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For the past two year, experiments at the Large Hadron Collider (LHC) have started exploring

physics at the high energy frontier. Thanks to the superb turn-on of the LHC already a rich har-

vest of initial physics results have been obtained by the two general purpose experiments ATLAS

and CMS, which are the subject of these lectures. The initial data have allowed a test, at the

highest collision energies ever reached in a laboratory, of the Standard Model (SM) of elementary

particles, and to make early searches Beyond the Standard Model (BSM). Signi�cant results have

already been obtained in the search for the Higgs boson, which would establish the postulated

electro-weak symmetry breaking mechanism in the SM, as well as for BSM physics like Super-

symmetry (SUSY), heavy new particles, extra space dimensions, and others. The important, and

successful, SM physics measurements are giving con�dence t hat the experiments are in good

shape for their journey into the uncharted territory of new physics anticipated at the LHC.
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1. INTRODUCTION

The �rst high-energy proton-proton collisions (3.5 + 3.5 Te V) at the LHC were registered
on 30th March 2010. Since then the machine has operated in a superb way, providing the two
general-purpose experiments ATLAS and CMS with data samples corresponding to an integrated
luminosity of 5 fb�1 during the pp running periods in 2010 and 2011. The two experiments have
recorded collision data in a very effective way, reaching data taking ef�ciencies of up to 94%
for the luminosity delivered by LHC in stable conditions. Thanks to a very careful and rather
complete commissioning of the experiments over several years with cosmic ray data, and with the
lower energy LHC collision data accumulated at the end of 2009 during the initial LHC operation,
ATLAS and CMS were able to quickly produce a rich harvest of early physics results. In fact,
together they have published almost 200 papers in scienti�c journals up to the end of 2011.

It would be impossible to review all these results; necessarily a very restrictive selection had
to be made, in the spirit of giving illustrative examples. In the same spirit, an arbitrary choice is
often made between ATLAS and CMS results, in general representing achievements of both. It
can certainly be noted that both experiments performed well within the expectations. The results
reported in these lectures were presented roughly speaking following a pattern of decreasing cross-
sections. This naturally �rst led to measurements of the kno wn Standard Model (SM) particles, of
which the top quark is the heaviest known, with the smallest cross-section. All SM measurements,
already with considerable accuracies and details, agree so far with the most sophisticated theoretical
expectations. Next was discussed the status of the search for the still missing element of the SM,
the Higgs boson as the messenger of the electro-weak symmetry breaking mechanism. After this
�rst lecture, several examples of searches for various phys ics processes Beyond the Standard Model
(BSM) were covered in detail during the second lecture.

No New Physics has been discovered yet; however the searches all resulted in new limits on
the production of postulated heavy particles with small production cross-sections. One has to be
well aware that for these exciting BSM searches the exploration at the LHC has only just begun, as
much larger data samples are anticipated for the future, and most importantly also after 2014 at the
full LHC collision energy of 13-14 TeV.

2. GENERAL EVENT PROPERTIES

The experiments have collected large samples of so-called minimum bias events (ordinary
collision events without, or at most very minimal, selection criteria) in order to study general event
properties. These consist mostly of soft scattering collisions. These properties are interesting in
their own right as the physics of soft hadronic interactions (soft QCD), and an understanding of
them is a crucial input to the modeling of background events for any measurements and searches of
SM and BSM physics processes. The minimum bias events allowed the experiments also to verify
in great detail that the detector responses are well described in the Monte Carlo (MC) simulations,
and that the detector elements are well aligned and calibrated, most convincingly demonstrated by
the reconstruction and measurement of many well-known resonances, yielding the expected mass
values and resolutions.
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Figure 1: a) Charged particle multiplicity per event and per unit η , (b) charged particle transverse momen-
tum pT distribution. The data (dots) are compared to various MC model simulations before tuning of the
latter.

Charged particle production properties measured by ATLAS[1] over the central region in 7
TeV centre-of-mass proton-proton collisions are shown in Fig. 1. The central region is character-
ized as jη j <2.5 where η is the pseudorapidity de�ned in terms of the polar angle Θ w.r.t. the beam
axis as η = � ln tan(θ=2). Figure 1a shows the number of charged particles (multiplicities) per
unit η , and Fig. 1b displays the transverse momentum pT distribution w.r.t. the beam axis. Both
measurements are compared with various Monte Carlo (MC) model simulations before tuning of
the latter, and as can be seen, in particular from the MC over data ratio plots, the model descriptions
required adjustments to better represent the measurement.

The total charged particle multiplicities and the average charged particle density for the central
η region is shown in Figs. 2a and 2b from the CMS measurements [2, 3] at all three centre-of-mass
energies for which the LHC has been operated so far. The mean multiplicities are observed to
increase somewhat faster with the centre-of-mass energy compared to several predictions.

A study of two-particle correlations by CMS [4] has revealed a somewhat unexpected feature
which is not reproduced by the present QCD MC simulations. When selecting with a special trigger
a sample of very high-multiplicity events, an enhancement is observed for pairs of particles on the
same azimuth (projected angle measured in the transverse plane to the beam axis) even if largely
separated in η (i.e. along the beam axis) if these particles fall within a pT range of 1 to 3 GeV. This
subtle effect, which has not yet found a satisfactory explanation, is called by CMS "the ridge effect
in long-range near-side" angular correlations.
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Figure 2: (a) Charged particle multiplicities at three different centre-of-mass energies, (b) average charged
particle density for the central region as a function of the centre-of-mass energy (including data from other
experiments).

3. KNOWN STANDARD MODEL PHYSICS

Observing, and measuring accurately at the new collision energies, the known particles from
the SM can be considered to be a necessary stepping stone towards exploring the full potential of
the LHC with its many promises of possible new physics discoveries. The SM processes are often
called "standard candles" for the experiments. However there is much more value to measuring the
SM processes than this: never before could the SM physics be studied at a hadron collider with
such sophisticated and highly accurate detectors, allowing ultimately a test of detailed predictions
of the SM with unprecedented precision and minimal instrumental systematic errors, as already
published for some ATLAS and CMS QCD results.

A nice illustration of the global coverage for SM particle detection is given by the di-muon
mass spectrum, shown in Fig. 3 for CMS, which covers the whole mass range from classical low
mass resonances over the heavy quark bound states to the Z boson. Dedicated analyses have been
published for the J=ψ signals, which both result from direct production and as decay products from
B mesons [5], as well as for the differential cross-section measurements of the ϒ family [6].

The charged and neutral Intermediate Vector Bosons (IVB) W and Z are the major benchmark
measurements at the LHC for demonstrating the excellent detector performance, as well as for
testing model predictions to a high degree of accuracy. The Z decays into electron and muon pairs
can be extracted almost free of any backgrounds, as shown in Fig. 4 from CMS [7] for the invariant
mass distribution in the electron channel.

The classical W decay signatures into an electron or muon and the associated neutrino is
an excellent test for the missing transverse energy (Emiss

T ) performance of the detectors due to
the undetected neutrino. Emiss

T is inferred from the measured energy imbalance in the transverse
projection of all observed signals w.r.t. the beam axis. The ATLAS transverse mass distribution,
de�ned in [8], for events with a well-identi�ed muon candida te is shown in Fig. 5a, and shows a
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Figure 3: Di-muon invariant mass spectrum from the full 2010 data set.

Figure 4: The electron-pair mass distributions in the Z mass region on a linear (left) and logarithmic (right)
vertical scale. The estimated small background contributions are indicated, as well as the expected signal
shape from MC simulations.

clear W signal over the expected background sources. After applying a selection of events with
Emiss

T > 25 GeV only a small residual background remains present under the W signal, as indicated
in the distribution given in Fig. 5b.

The good agreement between the measured and expected cross-sections times leptonic de-
cay branching ratios (which is the expected rate for W bosons to be produced and then decay to
leptons) is illustrated in Fig. 6. With the present data samples the experimental uncertainties still
dominate, but with the addition of the 2011 data, the measurements will already constrain the the-
oretical model parameters. Figure 6a shows the ratio of measurements to predictions from CMS,
whereas in (b) the ATLAS W and Z cross-section results are displayed in a 2-dimensional plot in-
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Figure 5: (a) Transverse mass distribution for events with a muon candidate. (b) Transverse mass distribu-
tion for W events selected further with a cut on the Emiss

T (see text). The expected background contributions
are indicated as well.
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Figure 6: (a) Ratio of measured cross-sections times branching ratios to the theory expectation for the
various processes indicated, (b) correlation of the measured (solid dot) leptonic W and Z cross-section as
compared to theoretical expectations with various choices for the parton distribution functions (open dots).

cluding their correlated error ellipse, and compared to predictions with various parton distribution
functions (describing the quark and gluon momentum distributions inside the protons). Detailed
measurements of properties for IVB production and decay at the LHC have been published already,
including for example the lepton charge asymmetry measurements for W decays [9] which were
an important signature of the electro-weak nature of the W at the time of their discovery some 30
years ago.

Hard collisions (characterized by having �nal state partic les with signi�cant transverse energy)
at the LHC are dominated by the production of high transverse momentum jets, which are the col-
limated sprays of particles from the hadronization of the initially scattered partons (quarks, gluons)
in the colliding protons. At work is the strong interaction described by Quantum Chromo Dynamics
(QCD). Most commonly two jets emerge at opposite azimuth with balanced transverse momenta,
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Figure 7: Inclusive jet (left) and di-jet (right) cross-sections, compared to NLO perturbative QCD predic-
tions.

from an initial lowest order parton-parton scattering process. However, higher order QCD correc-
tions alter this picture signi�cantly, and detailed measur ements of multi-jet con�gurations are very
important to constrain the QCD descriptions of hadronic processes.

The most impressive results at this stage are the inclusive jet and the di-jet cross-section mea-
surements [10]; examples for them are shown in Fig.7. These measurements cover unprecedented
kinematical ranges spanning typically over jet transverse momenta from 20 GeV to 1.5 TeV, in
many angular bins up to jη j < 4:4 (i.e. very close to the beam axis). The cross-sections vary
over these ranges by up to 12 orders of magnitude. In general the agreement with perturbative
QCD calculations including next to leading order (NLO) corrections is well within the systematic
uncertainties. This cannot be seen in Fig. 7 directly, only in ratio plots measurement/theory for
a given η-interval. The systematic uncertainties in the ratios are typically only 30%, which is a
great achievement compared to previous such measurements. The systematic uncertainties on the
measurements are dominated by the jet energy scale uncertainty (calibration of the detectors for the
energy of jets), which thanks to a considerable effort has been determined to typically better than
3% [11].

Jets can also be produced together with W and Z bosons, so-called QCD corrections to the
Intermediate Vector Boson production. First results of these processes have been published by
both experiments [12]. A good understanding of them is particularly important as they are, in
many cases, a dominant source of backgrounds to the search for new particles, as well as to the
measurements of top quark production discussed next.

The heaviest known particle in the SM is the top quark with its roughly 175 GeV mass. It
decays almost exclusively into a W and a bottom quark. The measurement of top quark pair pro-
duction typically requests that at least one of the W decays leptonically (also needed to trigger the
events), and therefore the �nal states require one or two lep tons (electrons or muons), Emiss

T , and
jets, some of which, coming from the b-quarks, can be tagged by the displaced secondary vertices
due the �nite life times of b-hadrons. Whilst it is beyond the scope of this report to describe the
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Figure 8: Top pair production cross-section as a function of the collision energy, showing the Tevatron and
LHC measurements.

sophisticated analyses employed, the message is that there are clear top pair signals in ATLAS [13]
and CMS [14], both in the single and two-lepton channels, when considering the correct jet topolo-
gies. The resulting cross-sections are shown in Fig. 8 which also illustrates the expected large rise
of the cross-section with the collision energy increase from 2 TeV at the Tevatron to 7 TeV at the
LHC. Good agreement with NLO QCD calculations is seen within the present 10% measurement
errors. It can be mentioned that both experiments have also reported �rst single top observations
(events with just one top quark) at a rate in agreement with SM expectations.

Even lower cross-sections are expected for IVB pair productions (WW, WZ and ZZ). Devia-
tions, not observed so far, from the SM cross-section values could reveal indirect hints for BSM
physics. Both ATLAS and CMS have produced summary �gures ill ustrating in a nice way the ex-
cellent agreement within the present measurement and theory errors of the experimental data with
the SM. Figure 9 shows as an example the one from ATLAS. All these results give con�dence that
the experiments are well understood, and operating reliably to deal with known physics objects.
They have demonstrated maturity to enter LHC’s main objectives, search for the Higgs boson and
for new physics beyond the Standard Model. The results are also of crucial importance in terms of
understanding the SM processes as backgrounds to the various searches.

4. THE HUNT FOR THE HIGGS BOSON

The search for the Higgs boson H, as the decisive manifestation of the Brout, Englert, and
Higgs mechanism for electro-weak symmetry breaking, postulated in 1964, was one of the major
motivations for initiating the LHC project already more than 25 years ago. The ability to detect it
unambiguously over the full possible mass range from its lower experimental limit of 114.4 GeV
(set at the LEP collider) up to one TeV, with very different favored �nal states (decay modes) at
different masses, was the major benchmark in the conception of the ATLAS and CMS detector
designs.
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Figure 10: Examples of H search results, (a, left) in the four charged leptons channel and (b, right) in the
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The most stringent limits at hadron colliders were set until spring 2011 by the combined Higgs
search results from the Tevatron experiments CDF and D0, excluding at 95% con�dence level (CL)
the mass range 157 to 173 GeV. This was achieved by combining searches for an excess of events
over the SM backgrounds in several Higgs decay channels, but dominated in this mass range by
H ! W +W � decays, with the Ws decaying in turn leptonically (electron, or muon plus neutrino
channel). ATLAS and CMS have updated their searches in many channels for the summer 2011
conferences, extending the H exclusion limits over a signi� cantly larger mass range.

At the time of these lectures the public ATLAS and CMS Higgs search status [15, 16] corre-
sponded to the results presented at the 2011 International Symposium for Photon Lepton Interac-
tions at High Energies. Two examples are given in Fig. 10. The �rst (Fig. 10a) shows the relatively
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straight forward search for a mass peak from the process of the H decaying into two Z’s (one might
be virtual), which in turn decay into charged lepton pairs (electrons or muons in this �gure). The
second example (Fig. 10b) displays the search for the H decaying into WW, and each W decaying
leptonically into an electron or muon and its associated neutrino. Because of the Emiss

T from the
neutrinos no mass peak can be reconstructed, only a broad enhancement in the transverse mass of
the leptons and Emiss

T can be expected. In both cases no excess is observed over the background
distributions within the present data samples. The �gures a lso illustrate the expected contributions
from a Standard Model H boson.

At this stage, the absence of any signi�cant signal over the b ackgrounds in the analysis of
many channels can be expressed in terms of 95% con�dence leve l (CL) exclusion limits. For a
graphical representation this is done in terms of a ratio between the limit cross-sections over the
expected Standard Model Higgs cross-sections, as shown in detail for several decay channels in
Fig. 11 from ATLAS. The mass range for which this ratio is smaller than one is then excluded at
the 95% CL. Combining all analysis channels, and taking into account also possible correlations,
leads to exclude at 95% CL the SM Higgs boson in the mass ranges 146-232, 256-282 and 296-466
GeV [15]. Figure 12 shows from CMS their combined 95% CL exclusion limits, excluding in turn
the mass ranges 145-216, 226-288 and 310-400 GeV [16].

Note that much progress in the Higgs search can be expected on the basis of already accu-
mulated data, as well as the anticipated data from 2012. The reader is referred to the publications
following this evolution, and details that would be reported today may well be obsolete tomorrow.
A de�nite statement about the existence or not of a SM Higgs mi ght likely be in reach for the end
of 2012.
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Figure 11: A summary of 95% CL limits, for various Standard Model Higgs search channels separately, as
a function of the H mass (see text for explanations).

5. SEARCHES FOR NEW PHYSICS: SUPERSYMMETRY

Apart from �nding, or excluding the existence of, the Higgs p article, the other important mis-
sion of the LHC is to search for physics beyond the Standard Model, also labelled BSM. Over the
last 30 years a plethora of BSM models have been proposed but none of these is actually supported
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Figure 12: The combined 95% CL upper limits as a function of the SM Higgs boson mass. The observed
limits are shown by the solid symbols and the black line. The dashed line indicates the median expected
limit on mH for the background-only hypothesis, while the green/yellow bands indicate the ranges that are
expected to contain 68%/95% of all observed limit excursions from the median. The mass ranges excluded
by LEP, by Tevatron and by CMS are shown as hatched areas.

by data to date. We do know we have dark matter in the Universe, which could be our �rst sign for
new physics, and is of strong interest to LHC searches if the dark matter consists of weakly inter-
acting massive particles (WIMPs). As before, in these BSM sections we show illustrative examples
from ATLAS and CMS; very similar results exist on most channels from both experiments.

Supersymmetry, in short SUSY[17], is probably the most popular extension of the Standard
Model. SUSY has been a standard benchmark channel since many years for LHC studies so the
experiments are generally ready for initial SUSY searches with the �rst signi�cant set of data.
There are a number of good reasons to consider SUSY as a relevant BSM model. It stabilizes
the electro-weak scale: jmF � mBj <O(1 TeV); it predicts a light Higgs with mH <130 GeV; it
predicts/allows for gauge uni�cation; it accommodates a he avy top quark mass; and it delivers
a dark matter candidate in RP conserving scenarios: eg via a neutralino, sneutrino, or gravitino.
SUSY is consistent with electro-weak precision data. Discovering SUSY in the LHC data (or
elsewhere) will lead to a true revolution in particle physics, and the need to re-write the text books.

In the experiments at the LHC SUSY particles will be dominantly strongly produced, leading
to the pair production of squarks and gluinos. These particles decay in a cascade, leading to events
with potentially many jets, leptons and Emiss

T due to the stable and escaping "dark matter" particle
candidates. In all, SUSY particle production will generally lead very prominent signatures in CMS
and ATLAS.

A key quantity for SUSY searches with so called R-paritiy conservation, ie where ’supersym-
metry’ is a conserved quantum number, is the measurements of missing transverse energy resulting
from the escaping lightest SUSY particle (LSP), at the end of each sparticle decay cascade chain.
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Figure 13: a) Calorimeter Emiss
T distributions in a minimum-bias data sample without (black dots) and with

(open circles) cleaning and �lters, compared to simulation . Over�ows are included in the highest bin.

This quantity is generally appreciated to be a dif�cult one t o measure. Experience from the Teva-
tron even predicted that this quantity would take a long time, perhaps more than a year, before
it could be deployed in analyses. Emiss

T is very sensitive to e.g. �uctuations in jet measurements,
miss-measurements, detector noise, backgrounds, etc. In practice, it turned out that Emiss

T was rather
well under control from the start of the data taking, also thanks to the time the experiments had to
prepare before �rst collisions in 2009. As an example the E miss

T distribution for CMS [18] is shown
for minimum bias events in Fig.13, before and after elementary cleaning for detector noise and
other spurious effects. Of course when the machine will be operating with more pile-up in future,
this will complicate the measurement of this quantity with suf�cient quality.

The strategy for the present early searches for SUSY has been to scan the phase space for the
most obvious SUSY channels, typically containing large Emiss

T and high pT jets, possibly with one or
more isolated leptons. Such signals are most easily to separate from Standard Model background,
for which data-driven techniques have been developed and deployed to estimate this background
from the data itself. Here is a typical work-�ow for such sear ches. First one de�nes event selection
criteria to tackle the data, typically tuned on background and signal Monte Carlo samples. Then
one has to go through � 2:000:000:000 events triggered and stored on-line, collected eg in 2010,
to select candidates (typically one has to go through less than 10% of that sample, due to pre-
selected data sets which are based on trigger quantities, stored during the data recording). Next,
clever kinematical cuts are deployed to suppress the dominant reducible backgrounds, such as
QCD. Examples of these variables used in CMS to select the sample are αT [19], missing HT [20],
and the razor[21] variable analyses for hadronic �nal state studies. Next one tries to "predict"
the backgrounds in the signal region, using sidebands/disjunct regions or processes which can
be measured to estimate those backgrounds (eg measuring photon+jets to predict the Z(νν)+jets
background). Last, one determines the ef�ciencies and syst ematics of the signal and background
estimates, and then one checks if there is an excess or not in data with respect to expectation in the
signal box. An example for the agreement between data and three different background estimates

12
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is given in Table 1, for the αT analysis.

Table 1: Comparison of the measured yields in the different HT bins for the hadronic, µ + jets and γ +
jets samples with the SM expectations and combined statistical and systematic uncertainties given by the
simultaneous �t.

HT bin (GeV) 275�325 325�375 375�475 475�575 575�675 675�775 7 75�875 >875

SM hadronic 787+32
�22 310+8

�12 202+9
�9 60:4+4:2

�3:0 20:3+1:8
�1:1 7:7+0:8

�0:5 3:2+0:4
�0:2 2:8+0:4

�0:2
Data hadronic 782 321 196 62 21 6 3 1
SM µ + jets 367+15

�15 182+8
�9 113+8

�7 36:5+3:8
�3:3 13:4+2:2

�1:8 4:0+1:4
�1:2 0:8+0:9

�0:1 0:7+0:9
�0:1

Data µ + jets 389 156 113 39 17 5 0 0
SM γ + jets 834+28

�30 325+17
�17 210+12

�12 64:7+6:9
�7:0 21:1+3:9

�4:3 10:5+2:5
�2:6 6:1+0:9

�1:7 5:5+0:9
�1:6

Data γ + jets 849 307 210 67 24 12 4 4
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Figure 14: a) Observed and expected 95% CL exclusion contours for CMS in the CMSSM (m0,m1/2) plane
(tanβ = 10, A0 = 0, µ > 0) using NLO signal cross sections with the CLs method, for the αT analysis. The
expected limit is shown with its 68% CL range. b) Combined exclusion limits for simpli�ed SUSY models
with the mass of the lightest SUSY particle set to zero from ATLAS. The combined limits are obtained by
using the signal region which generates the best expected limit at each point in the parameter plane. The
dashed-blue line corresponds to the median expected 95% C.L. limit and the red line corresponds to the
observed limit at 95% C.L. The dotted blue lines correspond to the �1σ variation in the expected limits.
Also shown for comparison purposes in the �gures are limits f rom the Tevatron and LEP, although it should
be noted that some of these limits were generated with different models or parameter choices (see legends).
The previous published ATLAS limits from this analysis are also shown.

As it turns out, up to now no signi�cant excess has been observ ed yet in these early SUSY
studies. For de�niteness these results are typically inter preted in SUSY scenarios and models.
So far the Constrained Minimal Supersymmetric Standard Model (CMSSM) is often used as a
benchmark model for presenting the search results. The CMSSM has 4 parameters, namely m1=2:
the universal gaugino mass at GUT scale; m0: the universal scalar mass at GUT scale; tan β : the
vacuum expectation value ratio for the two Higgs doublets; A0: the trilinear coupling and the sign
of Higgs mixing parameter µ . The obtained exclusion limits for a data sample of 1 fb�1, ie 1/5th
of the total 2011 data sample, in the CMSSM is shown in Fig.14 for CMS and ATLAS[22]. Within
this model squark and gluino masses up to 1 TeV are excluded by both ATLAS and CMS using
searches exclusively based on the presence of high pT jets. The new results extend the limits on
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