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Introduction

The Lepton Photon Symposium 2009 took place in Hamburg, Germany, from August
16-22, 2009. It was the fifth time that this meeting came to Hamburg, after 1965, 1977,
1987, 1997.

DESY celebrated its 50th aniversary this year, which made it particularly approriate
to have this important meeting in Hamburg. Starting as a national laboratory for
German universities DESY has developed to a nationally operated and internationally
used accelerator complex serving a wide community of scientists from around the world
in fields as diverse as particle physics and molecular biology. Even though after the end
of HERA DESY is no longer hosting an accelerator at the energy frontier, it remains
a major player in particle physics, and in accelerator development for particle physics
and synchroton sources.

For Lepton Photon 2009 some 400 physicist from around the world assembled in
Hamburg to discuss the latest results from particle and related fields. The conference
took place at a time where the LHC was just about to start again after a long shutdown
to repair damages which were incurred in an accident during the first commissioning
in 2008. No data from the LHC experiments were available yet, but the experiments
were eagerly awaiting the turn-on of the accelerator, and reported on their already very
advanced state of preparation.

The Tevatron, the only running high energy collider at this time, was turning out
new results at a great rate. It narrowed down the allowed range for the Higgs particle,
and new results were a highlight for the conference. The HERA experiments, which
had stopped taking data two years earlier, presented many new results.

Another focus of the conference were results from experiments not at the intensity
frontier. 2009 was the final year of operation for Babar, and lots of new results were
presented.

Astroparticle physics has seen in enormous wealth of new data over the past few
years, with many new experiments coming online. Among the most spectacular is the
Fermi satellite, from which first results were reported.

Accelerators are a central tool for much of the physics talked about at this confer-
ence, and presentation on current and future facilities drew a picture of the field and
its possible developments into the next decade. While a linear collider complementing
the LHC remains at the top of the list of future projects, other smaller projects have
gathered momentum like ultra high intensity Super B-factories, charm factories, and
others.

Talks on theoretical deveklopments in a number of areas provided a broad back-
ground for the more experimental talks, and covered all aspects of modern particle and
astroparticle physics.

The conference closed by a visionary outlook talk by Guido Altarelli, who sum-
marised the newsest results, and pointed the attentees to the exciting times ahead with



the immediate turnon on the LHC. At the next Lepton Photon symposium, first results
from this facility should be available, and might be good for some surprises.

Traditionally the Lepton Photon symposia are all plenary talks. The papers ac-
companying these presentations are collected in the first volume. In addition a limited
number of posters could be presented during the conference, which allowed in particular
younger physicists to present their work to an international audience. The posters are
collected in the second volume of these proceedings.

The conference was opened by short speeches by Dr. B. Vierkorn-Rudolph from the
German Ministry of Research, from Staatsrat B. Reinert, from the free and hanseatic
city of Hamburg, and from Prof. Dr. H. Graener, the dean of the natural sciences at
the University of Hamburg. All three speakers expressed their support for basic science
and for DESY as a worldwide recognised center for particle physics.

In addition to the scientific program participants enjoyed a reception at the Ham-
burg town hall. The traditional conference dinner took part in the harbour of Hamburg,
utilizing a former storage hall right on a pier. Participants were brought to the dinner
by ship, and were treated to traditional Hamburg cuisine in a typical harbour athmo-
sphere. Even the weather cooperated, and allowed for a reception at the dinner outside
on the pier.

I would like to thank first of all the speakers for the excellent talks which created
an inspiring athmoshere. The international advisory committe and the local organising
comittee played key roles in shaping the scientific program. The symposium would not
have been possible without the strong and enthusiastic support by numerous DESY
staff.

The symposium was sponsored by DESY and the International Union of Pure and
Applied Physics and by the German Research Council, DFG.

Joachim Mnich, Chair
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Figure 1: Participants of the Lepton Photon Symposium 2009 gather in front of con-
ference location.

iii



Contents: Plenary Session

1

2

8

9

Helmut Burckhardt: Status of the LHC and commissioning plans
Kerstin Jon-And: Status of the ATLAS Experiment

Robert Cousins: Status of the CMS Experiment

Sergei Glasov: Recent Results from HERA

Akira Ukawa: Quantum Chromodynamics on the Lattice 2009
Delia Hasch: Nucleon structure at low energies

Thomas Peitzmann: Recent Results from RHIC

Thorsten Renk: Theory of Heavy-Ion Collisions

Christophe Grojean: New physics: theoretical developments

10 Gregorio Bernardi: Higgs boson searches at the Tevatron

11 Oscar Gonzalez: Status of Experimental Searches at Colliders

12 Eckhard Elsen: Linear Collider

13 Marzio Nessi: The super-LHC: a luminosity upgrade

14 Marcello A. Giorgi: Future B-Factories

15 Per Olof Hulth: Neutrino Telescopes

16 Seth A. Hoedl: Gravity Scale Particle Physics with Torsion Pendulums

17 Florencia Canelli: Top and Electroweak Physics at High Energies

18 Boris A. Shwartz: Electroweak physics at Low Energies

19 Bill Atwood: Indirect Search Results for Signatures of Particle Dark Matter

20 Keith Olive: Dark Energy and Dark Matter

21 Soeren Prell: Experimental Status of the CKM Matrix

22 Toru lijima: Rare B Decays Toru lijima

v

23

37

51

65

79

93

109

127

141

153

165

177

191

205

215

229

243

257

271

285



23 Jolanta Brodzika: Heavy Flavour Spectroscopy

24 Andrej Golutvin: Status and Prospects of LHCb

25 Takeshi K. Komatsubara: Kaons - Recent Results and Future Plans
26 Yifang Wang: Physics of tau and charm

27 Christian Weinheimer: Neutrino Mass

28 Jose W.F. Valle: Status of Neutrino Theory

29 Guido Altarelli: Particle Physics in the LHC Era and beyond

299

313

323

335

349

363

377



Contents: Poster Session

30 Baghdasaryan Artem: oy measurements in DIS 397
31 Albert Knudsson: Recent Measurement of the Hadronic Final State from H1 400
32 Alexey Petrukhin: Structure Functions Measurements at HERA 403
33 Gerhardt Brandt: Searches at HERA 406

34 Julia Grebenyuk: Measurement of the Longitudinal Proton Structure Function
with the Zeus Detector at HERA 409

35 Marcello Bindi: Measurement of charm and beauty production in deep inelastic
ep scattering from decays into muons at HERA 412

36 Verena Schoenberg: Measurement of beauty photoproduction from inclusive
secondary vertexing at HERAII 415

37 Jadranka Sekaric: Combined Limits on Anomalous Couplings at the D0 exper-
iment 418

38 John Backusmayes: Search for Associated Production of Z and Higgs Bosons in

IIbb Final States in ppbar Collisions at sqrt(s)=1.96 TeV. 421
39 Ralf Bernhard: Combined Upper Limit on Standard Model Higgs Boson Pro-

duction at DO in ppbar Collisions at sqrt(s)=1.96 TeV 424
40 Ken Herner: Search for Neutral Supersymmetric Higgs Bosons in ppbar Colli-

sions at sqrt(s)=1.96 TeV 428
41 Ruchika Nayyar: Search for H — WHW~—IT1~ at DO 431

42 Jyoti Joshi: Observation of Single Top Quark Production at D using Bayesian
Neural Networks. 434

43 Simone Donatti: Observation of resonances in the Lb-;Lc+ pi- pi+ pi- decay
mode at CDF II 437

44 Mauro E. Dinardo: Commissioning the CMS pixel detector with cosmic rays 440

45 Johannes Hauk: First Alignment of the CMS Tracker and Implications for the
First Collision Data 443

vi



46 Sara Bolognesi: Calibration of the CMS magnetic field using cosmic muon tracks447
47 Stefano Argiro: Electron and photon measurement with the CMS detector 450

48 Lars Sonnenschein: Drift velocity and pressure monitoring of the CMS muon
drift chambers 453

49 Lars Sonnenschein: CMS: Cosmic muons in simulation and measured data 456

50 Jasmin Gruschke: Prospects for the first ttbar cross section measurement in the
semileptonic channel at CMS 459

51 Thomas Peiffer: Search for TeV top resonances into jets plus muon with the
CMS experiment 462

52 Matthias Stein: Studies with an Energy Weighting Method for the Upgrade of

the Hadronic Barrel Calorimeter of CMS 465
53 Roberto Di Nardo: SM Higgs search in 4-lepton final state with ATLAS 468
54 Thomas Goepfert: Tagging b-jets in ATLAS 471

55 Aleksandrs Aleksejevs: Impact of the NLO Hadronic Effects on the Lepton-
Nucleon Scattering 474

56 Amalia Andrea Almasy: Renormalization of fermion flavour mixing 477

57 Teppei Baba: Strong Scaling Ansatz of flavor neutrino mass matrix and normal
mass hierarchy 480

58 Rasmiyya Gasimova: Polarization effects in neutrino pairs production by elec-
trons (positrons) in hot stellar magnetic fields 483

59 Anthony Hartin: Divergences in Particle Processes in Intense External Fields 486

60 Vali Huseynov: New distinguishing feature of a matter and an antimatter: asym-
metry in the cooling of charged leptons and antileptons by means of neutrino
pairs emission in a magnetic field 489

61 Mehta Poonam: Topological phase in two flavor neutrino oscillations 492

62 Mehta Poonam: Degenerate neutrinos and maximal mixing 495

vii



63 Yoshio Koide: Yukawaon Model and Unified Description of Quark and Lepton
Mass Matrices 498

64 Yuji Omura: Soft supersymmetry breaking terms from A4 lepton flavor symme-
try 501

65 Sushil Singh Chauhan: Gamma-+jet Final State as a Probe of ¢* at the LHC 504
66 Volker Pilipp: b — s¢7¢~ in the high ¢? region at two-loops 507
67 Sasa Prelovsek: Searching for tetraquarks on the lattice 510

68 Amir H. Rezaeian: Gluon saturation effects at forward rapidities at LHC in pp
collisions 513

69 Jairo Alexis Rodriguez : The charged Higgs boson of the two Higss doublet
model type III 516

70 Dz. Shoukavy: On diffractive magnetic monopole production in pp collision 519
71 Fumihiko Toyoda : Baryonium in confining gauge theories 523

72 Xuai Zhuang : Estimation of top background to SUSY searches from data in

ATLAS 526
73 Alexander Doxiadis: Top cross-section measurements with ATLAS 529
74 Nuno Castro: Top properties with ATLAS 532

75 Jochen Kaminski: Time Projection Chamber with Triple GEM and Highly
Granulated Pixel Readout 535

76 Sergej Schuvalov: Very Forward Detectors for ILC and LHC 538

77 Frank Simon : Beam Test Results with Highly Granular Hadron Calorimeters
for the ILC 541

78 Angela Lucaci-Timoce: Engineering Prototypes of the CALICE Hadron Calorime-
ters - EUDET Modules 544

79 Daniel Jeans: Design of a Large Scale Prototype for a SiW Electromagnetic
Calorimeter for the ILC - EUDET Module 547

viii



80 Roman Poschl: A large scale Prototype for a SiW Electromagnetic Calorimeter

for the ILC - EUDET Module 550
81 Sebastian Aderhold: High-Gradient SRF Research at DESY 553
82 Max Klein: Electron-Nucleon Scattering at the Tera Scale 556
83 Fatima Soomro: Radiative decays of B hadrons at LHCb 559
84 Silke Nelson: Searches for Leptonic B Decays at BaBar 562

85 Frank Simon: The Belle-II Pixel Vertex Tracker at the SuperKEKB Flavor
Factory 565

86 N.B.Skachkov: The Project NICA/MPD at JINR: Status of Design and Con-
struction o968

87 Annette Holtkamp: INSPIRE - The Next-Generation HEP Information System572

X






PROCEEDINGS OF THE

LErPTON PHOTON 2009

CONFERENCE

PART I: PLENARY SESSION






Status of the LHC and commissioning plans

Helmut Burkhardt®
LCERN, 1211 Geneve 23, Switzerland

The LHC is expected to provide first collisions soon. The current machine status and
prospects for the near future are reviewed.

1 Introduction

The 27 km long LHC machine is starting operation at CERN in Geneva. The LHC is the
worlds largest and most energetic particle collider. It took many years to plan and built this
complex machine, which promises exciting, new physics results with an excellent potential for
major discoveries.

The status of the LHC as presented in this conference in August 2009, will have significantly
changed by the time that these proceedings will be published. Therefore, only a short overview
over some of the most challenging aspects of the LHC and a brief summary of the status together
with future prospectives are given here. More detailed information on the LHC machine can
be found in the design report [1] and a more pedagogical description in the book [2].

2 LHC challenges and critical issues

The LHC is made of two rings which are horizontally separated by 19.4cm over most of the
circumference and brought together in four interaction regions, as schematically shown in Fig.1.

The main LHC parameters are listed in Table1 and compared to LEP. The parameters
for the magnetic field and beam intensity are particularly ambitious. The aim is to get the
maximum energy and luminosity reachable with current technology.

A major challenge in the LHC is the large amount of energy stored in the superconducting
magnets (10 GJ) and the beams (360 MJ at design parameters). For comparison, the energy
required to heat and melt 1kg of copper is 0.7 MJ.

The LHC is equipped with a machine protection system designed to automatically turn off
and safely dump the energy in the magnets and the beams in case of problems.

The LHC relies on high quality, high intensity beams from its injectors, the CERN proton
LINAC, the Booster, the PS and the SPS. A schematic view of the LHC with its injectors is
shown in Fig.2. Different from electron beams, which were strongly damped by synchrotron
radiation and accumulated in LEP, the proton beam density (the normalized emittance) and
bunch intensities in the LHC are determined by the corresponding parameters of the injected
beams.

The LHC construction already was very challenging and required to diagnose and solve
several critical issues. Some of these looked like a real headache when they were discovered,
risking to delay the whole project. Among the earlier, solved issues were
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Figure 1: Schematic layout of the LHC collider.
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Table 1: Design beam parameters at top energy. LHC compared to LEP.

LHC LEP2
Beam energy, Ep, TeV 7 0.1
Nominal design luminosity, £, cm™2?s~* 1034 1032
Dipole field at top energy, T 8.33 0.11
Number of bunches, each beam 2808 4
Particles / bunch 1.15 x 101! 4.2 x 101
Typical beam size in the ring, um 200 — 300  1800/140 (H/V)
Beam size at IP, um 16 200 / 3 (H/V)
Total energy stored in each beam, Mega Joule 360 0.03
Total energy stored in the magnet system, Giga Joule 10 0.016
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Figure 2: Schematic view of the LHC with its injectors.

Figure 3: View of a ”ping-pong” ball, used to find aperture obstructions in the LHC. Equipped
with a small battery, it can emitting a signal at 40 MHz for 2 hours. The passage of a ball within
the vacuum chamber is recorded by the LHC beam-position monitors, which are sensitive to 40
MHz, matching the nominal LHC bunch spacing of 25 ns.
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e QRL, the cryo-line for the Helium supply
e DFB, the high power electrical connections with warm cold transitions
e Triplet quadrupole cryostat - resistance to differential pressure
and among the more recent and present issues
e PIM, plug in modules with bellows and rf-fingers
e vacuum leaks
e condensation, humidity and corrosion in the tunnel
e magnet powering - cable, connections and polarity checks
e radiation to electronics, single event upset

e magnet re-training, magnets quenching in the tunnel below what was reached in the Lab
(SM18)

e magnet interconnects, splices

Some of these issues were solved with rather ingenious methods and delays absorbed or mini-
mized by re-scheduling. An example are the ”ping-pong” balls, equipped with radio transmit-
ters, which could be "blown” through the beam pipe. One of them is shown open in Fig. 3.
They were quickly developed to check and locate faulty PIM module. In addition to making
sure that there are no aperture obstructions for the beams, they were also useful to check the
beam position monitors and data acquisition.

3 First operational experience

Over two week-ends in August 2008, beams were injected in parts of the LHC. This allowed to
test and adjust injection and check out with beams 3 of the 8 sectors of the LHC.

On the 10th of September 2010, commissioning of the whole LHC with beams started. The
injection and beam position monitoring systems performed very well. By measuring and cor-
recting beam positions, it was possible within a couple of hours, to get beams around the full
circumference of the LHC, see Fig. 4. The next crucial step was to bring on and synchronize the
radio frequency system of the LHC to capture and stabilize the particle bunches (rf-capture).
This also worked beautifully. Beam lifetimes of several hours were achieved within three days
of commissioning the LHC with beams. This can be considered as a major milestone, demon-
strating that there was no major fault in the optics and magnetic lattice.

Just a few days after the start of the commissioning of the LHC with beams in 2008,
operation was interrupted by an incident. It occurred in training magnets to higher currents
and resulted in a local loss of the energy stored in the magnets, rapid evaporation of Helium
and pressure built-up in the insolation tanks, causing significant collateral damage. A poor
contact in a splice in a magnet interconnect was identified as initial cause of this incident [3].

The repair and consolidation program which followed is progressing well [4]. Details of the
repairs are shown in Fig.5. Fourteen quadrupole and thirty nine dipole magnets had to be
removed from the tunnel and replaced or repaired. The last of these magnets was re-installed

4 LP09



YASP DV LHCRING / INJ-TEST-NB / beam 2

R views || 11 | (m][=]e=] | [EE8] More |3 S

FT - P450.12 GeV/c - Fill # 830 INJPROT - 10/09,/08 15-01-58

10

2.862 / Dp = -0.37

Mean = -0.342 / RHS%

H Pos [mm]
o
;

T
Q 100

FT - P450.12 GeVy/c - Fill # 830 INJPROT - 10/09/08 15-01-58
10

Mean = -0.231 / RMS = 2.305 / Dp = -0.37

=
E
L

g ! [
> 54 ; |

10 R3] o

= ' —— | ' !

o 100 200 300 400 500
Moniter V

Figure 4: Vertical and horizontal beam positions recorded around the full circumference of the
LHC on the 10 Sep. 2008, observed for beam 2 (anti-clockwise beam).
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7= 10 be laid

Figure 5: The LHC repairs in detail.
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in the LHC on the 30/04/2009 and electrical connections finished on the second June 2009.
Methods to diagnose and localize faulty splices were developed and have already been applied
to a large fraction of the LHC. In addition to the measures taken to avoid any reoccurrence of
such an incident, pre-cautions are also taken to minimize the risk for collateral damage, if this
would nevertheless ever happen again. For this, magnet support structures were strengthened
and 900 pressure release ports installed to avoid pressure built-up by accidental Helium release.

4 Next steps

The LHC is scheduled to restart for operation with beams in November 2009 and to provide first
proton-proton collisions at the injection energy (2x450 GeV) before christmas. Initial transverse
beams sizes are expected to be o7, &~ 300 pm. It is planned to use the beam position and orbit
correction system to measure beam positions around the interaction regions (with an expected
precision of 200 pm including electronic offsets) to steer the beams into collisions. Fine tuning of
collisions will then be done using transverse luminosity scans and will have to rely on luminosity
information from the experiments, since the very forward machine luminosity monitors cannot
be expected to work at the injection energy. For collisions at higher energies, it is planned to
use more extended luminosity scans to measure the transverse beam sizes to obtain an absolute
luminosity calibration [5].

For the initial operation in 2009, currents in the LHC magnets will be limited to 2 kA which
corresponds to a maximum centre of mass energy of just over 2 TeV. After a short technical stop
in the winter 2009/2010, it is planned to restart the LHC early in 2010, to step up in intensity to
roughly 10% of the design values, and to deliver several hundred pb~" integrated luminosity at
7TeV c.m.s. in proton proton collisions within the year. Before the winter shutdown 2010/2011,
a run with lead-ion collisions in the LHC is foreseen.

For the last months with proton collisions in 2010 or early in 2011, it is planned to increase
the c.m.s. energy to 10 TeV. Several winter shutdowns may be required to consolidate magnet
interconnects and perform magnet training to allow for safe operation of the LHC at the full
design energy of 14TeV. Similarly, ramping up beam intensities and squeezing down beam
sizes to increase the luminosity in proton proton collisions towards the very challenging design

luminosity of 103* cm™2s~! will be done gradually, over several years.

References
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Discussion

Mel Shochet (University of Chicago): Steve Myers said at CERN that in order
to safely reach 14 TeV, all of the splices would have to be clamped. I have heard two
models for carrying this out. In one, there would be a long shutdown after the first
run to install all of the clamps. In the other, the installation would be carried out over
a few years during the annual shutdowns planned for other reasons. Has the decision
been made on which model to follow?

Answer: Not to my knowledge.
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Status of the ATLAS Experiment

Kerstin Jon-And!
On behalf of the ATLAS Collaboration

!Stockholm University, The Oskar Klein Centre for Cosmoparticle Physics, Department of
Physics, AlbaNova, SE-106 91 Stockholm, Sweden

The ATLAS detector, which has been under construction and installation for close to 20
years, is now fully installed and running at the CERN Large Hadron Collider. In this
paper the detector will be described. Some results from commissioning the detector with
first single beam data from 2008 as well as cosmic ray data will be presented. Some physics
expectations from the coming first year of LHC collision data will also be given.

1 Introduction

ATLAS is one of the two general-purpose detectors at the Large Hadron Collider (LHC), a
proton collider designed to produce proton-proton collisions at a centre-of-mass energy of 14
TeV. The LHC started successfully circulating proton beams at the injection energy of 450
GeV per beam in September 2008. However, an incident involving a superconducting bus bar
between two dipole magnets led to a shut-down period of more than one year for repair and
consolidation work. At the time of writing these proceedings (January 2010) the LHC has
successfully restarted, and proton-proton collisions at the world energy record of 2.36 TeV were
already achieved at the end of 2009 before the short winter stop. During 2010 the plans are to
restart in mid February going as fast as possible to a centre-of-mass energy of 7 TeV, possibly
increasing towards 10 TeV during the year. An integrated luminosity of a few hundred pb~" of
collision data is expected to be delivered.

The ATLAS Collaboration comprises around 2800 physicists from 169 institutions in 37
countries (at the time of writing the number of institutions has increased to 172). After close to
20 years of construction and installation work the ATLAS detector was installed and working
well for the first beam in 2008. Since then it has been further improved and commissioned with
cosmic ray data. This paper will describe the status of the detector, some results obtained with
single beam and cosmic ray data from 2008 as well as some expectations of first physics with
high energy collision data.

2 The ATLAS Detector

The ATLAS detector [1, 2] is designed to have excellent tracking, calorimetry and muon detec-
tion over the full energy range available at the LHC. A schematic view of the detector, where
the different parts are labelled, can be found in Figure 1. The huge detector has a cylindrical
shape of 44 m length and 25 m diameter. It weighs around 7000 tons.
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The innermost detector part is the Inner Detector (ID). It consists of three subdetectors,
the pixel detector, the Semi-Conductor Tracker (SCT) and the Transition Radiation Tracker
(TRT).

The ID covers a pseudorapidity region of |n| < 2.5. It is enclosed by a solenoid magnet
providing an axial field of 2 T. The pixel detector has three layers of pixels both in the barrel
and the endcap regions and has 80 million channels. The SCT consists of four double layers
of silicon strips in the barrel region and nine in the endcap. It has around 6 M channels.
The TRT, which is made of straw tube layers interleaved with transition radiation material,
provides e — 7 separation in the energy range of 0.5 < E < 150 GeV. The TRT has 3.5 x 10°
channels. The momentum resolution provided by the combined inner detector is o(pr)/pr =~
3.4 x 10~*p7/GeV @ 0.015.

The calorimeter system is situated outside the solenoid magnet. The calorimeters have
a coverage up to |n| = 5. The electromagnetic (EM) calorimeter uses a sampling technique
with accordion shaped lead plates as absorbers and Liquid Argon (LAr) as sensitive material
both in the barrel and in the endcap regions (|n| < 3.2). The EM energy in the forward
region is measured by the first layer of the forward calorimeter (LAr/copper). The hadron
calorimeter is a sampling iron - scintillating tiles calorimeter (Tilecal) in the barrel region,
|n] < 1.7. In the endcap and forward regions there are LAr calorimeters with copper/tungsten as
absorber material respectively. The relative energy resolution of the electromagnetic calorimeter
is ~ 10%+/E. In the hadron barrel region the relative jet resolution is ~ 50% / VE ®0.03 .

The outermost system is the huge muon spectrometer. Two different technologies are used
for the precision chambers. For most regions Monitored Drift Tubes (MDT) are used. In the
endcap inner region Cathode Strip Chambers (CSC) are used since they are able to cope with
higher background rates. Also the trigger chambers are made with two different technologies.
Resistive Plate Chambers (RPC) are used in the barrel and Thin Gap Chambers (TGC) in the
endcap regions. The barrel muon detectors are surrounded by eight huge air-filled toroid coils
providing a bending field of 1.5 — 5.5 Tm in the central region (|| < 1.4). In each endcap there
is also a toroidal magnet system with eight coils in a common cryostat providing approximately
1—-75Tm (1.6 < |n| < 2.7). The standalone muon momentum resolution is designed to be
Apr/pr < 10% up to E, ~ 1 TeV.
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ATLAS has a three-level trigger system successively reducing the rate from the bunch cross-
ing rate of 40 MHz to the rate of events being written to tape of around 200 Hz. The trigger
and data acquisition (DAQ) system is schematically shown in Figure 2. The level 1 trigger is
implemented in hardware based on the calorimeter and muon systems. The high level triggers
(level 2 and the event filter) use computer farms with around 500 and 1800 multi-core proces-
sors respectively, analysing full granularity data. At level 2 only full readout granularity data
from so called "regions of interest” are analysed. Only 35% of the high level trigger hardware
is currently installed. This is completely adequate for the first year of data taking.

To cope with the massive need for computing infrastructure a world-wide computing net-
work, the World-wide LHC Computing Grid, has been built. ATLAS has around 70 computing
sites distributed over the world. The operational challenges (e.g. ~50 PByte of data to be
moved across the world every year, 10° raw events per year to be processed and reprocessed)
and the complex Computing Model have been stress-tested and refined over the last years
through functional tests and data challenges of increasing functionality, size and realism.

3 Commissioning with single beam data

During the short single beam run in Septem-
ber 2008 ATLAS collected data from beam halo
events and so called beam-splash events, which
were produced when bunches of around 2 x 10°
protons at 450 GeV were stopped by closed col-
limators upstream of the experiment. An exam-
ple of such a beam-splash event is shown in Fig-
ure 3. The whole detector was lit up, mainly by
the muons resulting from the ”splash”, deposit-
ing around 100 TeV in the detector. The first
beams on September 10-12 were very useful to
synchronize the various sub-detectors, in par-
ticular to start timing-in the trigger. The tim-

first beam event seen in ATLAS

ing of the various components (sub-detectors, e T —

trigger system) was synchronized with respect

to the so called ATLAS beam pick-ups (BPTX)

refere.znce. An adjustme'nt to yvithin one bunch Figure 3: First beam in ATLAS.
crossing, 25 ns, was achieved in these two days.

The detection of the single beam data showed

that ATLAS was ready for data taking in September 2008.

4 Commissioning with cosmic ray data

After the LHC incident on 19 September 2008 ATLAS has made good use of the extra time to
commission and validate all aspects of the detector. Global cosmics runs with the full detector
operational were performed in the autumn of 2008. Around 500 M events were collected in
August — October 2008 producing around 1.2 PByte of raw data. Over 200 M events were
collected with the full detector being read out. Data were taken both with and without the
magnetic field being switched on. The cosmic ray data were very useful to debug the experiment,
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to study and validate the calibration and alignment and to gain in situ experience with the global
detector operation. The detector was opened in October 2008 for maintenance, consolidation
and a few repairs. In the beginning of June 2009 the detector was closed again and global
cosmics runs were restarted at the end of June. In this section some results from the cosmic
runs in the autumn of 2008 will be discussed.

4.1 The inner detector

To achieve the precise measurements of tracks
and knowledge of the absolute momentum scale

1]
$16000[ g A -
to << 0.1%, needed e.g. for a measurement of 8 - ®Aligned geometry : ]
. . s F p=2um, 0=24um ]
the W mass, a precise alignment of the detec- 14000 perfect geometry .
tors is required. Alignment of the inner detec- £;,qp H=0m, 0=16um h
tor was studied with the cosmic ray data. An 5 E DNO’;“]T' 990;“§W ]
S - . 5 F p=-21um, 0=128um .
example is given in Figure 4, where the pixel éloooo: ) g ]
residual distribution is shown. The residual is 2 8ooof ]
defined as the difference between the measured F ATLAS Preliminary 1
. . . . 6000[- Pixel Barrel ]
hit position and the expected hit position from F ]
the track extrapolation. The broadest distri- 40001 E
bution corresponds to the residuals with nom- 2000F .
inal geometry. The distribution with the filled

04 03 02 01 0 01 02 03 04

circles corresponds to the residuals after align- C
x residual [mm]

ment with cosmic rays and the most narrow
distribution, with the open circles, to a Monte
Carlo (MC) simulation with perfect geometry.
Both for the pixel and for the SCT detectors a

Figure 4: Pixel detector alignment with cos-
mic ray data compared to the MC expecta-

.. . . tion.
precision of around 20 pym was achieved close
to the ultimate goal of 5 — 10 pm.
T % T E S o2 o ‘ I T
£ 009§ Split tracks = =) C Split tracks ]
_,500_08;__ - Data, full ID E : ozi - Data, full ID B
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Figure 5: Impact parameter resolution plot-  Figure 6: Momentum resolution plotted ver-
ted versus pr sus pr.

Cosmic ray tracks crossing the whole inner detector were used to measure the track pa-

rameter resolution. The tracks were split in the center and refitted separately. By comparing
the parameters of the two collision-like tracks originating from the same cosmic muon the res-
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olution could be measured. In Figure 5 the transverse impact parameter resolution is plotted
as a function of py. The plot shows comparisons of tracks using the full ID (closed trian-
gles), only the silicon sub-detecors (open triangles) and tracks from cosmic simulation using
the full ID (stars). In the low pr region, the resolution is dominated by multiple scattering
effects. Taking into account the TRT information improves the resolution. In Figure 6 the
corresponding plot for the relative momentum resolution is shown. The relative momentum
resolution increases with higher py due to stiffer tracks and a more difficult measurement of
the sagitta. Including information from the
TRT extends the lever arm and helps improve

the resolution. The obtained resolution is al- %0-16;* 7 E
ready quite close to the ideal MC simulation. g o14r | Negative cosmic muons E

Studies of the transition radiation in the o1/ [ Posivecosmicmuons E
TRT were also performed. The transition radi- % 01 Negative muon ft =
ation intensity is proportional to the particle - £ ogE Combined testoeam (bairel) 3
factor. In Figure 7 the turn-on of the transition %o.oei E
radiation at values of the ~-factor of around 0.0 4i E
1000 is shown. For muons this corresponds to a 002k ATLAS preliminary 7

momentum of around 100 GeV. On the y-axis L B ‘E{?-”e‘l TRTE
the probability of a high-threshold hit, which 10 10?
is an indicator of transition radiation, is given.

The data points are shown for cosmic muons

separately for both charges and are compared Figure 7: Turn-on of transition radiation in
to the results obtained in the ATLAS Combined the TRT barrel.

Test Beam in 2004 (black thin line). The turn-

on of the transition radiation is nicely seen and the identical behaviour of the detector to cosmic
tracks and data recorded at the test beam demonstrates that the TRT is working properly.

10° 10
Loréntz gamma factor

4.2 The muon spectrometer

A very good momentum resolution for muons is important for the possibility to e.g. discover
new heavy resonances decaying to a muon pair as a "narrow” peak. The muon pr resolution
varies from 5% at 10 GeV up to about 10% at 1 TeV. The latter can be achieved provided
that the muon chambers will be aligned to about 30 um. Cosmic ray data taken without the
magnetic field were used for alignment studies. In Figure 8 are shown the measured residuals
for cosmic data taken without magnetic field. For a properly aligned muon chamber tower the
mean value of the residual is expected to be within the required 30 pm. The three plots show
the residual distributions for tracks going through a particular muon chamber for three different
geometries: the top distribution is obtained using nominal geometry, the middle one using the
geometry based on the optical alignment system and the bottom one is obtained after alignment
with straight tracks. The improvement between the steps is clearly seen and the result is very
promising.

Studies have also been made checking the correlation between track measurements in the
inner detector and the muon spectrometer. In Figure 9 the difference between the measurements
of the momentum of a track in the lower part of the detector using the ID and using the
muon spectrometer is shown. The peak value of around 3 GeV/c corresponds to the expected
energy loss of the muon in the calorimeter. The measurements agree well with a Monte Carlo
simulation.
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Figure 8: Alignment of the Muon Spectrome-  ter for tracks in the bottom part of the detec-
ter. tor.

4.3 The calorimeter system

Many studies of calorimeter performance were made with cosmic ray data. Here will be shown
examples of how noise studies and studies of cosmic ray data can be used to study backgrounds
of fake missing energy.

The ATLAS LAr calorimeter system has recorded several millions of cosmic ray and random
trigger events. Detailed understanding and improvement of the signal reconstruction has made
it possible to study the performance on these events of higher level quantities such as the miss-
ing transverse energy, E7'**. The performance of the standard calorimeter EJ'*® algorithms,
as planned to be used for the analysis of the collision data, is shown in Figure 10. The missing
transverse energies in the LAr calorimeter are reconstructed using all cells above a noise thresh-
old of two standard deviations (|E| > 2 X 0ppise). The width of the energy distribution in each
cell, oppise, has been estimated on a cell by cell basis for all LAr sub-detectors as the RMS of
the energy distribution in a calibration run. The analysis is performed with random and first
level calorimeter (L1Calo) triggered events. Inclusive distributions of EF for both types of
events are shown together with a simple MC simulation, which is based on randomisation of
the cell energy with a gaussian noise. L1Calo events, triggered by hard bremstrahlung photons
from muons, are mainly originating from the Tilecal. Consequently the E7%* distribution in
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Figure 10: Distribution of the missing energy

in events triggered by the calorimeter. The  Figure 11: The distributions of the EM frac-
noise from random events is described in the  tion of jets for cosmic data and QCD dijet
text. MC.

most cases corresponds to the random event distribution. The high energy tail corresponds to
real energy deposit in one of the LAr sub-detectors.

Jets and large missing transverse energy can originate from high energy cosmic muons
passing the ATLAS calorimeter. The aim of the study shown in Figure 11 is to investigate the
performance of cleaning cuts against cosmic rays. The jet EM fraction is the ratio of the energy
deposited in the EM calorimeter and the whole calorimeter. The jet EM fraction from the
cosmic L1Calo data stream, a cosmic MC simulation, and QCD di-jet MC samples simulating
proton-proton collisions are shown. Only jets with Ep > 20 GeV are included. The distributions
were normalized by the total number of jets. The most likely value for the EM fraction is 0 or
1 for fake jets from cosmics, since the high energy deposit from photons originating from high
energetic muons will localize either in the EM or the hadronic calorimeter. The QCD jets have
a broad distribution of the EM fraction peaking around 0.8. A good separation between real
QCD jets and fake jets from cosmics is observed. Selection cuts around 0 and 1 can remove
most of the fake jets while keeping most of the jets produced in proton-proton collisions.

4.4 First electrons seen in ATLAS

A study has been made to identify electrons in cosmic ray data. The electrons are expected to be
produced as d-rays from ionisation of cosmic muons. The analysis was performed on a sample of
3.5 million events selected by the level-two track trigger. The tracks used were required to have a
loose association to an EM calorimeter cluster with a transverse energy above ~ 3 GeV and after
some further cuts the events were split into two categories. One sample consisted of 1229 muon
bremsstrahlung candidates with only one track reconstructed in the barrel inner detector. The
other sample consisted of 85 ionisation electron candidates with at least two tracks reconstructed
in the barrel inner detector. In Figures 12 and 13 scatter plots are shown for the two event
categories respectively, where the TRT signal, expressed as the ratio of the number of high to to
the number of low threshold hits in the TRT, is plotted versus the ratio of the energy measured
in the EM calorimeter and the momentum measured in the ID. The dashed lines in the figures
indicate the electron signal region: 0.8 < E/p < 2.5 and the high to low threshold TRT hit ratio
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> 0.08 (indicating the detection of transition radiation produced only by relativistic particles).

Most of the events in Figure 12 have small F/p
ratio and few high threshold TRT hits. Only 19
of the 1229 events satisfy the signal criteria. In
contrast, in the event sample shown in Figure
13, a large fraction of events, 36 out of the total
of 85, satisfy the signal criteria. These events
are interpreted as high energy d-rays produced
in the inner detector volume by the incoming
cosmic muons. In Figure 14 the distribution of
the energy to momentum ratio for the electron
candidates of Figure 13, after applying the cut
indicated on the ratio of high to low threshold
TRT hits, is displayed. The background curve
is estimated using both the electron candidates
outside the signal region in Figure 13 and the
muon bremsstrahlung candidates in Figure 12.
A clear accumulation of signal events around
E/p =1 is observed, as expected for electrons.
Out of the 36 signal candidates, 32 have a mea-
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Figure 14: The distribution of the E/p ratio
for the electron candidates of Figure 13 after
applying the cut indicated on the ratio of high
to low threshold TRT hits.

sured negative charge, and these constitute the final sample. This is the first observation of

electrons in the ATLAS detector.

5 Detector status after the winter 2008-2009 shut-down

Only a few examples of commissioning results were discussed in the previous section. Also
the trigger and DAQ systems as well as the computing system were successfully commissioned.
For example comparisons between the trigger and the full readout gave very good results.
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After the commissioning runs Sub-detector Number of  Operational

with cosmic rays in 2008 and the channels fraction(%)
repair and consolidation work in Pixels 80 M 98.5
the winter 2008-2009 shut-down SCT 6 M 99.5
the detector was efficient to the TRT 350 k 98.2
few per mille level as can be seen LAT EM calo 170 k 99.1

in Table 1. The overall data tak- Tile calo 9800 99.5
ing efficiency, calculated over ded- LAr Hadronic endcap 5600 99.9
icated 6-14 hour long simulated LAr Forward calo 3500 100
LHC stores, has already reached MDT 350 k 99.3

~ 83%. Some concerns are the csC 31 k 98.4
long-term reliability of some com- RPC 370 k ~95.5
ponents: the low-voltage power (aim >98.5)
supplies of the LAr and Tile TGC 320 k 99.8

calorimeters, the LAr calorimeter
readout optical links, and the in- Table 1: Detector status after the winter 2008-2009 shut-
ner detector cooling. Back-up so- down.

lutions are being prepared for in-

stallation in future shut-down periods.

6 Examples of physics with first LHC data

When high-energy collision data will become available the commissioning and calibration of the
detector in situ will be done using well-known physics samples. When the first tens of pb~! are
collected already a few hundred thousand J/1 and several thousand T decays to muon pairs
will be available. Further very useful event samples will be e.g. Z decays to muon and electron
pairs and W decays to jets. These samples will be used for alignment and calibration of the
muon spectrometer and the ID, for the EM calorimeter calibration, for the energy/momentum
scale of the full detector, for lepton trigger and reconstruction efficiency etc.

The next step before searching for discoveries is to measure Standard Model processes, e.g.
production of Z, W, tt, QCD jets. In Figure 15 an example of simulated top pair production
is shown [3]. Events with top pairs where one top quark decays to a b-quark, a lepton and a
neutrino and the other to a b-quark and two light quarks are selected. The requirements are
thus to have an event with four high pr jets, a high pr lepton and missing transverse energy.
The lepton is used for triggering and the plot shows the invariant mass of the combination of
three jets with the highest pr. The analysis is relatively simple and requires no b-tagging. The
plot contains events in the muon decay channel and corresponds to an integrated luminosity
of 200 pb™! at a collision energy of 10 TeV. After cuts the estimated number of events in the
muon decay channel is around 1600. An analysis at 7 TeV with the same integrated luminosity
would have yielded around 600 events. Event samples of this size should be available during
the 2010 LHC run. The expected uncertainty on the measured top cross section at /s =10
TeV is less than 20% not including the luminosity uncertainty. The top measurement requires
good understanding of most signatures essential for searching for new physics e.g. leptons, jets,
missing transverse energy, b-jets. Also top will constitute an important background to most
searches for new physics. When the top is measured the experiment is ready for the discovery
phase.
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Figure 15: Invariant mass spectrum for the
combination of three jets with highest py in
events with top pairs, one top decaying lep-
tonically in the muon channel and the other
decaying hadronically.

A possibility of an early physics surprise could be a narrow mass peak in the dilepton invari-
ant mass spectrum. An example is given in Figure 16 [2]. The figure results from a simulation
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Figure 16: Mass spectrum for a m = 1 TeV
Z;, — ete” obtained with ATLAS full simu-
lation.

of Z;( with a mass of 1 TeV decaying to e*e™ pairs. Z’ particles appear in many models beyond

the Standard Model. This particular simulation refers to production of a sequential Standard
Model-like Z’'. The signal is nicely seen above a small and smooth SM background. This anal-
ysis does not require the ultimate EM calorimeter performance. The analysis is made at /s =
14 TeV. A discovery at the level of 50 at this energy would require an integrated luminosity of

around 50 pb~t. At /s = 7 TeV the estimated integrated luminosity to reach a sensitivity just
beyond the current Tevatron limits of around 1 TeV is around 200 pb~! (around 100 pb~ at
10 TeV). This should be possible to achieve during the 2010 LHC run.
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Figure 17: Effective mass distribution for the
4 jets channel with 0 leptons.

If supersymmetry (SUSY) exists with a mass scale of squarks and gluinos of around 1 TeV
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it could be one of the first discoveries at the
LHC. A huge production cross-section could be
expected. The decay chains of the squarks or =,
gluinos are expected to give rise to spectacu-
lar final states with many jets, leptons, and, in 350
particular for R-parity conserving models, miss-
ing transverse energy. Of particular interest is
of course that the stable lightest SUSY parti- 250
cle, the neutralino, is a dark matter candidate. 200
Figures 17, 18 and 19 are based on a simulation
study of inclusive SUSY searches in the mini-
mal Supergravity model made at a centre-of- 100 o TR AT
mass energy of 10 TeV assuming an integrated 0 200 400 600 800 1000
luminosity of 200 pb~! [4]. Figures 17 and 18
show examples of distributions of the effective
mass for signal and background events. The ef-
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Figure 19: 50 discovery reach as a function

fective mass is the s-calar .sum o.f the tra.msv.erse of mg and mi for the mSUGRA model with
momenta of the main objects like leading jets, tan 8 = 10.

leptons, missing E7. It is one of the variables

used for sample defining cuts. These figures are

produced for squark and gluino masses around 410 GeV. Figure 17 shows the effective mass
distribution for the 4 jets channel with zero leptons and Figure 18 shows the distribution for
the channel including one lepton. It can be seen from the figures that the jets and missing Er
channel gives highest reach, whereas the channel including one lepton in the final state is more
robust against background. In Figure 19 the 50 discovery reach as a function of mg and my
for channels with 0, 1 and 2 leptons is shown. The particular model used here is mSUGRA
with tan 8 = 10. The full, green line corresponds to the channel with 4 jets and no leptons,
and the dashed-dotted, black line to the channel with 4 jets and 1 lepton. The discovery reach
is squark and gluino masses of around 750 GeV. Going to /s = 7 TeV, the discovery reach
for 200 pb~! is still expected to be beyond the expected Tevatron reach of around 400 GeV. It
will however take some time to understand the tricky backgrounds, in particular fake missing
transverse energy. The ultimate discovery reach at LHC is expected at masses around 3 TeV.

7 Conclusions

The ATLAS experiment is in excellent shape. The fraction of non-working channels is on the
few per mille level. Analysis of ~600 M cosmics events, as well as single beam data in Sept
2008, shows better detector performance than expected at this stage. Software and computing
have proved to be able to cope with simulation, analysis and world-wide distribution of massive
amounts of data. After 20 years of efforts building all aspects of the experiment ATLAS is
ready for LHC collisions data.

At the time of writing, January 2010, ATLAS has in fact taken around 1 M collision events
provided by LHC late 2009. The preliminary analysis shows that all aspects of ATLAS work
very well and that ATLAS is ready for the next phase of high energy collisions.
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Discussion

Dmitri Denisov (FNAL): What are major factors defining 20% expected data
taking inefficiency during initial ATLAS operation?

Answer: The factors affecting the initial data taking efficiency for cosmic muons are
being evaluated in detail at the moment. I don?t know of any single large factors.
Vera Liith (SLAC): At present, how long does it take to produce a typical high-pT
event on a multi-core CPU unit (simulation)?

Answer: [ don not have this number at the top of my head. It is not a limiting factor
in our analysis. (Afterwards I have found out that the time for a full simulation is of
the order of 2000 kSI2Kseconds depending on the type of event.)

Eckhard Elsen (DESY): Is the noise contributing to the ET-miss measurement
already at the experimentally expected limit? What is the contribution from coherent
noise etc...?

Answer: We are already in a rather good shape describing the noise. We continue to
investigate the issue, in particular the tails of the noise distributions.

Vali Huseynov (Nakhchivan State University): One of the main mission of
the ATLAS experiment is to test the existence of additional dimensions. How many
additional dimensions do you expect from this experiment?

Answer: This is of course hard to tell. We certainly have strategies to investigate
different models including extra dimensions. I mentioned one example. A spin analysis
of a potential discovery of a narrow mass peak in the di-lepton invariant mass spectrum
might disentangle a Z with spin one from a graviton resonance of spin two, the latter
being a manifestation of extra dimensions.

Ahmed Ali (DESY): This is about the discovery potential of the SM Higgs boson
at the LHC. Since the data taking will take place in the first stage at 7 to 10 TeV
and the luminosity of the LHC is also scaled down in this phase, how long will it take
the experiment at the LHC to be competitive with the ongoing experiments at the
TeVatronin the SM Higgs search?

Answer: Considering that at 7 TeV the cross section for a Higgs boson, just above
the mass limit set by LEP, is expected to be around 30cross section at 14 TeV, it will
most likely take a couple of years until LHC is fully competitive.
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Status of the CMS Experiment

Robert Cousins on behalf of the CMS Collaboration
Dept. of Physics and Astronomy, Univ. of California, Los Angeles, California 90095, USA

This talk provides an overview of many facets of the Compact Muon Solenoid (CMS)
experiment, which was commissioned and ready for first beams in September 2008. Muons
from beam splash, beam halo, and cosmic rays have provided valuable data for alignment
and calibration, and for testing numerous aspects of offline software and computing. The
first maintenance cycle is complete, and while eagerly anticipating for first LHC collisions,
we also recall the CMS collaboration’s physics studies based on simulated data to remind
us of the exciting possibilities in the near future.

1 Introduction

The Compact Muon Solenoid (CMS) Collaboration consists of over 2500 scientists and engineers
from 38 countries. After almost 20 years of work by collaborators and associated institutional
and industrial partners, from the conception and design, through the construction, installation,
and commissioning, CMS became a working experiment in September 2008. In this talk I
review some of the highlights of installation and commissioning underground; the useful data
taken during the brief period of single beams; the very productive month-long cosmics data-
taking run after the LHC incident of September 19; the first maintenance cycle during the
2008-2009 shutdown; and a second cosmics run underway at the time of this conference. I also
describe some of the many preparations and tests of software and computing, and end with a
quick overview of some of the many physics analyses which have been prepared and extensively
exercised on simulated data. These serve as reminder of the exciting possibilities in the months
and years ahead of us.

For more information, the CMS main public page [1] has links to extensive public web
pages including outreach information, continuously updated physics results for physicists, and
an e-commentary during LHC beam periods.

2 The CMS detector

The central feature of the Compact Muon Solenoid (CMS) detector [2], illustrated in Fig. 1
alongside a transverse view of a cosmic muon traversing CMS, is a superconducting solenoid,
of 6 m internal diameter, providing a field of 3.8 T. Within the field volume are the silicon
pixel and strip tracker, the lead-tungstate crystal electromagnetic calorimeter (ECAL), and the
brass/scintillator hadron calorimeter (HCAL). Muons are measured in gas-ionization detectors
embedded in the steel return yoke. In addition to the barrel and endcap detectors, CMS has
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Figure 1: Left: The CMS detector. The z-axis, defined along the nominal LHC beams, has
+z direction pointing counter-clockwise. Right: Display of a cosmic muon (recorded during
the CRAFT run, Sec. 6) that enters and exits through the muon system, leaves deposits in the
HCAL and ECAL, and crosses the silicon strip and pixel tracking systems.

extensive forward calorimetry. CMS has an overall length of 22 m, a diameter of 15 m, and
weighs 12 500 tonnes.

With 75848 lead tungstate (PbWO,) crystals (25.8 Xy long in the barrel, 24.7 X long
in the endcaps), the ECAL has an energy resolution of better than 0.5% above 100 GeV.
The 15K-channel HCAL, when combined with the ECAL, measures jets with a resolution
AE/E ~ 100%/VE @& 5%. The CASTOR (5.3 < || < 6.6) and Zero Degree (|n| > 8.3)
calorimeters (made of quartz fibers/plates embedded in tungsten absorbers) cover very forward
angles.

Muons with pseudorapidity in the range |n| < 2.4 are measured with detection planes made
of three technologies: about 250 Drift Tube chambers (DT), 450 Cathode Strip Chambers
(CSC), and 900 Resistive Plate Chambers (RPC). The readout has nearly 1 million electronic
channels. Matching the muons to the tracks measured in the silicon tracker should result in a
transverse momentum resolution between 1 and 5%, for pr values up to 1 TeV/c.

The inner tracker measures charged particles within the |n| < 2.5 pseudorapidity range. It
consists of 1440 silicon pixel and 15 148 silicon strip detector modules. It provides an impact
parameter resolution of ~ 15 um and a transverse momentum (pr) resolution of about 1.5%
for 100 GeV/c particles.

The first level (Level-1) of the CMS trigger system, composed of custom hardware proces-
sors, is designed to select the most interesting events in about 1 us, using information from
the calorimeters and muon detectors. The High Level Trigger (HLT) processor farm further
decreases the event rate from up to 100 kHz to 100 Hz (initial DAQ system is 50 kHz), before
data storage. On the Worldwide LHC Computing GRID (WLCG), some 50k cores dedicated
to CMS run more than 2M lines of source code.
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3 Installation of CMS components underground

The heavy elements of CMS began to be lowered into the experimental cavern in November
2006, starting with the forward calorimeters and continuing shortly thereafter with the +z
endcap disks and barrel wheels, complete with muon detectors and services. The central yoke
wheel (YBO0), which holds the cryostat, was lowered in February 2007, and by January 2008 the
last heavy elements of the —z endcap were successfully lowered into the cavern.

The campaign to connect services for the detectors within the central portion of CMS
included the installation of more than 200 km of cables and optical fibres (about 6000 cables).
Additionally, more than 20 km of cooling pipes (about 1000 pipes) were installed. The whole
enterprise took place over a 5 month period and required more than 50 000 man-hours of effort.
The silicon strip tracker was inserted in December 2007, its cabling was completed in March
2008, and its cooling was operational by June 2008. In the same month, the beryllium central
beam pipe was installed and baked out.

The silicon pixel tracking system and the endcaps of the ECAL were the last components
to be installed, in August 2008. The mechanics and the cabling of the pixel system have been
designed to allow relatively easy access or replacement if needed. The preshower detector for
the endcap electromagnetic calorimeter was the only major subsystem not installed prior to the
2008 data-taking with beam and cosmics. It was installed in March 2009.

4 Global run commissioning and final closing of CMS

A series of global commissioning exercises using the final detectors and electronics installed in
the underground caverns, each lasting 3-10 days and occurring monthly or bimonthly, com-
menced in May 2007 and lasted until the experiment was prepared for LHC beams, by the
end of August 2008. The scale of these “global runs” steadily increased to include all of CMS,
while balancing the need to continue installation and perform extensive detector subsystem
commissioning with the need for global system tests.

Many detector subsystems were available in their entirety for global commissioning by May
2008, and thus a series of four week-long exercises, each known as a Cosmics RUn at ZEro Tesla
(CRUZET), were conducted to accumulate sizable samples of cosmic muon events from which
to study the overall detector performance. By July (for the third CRUZET exercise) the silicon
strip tracker was in the data-taking with about 75% of the front-end modules. In the fourth
CRUZET exercise, in August, the complete silicon pixel tracker was introduced, along with
the both endcaps of the ECAL, thus constituting the first global run with the CMS detector
to be used for the September LHC beam. The total accumulated cosmic triggers at zero field
exceeded 300 million, including the triggers recorded in September 2008 when the experiment
was live for the first LHC beams. These global runs regularly exercised the full data flow from
the data acquisition system at the experimental site to the reconstruction facility at the CERN
Tier-0 computing facility, followed by the subsequent transfer of the reconstructed data to all
seven of the CMS Tier-1 centres and to some selected Tier-2 centres.

The final sequence of closing the steel yoke was completed on August 25, 2008, and the
last pieces of shielding were in place on September 3. After almost 20 years, from conception,
design, construction and commissioning, CMS became a working experiment.

LP09

25



100 10_ 100
=90 93 =90
80 8 % 80
70F ) 79 70
60" 65  6Of
50F 5 50F.
40 4 40
30, 3 30)
20F 2 20F
10F : 1 10F i
Luviliwl i o Lol S = i = = 0 R R
1020 30 405060 70 80 90100  -86 0 86 10 2030 40 50 60 70 80 90100
ix m ix

Figure 2: ECAL average energy deposit per crystal for a typical beam splash event with muons
coming from the —z side. (a) Occupancy of the —z endcap, where ix and iy are indices of the
crystals in the horizontal (z) and vertical (y) coordinates, respectively. (b) Occupancy of the
barrel, where in and i¢ are indices of the crystals in the 7-¢ coordinates. (¢) Occupancy of the
+2z endcap. The white regions correspond to channels masked in the readout, less than 1% of
the total channels in that run. Many of these channels have been recovered subsequently.

5 LHC beam operations in 2008

The CMS experiment recorded data associated with activity from the first LHC beams in
September 2008. This activity began with single shots of the beam onto a collimator 150 m
upstream of CMS, which yielded sprays (so-called “beam splashes”) containing O(10%) muons
crossing the cavern synchronously. With first circulating LHC beams beginning on September
10, CMS recorded beam-halo muons, first from the uncaptured beam, and then (at dramatically
reduced rate) from the RF-captured beams. The CMS solenoid was off at the LHC’s request,
and the silicon pixel and strip tracking systems were powered off for safety reasons.

The first beam splash events were used to synchronize the beam triggers from several sources,
and to commission the diamond beam condition monitors. The data collected from the beam
splash events also proved useful for diagnostic occupancy plots and for adjusting the inter-
channel timing of the ECAL and HCAL readout channels (Figs. 2 and 3), as the synchronous
wave of crossing muons has a characteristic time-of-flight signature. CMS also recorded nearly
1 million beam-halo triggered events during the 2008 beam operations. For the endcap CSC’s,
beam halo muons were also valuable for making up for the lack of horizontal cosmics; by using
them, local alignment precision of 270 yum was achieved within each ring of CSCs.

6 CRAFT 2008

Following the LHC incident of September 19 and end of LHC beams for 2008, in October and
November CMS conducted a data-taking exercise known as the Cosmic Run At Four Tesla
(CRAFT). In addition to commissioning the experiment operationally for an extended period,
the cosmic muon dataset collected during CRAFT has proven invaluable for understanding the
performance of the CMS experiment as a whole. The objectives of the CRAFT exercise were
(1) to test the solenoid magnet at its operating field (3.8 T), with the CMS experiment in its
final configuration underground; (2) to gain experience operating CMS continuously for one
month; and (3) to collect approximately 300 million cosmic triggers for performance studies of
the CMS subdetectors.
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Figure 3: Left: A schematic view of the geometry of beam splash events. This geometry was
used to predict the timing of energy deposits and thereby highlight channels in the HCAL that
required synchronization. Right: Difference between measured and predicted time as a function
of n from LHC beam splash events, after compensating sample delay settings were loaded for
all three calorimeters, barrel, endcap and outer.

These goals were successfully met: over the course of 23 days during the most stable part of
CRAFT, the experiment collected 270 million cosmic-triggered events with the solenoid at its
operating central field of 3.8 T and with at least the silicon strip tracker and drift tube muon
system operating at nominal conditions. These data were processed offline and then analyzed by
teams dedicated to the calibration, alignment, and characterization of the detector subsystems.
The precision achieved in detector alignment (equivalent to that foreseen after 10 pb~! of LHC
beam!), detector calibration, noise cleanup algorithms, as well as running the experiment for an
extended period of time, gave confidence that the CMS experiment was ready for LHC beam