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CERN

Conseil Européen pour la Recherche Nucléaire was founded in 1954
with 12 European member states:

o Nuclear / particle physics experiments getting too expensive for
individual countries

o Against the background of the Cold War; ‘Science for Peace’

Today (European Orgainsation for Nuclear Research): exploring the
fundamental structure of the universe by using powerful particle
accelerators and detectors to study the basic building blocks of
matter and the forces that govern them.

Member States (25): Austria, Belgium, Bulgaria, Czech Repubilic,
Denmark, Estonia, Finland, France, Germany, Greece, Hungary (1992),
Israel, Italy, Netherlands, Norway, Poland, Portugal, Romania, Serbia,
Slovakia, Slovenia, Spain, Sweden, Switzerland, United Kingdom

Associate Members: Brazil, Croatia, Cyprus, India, Ireland, Latvia,
Lithuania, Pakistan, Turkey, Ukraine

Observers to Council: Japan, Russia (suspended), United States of
America, JINR (suspended), European Commission, UNESCO




CERN

* Revenue

Member State contributions 85.6%
Associate Member State contributions 3.0%
Special contributions 3.7%
(e.g.: to HL-LHC, specific experiments, from EU)

Other 7. 7%

(e.g.: knowledge transfer, donations,...)
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CERN mission

Perform world-class research in fundamental physics.

Provide a unique range of particle accelerator facilities
that enable research at the forefront of human knowledge,
in an environmentally responsible and sustainable way.

Unite people from all over the world to push the frontiers
of science and technology, for the benefit of all.

Train new generations of physicists, engineers and
technicians, and engage all citizens in research and in the
values of science.




Working at CERN when Nobel prize
1984: Carlo Rubbia and Simon van der Meer

SOme key dateS 1988: Jack Steinberger

1992: Georges Charpak

1973: Discovery of neutral currents in the Gargamelle bubble chamber.
Working at CERN after Nobel prize

1983: Discovery of the W and Z bosons in the UA1 and UA2 experiments. « 1952 Felix Bloch

1984: Carlo Rubbia and Simon van der Meer received the Nobel Prize in Physics for 1976: Sam Ting

their decisive contributions to the discovery of the W and Z particles, carriers of the

: : Nobel prize thanks to discoveries at CERN:
weak interaction.

2013: Peter Higgs and Francois Englert

1989: Identification of three families of light neutrinos at LEP.
1989: Sir Tim Berners-Lee wrote the first lines of code for the World Wide Web.

1992: Georges Charpak received the Nobel Prize in Physics for the invention and
development of particle detectors: the multiwire proportional chamber.
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1995: The first anti-hydrogen atoms were created at CERN.
2008: Start-up of the LHC (Large Hadron Collider).
2012: Discovery of the Higgs boson!

2013: On October 8, 2013, the Nobel Prize in Physics was jointly awarded to Francois
Englert and Peter Higgs for the theoretical discovery of the mechanism that
contributes to our understanding of the origin of mass of subatomic particles,
confirmed by the discovery made by the ATLAS and CMS experiments at CERN’s
LHC.




Particle physics

« According to the Standard Model, all matter around us is made of
elementary particles, the building blocks of matter. These particles
occur in two basic types called quarks and leptons. Each group
consists of six particles, which are related in pairs, or “generations”.
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Fermions Bosons

« There are four fundamental forces at work in the universe. The
strong force, the weak force, the electromagnetic force, and the
gravitational force. Three of the fundamental forces result from the
exchange of force-carrier particles, which belong to a broader group
called “bosons”. Particles of matter transfer discrete amounts of
energy by exchanging bosons with each other. Each fundamental
force has its own corresponding boson:

o Electromagnetic force (photons)

o Weak force (bosons)

o Strong nuclear force (gluons) o 100

o Gravitation (gravitons?) Noiois: 10
& Quarks: < 1019 m

+ antimatter partners




What is still missing?

The Standard Model explains a lot, but not everything.
* Dark matter

Proposed to explain gravitational effects in the universe that
ordinary matter alone can't account for. Could involve new,
undiscovered particles, but what are they?

» Dark energy

Introduced to explain why the universe’s expansion is
accelerating. Its nature and origin are still unknown.

« Matter - Antimatter asymmetry

The Big Bang should have produced equal amounts of matter
and antimatter. So why is the universe made mostly of matter,
where did the antimatter go?

« How to include gravity in the picture?

No
Dark matter
26%

expected
: from
R S _ luminous disk

10 R (kpc)

M33 rotation curve

gg (M(S. ttttttt



How can elementary particles be studied?

The instruments used at CERN are particle accelerators and detectors:

Accelerators accelerate particle beams to high energies (due to relativistic effects their momentum and
energy increase) to collide them with other beams or with fixed targets.

When these high-energy particles collide, the energy concentrated at the collision point is converted
into mass, according to Einstein’s equation:

E = mc?

This allows the creation of particles that are much heavier than the ones being accelerated. These new
particles quickly decay into lighter, more stable ones.

Detectors record the tracks, energies, and momenta of the decay products (photons, electrons, muons,
hadrons, etc.)




Accelerators at CERN — a bird’s eye view
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Large Hadron Collider - LHC

- Large:

A circular accelerator 27 kilometers in circumference, located
about 100 meters underground.

« Hadron:

Accelerates particles made of quarks, such as protons or lead
nuclei collectively known as hadrons.

« Collider:

Two counter-rotating beams of these particles are accelerated in
opposite directions and brought to collide at specific Interaction
Points, where large detectors (ATLAS, CMS, ALICE, LHCD)
record the resulting events.
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Large Hadron Collider - LHC




Large Hadron Collider - LHC

« Beams reach 99.999999% of the speed of light, colliding with a total
energy of 14 TeV.

» At this speed, a proton in the LHC makes 11 245 circuits every
second.

» Superconducting magnets, cooled to 1.9 K (-271.3 °C), produce
fields up to 8.3 T to bend and focus the beams.

1.9 K is colder than outer space, which is about 2.7 K!
8.3 T is 3000 times stronger than Earth’s magnetic field
« Radio-frequency (RF) cavities accelerate the protons each turn.
« Each beam has 2808 bunches, each containing ~100 billion protons.

when two bunches cross, only about 40 protons actually collide out
of those 200 billion!

« That still means about 1 billion collisions per second overall.

« These collisions recreate energy densities and temperatures similar
to those microseconds after the Big Bang, helping physicists explore
the origin of matter and the fundamental forces.
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LHC Detectors




=~ Surveying at CERN

& The main role:

The components forming
the accelerators and
detectors/experiments must
be aligned with tolerances
on the order of +/- 0.2 mm

B |



Accelerator alignment

« The LHC is an extremely complex machine, consisting of superconducting magnets, beam transfer lines, straight and curved sections, and
detector experiments.

 Thousands of components from a few hundred grams to several tons, made of different materials and working under various operating
conditions.

*  Subject to changing ambient conditions (temperature, humidity), strong magnetic fields, and radiation.
*  Even the Earth itself moves over time (ground motions, tides).

*  Meanwhile, particle bunches only a few micrometres wide must collide head-on with high precision
Therefore

« ltis crucial to measure and know the position of every component as precisely as possible.

So that we can

« Align all components correctly relative to each other.

* Re-align any component when needed.

 Ensure the beam travels and collides exactly as designed.
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Geodetic Metrology group

Accelerator Survey Experiment
and Geodetic - Survey and
Measurements | geM - Alignment
(ASG) 31| Metrology (ESA)
_ 1 o \ Acquisition
Future Projects High Precision Processing and
(FP) Alignment Data Control

(HPA) (APC)

Areas of work:

» Accelerators (e.g., LHC, SPS, PS)

« Beam transfer lines connecting the machines

* Physics experiments and their detector systems

Scale of operations:

* Over 60 km of beam lines

* More than 40,000 accelerator components

« 20+ major experiments, each with thousands of sub-
detectors requiring micrometre-level precision
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Survey toolkit

« Wide range of instruments, sensors, and software
solutions to ensure precise measurements

* Most filed measurements are performed using laser
trackers (1 arcsec, 8 ym + 2.5 ppm)

* Resources for maintenance and validation.
« Specific sensors (see later)
« Special benches for sensor calibrations

* Wide range of software: commercial and in-house
developments

 Dedicated SURVEY DB

Portable CMM

Sofianre Guddisbase Optical & digital levels

A S

Photogrammetry
GM
TOOLBOX
.
Laser scanners

R&D systems
A Allgnment sensors

(J-F. Fuchs)
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Steps of alignment On the surface
Inside the tunnel

Strategy & Design - Network simulation - Datum

Select the most appropriate instrumentation

Installation and determination of surface geodetic network

Transfer of reference into the tunnel

Installation and determination of an underground

geodetic network

Time

Definition of the theoretical trajectory
Fiducialisation of the component

Absolute alignment of the components

Relative alignment of the components

Maintenance of the alignment

(J-F. Fuchs)




Accelerator alignment

Each component goes through on a measurement
called fiducialisation.

Fiducialisation determines the reference axis
(mechanic, magnetic, RF) of the component
relative to its external alignment targets (fiducials)
accessible for survey measurements.

Measurements are performed using laser trackers,
CMM, and similar high-precision instruments

A local coordinate system is created that fits to the
reference axis

All the fiducials coordinates are expressed in this
frame

Fiducials
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Accelerator alignment

General approach:

The XYZ coordinates of each fiducial in the CERN coordinate
system (CCS) are calculated, based on the installation slot of the
component in the tunnel.

R-NOMINAL

Theoretical component positions are marked in the tunnel and the
components are installed at these marks.

The goal is to place each component at its nominal position and
orientation.

The laser tracker is positioned in the CCS using measured network
points or fiducials on neighbouring components.

In the CCS, the nominal local frame of the component can be
constructed, since the nominal coordinates of the fiducials are

known.
After measuring the component’s fiducials, the real local frame is m
constructed using the actual measurements.

The alignment objective is to minimise the transformation between
the nominal and real local frames (within tolerances) in 5 or 6 DoF.




Accelerator alignment

» The XYZ coordinates of each fiducial in the CERN coordinate
system (CCS) are calculated, based on the installation slot of the
component in the tunnel.

* Theoretical component positions are marked in the tunnel and the
components are installed at these marks.

« The goal is to place each component at its nominal position and
orientation.

General approach:
R-NOMINAL

« The laser tracker is positioned in the CCS using measured network
points or fiducials on neighbouring components.

* In the CCS, the nominal local frame of the component can be
constructed, since the nominal coordinates of the fiducials are
known.

» After measuring the component’s fiducials, the real local frame is
constructed using the actual measurements.

« The alignment objective is to minimise the transformation between
the nominal and real local frames (within tolerances) in 5 or 6 DoF.




Adjustment platforms

Jacks

.

R & L adjustment

UAP . Kinematics of adjustment system framework.
* 5 o0r 6 DOF position adjustment
+ Easy access from transport zone
* Option of remote adjustment using portable
motorized adapters

Vertical adjustment

(J-F. Fuchs)
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High-Luminosity LHC project

« Aims to increase the machine’s luminosity (i.e. number WP s Poromance erorgy Depceitor T2
of collisions) by a factor of between five and ten. wes Wit
IR Magnets 11 T Dipole
« Completely operational from 2030 — L WPR2
u . . WP5 WP13
 How to achieve it: squeeze the maximum number of
WP14

particles into the smallest possible space at the weea
interaction points.

Beam Transfer & Kickers

(HtmD

WP6B WP15
Warm Powering Integration & (De-)Installation

y N eW Com po n e nts i n total Of 1 - 2 km a ro u nd th e C MS }\’A\;Er-:’irne Protection & Availability IT String & Commis“s\i’xi‘lng
and ATLAS detectors will be installed (Crab Cavities, s o
Qu ad ru pol eS, Co" i mato rS , etC- ) Collider-Experiment Interface Infrastructure, Logistics & Civil Engineering

WP9 c | V‘{P18
Cryogenics ontrols Technologies

- Smaller beam size -> lower tolerances and more .
accurate alignment -> Full Remote Alignment System

luminosity: measure of the number of potential collisions per surface unit over a given period of time

G%—.M 24
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High-Luminosity LHC — component upgrades

Top view
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