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Particle Physics at Accelerators: Goals and Challenges
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Introduction

Particle physics studies the elementary particles (e.g. the building blocks of matter: electrons
and quarks) and the forces that control their behaviour at the most fundamental level

Nucleus ' . Neutron
1019 m 104 m 105 -10"® m

Particle physics at modern accelerators allows us to study the fundamental laws of nature

on scales down to smaller than 1018 m - giant “microscopes”
From > 100 years of research we have learned that nature hides most of its fundamental laws at

the smallest scales - this drives us to explore the innermost structure of matter.
Get also insight into the structure and evolution of the Universe = from the very small to the very

big (e.g. the Higgs boson and inflation)
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Introduction

With the discovery of the Higgs boson at the Large Hadron

Collider (LHC), in 2012, the Standard Model of particle physics
has been completed (> 50 years of theoretical, experimental and
technological efforts !).

Superconducting magnets have played a crucial role. Leptons

We have also tested the Standard Model with very high
precision (wealth of measurements since early ‘60s,

in particular at accelerators) ,
- no significant deviations observed + (F By +ic S

- it works BEAUTIFULLY (puzzling ...) v *Ii;?mm
+Re"-V(©)

Puzzling: several outstanding questions remain (raised also by very precise
experimental observations) that cannot be explained within the SM
- the SM is not a complete theory and is not the “ultimate” theory of particle physics

The outstanding questions require NEW PHYSICS beyond the SM
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C\E/R_N)I Main questions in today’s particle physics (a non-exhaustive list ..)

N

Why is the Higgs boson so light (so-called “naturalness” or “hierarchy” problem) ?
What is the origin of the matter-antimatter asymmetry in the Universe ?

Why 3 families of quarks and leptons ?
Why do neutral leptons, charged leptons and quarks behave differently ?

What is the origin of neutrino masses and oscillations ?
What is the composition of dark matter (~25% of the Universe) ?

What is the cause of the Universe’s accelerated expansion (today: dark energy ?
primordial: inflation ?)

Why is Gravity so weak ?

Puzzling: there is NO direct evidence for new particles (yet...)
from the LHC or other facilities

At which energy scale does the new physics manifest itself?
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Main open questions and main approaches to &

The outstanding questions are compelling, difficult and interrelated - can only be successfully
addressed through a variety of approaches (thanks also to strong advances in accelerator and
detector technologies): particle colliders, neutrino experiments, cosmic surveys, dark matter
direct and indirect searches, measurements of rare processes, dedicated searches (e.g. axions,
dark-sector particles)

matter/antimatter

New particles,
forces, symmetries

acceleration

Historically, high-energy accelerators (fixed-target and colliders) have been our most
powerul tool for exploration and will continue to play an essential role also in the future.
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Scientific milestones vs magnetic field (examples)
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cEn) 2 main goals of current and future colliders

N/, S

Detailed studies of the Higgs boson

The Higgs boson is not just ... “another particle”:

Q Profoundly different from all elementary particles discovered previously

QO It got peculiar properties (elementary scalar); brings a different type of “force”

U Related to the most obscure sector of the Standard Model (all structural problems
in the SM originates from the Higgs interactions)

—> privileged door into physics beyond the SM - precise measurements of its
properties and interactions may unveil new physics

Search for new physics at the energy frontier

To address some of the outstanding questions: dark matter, Higgs mass, fermion
family problems, etc. etc.
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Today: the Large Hadron Collider (LHC)

proton-proton and heavy-ion collider 27 km ring, 100 m underground

a
0 1232 NbTi superconducting magnets working at 1.9 K
a

operation started in 2010 - exploration of a new energy frontier (up to 14 TeV proton-proton
collision energy, about x7 the Tevatron collider in the US)

A wealth of beautiful physics
results so far: discovery of the
Higgs boson and of ~ 40 new
(non-elementary) particles,
precise measurements of SM
processes, exploration of the
TeV energy scale and exclusion
of several scenarios for physics
beyond the SM, etc.

The LHC will run until 2024
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~1.2 km of new technologies to provide more intense proton beams - at the end of HL-LHC
(~ 2038) the experiments will have recorded ~ 10 times more data than at the end of LHC.
Requires new technology dipole and quadrupole magnets (Nb;Sn)
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Two full-scale (4.2 m) 150-mm aperture
Nb;Sn quadrupoles built and successfully
tested up to nominal current in the US
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Longer-term future

2020 update of the European Strategy for Particle Physics

“For the longer term, the European patrticle physics community has the ambition to operate
a proton-proton collider at the highest achievable energy.”

“The particle physics community should ramp up its R&D effort focused on advanced
accelerator technologies, in particular that for high-field superconducting magnets,
including high-temperature superconductors.”

“Europe, together with its international partners, should investigate the technical and
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of at
least 100 TeV and with an electron-positron Higgs and electroweak factory as a possible
first stage. Such a feasibility study of the colliders and related infrastructure should be
established as a global endeavour and be completed on the timescale of the next

Strategy update.”
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Future Circular Collider (FCC):

~ 100 km ring in Geneva area

—->2 100 TeV collision energy requires ~ 4700 16-20 T
superconducting dipole magnets

Design and feasibilty studies ongoing - if feasibilty
successful, project may be appproved by the end of W
the decade and operation of the proton-proton collider s long tunnel

may start by early 2060’s
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FCC magnets: some paramters

Baseline technology Nb;Sn

Operating field 16T

Operating current 11 KA

Operating temperatue 19K

Number of dipoles ~4700

Coil aperture 50 mm

Magnetic length 14 m

Nbs;Sn wire ~8000 tons

Stored energy (2 apertures) 37 MJ Ex “
== all@ T oY

Current density @1.9 K 2300 A/mm? 2 IE EI)

3
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Block-coils

Canted cosine-theta Common-coils
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c R&D on superconducting magnets

N/, S

Feasibility study of FCC include strong R&D programme on superconducting magnets
- key technology for particle physics: hadron colliders, muon colliders, neutrino beams, detectors, ...
-> great potential for wider societal impact

Main R&D activities:

O materials: LTS (NbsSn) and HTS (including iron-based)
- goal: 16 T for LTS, at least 20 T for HTS inserts

O magnet technology: engineering, mechanical robustness, insulating materials, field quality

O production of models and prototypes to demonstrate material, design and engineering choices,
industrialisation and costs

O infrastructure and test stations for tests up to ~ 20 T and 20-50 kA

Significant fresh resources invested at CERN. Strong partnership with industry and laboratories
and Universities worldwide.

Goals (ambitious) for next update of the European Strategy for Particle Physics (~ 2026):

O Nb;Sn: demonstrate technology for large-scale accelerator deployment
O HTS: demonstrate suitability for accelerator magnet applications

15
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Conclusions (1)

These are very exciting times in particle physics

The Standard Model is complete and works very well with no significant “cracks” as yet
- we don’t understand why, as the SM is unable to address many outstanding questions

!

There must be new physics 2 BUT at which ENERGY scale???
And with which strength does it couple to the SM particles?

Scientific diversity, and combination of complementary approaches, are crucial to
directly and indirectly explore the largest range of E scales and couplings, and to
properly interpret signs of new physics.
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Conclusions (ll)

High-energy colliders will continue to be an indispensable and irreplaceable
microscope to scrutinise nature at the smallest scales, providing knowledge
that cannot be obtained through any other means.

!

The full exploitation of the LHC, including its high-luminosity phase, and more powerful
colliders will be needed in the future to advance our knowledge of fundamental physics.

No doubt that future high-E colliders are extremely challenging projects

However: the correct approach as scientists is not to abandon our exploratory spirit, nor give
in to financial and technical challenges. Instead, we should use our creativity to develop
the technologies needed to make future projects financially and technically affordable.

Superconducting high-field magnets are a crucial component of this endeavour




IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), No. 49, March 2021.
Plenary presentation Wk1P4 given at the virtual ASC 2020, October 30, 2020.

From E. Fermi, preparatory notes for a talk on
“What can we learn with High Energy Accelerators ? ”
given to the American Physical Society, NY, Jan. 29t 1954
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We have found the solution:

we have invented colliders and
superconducting magnets ...
and built the Tevatron and the LHC
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