collected data. Dis-
covery of aheavier Higgsbosonwith 160 < my < 180 GeV ispossiblewithin [ Zdt =1
fb~1, while afew 10 fb~1 should allow to cover the full my range, see the integrated
luminosity needed for discovery as function of the my forH — vy, H — Z2Z — 4/, and
H —WW — 2/2v for CMSin Fig. 7 (right).

For lower my the H — yy decay is one of the important modes for discovery, in
particular for CMS. For ATLAS this fina state alone is not significant enough for
discovery in the relevant range of my. A combined search for this and the H — t7
signature, for example, isexpected to increase the significance of the signal considerably,
especially when tagging the associated (forward) jets in vector boson fusion (VBF)
generated Higgs, as can be seen from the center plot in the same Fig. 7.

The inclusive invariant mass spectrum of the yy fina state is dominated by back-
ground, see Fig. 8. Thisfigure also shows that the Higgs signal significance can be con-
siderably larger in several exclusive final states including the H — yy decay, like when
associated with one or two additional jets or one extra photon. Statistical combination of
the significances of the most relevant of these channels increases the total Higgs signal-
to-background ratio compared to the inclusive analysis with acceptable loss of overall
statistics, as evaluated in more detail in Refs. [12, 14].

The “golden channel” for Higgs discovery, even at lower my, istheH — ZZ* — 4/
final state, because the precision reconstruction of the charged leptonsis very efficient,
and the backgrounds are small and controllable, seeleft plotin Fig. 9 for my = 130 GeV

4 Tevatron recently excluded my = 170 GeV at a confidence level of 95% , see Ref. [25].
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in ATLAS. Theright plot in thisfigure shows an example for the characteristic topology
in VBF produced Higgs, which represent a few percent of the total production cross-
section in the lower mass range (e.g., see Ref. [27] for afull review). In this production
mode the two quarks radiating off theW bosonsin qg — qgWW — qgH giveriseto two
forward going “tag” jets. These jets are widely separated in 17 and thus lead to a very
distinct event topology when compared to the most relevant decay backgrounds.

PHYSICSBEYOND THE STANDARD MODEL

Theoretical and phenomenological aspects of new particle production at LHC are sum-
marized elsewherein these proceedings [28]. For afull overview of the physics potential
for discovery of new physics, including supersymmetric Higgs bosons and new exotic
particles, of ATLAS and CM S, see Refs. [12, 14]. Here two examples for sensitive vari-
ables and topologies from SUSY models, accessible experimentally early on at LHC (1
fb1), are presented.

One of the important indications for the discovery of SUSY are possible final states
including the lightest postulated SUSY particle (LSP), the neutralino ;Zf. Characteristic
for these states are long decay chainswith several leptons, jets, and considerable missing
transverse energy inthe fina state, (Fig. 10).

Among the sensitive experimental variables for LSP discovery are the effective mass
Mgt [29], which is the scalar sum of the pt of the four hardest jets within || < 2.5,
the pr of al identified leptons, and the reconstructed missing transverse momentum.
Figure 10 shows the Mg spectrum for a given point in SUSY parameter space (SU3,
bulk region®) and the relevant backgrounds in a zero-lepton inclusive search, after all
selections.

An exclusive search for opposite sign charge, same flavour lepton pairs produced
together with jets and missing transverse momentum generates the di-lepton mass spec-
trum shown on the left in Fig. 10. This mode is particularly attractive because of the
small SM background and the sensitivity of the spectrum endpoint to massratios of slep-

5> Model parameter settings at this point: mp = 0, my /> = 300 GeV, Ag = —300 GeV, tanf§ = 6, u > 0.
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tons and the two lightest neutralinos in decays like 79 — ¢=¢¥ — ¢+~ Other SUSY
particle massrel ations are accessi ble by measuring invariant masses between afinal state
quark (jet) and one or two of the lepton(s).

SUMMARY

The physics potential of the pp collisions at the LHC has been evaluated by the ATLAS
and CM S experiments using a multitude of SM and new physics processes and detailed
detector simulations. From these studies the discovery of the SM Higgs boson in the
most relevant mass range 115 < my < 180 GeV is predicted within [ Zdt = 30 b1,
i.e. about three years of datataking at an initially lower than design luminosity of . =
1033cm—2s71. SUSY, if existing, may manifest itself even earlier. First evidence and
even discovery of the corresponding particles can be expected within [.Zdt = 1 b1,
at least in some regions of the SUSY parameter space. High precision Standard Model
physics, like measuring the W boson or top quark mass, can already be feasible at even
lower statistics (around 100 pb~1), depending on the level of systematic uncertaintiesin
the jet energy scale, for example.

The LHC first circulated single beams at 450 GeV on September 10, 2008 [30].
After a significant technical problem [31] the accelerator had to be turned off again
on September 19, 2008, before first collisions could be facilitated. It is now planned to
start LHC operations again by end of summer 2009 [32].
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