


~ 20 years ago we started dreaming about TeV Collisions and the LHC
project started

My goal today is to share with you some feelings about this adventure
and might be give you my memory on the way we have realized it over
the years

By no means I would like to give you the impression that I am trying to
give a lecture. I think there are no rules in this fields, imagination and
creativity come first

Nevertheless I hope at the end you will get the feeling that such
enterprises are not random events, but are the results of visions and a
lot of care! Might be some of this might inspire you in your new
adventure!




v Today we are able to answer questions we were not able to formulate
25-30 years ago when I was a student:

= What is dark matter? How is it distributed in the universe?

= [s there an other level of constituents?

= Why mass?

= Is our understanding of general relativity correct at all scales?

= Will quantum mechanics fail at very short distances?

= Origin of CP violation of baryons, what about the proton lifetime?

v’ The more we progress, the longer will be the gap between the
reformulation of the fundamental questions in our understanding
of nature and its complexity. This gap is already ~ equal to the
useful professional lifetime of a human being. Experimental
projects are getting very complex!
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Spin is the intrinsic angular momentum of particles. Spin is given in units of i, which is the
quantum unit of angular momentum, where fi = A/2x = 6.58x102% GeV s = 1.05x10734 J 5.

Electric charges are given in units of the proton’s charge. In Sl units the electric charge of
the proton is 1.60x10~'? coulombs.

The energy unit of particle physics is the electronvolt (eV), the energy gained by one elec-
tron in crossing a potential difference of one volt. Masses are given in GeV/c? (remember
E = mc?), where 1 GeV = 10° eV = 1.60x10-'0 joule. The mass of the proton is 0.938 GeV/c?
=1.67x10"27 kg.

Standard Model of

FUNDAMENTAL PARTICLES AND INTERACTIONS

The Standard Model summarizes the current knowledge in Particle Physics. It is the quantum theory that includes the theory of strong interactions (quantum chromodynamics or QCD) and the unified
theory of weak and electromagnetic interactions (electroweak). Gravity is included on this chart because it is one of the fundamental interactions even though not part of the “Standard Model.”

Structure within

the Atom
Quark

Size < 107 m

Nucleus
Size =~ 1074 m
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Electron

Size < 1078 m

Neutron
and
Proton

Size « 10715 m

force carriers
spin=0,1, 2, ...

BOSONS

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

PROPERTIES OF THE

Gravitational

INTERACTIONS

Color Charge

Each quark carries one of three types of
“strong charge,” also called “color charge.”
These charges have nothing to do with the
colors of visible light. There are eight possible
types of color charge for gluons. Just as electri-
cally-charged particles interact by exchanging photons, in strong interactions color-charged par-
ticles interact by exchanging gluons. Leptons, photons, and W and Z bosons have no strong
interactions and hence no color charge.

Quarks Confined in Mesons and Baryons

One cannot isolate quarks and gluons; they are confined in color-neutral particles called
hadrons. This confinement (binding) resuits from multiple exchanges of gluons among the
color-charged constituents. As color-charged particles (quarks and gluons) move apart, the ener-
gy in the color-force field between them increases. This energy eventually is converted into addi-
tional quark-antiquark pairs (see figure below), The quarks and antiquarks then combine into
hadrons; these are the particles seen to emerge. Two types of hadrons have been observed in
nature: mesons gg and baryons gqq.

Residual Strong Interaction

The strong binding of color-neutral protons and neutrons to form nuclei is due to residual
strong interactions between their color-charged constituents. It is similar to the residual elec-
trical interaction that binds electrically neutral atoms to form molecules. It can also be
viewed as the exchange of mesons between the hadrons.
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Matter and Antimatter

For every particle type there is a corresponding antiparticle type, denot-
ed by a bar over the particle symbol {unless + or — charge is shown).
Particle and antiparticle have identical mass and spin but opposite
charges. Some electrically neutral bosons (e.g., 2%, v, and n = ¢, but not
K0 = d5) are their own antiparticles

Figures

These diagrams are an artist’s conception of physical processes. They are
not exact and have no meaningful scale. Green shaded areas represent
the cloud of gluons or the gluon field, and red lines the quark paths.
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The Particle Adventure
~ Visit the award-winning web feature The Particle Adventure at
0 http://ParticleAdventure.org
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A most basic question is why particles (and
matter) have masses (and so different masses)

The mass mystery could be solved with the ‘Higgs mechanism’
which predicts the existence of a new elementary particle, the
‘Higgs’ particle (theory 1964, P. Higgs, R. Brout and F. Englert)
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The Higgs (H) particle has
been searched for since
decades at accelerators, but
not yet found...




Supersymmetry (SUSY) r

Establishes a symmetry between fermions (matter)
and bosons (forces):

- Each particle p with spin s has a SUSY partner p
with spin s -1/2
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Theories which try to explain

why gravity is so much weaker
than the other forces

Gravity may propagate in 4+n

dimensions, but we could see

. strong effects only at very small

~“Ll distances, reachable in TeV
=== collisions
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LHC pI'Oj ect at the “Hard” Scattering
TeV scale

outgoing parton

proton proton

underlying event

derlying event
initial-state
radiation
final-state
radiation

outgoing parton

rl\”‘“‘*\”

\\-  -\\\C \ A
b S B\ \\\\_/, V\‘\@\\\\\i},
: ™ ! \ \

. :

5 *ﬁi




LHC Ingredients

A powerful particle accelerator to
explore the TeV energy domain

Particle detectors capable of
exploring the new physics reach

An host laboratory capable of handling
such an infrastructure/technology




The LHC experiments (ATLAS, CMS : pp multipurpose, LHCb : b physics,
ALICE : heavy ions)
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What’'s new ?

The technical and scientific complexity. We (HEP
community) have never done something so challenging (at least
a factor 10 from what was done before)

The resources necessary (material and manpower) are by
far too much for a local community. We speak about a global
project of several billions $, with ~ 10k people directly involved
and 60-70 nations participating

The time scale is very long. ~30 years from the first
conceptual design, to the final data exploitation with full
statistics




How to manage / organize all this?

Within the LHC project we have at least 2 different basic
and different approaches:

The LHC accelerator : built by CERN in cooperation with
a few non CERN member state nations (Russia, US, India, ....).
CERN centric management, CERN funding + special external
fundings (Russia, US, ...)

The experiments : built by international scientific
collaborations, hosted by CERN as host lab. Funding 20% CERN,
80% from the participating funding agencies




The LHC technical challenge




What is needed for TeV physics?
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The Large Hadron Collider
isa2’s km long collider ring
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LHC: Large Hadron Collider

SPS: Super Proton Synchrotron

AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice
PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

CNGS: Cern Neutrinos to Gran Sasso

neutnnes 1© Gran Sasso (1)

Start the protons out here

The full LHC accelerator complex

CERN Accelerators

(not to scale)

LHC ring is divided
into 8 sectors

LHC 7 TeV p-p
2.6 TeV/n Pb-Pb

0.999999c¢ by here

P PROTONS

BOOSTER N
BOOSTER (Ps 25 Gev

50 Mev ION
ACCUMULATOR

SPS 450 GeV
v

Pb
LINACS 42 Mev/n

0.87c by here

0.3c by here

> 50 years of CERN
history still alive and
operational




Bending Magnets

15-m long
" LHC cryodipole Magnetic Field for Dipoles
p (TeV) = 0.3 B(T) R(km)

us Bar Tub
ion

LHC magnets are cooled with pressurized Forp =7TeVandR = 4.3 km

_ _ > B=84T
superfluid helium at 1.9 K = Current 12 kA







The LHC experiments (ATLAS, CMS : pp multipurpose, LHCb : b physics,
ALICE : heavy ions)
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Typical elements of a collider detector

Hermetic calorimetry

Materials with high number of
* Missing Et measurements

protons + Active material

Electromagnetic
and Hadron & mwes .

calorimeters

« Particle identification
(e, y Jets, Missing E.)

* Energy measurement

Muon detector
* U identification

Heavy materials
(Iron or Copper + Active material)

Light materials

Central detector
* Tracking, p,, MIP

« Em. shower position
* Topology

* Vertex

Each layer identifies and enables the measurement of the
momentum or energy of the particles produced in a collision




25m
Hadronic Calorimeter
EM Calorimeter
Pixel Detector
------------------------ Transition Radiation Tracker
Toroid Magnets SemiConductor Tracker
Muon Spectrometer Solenoid Magnet

Overall weight ~7000 Tons
Active channels 108

Readout frequency 40Mhz
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How huge is ATLAS

e Size of detectors

Volume 20 000 m?

80 million pixel readout channels near vertex

> 100 m? of active Silicon tracker

175 000 readout cells for LAr EM calorimeter

* 1 million channels and 20 000 m? area of muon chambers

e > 3000 km of cables/fibers

» Very selective trigger/DAQ system

e Large-scale offline software and worldwide computing (GRID)

* Time-scale will have been about 25 years from first conceptual studies

(Lausanne 1984) to solid physics results confirming that LHC will have
taken over the high-energy frontier from Tevatron (early 2009?)




A thoroughly
Collaborative Effort

& ... which was there from the early ‘90 for
design and tuning of technologies, then for
construction, for writing software, setting up
computing and now for debugging, operating
and then analyzing the huge amount of data

First technical paper describing the the detector will produce
detector just written, ~2700
authors + ~1000 technical staff



LHC project milestones
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Project major milestones

LOI MOU
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letter of
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operation
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Design Phase from 1996

Beam

2008

Construction Phase
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Phase




Project major milestonesa 11 , 3.
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projects execution

institutes

Project management

Collaboration Board

physicists

ATLAS

funding agencies

Resources Review

Plenary Meeting Board
J
Y ©
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Spokesperson S 3
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Technical Resources S
Co-ordinator Co-ordinator =
Technical y
Management
Board Executive Board
. . Physics Electronics
Inner Detector Tile Calorimete Magnet System Co-ordination Co-ordination
. . Computing Additional
| Ar Calorimetel Muon Instrum. Trigger/DAQ Co-ordination Members




... In practice

ATLAS Management SP. RC Funding Agencies,
Coll. Institutes

SR

Executive Board

TC

techpical aspects

Tech. Management technical activities
L Board

offline computing
— physics aspects

o So & &8

resources aspects N NS (§7 € 5
political aspects ¥ § Qé‘ & &
global ATLAS policy aspects (from CB) 2 SN Qos

21/09/2006 Marzio Nessi, CERN




Project factorization:

a- 5 Active systems

b- Common projects

CORE costs

Common
Projects Lar calorimeter
44%% 17%
% represents the CORE value (material :
and industrial contracts) as defined in
1994 and revised in 1998 -/
Tile calorimeter
Common projects includes: 3%
muon chambers

- Magnets

- Cryogenics

- Supports and shieldings

- Services/infrastructure

- Installation underground

- Central engineering,
safety and project office

trigger / DAQ / control

9%
10%




Active systems production & operation

v Work organized by detector systems and subsystems. These

have a internal organization similar to the central
ATLAS, with a Project Leader and Collaborating Institutes

v Execution and financial responsibility with the Institutes who
have subscribed (MOU) to a given job or work package.
Concept of deliverables. Each institution is fully responsible
for its deliverables to the systems. No central accounting is
done for it

v The ATLAS Technical Coordinator monitors the timely and
technical execution of the work though reviews, reports and
Visits




Active systems production & operation

‘/Detectors deliverables :

= Strong commitments from the individual institutes
= QOften institutes cluster together (3-5) to be more efficient
= QC monitor and schedule organization done within the detector systems

= Central ATLAS (via TC) monitors the overall schedule of components,
organizes continuous reviews and acts on problems/risks

= The largest industrial contracts are executed via CERN (case B type of
contracts), in particular when institutes cluster together. Technical
follow-up of the contracts is done by the system people. CERN
requires a transfer of risks and liability to the institutes involved,
as well a financial guaranty. Previous to each contract there is an
internal ATLAS agreement organized and formalized by the ATLAS
resource coordinator, where the details of each case is mentioned

Central ATLAS acts just when problems degenerate and contracts risk to
be compromised, we had just a few cases (30-40 over ~1500 WP) !




Project tracking
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> Inner Detector

Russian dollis: the Semi Con-
ductor Tracker (SCT) is inserted
into the Transition Radiation
Tracker (TRT). in turn inserted
into the Barrel Cryostat. The
Pixels come very last.

BeO facings(far side)

N

Silicon sensors

Basebo







» Liquid Argon Calorimeter
eog kilometres of cables
connect the calorimeters to
the read out. Once they are
nstalled in their cryostats they
are no longer accessible.

» Liquid Argon Calorimeter

The “accordion’ calorimeter is

composed of 4000 electrode-

absorber layers in ultra pure

iquid Argon to maximise sta-

bility, granularity and speed.

» Tile Calorimeter - Module
after module is carefully
stacked and surveyed to form
a2 perfect eight-meter tall
cylinder, each part placed with
milimetre accuracy.

» Tile Calorimeter - Half a
million piecas of blue scintilator
plastic. 187'000 Fie:es of
green fibre and half a million
plates of steel make up the
muiti-layered tile calorimeter.



» Muons - The total surface of
the muon chambers amounts
to 20°000 m, roughly the size
of three FIFA approved interna-
tional football fields.



Common projects

v’ Work organized centrally be the Technical Coordination. Funding

organize centrally via common funds (collecting cash
or in-kind contributions)

v TC organizes a project structure with Project Leaders and work
organizations for each major item (magnets, cryogenics,
infrastructures, shieldings, gas, cooling, beam pipe,
structure, safety projects ....)

v TC reports to EB and Collaboration board. He proposes in-kind
contribution for approval to RRB (resource review board).
In-kind contributions for engineering packages or
components delivery.

v' Common funds very important in problem solving. In many
cases this was the only real power of the central management




Common Projects

Within one project the engineering, quality follow-up is often given to major ATLAS
institutions, either in-kind or via dedicated engineering contracts. (Example : CEA got
an engineering ATLAS contract for the design and construction follow-up of large parts
of the barrel toroid, this was a CERN contract done on ATLAS common fund money)

QC monitor and schedule organization done by the project organization (TCn or
engineering institutes). In few cases the monitoring of a contract was given to a
specialized firm

Many of these contracts are large and span over long delivery periods. We have
experienced many relation problems with firms. Several contracts had to be stopped.

When problems have diverged we have brought back the work at CERN and we have
finished the project our self with ATLAS manpower

Practically all common project contracts, even if in-kind, have been done using CERN as
contractual partner. Just few major institutions in EU, Japan, US and Russia are
capable of being independent. CERN contracts have often simplified the tax exemption
conditions

All relations, duties between ATLAS partners have always been formalized in
advance via internal ATLAS agreement, signed by the involved institutes leaders and
ATLAS TC, RC .... in particular for in-kind contributions




In Kind Contributions

105 approved in-kind
~ 126 MCHF in ~10 years
~ 45% of entire common fund
max contribution 10.6 MCHF

Frequency

o N b~ OO ©©
1 1

I T I T l
0 2000 4000 6000 8000 10000

VALUE KCHF

v" very strong pressure from RRB to have in-kind contributions, for many
nations this was easier then providing cash. Important return to home
industries

v" When financial problems, then in-kind was re-adjusted or a central
cash contribution was done




Example : material procurement (1997-2006)

Using CERN host lab as contractual partner

10 21} average = 505 KCHF
75% between 25’000 and 200°000
maximum = 23 MCHF
~ 380 MCHF spent in ~10 years
10 | ~ 760 contracts > 10K, ~2/week

A ] |

0 2%0 %OO 750 1000 1250 1 750 2000
production S




» Magnets. The huge Barrel
Toroid coils are assembled and
tested on the CERN site before
their short but epic journey
across the road to the ATLAS
cavern, whie the supercon-
ducting Solenoid travelled alf
the way from Japan.










. %

NET
-

SRS T




Underground installation

Gigantic 20'000 m3 3-D puzzle ... 5 years of work
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Installation underground (2003-2008)

~ 7000 tons of detectors

~ 3000 km of cables
s Feet & ~ 2000 tons of temporary
supports
supports End Cap pp
[ Calorimeters
Barrel Muon
Mid 2003 Chambers
Forward Muon
_ Spectrometer
July 2008 End Cap Toroids

Shieldings
Commissioning  Beam Pipe
with cosmics




Ingridients

v’ a superb configuration control office (3d models, envelops, installation
scenari, as built drawings, installation layout) .... engineers + designers

v' a tuned procurement machinery .... for a lot of small/medium contracts ....
concept of 3 months delivery readiness for all detector assemblies

v' qualified and motivated installation teams (crane drivers, tecs, cabling teams, ...)
~ 1000 technicians over the entire period

v' g safety organization which organize the work, anticipate problems and monitor
execution (formal work packages organization)

v' a flexible and courageous steering team capable to invent solutions when
problems or work stops

v' a set of high-tech experts capable to immediately operate what installed to look
for problems
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» The exi ,\
also known as Point I' on the g
Large Hadron Collider (LHC),
begins in February 2000
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» The first Inner Detector Endeap after complete insertion within
the Liguid Argon Cryostat.

» Before the cavern was fully excavated the LEP accelerator was still running To save time, engineers dedded to cast the
cavern ceiling first, teviporanily suspending it with steel cables to create the largest suspended vault in the world,
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» Poetry in motion: the endeap calorimeter floats towands its final position on arange air pads. » The vacuum in the 27%m beam pipe that runs through ATLAS has an
The choreography is flawless. atmospheric pressiare ten times lower than the atnisphere on the noon.
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» Each of the six Big Muon Wheels is composed of 16 segments, lowered » Professional crane drivers performed some of the moast nerve-racking work
individually into the cavern and then assembled together to form a circle. with often only a few millinetres to manoewvre pieces into place.







Day by day organization

v Many small contracts (<50KCHF), ~500 producers, needing to deploy manpower in the
Geneva area and in a very peculiar environment (underground)

v For more standard work (large infrastructures, structures, ventilation, cryo supply,..)
standard procurement process guided by CERN service groups .... Lower bidder
approach created a lot of problems and over-costs. Too often the job had to be
completed by local firms (example: lifts, air conditioning,...)

\/Important was to get simple material via CERN stores, even better via selected suppliers
(catalog items) ... if not the administrative load and delays are becoming impossible

‘/Some jobs like transport, craning, scaffolding .... required access to specialized firms,
better if selected by the host lab via frame contracts ....

v Lower bidder approach unpractical below 200 KCHF. No time to correct production errors
and no time or resources to send people all around Europe to check quality

v Local firms or firms with a lot of CERN experience have been the best and more cost
effective solution, when manpower was involved




excluded: civil engineering, ventilation, CERN stores, inst. manpower

10~
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Example: installation costs (2004-2006)

average = 29000 CHF
80% below average
maximum = 1778000 CHF
~ 45 MCHF spent in 2.5 years

~ 70 orders/month > 10K,
~2-3/day

nlilly

0 20 40 60 80 100 120 140 160 180 200
installation KCHE

"Very intense period
(6/7d, 12/24h)

" Always delivery
dependent

"Flexible schedule
"Intense procurements

periods, requires host
lab support




Day by day organization

‘/We decided that all manpower work inside the active detector (including
toroids) is better done by manpower coming from the collaboration (part of
this as in-kind contribution). These people are better trained, more motivated
and of higher education

‘/Institutions are sending on request manpower to CERN for a limited amount
of time to work on assembly. ATLAS central funds are paying for their stay at
CERN (cash or in-kind). Rotation is a must and requires a good core team of
technical CERN staff

‘/This solution has proven to be very cost efficient (time and money)

v .... But it creates a challenge in organization and logistic (housing, cars,
travels, insurances, ...)

‘/Work supervision and organization is then the key issue




=l Closing: VJ-A and Forward Shielding A 16.5days  Thu6/12/08  Fri7/4/08 1 W Clésing: VJ-A and Forward Shielding A
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Connect TGC flammable gas (A&C) Jdays  Tue7/108  Thu7/3i08 ! ot TGC flammable gas (A&C)
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4 ) Eg F
Endcap Calo A B ]
electronics repair z ele
= P e
Schedules that evolve, adapt and n i "
cneaules that evolve, adaapt an Barrel

inform the various partners with A heaters instllton & esting ixel A cbling & tsting

different approaches S § o
Aie 51
... in the final phase we il ™
P - Small
issue a new schedL_//e every week Side C | eompme |2 — L
with 0.5d granularity N side — €
34|35 36|37|38I39 40|4l|42|43|44|45|46|47|48|49|50|5||52 1 2 3

Sep '07 Oct'07 | Novo7 [ Dec7 Jan '08




Today we are practically ready

v" All components are in place. The barrel detector is closed

v We are doing some last connections, testing components, turning on
electronics, cleaning the cavern before closing

v" Most of the detector is taking cosmics data, the data flow chain is functioning
and we are just testing the distribution of the data to the desk of the
physicist and the calibration chain

v" It will take us, once we have beam, few years to fully understand the detector
response and be able to be sure that we discriminate real signals from
combinatory background

v We will also need to better and better calibrate our detector response such to
reach the final performance and make use of all the fancy hardware

6/18/08







ATLAS Atlantis

event: 76648 Geometry: <default>

00
ID - Muons tracks
1 Mean 0.002577
<w RMS 0.04922
Constant 3+79
180 Mean 0.0002608 = 0.0003301
160 Sigma 0.009833 ¢ 0.000355
140
o u= 0.2 mrad

o = 10 mrad
Run 43719
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SCT barrel layer 0 residuals | [ Entries 14104
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Run first alignment checks
~ 5000 tracks

SCT residuals (GlobalChi2)
o~65um without alignment.




