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Chapter 1

Introduction

The European Particle Physics Strategy Update (EPPSU) process takes a bottom-up approach,
whereby the community is �rst invited to submit proposals (also called inputs) for projects that
it would like to see realised in the near-term, mid-term and longer-term future. National in-
puts as well as inputs from National Laboratories are also an important element of the process.
All these inputs are then reviewed by the Physics Preparatory Group (PPG), whose role is to
organize a Symposium around the submitted ideas and to prepare a community discussion on
the importance and merits of the various proposals. The results of these discussions are then
concisely summarised in this Brie�ng Book, prepared by the Conveners, assisted by Scienti�c
Secretaries, and with further contributions provided by the Contributors listed on the title page.
This constitutes the basis for the considerations of the European Strategy Group (ESG), con-
sisting of scienti�c delegates from CERN Member States, Associate Member States, directors
of major European laboratories, representatives of various European organizations as well as
invitees from outside the European Community. The ESG has the mission to formulate the
European Strategy Update for the consideration and approval of the CERN Council.

For the 2020 EPPSU, the call for inputs was issued at the end of February 2018 with the
deadline for submission set to 18 December 2019. In total 160 submissions were received. The
list is to be found in Appendix C. All the submitted inputs were considered in 11 different cate-
gories. Two categories were singled out for review by the ESG. These were the “National Road
Maps” and “Other” submissions related to communication, outreach, strategy process, tech-
nology transfer or individual contributions. The remaining nine categories dedicated to large
experiments and projects, to physics, instrumentation and computing, and accelerator science
were handled by the PPG, with an evident overlap between the various categories. The Open
Symposium to review these inputs was hosted by the Spanish Community in Granada on 13-16
May 2019.

For the purpose of the Symposium, the PPG members (excluding the chair) took charge
of organizing the parallel discussion sessions according to the following eight themes1

– B1 Electroweak Physics (physics of theW, Z, H bosons, of the top quark, and QED)

– B2 Flavour Physics and CP violation (quarks, charged leptons and rare processes)
1Note that astrophysics and non-accelerator neutrino and dark matter experiments are under the purview of

APPEC; those topics were included in the parallel session discussions at the Open Symposium to assess comple-
mentarities and enhance synergies, but will not be the subject of recommendations in the EPPSU.

1



2 CHAPTER 1. INTRODUCTION

– B3 Dark matter and Dark Sector (accelerator and non-accelerator dark matter, dark pho-
tons, hidden sector, axions)

– B4 Accelerator Science and Technology

– B5 Beyond the Standard Model at colliders (present and future)

– B6 Strong Interactions (perturbative and non-perturbative QCD, DIS, heavy ions)2

– B7 Neutrino Physics (accelerator and non-accelerator)

– B8 Instrumentation and Computing

Two half-days separated by half-a-day were dedicated to each of the discussion sessions, with
four running in parallel (B1 to B4 and B5 to B8). Each session was convened by two PPG
members, one theorist and one experimentalist where appropriate. The summary of these dis-
cussions was then presented in the plenary session, thus enabling all the Symposium participants
to contribute to the discussions.3

The main purpose of the Symposium was to reach an understanding of the potential merits
and challenges of the proposed research programmes. For that purpose, the conveners enlisted
many experts to summarise concisely the state-of-the-art and the potential progress expected in
the future. The results are presented in the chapters of this Brie�ng Book: electroweak physics
(Chapter 3), strong interactions (Chapter 4), �avour physics (Chapter 5), neutrino physics and
cosmic messengers (Chapters 6 and 7) and the high- and low-energy Beyond the Standard
Model physics (Chapters 8 and 9). They are preceded by Chapter 2 in which the state of the the-
oretical thinking which led the experimental efforts in the last decades is brie�y outlined. The
latter also helps to motivate the need for a vigorous experimental programme, which is required
to make progress towards a deeper understanding of the physical laws that govern the Universe.
The advances in tools necessary to reach new horizons, in accelerator science (Chapter 10) and
instrumentation and computing (Chapter 11) are presented at the end.

In this introduction, the emerging physics landscape and its potential future is sum-
marised, broadly following the structure presented in the last Strategy update, while keeping
track of the advances that have been achieved since 2013. This should determine the set of
priorities for the current Strategy update, which may well be different from the previous one.

1.1 High Luminosity LHC
Within the high priority large-scale scienti�c projects, the exploitation of the full potential of
the Large Hadron Collider, including the high-luminosity (HL-LHC) upgrade of the machine
and detectors to collect ten times more data than in the initial design, was top of the list of the
2013 Strategy update. The HL-LHC upgrade of the accelerator and of the ATLAS and CMS
detectors was approved by the CERN Council in June 2016.

By the end of Run 2 in December 2018, the ATLAS and CMS experiments collected
about 160fb� 1 and the LHCb experiment about 10fb� 1 of ppinteractions at centre-of-mass en-
ergy

p
s= 13TeV, exceeding the expectations. In the heavy-ion mode, the collected integrated

luminosity also exceeded the projections. The very successful Run 2 data collection allowed
ATLAS and CMS to develop new methodologies to study the properties of the Higgs boson
(H), substantially improving in many channels the projected precision on theH couplings by

2A glossary of acronyms is available in Appendix A.
3The presentations that made up the scienti�c programme of the Open Symposium are listed in Appendix B.
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the end of HL-LHC. Typically, the experimental uncertainty matches the statistical one and the
total uncertainty is dominated by that on the theory input, which enters in the interpretation of
pp scattering data (see Fig. 3.2 in Chapter 3). The couplings ofH to the SM bosons and to the
third generation fermions can be measured to the percent level, provided an improvement in the
theory input by a factor of at least two is achieved.

The LHCb Upgrade II, combined with the enhancedB-physics capabilities of ATLAS and
CMS Phase II upgrades, will enable a wide range of �avour observables to be determined at HL-
LHC with unprecedented precision, complementing and extending the reach of Belle II, and of
the high transverse-momentum physics programme.

It is thus clear that the next two decades will see a very dynamic HL-LHC programme
occupying a large fraction of the community. Its success will rely not only on the experimen-
talists involved in the LHC experiments but also on a strong support of the theory community
and, last but not least, new advances in the computing software and infrastructure.

1.2 Design studies for pushing the energy frontier
The recommendation of the previous Strategy update was for CERN to undertake design studies
for accelerator projects in a global context, with emphasis onppande+ e� high-energy frontier
machines. These design studies were to be coupled to a vigorous accelerator R&D programme,
including high-�eld magnets and high-gradient accelerating structures, in collaboration with
national institutes, laboratories and universities worldwide.

Two relevant inputs were submitted to the present strategy deliberations: the project im-
plementation plan for the compact lineare+ e� collider (CLIC) [ID146]4 and the Conceptual
Design Report for a Future Circular Collider (FCC) [ID132, ID133, ID135] in two operational
modes, as ae+ e� collider and appcollider, staggered in time in that order.

The CLIC linear collider would start as a Higgs,WW andtt̄ factory at
p

s = 380GeV,
while the tunnel could be extended with time to achieve

p
s of 1:5TeV in the second stage and

to 3TeV in the �nal stage. The whole programme would last 34 years from the start of the
construction.

The FCC design is such that it could start as ane+ e� collider (FCC-ee) evolving in time
from aZ, H, WWandtt̄ factory by increasing

p
sfrom about 90GeV to 365GeV. In the second

stage, the FCC would be turned into a
p

s = 100TeV pp machine (FCC-hh) with high-�eld
magnets of up to 16T, also suitable for heavy-ion collisions. With the addition of an energy
recovery electron linac (ERL) of 60GeV, alsoepinteractions could be explored providing ad-
ditional input to achieve the ultimate precision of the FCC-hh. This integrated FCC programme
would last 70 years from the start of the project implementation.

As part of the FCC project studies, also a high-energy version of the LHC (HE-LHC) with
FCC-hh magnets and conversely a low-energy FCC-hh with the LHC-type magnets were con-
sidered. While these options would push the energy frontier, they were deemed less attractive
than the FCC integrated programme.

The readiness of these projects was subject to intense scrutiny during the Granada Sym-
posium and the conclusions are summarised in Chapter 10. No show-stoppers were found on
the technical side, however there are still challenges ahead with time scales for addressing them
quite uncertain, more so in the case of FCC-hh than for CLIC. In the global context, CLIC

4This notation is used to refer to the submitted documents, in this case ID= 146, accessible via Appendix C.
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and FCC-ee are “competing” with the International Linear Collider (ILC) project proposed to
be built in Japan [ID77], and with the circular CEPC of China [ID29]. In the latter case, the
CEPC could be turned at a later stage into appcollider similarly to the FCC project. As Higgs
factories, all the four contenders have a similar reach, as established during the Open Sympo-
sium (see Chapter 3). There are no major technical obstacles for their realisation, however more
effort is required before construction of any of them could start.

The accelerator community, led in Europe by CERN with partners in the US and Japan,
is investing efforts in the design of high-�eld magnets based on the Nb3Sn superconductor and
�rst successful tests of dipole magnets with 11T �eld have recently been reported5. This is
motivated by the needs of the HL-LHC upgrade programme. Substantial progress has been
achieved in the development of superconducting and normal conducting high-gradient acceler-
ating structures, needed for thee+ e� colliders, which is also driven by light source facilities all
over the world. CERN has also invested in developing novel accelerator technologies such as
the dual-beam acceleration for CLIC or proton-driven plasma wake-�eld acceleration (AWAKE
project) [ID35, ID58]. Lately, the idea of am+ m� collider [ID120] is gaining traction in Eu-
rope as it represents a unique opportunity to achieve a multi-TeV energy domain beyond the
reach ofe+ e� colliders, and within a much shorter circular tunnel than for app collider. The
biggest challenge remains to produce an intense beam of cooled muons, but novel ideas are
being explored.

The details and the time-lines needed to develop some of these technologies are discussed
in Chapter 10. An interesting observation is that the estimated time quoted for development
of 16 T magnets for the FCC-hh is comparable to the one projected, albeit with lesser con�-
dence level, for the development of the novel acceleration technologies from proof-of-principle
towards an accelerator conceptual design.

1.3 An e+ e� collider complementary to the LHC
Already the previous Strategy update expressed interest in the initiative of the Japanese particle
physics community to host the ILC and welcomed this initiative. The negotiations in Japan are
ongoing but no clear statement has been made at this time. As described above, three additional
potential Higgs factory projects have been submitted for consideration in this European Strategy
Update process.

From the national inputs submitted to the present Strategy update process, a clear support
is evident for ane+ e� Higgs factory as the next large-scale facility after the LHC. In the absence
of clear signs of physics beyond the Standard Model, the hierarchy problem between the mass
of the Higgs boson and the Planck scale still remains a strong argument to look for new physics
at the energy frontier, and Higgs coupling measurements provide a powerful probe of the EW
symmetry-breaking mechanism. The new physics, it is argued, would in�uence the values
of the Higgs couplings to the fundamental constituents of matter and interactions, and could
be detected provided they are measured with suf�cient precision to be sensitive to the relevant
energy scales (for detailed discussion see Chapters 3 and 8). Thus a Higgs factory could already
provide the �rst hints of new physics.

The comparison of the performance of the various proposed Higgs factories was thus
very much in the focus of the Open Symposium. The most precise determination of the Higgs
couplings would be achieved by ane+ e� factory in combination with improvements of the

5Recently a �eld of 14.1 T was achieved in a demonstrator dipole magnet at Fermilab.
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knowledge of the Standard Model couplings from a Tera-Z facility (as proposed for the FCC-
ee), followed by the high yield production of Higgs at a 100TeVpp collider. Beyond Higgs
physics, FCC-ee would also offer an interesting �avour physics program as well as searches for
the dark sector.

On a time scale of 70 years, the integrated FCC programme would allow to determine the
Higgs self-coupling to explore the nature of the electroweak phase transition with a precision
of 5%. A similar sensitivity for this particular aspect could emerge from the CLIC integrated
programme on a shorter time scale.

1.4 Beyond the Standard Model at Colliders
The aim of future colliders is the exploration of the unknown at very short distances, in the
search for an understanding of the fundamental physical laws and an explanation of the many
mysteries that still surround the world of particle physics. In this context, the study of physics
beyond the Standard Model (BSM) is a primary element of any future collider programme. The
discovery of the Higgs boson has triggered the need to start a new physics programme of precise
determinations of the Higgs properties and, correspondingly, of electroweak measurements with
improved precision. These tests provide powerful probes of any kind of new physics that affects
directly the electroweak symmetry breaking sector. A typical example is the case of Composite
Higgs, for which future facilities can probe the degree of naturalness (�ne-tuning) well below
the percent level. There are several proposed projects around the world to carry out the Higgs
precision programme (see Chapter 3) and their respective physics reach for BSM physics is
documented in Chapter 8.

The exploration of short distances can proceed through direct or indirect searches. Pro-
posed future colliders can explore new physics extensively, up to multi-TeV scales, through
direct searches. Just to take some quantitative examples, FCC-hh can probe gluino masses6 up
to 17TeV, stop masses up to 10TeV and masses of scalar particles from a second Higgs doublet
up to the range of 5� 20TeV. CLIC at

p
s= 3TeV can perform general searches for any new

particle with electroweak interactions essentially up to the kinematical limit, which corresponds
to masses of 1.5 TeV for pair production. Direct searches provide the only way to have hands-on
access to new phenomena.

The indirect searches consist of looking for deviations from the Standard Model expec-
tations, like for example in modi�cation of Higgs couplings or of kinematic distributions with
sensitivities to virtual effects of the theory content. Indirect searches can probe in a model de-
pendent way masses well beyond the collider kinematical limit, but typically cannot identify
the speci�c source of new physics. For a selection of physics scenarios, addressed in Chapter 8,
lepton and hadron colliders are complementary. Hadron colliders have a better reach for direct
searches of new states because at the lepton colliders there is a natural limit imposed by the
available centre-of-mass energy. Lepton colliders tend to perform better in indirect searches
in spite of the substantially lower centre-of-mass energy. Weakly coupled theories where high
luminosity is an important factor are better explored at hadron colliders.

Colliders operating at very high energy also contribute in a complementary way to the
Higgs, the electroweak precision and the �avour programmes. This includes rare Higgs de-
cays (e.g.H ! mm; nn; Zg) which bene�t from the large luminosity of hadron colliders and of
effective operators whose contribution to scattering processes grows with the collision energy.

6Natural units are adopted throughout this document, i.e. takingc = 1.
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Diversity in research is a key element for a future strategy in particle physics, especially
in view of the rapidly evolving status of theoretical understanding. Feebly-interacting and long-
lived particles are good examples of motivated paradigms, as discussed in Chapter 8. The in-
vestigation of these and other alternative paradigms requires a variety of experimental facilities,
not limited to colliders, but complemented by beam-dump, �xed-target and other experiments.

1.5 Neutrino Physics
The discovery of neutrino oscillations is a “laboratory” proof of physics beyond the Standard
Model, because new particle states or new interactions are required to generate the relevant
mass term in the theory. The neutrino sector looks very different from the charged fermion
one. The neutrinos are known to be orders of magnitude lighter than the charged leptons. The
explanations for this lightness span many orders of magnitude in the scale of new physics.
There could be light (sterile neutrinos) or heavier neutral leptons. Neutrinos could be their
own antiparticles in which case lepton number conservation would be violated. This property
could potentially be linked to the matter-antimatter asymmetry observed in the Universe. Their
mixing pattern is also very different from the one observed for the charged fermions, with some
terms still not fully known. Neutrino physics is an integral part of the �avour quest. It is thus
essential to pursue the exploration of the neutrino sector with accelerator, reactor, solar and
atmospheric neutrino experiments. The rich programme already approved and the outlook for
future progress are discussed in detail in Chapter 6.

In 2013 CERN was mandated with developing a neutrino programme to pave the way
for a substantial European role in future leading long-baseline experiments in the US and in
Japan. This recommendation led to the establishment of the CERN Neutrino Platform (NP)
in 2014 in which about 90 European institutions are involved. The main goal of the CERN
NP is to support and participate in detector R&D and construction for projects with European
interest and expertise (e.g. prototypes for the DUNE experiment at LBNF in the US and the near
detector ND280 for T2K in Japan). In addition a neutrino group was set up at the CERN EP
department in 2016 to help enhance coherence of efforts in the European neutrino community.

The CERN NP has been successful in fostering the European effort in advancing the study
of neutrino oscillations. This is re�ected in a very successful town meeting organised as part of
the preparations for the European Strategy Update and its conclusions [ID45], which provide
a broad view of the European present and future activities in this domain. From the European
perspective, the world-wide, broad and challenging experimental programme in unravelling the
neutrino sector, with synergies in particle, nuclear and astroparticle physics, requires a contin-
uous balanced support. Continuation of the CERN NP may be an appropriate way to facilitate
this.

1.6 Theory
As already acknowledged in the previous Strategy update, theory is a strong driver of parti-
cle physics and provides essential input to experiments. In addition to the important work
connected closely to experiments, such as precision calculations and event generators, there
are innumerable examples that show how apparently abstract theoretical investigations have
led to central developments in�uencing experimental physics. By speculating on the extrava-
gant concept of local hidden variables while working at CERN, John Bell laid the foundations
of the most insightful experimental tests of quantum mechanics and quantum entanglement.
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It was abstract research on extensions of space-time symmetries in quantum �eld theory that
prompted experimentalists to design hermetic detectors with optimal rapidity coverage and to
improve triggering techniques. Peter Higgs' celebrated 1964 paper had the purely theoretical
aim to show that Gilbert's theorem is invalid for gauge theories. At the time, applications to
electroweak interactions were well beyond the horizon.

Theoretical research in fundamental physics needs to be broad in scope and not only
limited to the goals of ongoing experimental projects. A free and diverse theoretical activity,
although prone to a number of unsuccessful attempts, is much more likely to lead to scienti�c
breakthroughs than if limited to a targeted research programme.

1.7 Flavour Physics and CP violation
The observed pattern of masses and mixings of the fundamental constituents of matter, quarks
and leptons, remains a puzzle (often called the �avour puzzle) in spite of a plethora of new
experimental results obtained since the last Strategy update. It is hard to imagine that the new
physics necessary to stabilise the Higgs mass would have no impact on the �avour sector. Con-
versely, solving the �avour puzzle may indicate the way to the new physics.

The �eld of �avour and CP violation, with its many parameters entering the predictions
of the Standard Model only through measurements, is traditionally explored through a wide
spectrum of experiments all over the world. These include measurements of electric dipole
moments of charged and neutral particles and molecules, rare muon decays with high intensity
muon beams at PSI, FNAL and KEK, rare kaon decays at CERN and KEK, and a variety of
charm and/or beauty particle decays at the LHC with, in particular, the LHCb experiment. New
results are expected in the near future from the Belle II experiment at KEK in Japan and from
LHCb (currently undergoing an upgrade). A detailed discussion of the short-, mid- and long-
term programme is presented in Chapter 5. All these experiments are very challenging as they
require large statistics and excellent control of experimental uncertainties commensurate with
the expectations of the Standard Model, which in many cases are very precise. The reward is
sensitivity to large scales for new physics, often by orders of magnitude higher than from direct
detection experiments or precision electroweak measurements, as illustrated in Fig. 5.1. In the
mid-term planning in Europe, much can be gained from the Upgrade II of the LHCb experiment
for the HL-LHC, that is still pending approval, in addition to the hope that the pending question
of lepton number universality will be fully resolved. On the longer term, the Tera-Z option of
the FCC-ee also offers an attractive program of exploring �avour physics with high precision.

From both the experimental and the theory side, a novel synergy between the searches for
�avour violating decays and for feebly interacting and dark particles is emerging. High energy
colliders will explore the high-mass range (above 10GeV). Nevertheless �xed target experi-
ments, the proposed LHC projects dedicated to long-lived particles, and beam-dump facilities,
may provide complementary information to explore a lower mass range (1MeV to 10GeV, and
even beyond in some cases) and open interesting new research lines.

The search for �avour and CP violation in the quark and lepton sectors at different energy
frontiers has a great potential to lead to new physics at moderate cost and therefore �avour
physics should remain at the forefront of the European Strategy.
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1.8 Dark Matter and the Dark Sector
Within the context of General Relativity there is ample evidence from galactic and cosmolog-
ical observations that dark matter (DM) is the dominant form of matter in the Universe, and
detecting it in the laboratory remains one of the great challenges of particle physics. The exis-
tence of DM is another compelling evidence of physics beyond the Standard Model. It is highly
plausible that DM is part of a richer hidden sector (HS), whose constituents may include multi-
ple species of massive particles, one or more of which may mix with Standard Model particles
such as the Higgs boson, the photon or neutrinos, via the so-called HS-SM portals. The current
understanding of the basic properties of dark matter and its interactions is poor.

Historically direct-detection DM experiments have been dominated by WIMP searches,
motivated by the so-called “WIMP miracle”: the qualitative observation that particles with
masses of the order of 100GeV, and weak interactions with SM particles, will end up with
roughly the observed thermal relic density after freeze out in the standard Big Bang cosmology.
However given the present limits from multiple overlapping direct detection experiments, the
paradigm is changing and in principle the mass of dark matter particles could be anything from
as light as 10� 22eV to as heavy as primordial black holes of tens of solar masses. A comprehen-
sive suite of experiments and techniques are required in order to cover the many possibilities.

Accelerator-based beam-dump and �xed-target experiments can perform sensitive and
comprehensive searches of sub-GeV DM and its associated dark sector mediators. They will
broadly test models of thermal light DM that are as yet underexplored. Future colliders (ILC/
CLIC, FCC-ee/hh/eh and HL/HE-LHC) all have an excellent potential to explore models of
thermal DM in the GeV to 10TeV mass range. New search strategies at the LHC, for long-
lived feebly-interacting particles, with detectors located far away from the interaction point,
offer a complementary reach. The search for ultralight DM particles like the axion has gained
signi�cant momentum. They would arise as a consequence of one solution to the strong CP
problem: why QCD appears to preserve CP symmetry. The axions or axion-like particles could
be detected directly in dedicated experiments, or produced in the laboratory in prospective light-
shining-through-wall experiments. A detailed account of the various scenarios and relevant
experimental programme is presented in Chapter 9.

Europe has the opportunity to play a leading role in the searches for DM by fully exploit-
ing the opportunities offered by the CERN facilities, such as the SPS, the potential Beam Dump
Facility (BDF), and the LHC itself, and by supporting the programme of searches for axions
to be hosted at other European institutions. The preparatory study of the BDF facility is now
mature and a decision should be taken on its implementation following this Strategy update; its
potential sensitivity to new physics should be compared to that of competing proposals, such as
long-lived particle searches at the LHC, to inform this decision. There is a strong complemen-
tarity and synergy between direct DM detection experiments, under the auspices of APPEC,
and the programme for its production and discovery in accelerator-based experiments. CERN
support for direct dark matter searches based on technologies for which CERN has expertise
could deliver a decisive boost to their sensitivity.

1.9 Strong Interactions
Quantum Chromodynamics (QCD) is �rmly established as the theory of strong interactions. It
encodes the dynamics of quarks and gluons (partons). The dependence of the QCD coupling
as(Q) on the energy scaleQ is predicted in QCD to evolve from a strong coupling at low
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energy scales to a weak coupling at high energy scales. As a consequence, quarks and gluons
are con�ned into hadronic bound states at low energies, while they behave as asymptotically
free at high energies. It is worth noting that the binding energy of QCD dynamics generates
� 95% of the proton and neutron mass, and thus ordinary matter, and only� 5% originates
from the coupling of quarks to the Higgs �eld.

The concept of asymptotic freedom allows for precise quantitative predictions for QCD
processes at high energy colliders to be obtained through systematic perturbation expansion.
For a full exploitation of precision collider data, these calculations need to attain high accu-
racy, which comes with many conceptual and technical challenges. Moreover, the perturab-
tive calculations are performed at the level of partons and have to be translated into exper-
imental observables which involve hadronic states. This step introduces the low-energy, non-
perturbative, QCD dynamics into the predictions for which the quantitative understanding is less
fully developed. However, the QCD factorisation theorem allows to separate the low-energy and
high-energy dynamics, enabling predictions for collider processes by parametrising the strong-
coupling dynamics into empirical quantities such as decay form-factors, parton distributions or
hadronisation models. These have often dual relevance, as fundamental objects of investigation
and as input to predictions.

To turn present and future hadron colliders into precision machines, without compromis-
ing their sensitivity to a wide spectrum of novel physics effects, and to take full advantage of the
investment into theoretical calculations, an independent determination of the proton structure is
very important. A programme based on �xed target experiments and on dedicatedepmachines
has been proposed in Europe, in the US and in China. It is discussed in detail in Chapter 4. The
high-energy end of the proposed facilities at CERN such as the LHeC and/or FCC-eh have in
addition the potential to complement the programme of BSM physics discussed above.

The early Universe has undergone a series of phase transitions of fundamental quantum
�elds, in particular the transition of matter from a quark-gluon plasma (QGP) in which par-
tons are decon�ned. This high temperature phase is experimentally accessible in the heavy-ion
collision experiments. The challenge is in understanding how collective phenomena and macro-
scopic properties, involving many degrees of freedom, emerge under extreme conditions from
the microscopic laws of QCD. Though the creation of QGP as an almost perfect liquid has been
experimentally established, studies of heavy-ion collisions at the LHC (by the dedicated experi-
ment ALICE, as well as the other experiments) and at RHIC (Brookhaven) have been a constant
source of surprises, driving the theory developments. The observation of collective effects in
ppcollisions came as another surprise and opened a new area of studies for the heavy-ion com-
munity. A high-energyAA=pA=pp research programme at present and future colliders would
be unique to Europe and would lead to a profound understanding of hot and dense QCD matter.
The lower-energy research programme of QCD matter at the SPS at CERN, is complementary
to other emerging facilities worldwide in the US (BES at BNL), in Germany (FAIR), in Russia
(NICA at JINR) or in Japan (J-PARC), and brings valuable contributions in the exploration of
the QCD phase diagram.

The mathematical framework for quantitative predictions of QCD for low scales and/or
high density processes is numerical lattice QCD (LQCD). Over the past years, an increased
computing power, together with the development of new algorithms and analytical frontier tech-
niques, have enabled precise determination of a wide range of hadronic observables. Continued
efforts and support in developing new theoretical methods and better algorithms are needed to
reach a fully predictive power of LQCD. Future progress in fundamental understanding and pre-
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cision phenomenology of QCD will rely on a diverse research programme with close interplay
between theoretical advances and experimental measurements.

1.10 A diverse experimental physics programme
There is a variety of tools to progress in addressing the fundamental puzzles of Nature, with
no solution in the Standard Model, the list of which (on the particle-physics side: the origin
of electroweak symmetry breaking, the nature of the Higgs boson, the pattern of quark and
lepton masses, the neutrino nature and mass; on the cosmology side: dark matter, dark energy,
in�ation, the matter-antimatter asymmetry) did not change in the post-Run 2 LHC era. To deci-
pher the fundamental laws of nature, a judicious combination of abstract methods in theoretical
physics and precise experimental scrutiny is needed. These two elements are complementary
and are both essential for progress in particle physics. Experimentally, one way ahead in the
exploration is to increase the reach of direct searches by increasing the energy scale at which
the puzzles can be explored. The alternative way is to perform precision measurements of rare
processes fuelled by quantum-mechanical effects of the theory at short distances. These indi-
rect searches can in principle be performed at much lower energies. While the selection of the
next large-scale collider project is currently focused upon, there is thus a strong case for also
maintaining a diverse physics programme of smaller-scale experiments.

In preparation for the 2020 European Strategy Update, a study group for “Physics Beyond
Colliders” was initiated by CERN, originally to explore the full scienti�c potential of CERN's
accelerator complex and its scienti�c infrastructure in the next two decades through projects
with unique physics reach, complementary to the LHC, HL-LHC and other possible future col-
liders [ID42]. It became a forum for discussing projects that target fundamental questions, some
of which could in fact be realised outside CERN. Furthermore, given the long time-scales in-
volved in planning and realising large-scale projects, it is essential to propose a parallel research
programme to attract and educate next generations of scientists capable of carrying out the ever
more challenging experiments. This was also recognised in the previous Strategy update which
recommended that such experiments be supported in Europe, as well as the European partici-
pation in experiments in other regions of the world. The proposals for new experiments of this
smaller-scale type are discussed in Chapters 5, 8 and 9.

1.11 Essential tools for the future of particle physics
Physicists and engineers have designed and constructed generations of accelerators with in-
creasing centre-of-mass energy and beam intensity, and complex particle detectors, confronting
also the associated computing challenges. The discovery at the LHC of the Higgs boson was
the result of different scienti�c and technical expertise coming together with a common goal.
This amazing achievement could not have been possible without the success of each of these
contributions, and any future particle-physics programme must rely on the synergy between
all of these different components. Supporting and developing them is therefore an essential
prerequisite for continuing our exploration of the fundamental laws of Nature.

There is no lack of original ideas for how to exploit existing infrastructures and how to ex-
plore energy scales higher than those presently available. The way forward involves challenges
that cannot be addressed without constant progress in advancing accelerator science, designing
better detectors, and developing proper computer infrastructures. These issues are discussed
in Chapters 10 and 11, and summarised below. Moreover, the support of the theory commu-
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nity is essential in these endeavours, not only through generation of new ideas but also in the
development of expert computational tools as discussed below.

1.11.1 Accelerator Science

New accelerator facilities are considered for the future scienti�c advances in particle physics.
Their development is driving progress in accelerator science which will have a tremendous
impact on the size, performance and cost of future facilities for societal applications such as in
medical or industrial applications, not to mention for advances in other accelerator-driven �elds
of science which need light and neutron sources.

Futurepp colliders drive the development of high �eld magnets, with the goal of achiev-
ing �elds of 16T with the Nb3Sn superconductor. The estimates of time-scales necessary to
develop new approaches and technologies range from as little as �ve years for optimising the
existing technologies to as much as 20 years for the 16T option. Higher �elds will require
advances in the development of high temperature superconductors (HTS) and the accelerator
science in Europe could motivate these developments [ID105].

For the proposede+ e� options the main challenges for both linear and circular colliders
are the RF cavities (energy) and nanobeam (luminosity) performances. In that respect there are
strong synergies with modern synchrotron and FEL light-source requirements, which should
therefore be fully exploited through close collaboration between European and overseas part-
ners. The designs for the �rst phases of CLIC and ILC are mature and complete. Their power
and cost budget are estimated to be on a scale similar to the LHC making them well suited for
implementation.

The design of am+ m� collider, previously studied in the US, is gaining traction in Europe
thanks to new ideas in muon cooling. The manipulation of muon beams is similar to that of
the proton ones and the LHC tunnel could be used to achieve

p
s = 14TeV. A strong R&D

programme would be needed to develop this facility as a possible candidate for a high-energy
physics project; for that to happen, the formation of a global collaboration will be essential to
carry out the work coherently and ef�ciently.

Plasma-based particle accelerators, where accelerating �elds are created by the collective
motion of plasma electrons driven by lasers or particle beams, have shown capability of reach-
ing an order of magnitude higher gradients than presently achieved, although the possibility to
reach the beam quality needed for HEP applications remains to be demonstrated. In the past
decade signi�cant progress has been made in plasma wake-�eld acceleration. In view of the
great promise of these novel acceleration techniques and the substantial effort worldwide to de-
velop them, the advanced linear collider study group, ALEGRO [ID7], aims to foster studies on
accelerators for applications to high-energy physics, with the ambition of proposing a machine
that would address the future goals of particle physics.

There is a rich R&D programme for improving the existing facilities, building and devel-
oping new facilities, as described in detail in Chapter 10. An important issue, which has been
brought into focus with the ambitions to push the energy frontier, is energy management. It
is the HEP community's responsibility to develop sustainable models and optimised technolo-
gies in terms of energy consumption, aiming also at exporting improved technologies for other
applications in society. It is essential for the future of particle physics that accelerator science
be supported with high priority and that the already existing expertise be preserved. A strong
cooperation between national institutes and CERN is vital for the progress of the �eld.
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1.11.2 Instrumentation and Computing

The landscape of proposed next generation experiments is broad in terms of detector tech-
nologies designed to ful�ll the physics programmes of the future. These various technologies
are being developed to address well-de�ned technological challenges such as as micron-scale
spatial resolution and low mass, picosecond time resolution, high-performance photodetectors
(also operating at cryogenic temperature and low dark current), radiation tolerance, large num-
ber of channels, high readout speed, and large sensitive area at low cost. The need for combined
features (adding time and/or energy measurement in 4D tracking and 5D imaging) becomes
more and more pressing. Also, for all types of particle detectors, the integration of advanced
electronics and data transmission functionalities plays an increasingly important role. Beyond
R&D activities driven by the needs to ful�ll speci�c experimental requirements, it is essen-
tial that the community maintains the ability to carry out generic detector R&D work that has
the potential to bring about tool-driven revolutions, and this, concurrently through the design,
planning and execution of large experimental projects. Generic technology innovation often
emerges from synergies within the �eld of particle physics, with other �elds of science, or with
industry. Therefore it is important to ensure that European programmes such as AIDA2020
or ATTRACT be appropriately supported in order to preserve and stimulate the community's
potential for innovation.

The development of novel particle physics instruments requires specialized infrastruc-
tures, tools and access to test facilities. National labs and large institutions play a central role
in support for the community by providing access to these types of specialized infrastructures,
tools and facilities. One example is the European network of test beam and specialized irradi-
ation facilities that currently exists, and for which the continued and coordinated support has
been identi�ed as of utmost importance for the community. In addition, technical personnel are
required to ef�ciently exploit the specialized infrastructures, tools and facilities needed for de-
tector R&D. The support of these personnel often remains a challenge, that must be addressed.

In addition to detector development activities, the scienti�c outcomes of an experiment
are made possible by the development of an ef�cient computing and software infrastructure. In
the coming years, however, the science programmes at the HL-LHC Run 4 and beyond, Belle-II
at SuperKEKB, future circular and linear colliders, and large neutrino experiments, will to-
gether require about an order of magnitude more computing resources than presently available,
while increase in funding for computing is not expected. To meet the challenges the particle
physics community must carry out carefully planned and coordinated R&D programmes to im-
prove the ef�ciency of HEP software and algorithms, adopt new hardware, and take advantage
of industrial trends and emerging technologies. To carry out these activities, a signi�cant in-
vestment in skilled developers is of the highest importance. Furthermore, exploiting synergies
among experiments, other disciplines and with industry will be vital to provide a sustainable
future for software and computing in the �eld. There are many vehicles for these synergies to
be exploited: for example, both the WLCG and HEP Software Foundation (HSF) will have an
important role promoting coherence in various development activities.

More generally, the requirement of ef�ciency to extract the maximum physics potential
from an experimental research programme requires an increasingly holistic approach to the
design of experiments and their associated computing and software systems. For example, the
evaluation of various detector designs must include the computing burden as a metric. Yet the
detector and the computing/software communities have been drifting apart, and individuals that
can bridge the growing gap are rare. This is a challenge to the community.
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Another challenge faced by the particle physics community is the limited amount of suc-
cess in attracting, developing and retaining instrumentation and computing experts, which poses
a growing risk to the �eld. It is of utmost importance that activities carried out by these experts
be recognized correctly as fundamental research activities bearing a large impact on the �nal
physics results.

1.11.3 Theoretical and Phenomenological tools

While, as discussed above, speculative theoretical research is a powerful driver of progress in
particle physics, theoretical physics has another essential role for collider projects. The inter-
pretation of LHC data would be impossible without theoretical input from higher-order pertur-
bative calculations at the parton level, in combination with parton distribution functions (PDF)
and the modelling of parton showers. The recent advances in theoretical calculations, together
with progress in data analysis and detector performance, have allowed previously unimaginable
precision in measurements at the LHC. This is a critical element for future collider programmes,
since their ability to discover new phenomena heavily relies on accurate background determi-
nations. Only with signi�cant advances in theoretical calculations can one hope to perform a
valuable programme of precision Higgs and electroweak measurements at future high-energy
colliders (see Sect. 3.2.3).

The need for more re�ned theoretical calculation will only grow in the future, both for
HL-LHC and for colliders at higher energy (see Sect. 4.5). Fully automated NLO tools are now
available and the next challenge is to upgrade them to the NNLO level. To describe the full
hadron collision perturbative calculations are matched with parton showers using automated
Monte Carlo generators. Ef�ciency and accuracy improvements of these tools are needed to
fully exploit the higher precision of perturbative calculations. The high collision energy of fu-
ture facilities is opening up new challenges (together with new theoretical opportunities) related
to the all-order resummation of large logarithmic terms, due to the presence of different energy
scales in a single scattering process. A better characterisation of the theoretical uncertainties in
the PDFs is also needed.

Monte Carlo event generators [ID114] are indispensable workhorses of particle physics,
bridging the gap between theoretical ideas and �rst-principle calculations on the one hand, and
the complex detector signatures and data of the experiments. They add to the theoretical in-
put the low-scale transition of partons to hadrons and the multiple partonic interactions which
contribute signi�cantly to the overall particle yield. All experiments are dependent on event
generators to design and tune the detectors and analysis strategies. As the precision of data
increases, the imperfections in the event generators become visible and may lead to extra uncer-
tainties. To mitigate these effects constant improvements in the event generators is mandatory.
The development of these tools is overwhelmingly driven by a vibrant community of academics
at European universities and at CERN. All of this requires very particular skills, theoretical and
computational, that have to be preserved and fostered for the future.

Another theoretical research area with direct impact on future experimental programmes
in particle physics is lattice gauge theory, which is the only known method to compute consis-
tently and systematically QCD observables in the non-perturbative regime. Lattice calculations
can provide reliable results for hadronic decay constants, form factors, and matrix elements that
enter many observables relevant for low-energy and �avour physics, for the determination of
as, for the extraction of the PDFs, and for properties of the quark-gluon phase transition (see
Sect. 4.5.3).
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Advances on all these fronts require not only more resources (funding, manpower, com-
puting time for numerical and algebraic calculations, organised collaborative networks), but
also truly conceptual breakthroughs in theoretical techniques. New ground-breaking ideas are
rapidly developing, although severe challenges remain. An adequately supported programme
of theoretical activities is indispensable for the success of any experimental project and should
be an integral part of the planning of future strategies for particle physics.

1.12 Synergies
There are obvious synergies between the various areas of particle physics research and they are
highlighted in the following chapters. There are also clear synergies between particle physics
and nuclear physics, through the ambition to achieve �rst-principle understanding of strong dy-
namics based on QCD, but also because of similar experimental tools, as evident in the nuclear
physics programme conducted at CERN. The latter includes not only the low-energy (by par-
ticle physics standards) programmes of the ISOLDE [ID39] and n_TOF facilities, but also the
heavy-ion programme at the SPS and the LHC. There are also synergies with atomic physics as
exempli�ed by theH experimental programme at the AD antiproton decelarotor.

There are strong synergies with astroparticle physics, which addresses some of the same
fundamental questions as particle physics. These connections are through neutrino physics,
dark matter searches, cosmic ray physics and, potentially in the future, gravitational waves. The
precision measurements of the neutrino properties rely on solar and atmospheric neutrinos for
the determination of several mass and mixing parameters (see Chapter 6). Large underground
neutrino detectors are used in long-baseline accelerator experiments and in astroparticle physics,
with strong synergies between the two domains (see Sect. 7.6). Searches for dark matter from
the halo are performed by dedicated underground experiments but also by large astroparticle
detectors like H.E.S.S., Antares or IceCube, and in the near future the CTA observatory expected
to start operations in 2022. The complementarity is not only through technological advances
but also in the parameter space probed by astroparticle and accelerator-based experiments (see
Sect. 9.3).

The future Einstein Telescope for gravitational wave detection [ID64] will use infrastruc-
ture and techniques that are very similar to those deployed for large underground accelerator
complex. For cosmic ray physics, precise simulation of the properties of air showers is needed
to properly determine the mass of the primary cosmic rays. The shower development is driven
mostly by hadron-nucleus interactions from the highest (1000 TeV c.m.) to the lowest (10 GeV
lab) energies whose theoretical description relies heavily on collider and �xed-target data.

There are thus multiple synergies between particle and astroparticle physics, at the level
of infrastructure, detectors, interaction models and physics goals. These synergies and the
need to foster them has been clearly identi�ed in the national inputs. This can be facilitated
by the newly established EuCAPT Astroparticle Theory Centre as a joint venture of APPEC
and CERN, as well as by further discussions among the many experts in the �eld. How to
enhance the cooperation between the particle, astroparticle and nuclear physics communities,
fully bene�ting from the close collaboration between ECFA, APPEC and NuPECC, must be
part of the discussions around the European Strategy Update.

The development of novel accelerator technologies has always been driven by the needs
of high-energy physics. Today, diverse �elds of research and applications bene�t from these
developments but also contribute to advances in the �eld. Examples include fusion energy, high
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temperature superconductors, medical applications, photonics and neutronics. And, last but not
least, plasma acceleration promises developments of compact facilities with a wide variety of
applications compatible with university capacities and small and medium sized laboratories. A
detailed discussion is presented in Sect. 10.9.

An important aspect of the European Strategy Update is to recognize the potential im-
pact of the development of accelerator and associated technologies on the progress in other
branches of science, such as astroparticle physics, cosmology and nuclear physics. Moreover,
joint developments with applied �elds in academia and industry have brought about bene�ts to
fundamental research and may become indispensable for progress in the �eld.

Similar considerations apply to the �eld of instrumentation and computing. Synergies
with other �elds of science with similar challenges and with industry are essential to meet the
needs of the next generation of experiments. The way forward has been extensively discussed
during the Open Symposium in Granada and is summarised in Chapter 11. Strengthening the
synergies in research and technology with adjacent �elds is an important element of the progress
in particle physics. Global platforms, networks and national institutes have the potential to
enhance the research exchange among experts worldwide, to provide training opportunities,
and more generally stimulate the community's potential for innovation.



Chapter 2

Theoretical overview

The role of exploration in particle physics
Exploration of the unknown is the main driver of fundamental science. The goal of particle
physics is to push the frontier of knowledge deep into the smallest fragments of spacetime
and unravel the natural phenomena that occur at the most minute distance scales. This line
of research has delivered some of the most extraordinary discoveries in science, which not
only have revealed the inner workings of particle interactions but have truly revolutionised our
understanding of the physical laws that govern the Universe. Those laws have allowed us to
decipher the properties of the Universe at the largest distance scales and reconstruct its time
evolution back to the earliest stages. This path of discoveries and knowledge has continued
with the latest generation of experimental projects in particle physics, among which the LHC is
the most prominent example. Although this broad research programme is still ongoing, particle
physics is already planning the next stage of exploration. While research that culminated with
the LHC has established the Standard Model (SM) as the successful description of particle
interactions, we are still confronted with many unresolved puzzles and open problems that
can be tackled only with a bold experimental programme and with substantial technological
advances.

Can we predict new discoveries?
When the goal is exploration of the unknown, by its very nature it is dif�cult (or impossible) to
foretell the discoveries that an experimental project may encounter. The value of an exploratory
project should not be measured by the number of promised new discoveries, but by the im-
portance of the questions addressed and by the amount of fundamental knowledge that can be
extracted from its results. There is a remarkable exception to the general rule concerning our
inability to predict the unknown. It follows from a peculiar property of quantum �eld theories
(QFT). A QFT can “predict its own destruction,”1 in the sense that from low-energy measure-
ments alone one can infer the existence of new phenomena that mustnecessarilyoccur below a
calculable high-energy scaleL , even if the theory is unable to predict what these new phenom-
ena are. It is of course a very privileged situation for experimental searches. This was indeed
the case of the SM without the addition of the Higgs, which predicted its own destruction at
energies below a TeV, as subsequently con�rmed by the LHC with the discovery of the Higgs.

1This expression was used by Pilar Hernandez in her talk at the Open Symposium in Granada.
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Does the SM today, after the inclusion of the Higgs boson, predict its own destruction?
The answer is negative: unlike the circumstances at the start of the LHC, today particle physics
is not in the (rare and special) situation to predict new discoveries with mathematical certainty
at or under an energy scale within reach. Remarkably, the SM properties are just right to keep
all its coupling constants under control, up to meaningful high energies. The Higgs quartic
coupling evolves towards an instability, but this is reached at suf�ciently high energy to ensure
that the lifetime of the electroweak vacuum is much longer than the age of the Universe. This
remarkable self-consistency of the SM is very sensitive to the values of the coupling constants
and it would not hold if the couplings were only slightly different from what we observe. In
a different realm, as soon as gravity is included the SM does predict its own destruction at an
energy scale of 1019 GeV or below. In addition, neutrino masses suggest the self-destruction of
the SM in the neutrino sector somewhere below (and possibly much below) 1015 GeV. However,
these upper bounds on the cutoff energyL are too weak to guarantee discoveries with absolute
certainty at foreseeable future colliders. The situation could suddenly change if the LHC, or
any other current experimental project, found evidence for new interactions with low scaleL .

Open questions in particle physics
What drives the �eld towards the next generation of experiments is the awareness that we are
facing fundamental questions that can be addressed by the scienti�c method, and whose an-
swers will signi�cantly enrich human knowledge. In the following we present some of the open
questions in particle physics today. Their breadth clearly requires a diversi�ed research pro-
gramme with different experimental objectives and techniques, with bold projects pushing the
energy and precision frontiers, and with substantial theoretical involvement. The open ques-
tions are not independent, but deeply interconnected. This re�ects the maturity of our global
understanding of the particle world and the strong links between all aspects of particle physics,
reaching out to neighbouring �elds like cosmology and astrophysics. Any new discovery is thus
likely to affect our understanding of particle physics in multiple directions.

1 Electroweak Symmetry Breaking

With a ground-breaking result, the LHC has established the existence of the Higgs boson as the
main agent of the spontaneous breaking of electroweak symmetry. In the context of the SM, all
the parameters associated with the Higgs (scalar potential and couplings to gauge bosons and
fermions) are related to measured quantities. And yet, our understanding of the electroweak
symmetry breaking dynamics is far from being satisfactory. The Higgs sector remains a con-
ceptual mystery.

The problem is related to the nature of the Higgs boson, which is an object different from
any other particle we have encountered so far because, according to the SM, it is a fundamental
particle with no spin. Contrary to particles that carry spin, for which the massless and massive
cases are distinct as they correspond to different numbers of physical degrees of freedom, a
massless spinless particle can be turned into a massive one without adding any new physical ex-
citation. This property becomes lethal in the quantum world, since the mass of the Higgs boson
becomes wildly sensitive to quantum �uctuations. Its spinless nature leads to another distin-
guishing feature: the existence of new types of interactions that are different from the gauge
interactions that characterise the familiar four fundamental forces of nature. While the struc-
ture of gauge forces is restricted by the mathematical properties of symmetry, the new forces
introduced by the Higgs boson are less constrained, and this leads to a large number of unde-
termined parameters. The Higgs alone requires the introduction of 15 new free parameters, as
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opposed to the strong and electroweak forces which are described by only 3 parameters. When
compared with the structural simplicity of the gauge sector, the Higgs sector looks suspiciously
provisional. Essentially all problems or unsatisfactory aspects of the SM are ultimately related
to the structure of Higgs interactions. Our poor understanding of the Higgs sector at a deeper
level, and its novelty in terms of physical properties, make Higgs precision measurements one
of the most pressing issues of any future programme in particle physics.

The discovery of the Higgs boson has opened a new research programme, which is a clear
priority for the future of particle physics. Precision measurements of Higgs properties enable
us to study in depth the most puzzling sector of the SM, opening the door towards a deeper
understanding of the mechanism for electroweak symmetry breaking. Future colliders promise
an unprecedented scrutiny of the Higgs properties (see Chapter 3). They can explore extensively
the nature of the Higgs boson and the question of whether the Higgs is accompanied by other
related spinless particles or not. Moreover, if the Higgs were a composite state rather than a
fundamental particle as predicted by the SM, its size could be probed at future Higgs factories
down to distances of 10� 20 metres, about �ve orders of magnitude below the size of the proton
(see Chapter 8).

The Higgs programme goes hand-in-hand with the programmes of electroweak precision
measurements and �avour physics, which can probe the existence of new physics in a way
complementary to direct searches (see Chapters 3 and 5). Moreover, very high-energy collisions
offer the opportunity of studying the interplay between short and long-distance effects. This is
a new environment in which one can test the infrared properties of non-Abelian gauge theories
in a regime which, unlike the case of QCD, is fully perturbative.

2 Higgs Naturalness

A related puzzle in particle physics is the question of Higgs naturalness. The problem arises
because of the quantum sensitivity of the Higgs mass to possible new physics scales, while
various experimental measurements point towards a large separation of the latter and the Higgs
mass (L � mh). The discovery of the Higgs boson has made the problem more concrete, and
the lack of evidence for new physics has widened the gap betweenL andmh, making the tension
more severe. In the language of Effective Field Theories (EFTs), naturalness arises by viewing
EFT parameters as functions of more fundamental ones: any speci�c structure in the EFT, like
the presence of a very small parameter, should be accounted for by symmetries and selection
rules rather than by accidents. When the criterion is applied to the Higgs mass, one famously
�nds that L � mh is inconsistent with the predicate of naturalness. Overall, the lack of novel
signals suggests that the purely accidental symmetries of the SM appear to be mysteriously
maintained up to the high energies tested at present, directly or indirectly.

An interesting point of view formulates the problem as arising from the clash between two
concepts: Infrared (IR) simplicity and Naturalness.2 The SM enjoys IR simplicity in the sense
that certain crucial experimental facts, not mandated by the SM gauge structure, are neverthe-
less an expected consequence of global symmetries that emerge by pure accident because of
the speci�c matter content found in Nature, e.g. approximate baryon and lepton number conser-
vation, lightness of neutrinos, custodial symmetry, and suppression of �avour-changing neutral
currents. The problem appears when the SM is embedded in a broader underlying framework.
When the latter is probed at energies much below its fundamental scaleL , there is no generic
reason for it to abide by the same accidental symmetries as the SM does. This would mean that

2This formulation of the problem is due to Riccardo Rattazzi and the discussion here follows closely his talk at
the Open Symposium in Granada.
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IR simplicity in the SM can be obtained only at the price of a loss of naturalness in the formu-
lation of the high-energy theory. Indeed, present models aiming to realise naturalness, such as
supersymmetry or composite Higgs, invariably sacri�ce simplicity. Those extensions of the SM
have concrete structural dif�culties in reproducing the observed simplicity in �avour, CP vio-
lating and electroweak precision observables. In order to become phenomenologically viable,
they must rely on arti�cial constructions mostly associated with ad-hoc symmetries, which in
the SM are either not needed or automatic. In this perspective, the tension between simplicity
and naturalness is what de�nes the problem.

Alternatively, the concept of naturalness may appear in a different guise when applied
to the electroweak sector. The increasing tension could well herald an exciting change of
paradigm. In fact, the LHC results have already prompted theorists to broaden their perspective
on the problem and pursue alternative solutions that may lead to unconventional experimental
signatures. While much of this research is still ongoing, it is already clear that searches for new
physics must take a broad approach.

In conclusion, Higgs naturalness remains a crucial open question. Whatever the under-
lying rationale, more experimental investigation is mandatory to delimit and clarify the issue.
Understanding its role in the SM by probing its consequences at even higher energies will give
us knowledge about the governing principles of Nature, and critical information for the future
course of research in particle physics (see Chapter 8).

3 Strong Interactions

Strong interactions play a central role in particle physics today, but the relevant questions are
not about the validity of the theory or the search for its possible extensions, because QCD gives
a successful and satisfactory explanation of strong interactions. The questions are about how to
relate QCD to long-distance phenomena (e.g. con�nement), how to characterise the collective
behaviours that emerge under extreme conditions (e.g. high temperature or high density), how
to obtain reliable predictions in the non-perturbative regime (e.g. hadronic matrix elements) and
precise predictions in the perturbative regime (e.g. higher-order calculations). Particularly chal-
lenging is the question of deriving from the �rst principles of QCD a description of phenomena
at the interface between low and high energies. An example is understanding how fast-moving
quarks and gluons cluster into colour-singlet hadrons. As well as being conceptually challeng-
ing, these questions are relevant in practice since they lead to a real limitation in the theoretical
prediction of observables in hadronic collisions and �avour physics.

QCD is the necessary tool for describing particle interactions with applications that range
from heavy ions to proton collisions, from neutron stars to early-Universe cosmology. One of
the most striking successes of the LHC has been to show that, by combining advanced data
analysis and detector performance with re�ned theoretical QCD calculations, hadron colliders
can perform measurements with previously unimaginable precision. This is an important legacy
for future collider projects, which establishes proton colliders as precision machines. A number
of the challenges listed above are of crucial importance for the full exploitation of the physics
potential of present and future colliders, both in searches for new phenomena and in performing
precision measurements (see Chapter 4).

4 Strong CP

There is only one parameter, among those that specify the SM renormalisable interactions,
which has not yet been measured: the strongq angle. This parameter characterises the vacuum
structure of the theory and contributes to the neutron EDM. Current experiments set an upper
boundjqj < 10� 9 and no accidental symmetry in the SM can justify such a small value. Finding
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an experimental con�rmation of the reason for the surprising smallness ofq is still an open
question.

Out of the several possible proposed solutions, the axion remains the all-time favourite
by theory. Based on a spontaneously-broken global symmetry, the axion solution turnsq into
a dynamical variable, which relaxes to zero in the presence of a potential generated by non-
perturbative QCD effects. The search for the axion is a central task in particle physics, offering
a window into new physics which may take place at very high energies (see Chapter 9). The
axion can also have important effects in stellar evolution, in early-Universe dynamics, and its
coherent oscillations could explain the dark matter we observe today.

5 Flavour Physics

The pattern of quark and lepton masses and mixings is one of the most puzzling open questions
in particle physics, directly connected with the Higgs since its couplings to fermions are at the
heart of the problem. Generations of dedicated experiments have provided us with precision
measurements of the corresponding parameters, revealing a pattern which has a highly non-
generic structure and suggests an underlying organising principle. However, the origin of this
structure and the nature of the organising principle remain mysterious.

There is another reason that makes experimental exploration of the �avour sector particu-
larly important. Because of special accidental symmetries and structural aspects (like the GIM
mechanism), the SM predicts strong suppressions of certain �avour-changing transitions. These
suppressions have been con�rmed experimentally. However, the suppression mechanisms in the
SM are fragile and any small deformation of the theory can drastically change the predictions
for �avour-changing processes. This property makes the study of rare �avour processes one of
the most powerful probes of new physics, in some cases testing scales up to 105 or even 106

GeV. Experimental hints for deviations from SM predictions in �avour processes are one of our
best hopes to direct research towards the right energy scale where new physics may lurk. Dark
matter itself may have �avour-violating interactions and an understanding of its structure would
require advances in interdisciplinary explorations. Furthermore, �avour experiments are often
sensitive to new light particles, possibly related to dark matter.

To the class of �avour processes belongB, K, D meson andt lepton decays, rare muon
transitions, anomalous magnetic moments and electric dipole moments (EDM). Future experi-
mental projects will be able to push further the exploration on all these fronts (see Chapter 5),
providing us with new fundamental knowledge about the particle world. In particular, testing
new sources of CP violation in EDM is a powerful probe of theories beyond the SM, and may
turn out to be a decisive tool to test hypothetical mechanisms for generating the observed cos-
mic baryon asymmetry. Finally, a true understanding of the �avour puzzle must encompass
both the quark and the lepton sector including neutrinos, to which we turn next.

6 Neutrino Physics

Neutrinos are unique exploratory tools in particle physics. The special nature of their mass
makes them sensitive to new physics at very short-distances. Their special propagation proper-
ties make them a penetrating probe into the far structure of the Universe and a precious instru-
ment to peek into the dark sectors of the cosmos. Many intriguing open questions in particle
physics are linked to the properties of neutrinos.

An active ongoing experimental programme aims at establishing the nature and mass or-
dering of neutrinos and at measuring, with increasing precision, their overall mass scale and
mixing parameters (see Chapter 6). An elegant explanation for the lightness of neutrinos in
terms of IR Simplicity and separation of scales is encoded in a dimension-�ve operator with
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a new-physics scaleL n in the range of 1015 GeV. This result gives a conclusive proof for the
existence of physics beyond the SM. The scaleL n has the dimension of mass divided by cou-
pling squared, so its value could be explained by either a large mass or a small coupling (or
a combination of the two). Since neutrino masses require the breaking of both chiral symme-
try and lepton number, they are sensitive to fundamental ingredients of the symmetries of the
particle world. Furthermore, the neutrino mixing angles show a pattern distinctively different
than that observed in the quark sector, exposing another puzzling aspect of the �avour problem.
Understanding this structure is a central question in particle physics today. Firmly establishing
CP violation in the lepton sector would be a milestone in neutrino physics. A possible con-
sequence of CP violation and neutrino physics is leptogenesis, which is the simplest and most
robust known mechanism for generating the cosmic baryon asymmetry in the early Universe.
Another interesting aspect of the neutrino experimental programme is the search for new light
particles that could hide behind the origin of neutrino masses, contributing to the great physics
potential offered by the exploration of neutrino physics.

7 Dark Matter

There is overwhelming observational evidence for the existence of Dark Matter (DM), whose
contribution to the mass density of the Universe is 5.3 times larger than for ordinary baryonic
matter. While its gravitational imprint is well established at galactic and cosmic scales, the
microscopic nature of DM is still a mysterious and outstanding open question. If DM is made
of particles or compact objects, its constituents could have masses that vary by some 90 orders
of magnitude, ranging from Fuzzy DM of 10� 22 eV to primordial black holes of tens of solar
masses. During the last decades, a signi�cant experimental effort has focused on DM masses
around 100 GeV: these are motivated by the observation that particles in this mass range pre-
dicted by supersymmetry or other weak-scale theories automatically lead to a particle density
in excellent agreement with the observed DM density. This is usually referred to as the `WIMP
miracle'. Recently, there has been growing interest in widening the scope of these searches. On
one side, the lack of discoveries of weak-scale particles that could act as mediators in primordial
annihilation processes has changed the emphasis, since the choice of masses around 100 GeV
was completely driven by speci�c model considerations, especially related to supersymmetry.
A more generic WIMP, which annihilates into gauge bosons via ordinary weak interactions,
prefers larger masses. The WIMP miracle occurs when the mass is 1.1 TeV for a weak doublet,
2.9 TeV for a triplet, and even larger masses for larger SU(2) representations.

Renewed interest has �ared for DM masses well below the weak scale. These cases are
theoretically motivated by axions or axion-like particles, asymmetric DM, light mediators, or
non-thermal relics. Experimentally, the search for light DM has stimulated new remarkable
ideas using unconventional techniques (see Chapter 9).

Besides the exciting prospect of discovering a new form of matter so common in the
Universe, the search for DM is fascinating because it brings together different �elds (particle
physics, cosmology, astrophysics) and different experimental techniques (accelerators, under-
ground detection, cosmic rays). Future accelerator-based projects (from high-energy colliders
to �xed-target and beam-dump experiments) can contribute to the search for DM in a distinctive
and unique way (see Chapter 8).

8 Dark Sectors and Feebly Interacting Particles

In the exploration of the unknown, the high-energy frontier remains the best motivated direction
to concentrate research efforts in particle physics. Nevertheless, the puzzling questions that
confront us require a broad approach, both in terms of experimental strategies and theoretical
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hypotheses. One alternative research direction that has recently gained momentum is the search
for new families of particles which are either very light, but only rarely produced in collisions
among ordinary particles, or have very long lifetimes, thus travelling macroscopic distances.
These particles are usually referred to as Feebly Interacting Particles (FIP). The hypothetical
existence of FIPs is a valid open question in particle physics today.

Super�cially FIPs may appear as very unconventional and exotic objects, but we can take
the SM for comparison. We know about the existence of very weakly-interacting and pene-
trating light particles (neutrinos), of particles with relatively long lifetimes due to tiny mass
differences (neutrons) or mass hierarchies (weakly-decaying hadrons). Thus, in the presence of
hidden sectors with a structure as rich as the SM, it is not unrealistic to expect new particles
behaving as FIPs. The existence of FIPs is also motivated by theoretical models for DM, ap-
proximate Goldstone bosons, mechanisms for neutrino masses, Higgs naturalness and various
hidden sectors. The search for FIPs (see Chapters 8 and 9) is an interesting complement to
high-energy explorations, with the additional feature of bringing together different experimen-
tal strategies ranging from particle physics (collider, beam dump, �xed target, rare decays) to
neighbouring �elds (DM detection, astrophysics, multi-messenger astronomy, and even atomic
or condensed-matter physics).

9 The Cosmos

One of the greatest successes of particle physics was to show that knowledge derived from very
short distances is crucial to understand our Universe at large scales. This path of knowledge
started from nuclear physics explaining why stars shine and how chemical elements are created,
and led to the present understanding of galaxy distribution in terms of quantum �uctuations of a
primordial �eld active during in�ation. The connection between the Universe at the smallest and
largest scales is a monumental conceptual achievement, which has not only produced some of
the most mind-boggling results in physics, but also revealed new fundamental open questions.

One question that future colliders will be able to address is the nature of the electroweak
phase transition in the early Universe. While the phase transition is a high-temperature phe-
nomenon that cannot be recreated experimentally, precision measurements of Higgs properties—
in particular of the triple-Higgs self-coupling—will give us decisive elements to reconstruct the
dynamics that occurred when the Universe changed its vacuum state. According to the SM, the
Higgs mechanism took place as a smooth crossover when the Universe cooled down to tempera-
tures below 160 GeV, but the transition could be very different in the presence of new physics. A
particularly interesting possibility is that the Universe underwent a �rst-order phase transition,
which would open the door to the exciting prospect of explaining the cosmic baryon asymmetry
with weak-scale physics or of observing gravitational waves produced by the abrupt transition
at that epoch. Independently of these speculations, testing the nature of the electroweak phase
transition is an important task for future colliders that will considerably expand our knowledge
about the early history of the Universe.

In�ation and dark energy are two other crucial ingredients of cosmology that require input
from particle physics. They are recurrent themes of theoretical physics studies and targets for
projects in observational cosmology. Any progress addressing these two fundamental problems
would have revolutionary impact on our understanding of the particle world and on our future
research priorities.

The Universe also provides a unique laboratory for particle physics, offering opportunities
to test new ideas in environments that cannot be reproduced on Earth. This is the case of ultra-
high-energy cosmic rays, containing particles produced at energies beyond those attainable at
human-made accelerators, and whose origin and acceleration mechanisms are still largely not
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understood. It is the case of black-hole observations in gravitational-wave detectors, of particle
production in the core of dense stellar bodies and, more in general, of multi-messenger particle
astrophysics.

10 Gravity

Gravity is the most familiar of all forces in nature and yet it hides some of the most perplexing
open questions in particle physics today. At the classical level, it is elegantly understood as a
gauge theory in which the gauge symmetry acts on spacetime coordinates, according to General
Relativity. At the quantum level, the theory “predicts its own destruction" somewhere below
the Planck mass, at the extraordinary energies of 1019 GeV. In spite of the great developments
in string theory, the ultimate theory bringing together quantum gravity and the SM has not been
identi�ed yet.

Early cosmology and black-hole physics provide the two known training grounds where
ideas about gravity in the quantum regime can be tested. The thermodynamical properties of
black holes and the information paradox have stimulated new ideas that are revolutionising the
approach towards the quantum properties of gravity. Although this research is revealing surpris-
ing connections that range from quantum information to condensed-matter physics, this is still
a highly speculative and theoretical activity. However, the observation of black hole collisions
through gravitational waves has opened a new �eld that holds promise for experimental tests of
modi�cations of gravity (see Chapter 7).

Another open question related to gravity is the value of the cosmological constant. From
the particle-physics point of view, the amount of dark energy measured by astronomers is ridicu-
lously small. The vacuum energy typically predicted by particle theories contributes to the cos-
mological constant by some 120 orders of magnitude more than what is observed. The problem
is particularly interesting from a particle-physics perspective because it is conceptually identi-
cal to the naturalness problem encountered with the Higgs mass, suggesting that there could be
hidden connections between the two puzzles.

Advancing particle physics

Particle physics is a central node of the interconnected network of scienti�c disciplines that
de�nes human knowledge. It has been able to distill the essence out of natural phenomena and
translate it into universal laws expressed in terms of a few mathematical equations. Those laws
follow from a handful of fundamental principles and show a remarkable structural unity. Their
power lies in allowing us to make certain and precise predictions that have been empirically
veri�ed in the domain of simplicity – the Universe at very small and very large distance scales.

The success of particle physics relies on the ability to build experiments where controlled
phenomena can be studied, leading to certain and precise measurements. The combination of
precise predictions and measurements is the hallmark of particle physics among the sciences,
which allows us to ask fundamental questions about the Universe and obtain de�nite answers.

The present success of the Standard Model is the very reason why we can embark on fu-
ture missions. This success gives us a reliable and solid starting point to formulate consistently
our questions and to advance cogently and systematically into the exploration of the unknown.
In particular, the pressing open questions have been formulated precisely and rigorously. Their
crucial nature is tantalising: they may herald a change of paradigm awaiting discovery. Ad-
dressing those questions requires a diversi�ed scienti�c strategy. Within this broad research
programme, high-energy colliders are an indispensable and irreplaceable tool to pursue our
exploration of the fundamental laws of nature.



Chapter 3

Electroweak Physics

In this chapter the status of the electroweak physics programme and its future prospects are
discussed. Particular emphasis is given to the exploration of the Higgs boson at the future
colliders discussed in Chapter 10.

3.1 Introduction
The electroweak sector of the Standard Model (SM) of particle physics is extraordinarily rich,
and its theoretical elucidation and experimental exploration over the past 80 years is among
the most outstanding scienti�c achievements of humankind. Components of that achievement
are the invention of quantum electrodynamics (QED) [1], the discovery of the weak interaction
[2–4], the uni�cation of the weak and electromagnetic interactions in the late 1960s [5, 6], the
discoveries of theW andZ bosons in the 1980s [7], the precision tests of the electroweak theory
on theZ pole [8], and last but not least the discovery of the Higgs boson in 2012 [9, 10]. In
the perturbative regime, QED has been tested with a precision of one part in 1012, an amazing
achievement of both experiment and theory. For the electroweak theory, many tests have been
made at the per mille level at high-energy colliders and low-energy experiments, all con�rming
the SM predictions.

Despite this huge success, the electroweak sector of the SM is puzzling. In particular, if
new physics occurs at a higher mass scale, there is generally no explanation for why the Higgs
boson mass should be at� 125 GeV, rather than at the much higher scale. Indeed, quantum
corrections to the Higgs boson mass,DmH , due to e.g. the top quark, are much larger than the
Higgs boson mass itself. The natural expectation is that(DmH)2 � L 2 whereL is the energy
scale of new physics. This issue is called the naturalness problem (see also Chapter 2). The
naturalness problem can be quanti�ed by the ratio of the experimentally measured Higgs mass
to the quantum corrections to the Higgs mass, i.e.

e �
m2

H

(DmH)2 ; (3.1)

whereDmH is the sum of all quantum corrections to the Higgs boson mass, and can be calculated
in any model. In the SM, where there is no new physics below the Planck scale, the value is
DmH � 1019 GeV, corresponding to an extreme �ne-tuninge � 10� 34. Values of the parameter
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e � 1 correspond to no �ne-tuning. Note that in the literature, it is common to express the
�ne-tuning in terms ofD whereD= 1=e.

Depending on how the new physics couples to SM particles, new physics models can be
classi�ed assoft, super-softandhyper-soft[11]. An example for a soft model is the Minimal
Supersymmetric Model (MSSM) with high-scale mediation of the soft terms, for super-soft
examples are Composite Higgs (CH) models and SUSY models with low-scale mediation (see
Chapter 8). For hyper-soft models Neutral Naturalness is a prime example (see Chapter 8).
Generally, the �ne tuning can be related to the mass of a putative top quark partner,mT , as shown
in Table 3.1. Measurements of the Higgs boson couplings can also be related to the �ne tuning
parametere as shown in Table 3.1. Furthermore,e can be related to the oblique parameters [12–
16], O, which are introduced to quantify possible modi�cations of the electroweak precision
observables due to new physics. Here, parametersS and T are the focus;T measures the
difference between the new physics contributions of neutral and charged current processes at
low energies andSdescribes new physics contributions to neutral current processes at different
energy scales.SandT quantify universal loop corrections to the photon,W andZ propagators,
i.e. do not depend on the lepton and quark �avours.

Table 3.1: Constraints on the �ne tuning parameter,e, as determined via direct searches and via
precision measurements of Higgs boson couplings and oblique parameters. For direct searches
mT is the mass of the top quark partner, andyt andl h are coupling parameters which are both
assumed to be� 1 in natural theories. For the direct searches and the oblique parameters,
the mass value used for interpretation ase is mT = 1 TeV, motivated by current limits on top
partners [17–20]. CH stands for “composite Higgs” and SUSY for “supersymmetry”.

Method Dependence Current Constraint

Direct searches: soft models Dm2
H � m2

T e . 1%
Direct searches: super-soft modelsDm2

H � 3y2
t =(4p2)m2

T e . 10%
Direct searches: hyper-soft modelsDm2

H � 3l h=(16p2)m2
T e . 100%

Higgs couplings m2
H=Dm2

H � dgh=gh e . 10%
Oblique parameters (CH models) m2

H=Dm2
H � dO� 3 e . 30%

Oblique parameters (SUSY models)m2
H=Dm2

H � dO� 103 n.a.

Based on these arguments, it is clear that measurements of Higgs boson couplings at the %
level or better test new physics models at or beyond the current constraints from direct searches.
The same is true when the oblique parameters are measured to better than� 3� 10� 3. Future
direct searches at the FCC-hh or a muon collider are expected to improve the sensitivity to the
top quark partner to 10 TeV, and thus be sensitive to values of 10� 3 � 10� 5 (see Chapter 8).

3.1.1 Higgs studies at hadron colliders

Figure 3.1 shows the cross sections for the production of Higgs bosons from LHC energies to
the energy of FCC-hh. So far at the LHC, about 8 million Higgs bosons have been produced and
the data sample will further increase by a factor of 20 at the conclusion of HL-LHC. The cou-
pling parameters themselves cannot be extracted at hadron colliders without further assumptions
which depend on the new physics model. In particular, to resolve a multiplicative ambiguity
in inferring couplings from measured cross section times decay branching ratio (s (H) � BR)
values, it is usually assumed either that there are no new light states that the Higgs boson can
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Fig. 3.1: Higgs production cross sections in hadronic collisions.

decay to (i.e. the Higgs width is fully determined by the couplings to the SM particles), or that
the coupling to the gauge bosons can not be larger than the SM value. This latter assumption
is valid for the vast majority of BSM models, and is made for results and projections presented
here.

Figure 3.2 presents a selection of current Higgs coupling measurements [21, 22] and the
precision projected for HL-LHC [23], with the constraintjkV j � 1. Here,ki is a parameter
which speci�es by how much the coupling of the Higgs boson to a given particlei deviates
from the SM expectation, see Sec. 3.2.2 for more details. The current uncertainties are typi-
cally 10-20% for the bosons and 3rd generation fermions. For the muon coupling modi�er the
uncertainty is about 100%, and the upper limits on new invisible or undetected particles are
20-30%. With the HL-LHC, the precision will be improved by about a factor of 5-10 on all
observables. Figure 3.2 also shows the composition of the expected HL-LHC uncertainties in a
k -�t where the width is assumed to be fully determined by the couplings to the SM particles.
The only channels which are expected to be limited by data statistics are the rare decays to
muons andZg. In all other cases, the experimental systematic uncertainties are similar to the
statistical uncertainties, but the dominant source of uncertainty arises from theory. Here, it is
already assumed that the theory uncertainties can be reduced by a factor of two compared to the
current uncertainties which is challenging to achieve. For both hadron and lepton colliders, a
further reduction of theory uncertainties is pivotal to fully capitalise on the experimental data.
Section 3.2.3 discusses the status and prospects for theory uncertainties.

3.1.2 Higgs studies ate+ e� colliders

The Higgs production processes in unpolarisede+ e� collisions are shown in Fig. 3.3. Im-
portantly the totalZH cross section can be measured independently of the Higgs boson de-
cay, using a missing mass technique. From this measurement the couplinggZZH can be de-
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Fig. 3.2: Left: Relative precision on Higgs coupling modi�ers,k , determined by ATLAS and
CMS with the LHC data at present, and as expected for HL-LHC with the constraintkV � 1.
Also shown are the constraints on invisible and undetected decay branching ratios, BRinvand
BRunt. Right: Expected uncertainty on Higgs coupling parameters at HL-LHC, showing sepa-
rately the statistical, experimental and theoretical uncertainties. Here, it was assumed that the
branching ratios (BR's) to untagged and invisible decays are zero.

rived. Consequently, at ane+ e� collider, the Higgs total width (GH) can be determined from
G(H ! ZZ� )=BR(H ! ZZ� ) thus removing the ambiguity on the Higgs width that af�icts all
measurements at hadronic machines. Longitudinal polarisation is expected at the linear ma-
chinese+ e� machines, e.g.jP(e� )j = 0:8; jP(e+ )j = 0:3 is projected to be achievable for the
ILC. As shown in Table 3.2, with the appropriate polarisation this can enhance the Higgs boson
production cross section. In addition, because the importance of different subprocesses can be
tuned by changing the polarisation, it plays an important role in effective operator �ts. Thus,
the presence of polarisation can sharpen these analyses, and help to compensate for the lower
luminosities at linear machines.

3.1.3 Electroweak Precision Observables

Loop corrections to electroweak precision observables (EWPO) provide a powerful test of the
consistency of the SM. The relation between e.g. the Fermi constant (GF ), Weinberg angle
(sin2qW), and the masses of theZ, W andH bosons (mZ, mW, mH) and the top quark (mtop) is
precisely predicted in the SM. Inconsistencies between these would indicate contributions from
new physics. In the following we concentrate on oblique observables, discussed in Section 3.1.

These contributions are currently constrained primarily by theZ pole measurements made
at the LEP experiments and SLD [25], measurements ofWW production at LEP-2 [26], mea-
surements ofW-boson and top quark masses at the Tevatron [27, 28] and LHC [29, 30] exper-
iments, andmH measurements at the LHC [31, 32]. The current constraints on the EWPO are
shown in Fig. 3.4. All measurements agree within the current precision.
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Fig. 3.3: Higgs production cross sections ine+ e� collisions [24]. The cross section of different
production processes for single and double Higgs production are shown as function of

p
s.

Table 3.2: The dependence of the event rates for thes-channele+ e� ! ZH process and the
puret-channele+ e� ! Hnene ande+ e� ! He+ e� processes for several example beam polar-
isations [24].

Polarisation Scaling factor
P(e� ) : P(e+ ) e+ e� ! ZH e+ e� ! Hnen̄e e+ e� ! He+ e�

unpolarised 1.00 1.00 1.00
� 80% : 0% 1.12 1.80 1.12
� 80% : + 30% 1.40 2.34 1.17
� 80% : � 30% 0.83 1.26 1.07
+ 80% : 0% 0.88 0.20 0.88
+ 80% : + 30% 0.69 0.26 0.92
+ 80% : � 30% 1.08 0.14 0.84

Based on the electroweak precision measurements, the 95% CL upper limits on the oblique
parameters [12] areS< 0:18 andT < 0:26 [33]. Fig. 3.4 showsT vs Sand illustrates how the
various precision measurements onGZ, MW and asymmetries contribute.

Measurements of diboson production are also sensitive to the electroweak symmetry
breaking mechanism as they depend on the trilinear gauge couplings of the bosons to each
other. In addition, some processes, such aspp ! W� W� + 2 jets, are also sensitive to the
quartic coupling of theW bosons and to the coupling of the Higgs boson toW bosons.

In addition, at futuree+ e� colliders, a campaign of electroweak measurements at the
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Fig. 3.4: Left: Constraints on theW-boson and top-quark mass from direct measurements and
indirect constraints [34]. Right: Constraints on the oblique parametersSandT (setting all other
oblique parameters to zero), together with the individual constraints fromMW, the asymmetry
parameters sin2q lept

eff , Pt
pol and the forward-backward asymmetriesAf

FB with f = `; c;b, andGZ.
The dark (light) region corresponds to 68% (95%) probability [35].

Z-pole and at theWW threshold is also foreseen.

3.1.4 The Higgs potential

A very important aspect of the electroweak physics programme is the measurement of the tri-
linear and quartic couplings of the Higgs boson to itself. These couplings are directly related to
the shape of the Higgs potential,

V(h) =
1
2

m2
Hh2 + l 3vh3 +

1
4

l 4h4; with l SM
3 = l SM

4 =
m2

H

2v2 ; (3.2)

wherev = 1=
q p

2GF � 246 GeV is the vacuum expectation value of the Higgs �eld, and
mH � 125 GeV.

The shape of the Higgs potential can have important consequences for our Universe as
it determines how the early universe went through a phase transition. In the early universe,
the electroweak phase transition is determined by the scalar potential at �nite temperature,
whereas collider measurements probe the potential at zero temperature. At a temperature of
about 100 GeV it went from a symmetric state into a state with a broken electroweak symmetry.
For the SM Higgs potential, this phase transition is a crossover, but alterations to the potential
could result in this phase transition having been �rst order. If the phase transition is strongly
�rst order (l 3 is modi�ed by O(1)), and there is a new mechanism for CP violation, two of
the Sakharov conditions necessary (but not suf�cient) for an explanation of matter and anti-
matter asymmetry of the Universe are ful�lled. Gravitational waves stemming from that phase
transition could be discovered by the Laser Interferometer Space Antenna (LISA) [36].

The parametersl 3 andl 4 can be measured in processes where two or three Higgs bosons
are produced, and via loop-contributions in single Higgs production processes. At present, the
LHC data are not sensitive, but with HL-LHC it is expected that the trilinear Higgs self-coupling
can be determined with a precision of about 50% [23].
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3.1.5 Higgs boson decays to new particles

The Higgs boson is also potentially a window of discovery for new particles, in particular of
those having a massm < mH=2, into which the Higgs boson can decay. Thus even particles
that do not interact with any SM particles, except the Higgs boson, can be discovered using this
new channel. These might be invisible, such as e.g. dark matter candidates, and result in the
experimental signature ofEmiss

T , or may be in principle detectable. These can be searched for
via global coupling analyses as well as through targeted analyses, see Chapter 8. The present
constraints and the anticipated HL-LHC constraints for global analyses are presented in Fig. 3.2.
With HL-LHC (using the constraintjkV j � 1) such invisible and untagged decays will be probed
at the few-% level. However, without thejkV j � 1 constraint, the BR to untagged decays is
essentially unconstrained at the LHC through the inclusive coupling analysis, and only direct
searches for anomalous decays provide sensitivity, as discussed in Chapter 8.

3.2 Future prospects
3.2.1 Electroweak precision measurements

The precision of many observables related to the electroweak bosons can be improved at future
experiments. In particular, the proposede+ e� colliders will be able to advance the precision
measurements of theW- andZ-boson properties signi�cantly. Figure 3.5 shows the number of
Z andW bosons that will be recorded at the various lepton colliders. For the circular collid-
ers there are dedicated runs planned on theZ pole and at theWW threshold to make precise
measurements ofZ boson properties and theW-boson mass, respectively. Since for circular
colliders the luminosity increases with decreasing

p
sabout 5� 1012 Z bosons will be recorded

for FCC-ee within four years. For the linear colliders, ILC and CLIC, within a few years a sam-
ple of a few 109 Z bosons could be recorded [37,38]. In addition, a signi�cant improvement for
some of theZ boson properties can also be achieved usingZ bosons during the default running
at higher energies; those numbers are also shown in Fig. 3.5 for ILC and CLIC.

Figure 3.6 shows a selection of important EWPO, comparing the current precision to the
future prospects at various future colliders. It is seen that all colliders will result in a signi�cant
improvement with respect to the current precision. For instance, at circular colliders, where the
beams are transversely polarises, the mass and width of theZ boson will be improved by about
a factor of 20 by the FCC-ee and 4 by the CEPC. The decay rates and asymmetries (which are
important for constraining the left- and right-handed couplings of the fermions) are improved by
factors between 5 and 50. For the linear colliders, even with the running at

p
s= 250� 380 GeV

a signi�cant improvement compared to the current precision is achieved on most observables
but dedicated running can add an additional large factor, close to the precision achieved by the
circular machines, in many observables1.

In Ref. [39] a �t of the electroweak precision data was performed to assess the impact
on the oblique parameters mentioned earlier. For this �t, only parametric uncertainties and no
intrinsic uncertainties are considered.

Values forSandT are listed in Table 3.3. It is seen that the sensitivity isO(10� 2), making
it sensitive to �ne-tuning values of 3% for composite Higgs models but not competitive with
direct searches for SUSY models (see Table 3.1). Figure 3.7 shows the correlation between the

1The reason for this similarity is that all measurements are expected to be dominated by systematic uncertain-
ties; if the circular colliders can use the higher statistics to constrain these effectively the situation could change.
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Fig. 3.5: Number ofZ bosons andW+ W� boson pairs at past and futuree+ e� colliders. The
numbers are summed over experiments (four for LEP, two for FCC-ee and CEPC and one for
the other colliders). For LEP the number ofW pairs shown includes all energies

p
s& 2MW.

Table 3.3: Values for 1s sensitivity on theS andT parameters. In all cases the value shown
is after combination with HL-LHC. For ILC and CLIC the projections are shown with and
without dedicated running at theZ-pole. All other oblique parameters are set to zero. The
intrinsic theory uncertainty is also set to zero.

Current HL-LHC ILC250 CEPC FCC-ee CLIC380
(& ILC 91) (& CLIC91)

S 0.13 0.053 0.012 0.009 0.0068 0.0038 0.032 0.011
T 0.08 0.041 0.014 0.013 0.0072 0.0022 0.023 0.012

SandT parameters for the different colliders.

In addition to measurements that probe the electroweak sector of the SM, there are also
several approaches at low-energy which provide interesting and complementary information.
The forward-backward asymmetryAb

FB for the production ofb quarks measured at zero polari-
sation disagrees with the SM prediction by 2:3s [33]. There is also a long-standing discrepancy
of about 3s between the value for the weak mixing angle, sin2qW measured at LEP/SLC, and
that measured in neutrino deep-inelastic scattering by the NuTeV experiment [40]. The dis-
crepancy may well be due to nuclear effects in the latter measurement [41]. The DUNE [42]
experiment, primarily designed to measure the neutrino oscillations, plans to measure sin2qW
with a precision of about 1% using its near detector. This should clarify the discrepancy further
and serve as a complementary probe for theZ-boson to neutrinos at low energies

p
s � MZ.

The electron-ion collider (EIC [43]), planned in the US, also plans to measure the dependence
of sin2qW on Q2 in the rangeQ2 � 10� 70 GeV2 using polarised electrons scattered off unpo-
larised deuterons with a precision better than 1%.
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Fig. 3.6: Uncertainty on several observables related to the properties of the electroweak bosons:
the masses of theZ andW boson and the top quark, theZ boson width, and for fermionf the
polarisation asymmetries (Af ) and ratios of decay rates relative to the total hadronic decay rate
(Rf ). For the asymmetries and decay rate ratios relative uncertainties are shown. The fermions
considered are leptons andb- andc-quarks. ForAb andAc, FCC-ee considers uncertainties due
to modelling of heavy quarks not considered by the other colliders. If these are neglected the
uncertainty is similar to that onAe (indicated by a vertical line). The uncertainty onmtop is only
the experimental uncertainty, currently there is also a theoretical uncertainty of 40 MeV which
is not shown.

QED is the world's most precisely tested theory. The most impressive comparison be-
tween data and theory is the anomalous magnetic moment of the electron,(ge � 2) [44, 45],
which has been measured with a precision of one part in 1012 and is found to agree with theoret-
ical calculations performed up to ordera 5 ([46] and references therein). For the muon(gm� 2),
however, there is a 3� 4s discrepancy [47,48] between theory and experiment which could hint
at new physics breaking lepton universality. A new experiment is now running at FNAL to clar-
ify the situation [49], aiming at a precision of 1:6� 10� 10 (4� better than the current precision).
The uncertainty on the theoretical calculation is� 5� 10� 10 and the largest source comes from
hadronic contributions. The MUonE experiment [50] at CERN plans to make measurements of
high-energy muons (E = 150 GeV) scattering on atomic electrons (me ! me) to constrain the
hadronic contributions to the theoretical value forgm.

The �ne structure constant atMZ is currently determined as 1=a = 128:952� 0:014,
see Ref. [33]. Based on future measurements at BES III, Belle II and VHEP-2000, it should be
possible to reduce the uncertainty to� 0:006 [51]. It has been estimated that it can be reduced to
� 0:004 by measuring the forward-backward asymmetries fore+ e� ! m+ m� production versusp

s nearMZ using 40 ab� 1of data [52] with FCC-ee. The current uncertainty ona = � 0:014
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Fig. 3.7: Expected uncertainty contour for theSandT parameters for various colliders in their
�rst energy stage. For ILC and CLIC the projections are shown with and without dedicated
running at theZ-pole. All other oblique parameters are set to zero.

limits the precision of the electroweak precision tests when the experimental precision onMW
is reduced to below 8 MeV, as expected possibly with HL-LHC but de�nitely at futuree+ e�

colliders.

Tests of QED have so far been restricted mostly to the perturbative regime but already
in the �rst half of the 20th century it was pointed out that there is also a strong-�eld-limit in
QED, where QED becomes non-perturbative [53, 54]. This becomes relevant when the electri-
cal �eld, seen by an electron, attains a value close to the Schwinger �eld [55]. Several proposals
exist to probe this regime with a high energy electron beam and a high-power laser using the
AWAKE plasma wake�eld accelerator at CERN [56], the European XFEL in Germany [57],
or the FACET facility at SLAC [58]. Previous experiments at SLAC and CERN did not quite
reach the critical �eld value [59,60]. The proposed new experiments will probe QED in the crit-
ical �eld regime, which is of relevance for instance for astrophysical phenomena (for instance
magnetars [61]), atoms withZ > 137 [62] and for high energye+ e� colliders [63,64].

3.2.2 Higgs boson physics

The Higgs boson couplings

One of the most important open points after the discovery of the 125 GeV scalar at the LHC
is how this particle couples to the known fermions and bosons, compared to the uniquely de-
termined predictions from the Standard Model. Deviations in data from theory expectations
would de�nitively indicate New Physics (NP), going Beyond the Standard Model (BSM), and
as argued earlier in this chapter, they are a direct measure of the �ne-tuning.

Higgs boson couplings can be determined from the measurement of rates of events with
given �nal states, which, using the fact that the Higgs width is very small, can be expressed in
terms of production cross sections times the decay branching fractions.

A simple yet powerful method to parameterise possible deviations from SM couplings
is the so-calledk -framework [65, 66]. In this framework, the deviations of SM Higgs boson
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couplings are parameterised through rescaling factors, theki , which are de�ned as the ratios
of the extracted couplings of the Higgs bosons to particlesi (i = W;Z;g;b; t ; :::) to their corre-
sponding values as predicted by the Standard Model. Hence, the SM case is recovered by taking
ki = 1, for all particlesi. This interpretation framework has the signi�cant advantage of being
extremely simple in its experimental implementation as well as of not needing any additional
prediction from theory beyond those in the SM. This simplicity comes at a price; away from
k = 1 thek -framework violates gauge invariance. It is, therefore, a tool to indicate deviations
from the SM, but not to diagnose their cause. Thek -framework can also be extended to probe
new Higgs boson interactions, such as for instance, those of the Higgs boson with lighter BSM
states. In this case, the total Higgs boson width,GH increases, and hence the branching fractions
to SM �nal states are altered with respect to the SM predictions. As discussed in Sec. 3.1 Higgs
boson decays to BSM particles can be separated in two classes: decays into invisible particles
(with branching ratio BRinv), and decays into all other untagged particles (with branching ratio
BRunt).

Thek -framework, however, by construction, does not parametrise possible effects com-
ing from different Lorentz structures and/or the energy dependence in the Higgs couplings.
Such effects could generically arise from the existence of NP at higher scales and could lead
not only to changes in the predicted rates, but also in distributions. An ef�cient, robust and
predictive parametrisation of these effects can be obtained by extending the SM to an effective
�eld theory, i.e. by including higher dimensional interactions, which respect the SM symme-
tries and are suppressed by a scaleL . A plausible class of such effective Lagrangians is the
so-called SMEFT, which can be expressed as a polynomial of gauge invariant operators organ-
ised as an expansion in inverse powers ofL ;L d = å i c

(d)
i O(d)

i =L d� 4 . TheWilson coef�cients

c(d)
i encode the virtual effects of the heavy new physics in low-energy observables. Their pre-

cise form in terms of masses and couplings of the new particles can be obtained viamatching
with an ultraviolet (UV) completion of the SM, or inferred usingpower-countingrules. New
physics effects start at dimensiond = 6 for which a complete basis of operators is known. When
considering the EW observables, one can reasonably focus on a relatively small subset of op-
erators, involving Higgs-boson, gauge-boson and fermion �elds. In the study presented here,
Neutral Diagonality(ND) is assumed for �avour, which implies no �avour-changing couplings
to the Higgs and Z boson. In addition, in the fermion sector, only the 2nd and 3rd generation
fermions are considered here, and their operators are treated independently. It is also assumed
that there are no non-SM particles the Higgs boson can decay to. These assumptions give rise
to modi�cations to the Higgs self-interaction, Higgs coupling to vector bosons, trilinear gauge
couplings, Yukawa couplings to fermions, and vector couplings to fermions, for a total of 30
independent parameters.

This scenario can be used to study the sensitivity at future colliders to general departures
from the SM in the global �t to EWPO, Higgs boson rates and diboson production.

Studies of the impact of future collider projects on the Higgs boson coupling precision
have been made in bothk and SMEFT frameworks by theHiggs@FutureColliderworking
group [39], and are the basis of the results presented in the following.

Figure 3.8 shows the expected precision of theki parameters for various future collid-
ers [39], all combined with the expected HL-LHC results [23]. The Higgs width,GH , is left free
in the �t, and for hadron colliders a constraintjkV j � 1 is applied as the width is otherwise not
constrained. In all cases, experimental statistical and systematic uncertainties are included. For
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Fig. 3.8: Expected relative precision of thek parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraintjkV j � 1 is applied, and all future colliders are
combined with HL-LHC. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sec. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy ofO(1�
3%) in most cases, under the assumptionjkV j � 1. Ratios of couplings are (mostly) model
independent, and an accuracy ofO(1� 3%) is expected in many cases [23]. Based on analyses
of �nal states with largeEmiss

T , produced in Higgs VBF and VH (V=W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from thek -�t on the BR to untagged
�nal states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, schemeS20[23].

Lepton colliders allow a measurement of theZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identi�ed, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraintjkV j � 1, used for hadron colliders, is not needed for lepton colliders.

Futuree+ e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except forkt , kg, km andkZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a signi�cant improvement forkW, kZ andkb. At
e+ e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings tob-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2� 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy ofO(1%). The variouse+ e� colliders
do not differ signi�cantly in their initial energy stages.

The rate of rare Higgs boson decays such asH ! m+ m� that allows the study of the
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Fig. 3.9: 68% probability reach on Higgs couplings and aTGC at the different future colliders
from the Global �t SMEFTND. For details, see Ref. [39].

second generation lepton couplings, will be best measured by HL-LHC with an accuracy of
about 4%.

It is dif�cult to access the couplings for the �rst generation. The current limitke < 611 [?]
is based on the direct search forH ! e+ e� . A study at the FCCee [?] has assessed the reach
of a dedicated run at

p
s = mH . In one year, an upper limit of 2:5 times the SM value can

be reached, while the SM sensitivity would be reached in a �ve year run. For the light quark
couplings, please see Ref. [39] for further discussion.

When FCC-ee is combined with FCC-eh and FCC-hh a further signi�cant improvement is
seen, particularly for couplings to top quark, muons, photons andZg where FCC-hh will bene�t
from very large event samples. The improvement inkW comes primarily from FCC-eh. A study
of various other combination of aspects of the FCC programme is documented in Ref. [39].

The sensitivity of the Higgs branching ratio to BSM invisible �nal states is predicted to
be improved by a factor 3 (CLIC) to 10 (FCC-ee, ILC) with respect to HL-LHC. For FCC-hh a
sensitivity to branching ratios as small as 0:025% is expected to be achieved. Branching ratios
to untagged decays are typically probed with a precision of(1� 2)%.

In Fig. 3.9, the results of the �t corresponding on the EFT benchmark, expressed in terms
of effective couplings, are shown. Again, it is seen that compared to the HL-LHC thee+ e�

colliders improve most parameters by about factors of 5-10. The exceptions are the coupling
parameters related to top,Zg andm couplings. The sensitivity of the different types ofe+ e�

colliders is similar in their �rst stages. The improvements seen for HE-LHC and LHeC are
more modest. For theZ andW a sensitivity below 0.3% can be achieved by ILC, CLIC and
FCC. At this precision, the uncertainty is potentially limited by the intrinsic theory uncertainties
which is not considered here (see discussion in Sec. 3.2.3). For fermions, the best sensitivity is
reached forb-quarks andt -leptons, and it is about 0.5%.
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The Higgs boson self-coupling

The Higgs �eld is responsible for the spontaneous breaking of the electroweak symmetry, and
for the generation of all the SM particle masses. Within the SM, the associated Higgs potential is
characterised by one parameter,l , that can be inferred from the experimental measurements of
the Fermi constantGF and of the Higgs massmH , (see Eq. 3.2). Beyond the SM, the parameter
l is unconstrained experimentally, and could show particularly sizeable departures from the
SM prediction. The determination of parameters related to the Higgs potential is therefore a
high priority goal of the physics programme of all future colliders.

The most direct way to assess the Higgs boson self-interaction and in particularl 3, is
through the measurement of processes that feature two Higgs bosons in the �nal state. At
hadron colliders, double Higgs boson production cross section is dominated by gluon fusion,
gg ! HH, while at lepton colliders it proceeds via double Higgs-strahlung,e+ e� ! ZHH,
particularly relevant at low energies, or via vector boson fusion (VBF),e+ e� ! HHnen̄e, more
important at centre-of-mass energies of 1 TeV and above.

For the HL-LHC, the cross section is predicted to be about three orders of magnitude
smaller than the single Higgs production, which makes the double Higgs boson �nal state a
challenging process to observe. The analysis relies on the combination of thebb̄ggandbb̄tt
decay channels to reach about four standard deviation evidence for double Higgs production
at HL-LHC (see Table 55 and Fig. 65 of Ref [23]). This corresponds to an accuracy onk3 =
l 3/l SM

3 of about 50%.

Higgs self-interactions also affect, at higher orders, the single Higgs processes [67–69]
and even the electroweak precision observables [70–72]. Therefore, single-Higgs boson pro-
duction measurements can also be used to extract the Higgs self-coupling strength.

Figure 3.10 shows the uncertainty expected on the measurement ofk3 at the various pro-
posed future colliders, in combination with the expectation from HL-LHC. The results have
been obtained by studying the determination ofk3 that can be obtained from single and dou-
ble Higgs boson production processes using the EFT framework (see above). It is found that,
when accessible, theHH channel plays a pivotal role in constraining the trilinear self-coupling,
as its addition to the �t allows to fully exploit single Higgs boson measurements to put severe
constraints on the possible deviations of the other Higgs couplings, e.g., the top-quark Yukawa.
Details of this study are presented and discussed in Ref. [39].

CLIC at
p

s= 3 TeV and ILC at
p

s= 1 TeV can extractk3 with a precision of about 10%,
and FCC-hh expect to reach 5%, respectively. With HE-LHC or appcollider at

p
s= 37:5 TeV

(LE-FCC) a precision of about 15% is expected [74]. The accuracy onk3 is to about 30% for
ILC500 and CLIC1500, while FCC-eh expects to reach about 20%. Circulare+ e� colliders have
insuf�cient energy to produce two Higgs bosons, and rely on the global �t of single-H analyses,
dominated by the high precision estimated for theZH cross section measurement. In this case,
an accuracy of about 35% can be achieved by FCC-ee and ILC500, when combined with the
HL-LHC.

At FCC-hh, a 2s sensitivity to the quartic coupling,l 4, is also expected.

3.2.3 Theoretical developments

The expected increase of precision in the measurements of EW observables at future colliders
will demand a substantial improvement in the accuracy of theoretical predictions, (see also
[75]). In this subsection, the needs are motivated and estimates are provided on what could
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Fig. 3.10: Sensitivity at 68% probability on the Higgs self-coupling parameterk3 at the various
future colliders. All the numbers reported correspond to a simpli�ed combination of the consid-
ered collider with HL-LHC, which is approximated by a 50% constraint onk3. For each future
collider, the result from the single-H from a global �t, and double-H are shown separately. For
FCC-ee and CEPC, double-H production is not available due to the too low

p
s value. FCC-ee

is also shown with 4 experiments (IPs) as discussed in Ref. [73] although this option is not part
of the baseline proposal. LE-FCC corresponds to appcollider at

p
s= 37:5 TeV.

be achieved based on the developments in the �eld in the last years, for bothe+ e� and pp
colliders. Figure 3.2 has already shown that the dominant uncertainties in most Higgs couplings
at the HL-LHC are theoretical, even after assuming a factor of two improvement with respect to
the current state of the art. Higgs couplings will be approaching the percent level at HL-LHC.
At the e+ e� Higgs factories detailed measurements of the electroweak Higgs production cross
sections and (independently) of the decay branching ratios will be performed. Higgs couplings
will be probed at approaching the per mille level. Ate+ e� colliders, a campaign of electroweak
measurements at theZ-pole and at theWWthreshold is foreseen. The increase in the number of
Z andWWevents with respect to LEP/SLD, as shown in Fig. 3.5, indicates that statistical errors
will decrease by as much as two orders of magnitude at the future machines. As a consequence
of this increased statistical precision, the requirements on the theoretical errors for EWPO [76]
are even more stringent than for precision Higgs physics.

To interpret these precise results signi�cant theoretical improvements in several directions
are required. The �rst is the increase of the accuracy of �xed order computations of inclusive
quantities, e.g. from next-to-leading-order (NLO) to next-to-next-to-leading order (NNLO) and
beyond. This reduces the so-called intrinsic uncertainties, i.e. those corresponding to the left-
over unknown higher order terms in the perturbative expansion. Another important element is
the accuracy in the logarithmic resummations that are needed to account for effects of multiple
gluon or photon radiation in a large class of observables. In this case, different techniques and
results are available, some numerical and some analytic, of different accuracy (from next-to-
leading log (NLL) to next-to-next-to-leading log (NNLL) and beyond) and applicability. Im-
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Table 3.4: Current and projected errors on input parameters. Where a lower bound is given on
the projected uncertainties, the value is future machine dependent, see Fig. 3.6.

Error on Current value Projected value Uncertainty on quantity
parameter Ref. [78] Ref. [79] with projected value
dMH 240 MeV > 10 MeV GH(WW� ;ZZ� ); (0:1%)
dmt(mt) 1000 MeV 50 MeV
dmb(mb) 30 MeV 13 MeV GH(bb̄); (0:6%)
dmc(3 GeV) 26 MeV 10 MeV GH(cc̄); (1%)
dMZ 2.1 MeV > 0:1 MeV
dMW 12 MeV > 0:7 MeV
daS(MZ) 1:5� 10� 3 2� 10� 4 GH(gg); (0:5%)
da(MZ) 10� 4 > 5� 10� 5

provements in the resummed predictions as well as their matching to �xed-order calculations of
the highest accuracy will be needed also in the form of fully exclusive Monte Carlo generators
that can be directly employed by the experimental collaborations. Finally, a reduction of the
so-called parametric uncertainties, i.e. those coming from the imperfect knowledge of the input
parameters, will also call for improvements in the theoretical predictions related to their extrac-
tion from data. Current values and future projections of the parametric uncertainties are given
in Table 3.4. For example, for Higgs decay processes, the principal parametric uncertainties are
the Higgs mass and the quark masses (mt ;mb; : : :) and the value ofas(MZ) [77]. For general
electroweak processes there are parametric uncertainties associated witha (MZ);MZ;MW. For
hadronic production, uncertainties from parton distribution functions also contribute.

Observables in the SM are calculable in terms of a double expansion inaW = g2
W=(4p) �

0:034 and inaS, which at high scales becomes small, for example,aS(MZ) � 0:118. Given
the relative size of the interactions, QCD corrections where applicable are more important than
the electroweak ones. Yet, QCD corrections at NNLOO(a 2

S) are expected to be of similar size
as NLOO(aW) electroweak corrections. In addition, because of the special nature of QCD
renormalization group improved perturbation theory, the naive expectation thatO(as) NLO
predictions should have an intrinsic uncertainty ofO(a 2

s ) ' 1% does not hold. In fact, to achieve
1% precision in a QCD computation, a combination of a higher �xed–order and resummed
results has to be computed. The interpretation of the electroweak production measurements
of e+ e� ! ZH;e+ e� ! nn̄H requires predictions including EW corrections starting at one
loop and QCD corrections starting at two loops. Decay branching ratios require both QCD and
electroweak corrections starting at one loop.

At hadron colliders, QCD corrections to the production mechanisms are the dominant
effect and their imperfect knowledge provides the main source of uncertainty. This is already
the case at HL-LHC where, for all decay modes which are not statistically limited, the dominant
uncertainty is theoretical as shown in Fig. 3.2. In addition, in order to be directly usable in
experimental analyses, results need to be accurate, fully differential and include matching with
parton showers, in order to be available in the form a Monte Carlo generator.

In order to judge the plausibility of success in reaching the desired theoretical improve-
ments it may be useful to look backwards and note what has been achieved in the last twenty
years in the context ofpp colliders. At the end of the last millennium, systematic algorithms
existed for calculating differential NLO results, and a handful of NNLO results for QCD cor-
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Table 3.5: State-of-the-art QCD corrections at �xed order for Higgs boson production inpp
collisions. NLO EW corrections are known for all processes.

Gluon fusion (effective theory) N3LO Total cross section [84,88]
N3LO Rapidity distribution [89,90]

Higgs + 1 jet (effective theory) NNLO differential [91]
Higgs + 1 jet (full theory) NLO differential [92]
Vector boson fusion NNLO (N3LO) differential (total) [93–95] ([96])
VH NNLO differential [97,98]
ttH production NLO differential [99–101]
tH j production NLO differential [102,103]

rections, i.e. inclusive single boson (g� ;W;Z;H) production, and relatively small set of results
at NLO EW. The general purpose Monte Carlo programs, Herwig [80] and Pythia [81], evalu-
ated all cross sections at leading order. And �ts to parton distribution functions were provided
without any attempt to quantify uncertainties.

Since then a number of achievements have been made; the complete automation of calcu-
lations for multi-leg processes, the matching to parton showers up to NLO in both QCD and in
EW (see e.g. Ref. [82,83]), intensive development of systematic NNLO subtraction and slicing
algorithms allowing fully differential predictions to be made at NNLO for a number of (2! 2)
processes, N3LO calculations for 2! 1 processes [84], now also including some differential
information. The calculation of DGLAP evolution kernels at N2LO [85, 86] has been further
completed with partial results at higher loop order, and reached a large consensus on parton
distributions with accompanying errors [87].

These technical advances have allowed predictions for the different mechanisms of Higgs
boson production atpp colliders. The results for the various mechanisms, gluon-gluon fusion
(through a heavy quark loop), vector boson fusion, associated production with an electroweak
vector boson, associated production with a heavy quark pair, (top or bottom), and associated
production with a top quark have already been shown in Fig. 3.1. The accuracy achieved has
been reached as a result of the calculations, detailed in Table 3.5. Predictions for Higgs decay
widths to various possible �nal state are also known at rather high precision, with uncertainties
ranging from a few per mille (bb; tt ;mm;WW;ZZ) to a few percent level (gg;gg;gZ).

A comprehensive list of the speci�c calculations which will be needed, together with the
development of new techniques, in the context of EW physics at the future colliders cannot
be presented here. However, the main challenges can be illustrated by discussing a few key
examples.

At e+ e� colliders running at theZ pole, one expects that the fully inclusiveZ decay rates
EW and EW-QCD three loop computations as well as the EW 2-loop calculation for off-shell
e+ e� ! f f̄ will be needed. These calculations are expected to be challenging but in line with
expected progress in the �eld. In addition, conceptual work towards a sound extension of the
de�nitions of pseudo-observables at the targeted accuracy will be necessary.

For theWW cross section scan ate+ e� colliders, the full NNLO EFT calculation for
e+ e� ! WW is foreseen together with the determination of the leading 3-loop Coulomb-
enhanced EFT corrections, achieving the targeted accuracy of(1 � 4) � 10� 4 for s (WW) at
threshold. Finally, for Higgs production ate+ e� colliders, the full EW 2-loop calculation for
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on-shelle+ e� ! ZH and the leading contributions toe+ e� ! nn̄H will be needed. Obtaining
these results is in line with the expected developments in the �eld of multi-scale two-loop com-
putations. In addition, Higgs decay widths into massless partons in 4-/5-loop QCD calculations
are expected.

At pp colliders a concerted effort in multiple directions will be needed for better deter-
mination of the signal as well as backgrounds. The inclusion of higher-order corrections in
QCD and mixed QCD/EW, the improvement on the accuracy of the parton shower algorithms
in line with the accuracy achievable with analytic resummations, the de�nition of new more
perturbatively stable observables, are being pursued. The relative importance of each of such
improvements for a given observable will depend on the speci�c process under consideration.

For ppcolliders, the uncertainties on the parton distribution functions also play an impor-
tant role when comparing measured cross sections to theoretical predictions. For the HL-LHC
they are expected to be reduced by a factor of two compared to the current precision, and an
additional reduction by a factor of two is assumed for HE-LHC. These reductions are assumed
to be possible with precise measurements of variouspp cross sections [104]. For FCC-hh the
projections are mostly based on ratios of cross sections where the uncertainties should largely
cancel. If anepcollider is available such as LHeC or FCC-eh, the uncertainties on e.g. Higgs
coupling measurements at these hadron colliders can be further improved.

3.3 Summary and conclusions
There is a very rich programme of precision measurements to be made of the properties of
the Higgs boson, and of the other particles and parameters that are relevant to the electroweak
force. Both electroweak precision observables and Higgs couplings can be related directly to
the naturalness problem, the problem of why the Higgs mass is unstable in the SM and whether
there is new physics that stabilises it at the electroweak scale.

Precise measurements of theZ boson could be made at futuree+ e� colliders, in particular
at circular colliders where 1012 Z-bosons would be available. At linear colliders a signi�cant
advance compared to the current precision is also expected, thanks in part to the polarisation
that is available. The oblique parameters will be measured with a precision of� 1%, about
a factor 10 better than the current precision. Furthermore, several low-energy experiments
are expected to also contribute to the precise determination of important parameters of the
electroweak aspects of the SM.

The precision measurements of Higgs boson couplings are sensitive to BSM physics as
it can alter them from their SM values. The HL-LHC will vastly improve the precision on
the Higgs boson coupling parameters from typically 15% today to a few percent with the full
dataset, assuming that the present theory uncertainties will be reduced by a factor of two. A
further large improvement can be achieved with futuree+ e� colliders, which also have the
novel and powerful ability to measure Higgs production without any assumptions on its decay.
The sensitivities in their initial stages are rather comparable. The most precise coupling mea-
surements (toZ andW bosons), are measured to 0.2-0.3% depending in part on the precision
that can be achieved for the theoretical calculations. Additionally, Higgs decays to invisible
particles (e.g. dark matter candidates) can be constrained to values much better than 1%. The
measurement of the total width to within a few percent, possible ate+ e� colliders, will provide
an important constraint on many new physics scenarios.

The Higgs self-coupling is currently unconstrained by data, and a deviation of� 1 from
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Fig. 3.11: Fine-tuning sensitivity as de�ned in Sect. 3.1 based on the Higgs coupling and
EWPO precision projections. In each case the highest precision Higgs measurement is shown
based on the EFT analysis: for HL-LHC, HE-LHC and LHeC this is theggH coupling, and for
all others it is theVVH coupling. For the EWPO the value ofS is chosen, multiplied by three
to be a measure ofe, and only the low-energy stages of the lepton colliders are shown. The
colliders are roughly ordered by the time it takes to take the data after a project start timet0. For
projects with multiple stages,t0 is de�ned as start of data taking for the �rst stage.

the SM value has potentially dramatic consequences for cosmology, in particular the nature
of the electroweak phase transition that occurred in the early Universe. It can be measured to
� 50% precision at HL-LHC, and ultimately a precision of 5-10% could be reached at FCC-hh
at 100 TeV, CLIC at 3 TeV or ILC at 1 TeV.

In summary, the electroweak precision programme provides a complementary way to
search for new fundamental particles, and its constraints can be related directly to the natural-
ness problem, which has traditionally been the main motivation for why there should be BSM
physics at the weak scale. With the Higgs programme at futuree+ e� colliders, �ne tuning can
be probed in to a few 10� 3, about 30 times better than today. This is illustrated in Fig 3.11
where the smallest uncertainty on the Higgs couplings (based on the EFT �t), and theSparam-
eter, at the various colliders are compared. These can be interpreted as measures of �ne-tuning
as discussed in the introduction. It is seen that the HL-LHC will be able to probe �ne-tuning
at the 2% level. Major improvements are expected by the �rst generatione+ e� colliders, push-
ing it to as low as(0:3� 0:4)%. With the higher energy colliders it can be even be pushed to
(0:15� 0:2)%, an order of magnitude smaller than the HL-LHC. The sensitivites of the oblique
parameters to �ne-tuning are generally inferior in this measure. It is also worth noting that the
mass scales probed are comparable to those probed via direct searches at the HL-LHC in many
cases, see Chapter 8.

In conclusion, the electroweak physics programme is pivotal to the understanding of our
Universe, relating to important open questions such as the naturalness of our theory, dark matter
or the electroweak phase transition in the early Universe and the matter-antimatter asymmetry.
The proposed accelerators would hugely advance this �eld of research.



Chapter 4

Strong Interactions

4.1 State-of-the-art
Quantum Chromodynamics (QCD) is �rmly established as the theory of strong interactions.
The dynamics of quarks and gluons is encoded in a locally SU(3) invariant Lagrangian density,
which predicts and explains a plethora of experimentally observed phenomena. The dependence
of the QCD couplingas(Q) on the energy scaleQ is predicted in QCD to evolve from a strong
coupling at low scales to a weak coupling at high scales. Quarks and gluons are con�ned into
hadronic bound states at low energies, while behaving asymptotically free at high energies.

The concept of asymptotic freedom enables precise quantitative predictions for QCD pro-
cesses at high-energy colliders, obtained in a systematic manner using perturbation theory. To
allow the full exploitation of precision collider data, these calculations need to attain high accu-
racy and precision, which goes along with conceptual and technical challenges in perturbative
calculations and event simulation. Alterations of QCD may still become manifest, such as
the embedding of QCD in a higher gauge theory possibly unifying electroweak and strong in-
teractions, the discovery of unbound colour or of a new level of substructure. At low scales
and/or high density, the quantitative understanding of QCD is less fully developed, with the
�rst-principles understanding of con�nement as an outstanding open question. The evaluation
of non-perturbative contributions arising in QCD is, however, possible within numerical lattice
QCD (LQCD). Furthermore, synergies of QCD with adjacent �elds are identi�ed, e.g., with
string theory through the use of the AdS/CFT correspondence for a strongly coupled gauge the-
ory, and the strong CP problem, connected to the neutron EDM, potentially related to axion-like
cold dark matter.

The separation of low-energy and high-energy dynamics through QCD factorisation is a
cornerstone of particle physics phenomenology, enabling precision predictions for collider pro-
cesses by parametrising the strong-coupling dynamics into empirical quantities such as decay
form factors, parton distributions, and hadronisation models. These have often dual relevance,
as fundamental objects of investigation and as input to predictions, depending on the research
question under consideration. Future progress in fundamental understanding and precision phe-
nomenology of QCD will rely on a diverse research programme with close interplay between
theoretical advances and experimental measurements.

43
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4.1.1 The low-as or vacuum regime

The partonic structure of hadrons is described in terms of Parton Distribution Functions (PDFs)
where QCD provides with the DGLAP equations only a prediction of the evolution of their
structure with the energy scale. Especially the experiments at the HERA facility at DESY
provided Deep Inelastic electron- and positron-proton Scattering (DIS) data to determine the
PDFs covering a signi�cant part of theQ2 versusx plane. The use of these PDFs in certain
kinematic ranges probed inpp collisions at the LHC (and even more at the FCC or SPPC)
propagates into large systematic uncertainties for key theoretical predictions. Proposals are
submitted to address this by extending the kinematic domain with new collider and �xed-target
experiments.

Electroweak and Higgs physics at the LHC are entering the precision era, demanding a
new level of understanding QCD, including questions related to proton structure and the value
of the strong coupling (as), calculation of higher-order matrix elements, the understanding of
multi-scale problems through parton showers and resummations, and effects related to hadro-
nisation. Measurements performed at the HL-LHC of important electroweak parameters like
theW boson mass [105] and sin2qW [106] can be signi�cantly improved when more profound
(from PDFs to GPDs) and extended (to higherQ2, and both higher and lowerx) information
becomes available on the proton structure. Similarly, the full exploitation of thegg! H cross
section at N3LO (see Sect. 4.5) envisaged at the HL-LHC requires a consistent N3LO set of
PDFs, which could be obtained from studies at futureep colliders [107]. This underlines the
importance of measuring the strong coupling at theZ mass,as(mZ), to 1–2 per mille preci-
sion which is considered to be possible at futureep ande+ e� colliders [108] and challenges
LQCD to reach equivalent precision. In the search for new physics, the HL-LHC will explore
the largest possible masses requiring a new understanding of partons, gluon, sea and valence
quarks at largex in the proton. Estimates illustrate that largex PDFs obtained at the future LHeC
would extend the search range for example for new heavier vector bosons in contact interactions
at the HL-LHC by 10 TeV. Very precise PDFs obtained inepcollisions would establish as well a
new base for testing QCD factorisation and evolving QCD theory by isolating novel dynamics.
Before that, �xed-target collisions at the LHC (in particular, in the “backwards” hemisphere)
will bring a few tens of percent reduction in the high-x PDF uncertainties. HL-LHC detectors
upgrades will enable the explorations into the forward region probing the low Bjorken-x range.
Futureep, eAandpp colliders like the LHeC, FCC-ep, as well as FCC-pp and SPPS have the
potential to answer the question of where non-linear parton (especially gluon) evolution sets
in. These would fundamentally change the pattern of parton evolution and enhance the numer-
ical predictions of cross sections envisaged at the high-energy FCC-hh collider, e.g. the Higgs
production at central rapidities corresponding tox ' 10� 3. For a profound exploration at the
energy frontier of strong interaction, electroweak, Higgs and beyond the SM (BSM) physics
the QCD program made possible with futurepp, epDIS ande+ e� colliders would be highly
bene�cial.

Beyond the collinear parton model extending our description of the hadron structure, and
especially the proton structure, to three dimensions is an overall objective to test QCD and
to signi�cantly enhance the physics programme at hadron colliders. Additional experimental
efforts are required to address parton Transverse Momentum Dependent (TMD) features and
towards measurements of Generalised Parton Distributions (GPDs). Proposals are submitted to
make signi�cant progress on this nucleon structure front [ID99, ID111, ID143].
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4.1.2 Collective properties of QCD matter

The Standard Model implies that our early Universe has undergone a series of phase transitions
of fundamental quantum �elds. Speci�cally, for QCD, lattice calculations predict the transition
of matter to a quark-gluon plasma (QGP) in which partons are decon�ned and chiral sym-
metry is restored [109]. QCD is the only phenomenologically realised non-Abelian Quantum
�eld theory whose high-temperature phase is experimentally accessible in the laboratory [110].
Most generally, the focus of experimentation with nuclear beams is on learning how collec-
tive phenomena and macroscopic properties, involving many degrees of freedom, emerge under
extreme conditions from the microscopic laws of Quantum Chromodynamics. This includes as-
sessing thermal properties of QCD matter, characterising the QCD non-equilibrium dynamics
that evolves nucleus-nucleus collisions towards equilibrium, quantifying the initial conditions
of the collective dynamics, e.g. in terms of nuclear parton distribution functions, and establish-
ing the system-size of collective phenomena from proton-proton (pp) via proton-nucleus (pA)
to central nucleus-nucleus (AA) collisions as well as their dependence on centre-of-mass energy.

In the soft (low-transverse momentum) sector, the occurrence of numerically large and
abundant signatures of collectivity inAA collisions is by now �rmly established. In particu-
lar, measured hadronic particle distributions show large �ow-like momentum correlations that
are in one-to-one correspondence with the initial spatial anisotropies in the collision system
and that are thus unambiguous telltale signs of collective evolution. Also, soft particle distri-
butions are found to approach hadrochemical equilibrium [111]. Model comparisons support
�uid-like behaviour of the system with close to minimal dissipative properties and statistical
hadronisation. Similarly, the occurrence of numerically large jet quenching signals in all hard
(high-transverse-momentum) hadronic observables is a generic feature of nucleus-nucleus col-
lisions. These data indicate that nucleus-nucleus collisions rapidly and ef�ciently evolve to-
wards equilibrium and that the detailed analysis of how hard out-of-equilibrium probes soften
and isotropise, i.e. quench, can provide insight into the microscopic mechanisms underlying
QCD equilibration phenomena. The discoveries of the LHC Run 2 have added now a qualita-
tively novel dimension to these �ndings by establishing that smaller but non-vanishing �ow-like
signatures and medium-modi�ed hadrochemical abundances persist in the smallerpp and pA
collision systems, and that these signals of collectivity increase smoothly from minimum bias
pp to centralAA collisions. These qualitative phenomena cannot be accounted for in terms
of physics effects commonly invoked for multi-particle production inpp collisions, and they
thus constitute a challenge for the understanding of bothpp andAA collisions. In contrast, un-
ambiguous signatures of jet quenching have not yet been established in these smaller collision
systems, though they may become accessible with re�ned measurements in the future.

Capitalising on these previous discoveries, the experimental collaborations at the LHC
and the world-wide theory community working on heavy ion phenomenology have identi�ed
four major motivations for future experimentation with nuclear beams, namely [110] (see also
Sects. 4.3 and 4.4): i) Characterising the long-wavelength properties of QGP matter with un-
precedented precision, ii) probing the inner workings of the QGP, iii) developing a uni�ed
picture of particle production across system size, and iv) exploring nuclear parton densities and
searching for a possible onset of parton saturation over a wide range of(x;Q2). The generic
denominator of these multiple studies is to arrive at a detailed, experimentally tested dynamical
understanding of how out-of-equilibrium evolution occurs and equilibrium properties arise in a
non-Abelian quantum �eld theory.
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4.2 Hadronic structure
4.2.1 QCD and collider experiments (LHC, HL-LHC, HE-LHC, FCC, CEPC)

Although QCD is not the main driving force behind future colliders, QCD is crucial for many
pp, eemeasurements, both as signals and backgrounds. The precision needed to fully exploit
all future ee=pp=ep=eA=AA Standard Model and BSM programs require exquisite control of
perturbative and non-perturbative QCD physics. There are unique QCD precision studies ac-
cessible at FCC-ee, ILC, CEPC, the Super Charm-Tau Factory (SCT@BINP), and at FCC-pp
and SPPC. The main themes are detailed in the following.

The QCD coupling parameteras is the least-known coupling of the standard model. Its
value impacts all QCD cross sections and decays, it is a leading parametric uncertainty (in some
cases together with the charm and bottom masses) in calculations of key quantities in Higgs,
top quark, and electroweak physics [108], and its energy evolution affects the range of stability
of the electroweak vacuum approaching the Planck scale. Future colliders enable a per mille
precision determination ofas via hadronicZ, W, andt -decays, and jet shapes (FCC-ee, FCC-
pp, SCT). Parton distribution functions have a wide impact on new physics at high-x, as well
as on new QCD evolution at low-x. Experimental study of partonic processes will provide key
constraints and result in high-precision PDFs (HL-LHC, HE-LHC, FCC-hh). Worth to note is
that FCC-ep is required to reach 1% uncertainty for various cross section at FCC-pp. FCC-ee
provides multiple handles to study gluon radiation and gluon-jet properties, as well as studies
on jet substructure (NnLO+NnLL, see Sec. 4.5) and �avour tagging through quark/gluon/heavy-
quark discrimination, also giving access to high-precision parton fragmentation functions [112].
FCC-pp enables unique studies of highly-boosted dijets and multijets, as well as, heavy �avours,
pentaquarks and other exotic hadron structures. In the �eld of non-perturbative QCD, FCC-ee
allows for a percent-level control of colour reconnection, while all machines give access to
high-precision measurements on hadronisation (baryon and strangeness production, �nal-state
correlations, bound states).

4.3 Electron-proton collisions (LHeC, EIC, FCC)
Deep inelastic lepton-nucleon scattering is a powerful and unique tool to study nucleon structure
(Fig. 4.1) and unravel QCD with high-precision data and on �rm theoretical grounds. The future
of DIS is bright with two proposed independent, high-luminosity electron-hadron colliders in
Europe [ID135, ID159]. DIS collider measurements extend substantially the kinematic range of
�xed target lepton-hadron scattering experiments. Excellent precision is achieved through the
redundant reconstruction of the leptonic and hadronic �nal states while theoretically a next order
of perturbation theory in QCD and EW has to be controlled. Tagging of photons, electrons,
protons, and neutrons near the beam pipe will be a particular experimental challenge, as will
the tagging of heavy �avour decays in a large rapidity range.

At medium energies, below that of HERA, electron-ion colliders can study the polarised
nucleon structure, contributing to the solution of the nucleon spin puzzle and exploring the
structure of the proton in three-dimensions at the medium and highx range relevant for the
HL-LHC. These include a US-based EIC1 (20 to 140 GeV c.m. energy) [ID74] as well as one
proposed in China (16 to 34 GeV).

1At the time of writing, DOE is moving forward to approve the Mission Need soon, and has organised a panel
to assess options for siting and consideration of best value between the two proposed concepts [113].
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Fig. 4.1: Kinematic(x;Q2) plane probed ine� p (left) ande� A processes (right): existing data
compared to proposed particle and nuclear DIS facilities [114,115].

At the energy frontier, the CERN-based hadron-electron colliders (LHeC, FCC-eh), with
c.m. energies above that of HERA, will resolve the �avour structure of unpolarised nucleons
from x about 10� 6 to near 1, measureas(mZ) to per mille accuracy, and discover new parton
dynamics (gluon saturation). The LHeC and FCC-eh are precision Higgs- and EW-physics fa-
cilities with a remarkable BSM discovery potential. Theepc.m. energies are 1.3 TeV for LHeC
using 7 TeVp from HL-LHC, and 3.5 (2.2) TeV for FCC-eh using 50 (20) TeVp from FCC-hh.
The high-energy electron beams are produced using novel energy recovery acceleration tech-
niques (ERL), transforming the hadron colliders into anehandhh twin collider complex. Such
a synergy will establish physics programmes reaching much further than those of the HL-LHC
and of futurehhcolliders alone.

4.3.1 Electron-ion collisions (LHeC, EIC, FCC)

Several electron-ion (eA) colliders with per nucleon luminosities� 1033 � 1034 cm� 2s� 1 are
projected to start operating in the 2030s. Colliding electrons from an ERL with the HL-LHC
or FCC nuclear beams, the LHeC is the most powerfuleAfacility that one can build in the next
decades. It will clarify the partonic substructure and dynamics in nuclei in an unprecedented
kinematic range. Also, it will unequivocally probe the new non-linear partonic regime of QCD
through density effects inepandeA, that increase both with 1=x and mass numberA. The LHeC
will provide an accurate benchmark for perturbative probes, the initial conditions for collective
expansion, for the understanding of the prior dynamics and the collective behaviour inpp and
pAcollisions.

The EICs in the US [43] and China [116], with c.m. energies below 100 GeV/nucleon,
are dedicated to a detailed mapping of nuclear structure and itsA dependence in the mediumx,
lower Q2 region, extending the kinematic(Q2;1=x) range as compared to existing DIS data by
up to a factor of 30. The �exible choice of lower energy but polarised beams, while limiting
access to smallx, is optimal for pursuing a unique proton (and light ion) spin programme.

The development of a broad QCD programme for the 2030s based on synergies and com-
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plementarities between different machines and collision systems,pp=pA=AAandep=eA, should
be encouraged.

4.3.2 Fixed-target experiments (LHC, HL-LHC, SPS M2 beamline)

The multi-TeV LHC proton- and ion-beams allow for the most energetic �xed-target (LHC-FT)
experiments ever performed opening the way for unique studies of the nucleon and nuclear
structure at highx, of the spin content of the nucleon and of the nuclear-matter phases from a
new rapidity viewpoint at seldom explored energies [117,118].

On the high-x frontier, the high-x gluon, antiquark and heavy-quark content (e.g. charm)
of the nucleon and nucleus is poorly known (especially the gluon PDF forx & 0:5). In the case
of nuclei, the gluon EMC effect should be measured to understand that of the quarks. Such
LHC-FT studies have strong connections to high-energy neutrino and cosmic-ray physics.

The dynamics and spin of gluons and quarks inside (un)polarised nucleons is also very
poorly known; possible missing contributions are expected to come from their orbital angular
momentum. The LHC-FT mode enables to test the QCD factorisation framework and to mea-
sure TMD distributions, such as that of the linearly polarised gluons in unpolarised protons or
the correlation between the proton spin and the gluon transverse momentum.

For heavy-ion studies, the proposed �xed-target experiments with LHCb and ALICE en-
able the exploration of new energy regimes between SPS and RHIC energies, across a wide
rapidity domain to scan azimuthal asymmetries, and the use of new physics probes (e.g. excited
quarkonia, Drell-Yan pairs) to test the factorisation of nuclear effects. In addition, double crys-
tal LHC-FT experiments give access to studies beyond QCD, such as MDM and EDM of heavy
baryons.

There are two proposed ways towards LHC-FT collisions [ID67]: a slow extraction with
a bent crystal, or internal gas target inspired by SMOG@LHCb, HERMES, H-Jet, and others.
The physics reach of the LHC complex can greatly be extended at a very limited cost with the
addition of an ambitious and long term LHC-FT research program. The efforts of the existing
LHC experiments to implement such a programme, including speci�c R&D actions on the
collider, deserve support.

The CERN M2 beamline [ID143] also allows for further dedicated nucleon-spin analyses
and innovative studies of the kaon structure (gluon content, spectroscopy, polarisability, etc.).
The CERN M2 beamline is key in the long-term multipurpose hadron structure facility COM-
PASS++/AMBER proposal using the beamline beyond 2021 with a large community revolving
around medium energy QCD, and for elastic muon scattering in the MUonE proposal.

4.3.3 Opportunities of HL-LHC beams after the regular HL-LHC physics programme

The proposed LHeC with a c.m. energy of 1.3 TeV will allow high-precision measurements
of the parton densities from highx down tox � 10� 6. It could be in operation at the earliest
around 2030, but if not realised during the regular HL-LHC programme, there could be an
opportunity for continued use of the HL-LHC beams afterwards. If in the future (beyond 2040) a
27 TeV c.m. energy HE-LHC or an FCC-hh is realised, the corresponding LHeC or FCC-eh will
have a c.m. energy of several TeV, enhancing the kinematic reach further. Even higher energy
electron-proton collisions may be reached if in the future LHC-proton driven plasma wake�eld
accelerated 3 TeV electrons can be realised and collided with LHC protons. Such a 9 TeV
collider, called VHEeP (AWAKE++), [ID58,ID103], would probex down to an unprecedented
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10� 8. However, the target luminosity of 10 pb� 1 over the entire lifetime is modest, so it should
not be viewed as a substitute for a high-precision machine like the LHeC. This also applies
to the SPS-driven Plasma Electron-Proton/Ion Collider (PEPIC) [ID58], that will have a c.m.
energy of 1.4 TeV, but a luminosity several orders of magnitude lower than LHeC.

The region of largex, which is relevant for searches for new massive BSM particles at the
LHC and interesting for the nuclear dependence of the gluon distribution, will not be covered
by HL-LHC or EIC, but can be covered by the LHeC and/or by �xed-target (FT) experiments,
either during the regular HL-LHC programme or afterwards. FT experiments at an HE-LHC
would have a relatively modest increase in c.m. energy from 115 GeV to 163 GeV.

4.3.4 Synergies between these programmes

There are a number of striking synergy examples among future QCD physics experiments:

– The determination of the strong coupling constant at per mille level with LHeC/FCC-eh,
FCC-ee, CEPC and lattice gauge theory will lead to a new level of understanding of QCD
and to con�dence in its predictive power. Agreement at this high level of precision is
required but will not likely result from the �rst attempts in any of the above directions.

– Precision measurements of �avour-separated parton distributions and the correct theoret-
ical description of the partonic content of the proton is a necessity for precision physics
and searches for new physics with the LHC and subsequent higher energy hadron col-
liders. It can be provided to the required accuracy and kinematic range only by a TeV
epcollider with a factor of 100 higher luminosity than that of HERA. Independent input
on PDFs empowers e.g. precision interpretations within contact interaction and effective
�eld theory frameworks but also in the understanding of QCD background processes for
e.g. novel SUSY searches.

– It is essential to perform spin studies both atppandepmachines to test pQCD predictions
with a sign change in some spin asymmetries.

– The characterisation of the quark-gluon plasma suffers from sizeable uncertainties e.g.
from our lack of knowledge of nuclear PDFs for quarkonium suppression [119] and charm
production cross section inAA collisions [111] or of the initial conditions for collective
expansion for the extraction of the QGP transport coef�cients [120, 121], and of the role
of parton fragmentation and hadronisation in cold nuclear matter [122]. Therefore, it re-
quires novel input on nuclear parton structure, on nuclear multiparton correlations, on
parton fragmentation and hadronisation in-vacuum and in cold nuclear matter, which
should come from future electron-ion and electron-positron colliders. The observation
of long-range correlation effects even inpA collisions demands a detailed investigation
of the lightest systems,epandeA.

– The development of accelerator technology (energy recovery) for a next energy fron-
tier ep collider is supported by and also invites low energy ERL facility developments.
These have fundamental low-energy physics programmes, in particle, astroparticle, and
nuclear physics. Intense� 1 GeV electron ERL facilities have a wide range of important
applications for material-, bio-, accelerator physics, and other branches of science and
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technology. The high-quality requirements for superconducting radio frequency are syn-
ergetic with developments of electron-positron colliders. The �rst 802 MHz cavity, for
example, has been developed jointly for LHeC and FCC-ee, by CERN and JLab.

4.4 Hot and dense QCD
The study of hot and dense QCD matter is performed over a broad range of energies, both
in �xed-target and collider experiments. The connection to theory is achieved via the LQCD
formalism, hydrodynamic description, microscopic transport models and statistical models. An
illustration is given in Fig. 4.2 of the results achieved to date concerning the phase diagram of
QCD, where the points are extracted from �ts of hadron yields with a statistical hadronisation
(thermal) model, describing the chemical freeze-out—at higher energies, corresponding tomB .
300 MeV, they coincide with band showing the chiral crossover phase boundary as determined
in LQCD. Whether a critical point and a �rst order phase transition exist in this phase diagram
is currently a subject of intense research.

Fig. 4.2: The QCD phase diagram in the temperature – baryochemical potential plane. The band
is from LQCD calculations [123], the points from statistical hadronisation model �ts to hadron
yields in heavy-ion collisions over a broad range of collision energy (updated from Ref. [111]).

A multitude of observables, like photon and dilepton yields, jets, heavy quarks, correla-
tions and �uctuations, help to quantitatively describe the dynamics and the properties of the
hot and dense matter. Also of particular interest is currently the question of the formation in
high-multiplicity p(D)A (or evenpp) collisions of a droplet of decon�ned matter that expands
collectively, akin to the observations inAAcollisions.

4.4.1 The ongoing experimental programme of relativistic heavy-ion collisions

A very successful data taking for heavy-ion collisions in Run 2 at the LHC was completed,
with Pb–Pb collisions at a nucleon-nucleon c.m. energy

p
sNN = 5.02 TeV andp–Pb collisions

at
p

sNN = 5.02 and 8.16 TeV, recorded by all four experiments: ALICE, ATLAS, CMS, and
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LHCb, with luminosities exceeding the initial goals. The �rst physics results in a �xed-target
mode were recently reported by the LHCb collaboration [124,125].

At BNL data taking is ongoing with the STAR experiment at RHIC in the beam energy
scan (BES-II) program, spanning

p
sNN = 7.7 – 62 GeV in Au–Au collisions [126, 127]. At

CERN, the SPS programme is ongoing, with data taking in various collision systems at
p

sNN
= 7 – 17 GeV with the NA61/SHINE �xed-target experiment [128], which provides important
measurements for neutrino oscillation experiments [129]. At the SIS18 at GSI, the HADES
experiment continues to take data at

p
sNN ' 2.5 GeV, while at JINR the BM@N detector is in

operation at the Nuclotron in a similar energy range, currently with light ions [130].

4.4.2 Future opportunities for experiments at high-energy colliders

The ongoing and foreseen upgrades of the four detectors at the LHC will meet the challenge
of providing the required detector performance for the data taking with ion collisions with HL-
LHC in Runs 3 and 4, a physics programme that is approved and will bring a signi�cant advance
in the �eld for the next decade [110]. The focus is on rare and challenging observables of the
hot and dense phase, that could only be glimpsed with the existing data. Those include: i)
thermal radiation (photons and dileptons), to characterise the electromagnetic emissivity; ii)
heavy-�avour baryons and (hyper)nuclei, to study in detail the hadronisation, on which the
complex objects shall give unique insight; iii) quarkonium, both in the charm and beauty sector,
to pin down quantitatively the basic mechanism of colour screening in QGP and the dynam-
ics of (re)generation or quarkonia in QGP and at the QCD phase boundary; iv) �uctuations of
conserved charges, to establish experimentally signatures of the phase boundary that are pre-
dicted by solving QCD on the lattice; v) highly energetic jets, to probe extreme regimes of
parton energy loss (jet quenching) in the QGP. Together, this suite of observables will provide
new insights and a precise characterisation of the QGP (via transport coef�cients) in the highest
temperature and density regime.

Beyond Run 4, a proposal for a next generation experiment at the LHC has been put
forward [131] to address hot QCD physics, where the QGP initial temperatureTin � 0:5 GeV,
and soft QCD at very lowpT < 10 MeV, (while the particle physics experiments could continue
data taking with heavy ions with focus on the hard regime). Advances in detector technology,
for instance the possibility to curve thin silicon wafers, will open up the possibility to build a
very light detector, enabling to reach very soft probes, both with hadrons and with dileptons, to
probe in a direct way the quantum nature of the dense QGP state. In addition, a complementary
proposal has been also presented to use in parallel the ATLAS, CMS and LHCb experiments in
unique BSM searches accessible in the high-luminosity ion-ion mode beyond Run 4 [132]. In
this time span, a complete LHC-FT program could also be realised with the ALICE and LHCb
detectors in parallel to these measurements.

Advances in detector technology will be equally relevant for the FCC, where an attractive
physics programme is envisaged [133]. The motivation for the FCC lies primarily in the unique
availability of hard probes, enabled by the signi�cant increase as a function of energy of their
production cross section. Examples include beauty quarks, whose thermalisation in QGP can
be determined, or top quarks, whose (boosted) decay to jets will provide a unique handle on
the tomography of QGP. That goal could be realised, albeit in a less signi�cant way, also at
the HE-LHC. Both at the FCC as in the HL(HE)-LHC a signi�cant gain in luminosity can be
achieved with lighter ions, which consequently may be more advantageous for rare observables.
Collisions of protons with nuclei are part of the heavy-ion programme at HL(HE)-LHC and are
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envisaged too for the FCC [134].

It is important to notice that, at high-energy colliders, colliding heavy ions provide a sig-
ni�cant photon �ux, enabling unique studies of cold QCD matter in the regime of high gluon
occupancy (low Bjorkenx); for instance, exclusive photoproduction of J/y at FCC can probe
down tox = 10� 7. In addition, photon-photon collisions, already now providing interesting
results at the LHC, have also the potential to bring sensitivity to BSM physics, providing dis-
covery potential (or exclusion limits) for magnetic monopoles or axions [132]. Ultra-strong
transient (short-lived) magnetic �elds are created in heavy-ion collisions and are probed via
particle correlations which may provide insights relevant for astrophysics. The high produc-
tion rates of multi-strange hyperons at collider energies enables the study of their interaction
properties, with results of relevance for the understanding of the neutron star structure, while
abundantly-produced antimatter is of relevance for the search for antimatter in the Universe
(currently with the AMS detector).

The long-term measurements in heavy-ion collisions will bene�t from a sustained support
from the theory community. The continuous improvement of existing theoretical tools and
models, as lattice QCD or hydrodynamics, as well as the development of new techniques, in
particular calculations in higher orders, will be crucial for the characterisation of QGP in its
regime of highest temperature and densities.

This expected progress, both experimental and theoretical, will impact and bene�t from
the experiments in the next decade(s) at lower energies at RHIC (STAR and sPHENIX experi-
ments) and at the NICA collider under construction at JINR, which will provide beams spanning
p

sNN = 4–12 GeV, with the MPD experiment planned to start operation in stages in 2022 [135].

4.4.3 Future opportunities for �xed-target experiments

The RHIC �xed-target programme, planned to start in 2020, will cover
p

sNN = 3.0 – 7.7
GeV, corresponding tomB ' 400–700 MeV. The approved FAIR accelerator will deliver high-
intensity beams (

p
sNN up to 5 GeV) starting in 2025; the CBM detector aims at a collision rate

of 10 MHz with continuous readout and online tracking and event selection. The NA61/SHINE
experiment at SPS, currently being upgraded with vertex capability (using pixel sensors devel-
oped for ALICE), will extend in the coming years its suite of observables into the charm sector.
An experiment at the SPS (NA60+) dedicated to thermal dimuon, open and hidden charm mea-
surements is curently under design and aims at collision rates of 10 MHz [136]. The possibility
of a heavy-ion programme with similar characteristics as that at FAIR is currently being consid-
ered for the J-PARC facility. The physics motivation [137] is common for all these �xed-target
experimental programs and it is shared as well by the BES programme at RHIC and by the
NICA programme [138, 139]. It is the investigation of hot and compressed baryon-rich matter,
with special focus on the discovery of the critical point and (consequently) of a �rst order phase
transition in the QCD phase diagram. Also prominent is the determination of the Equation of
State of compressed baryonic matter, which is of relevance for neutron stars and for neutron
star collisions. This will be achieved with correlations and �uctuations observables and with
rare probes like dileptons, multi-strange hyperons or hypernuclei, probes that will become for
the �rst time available (with abundant statistics) for this energy regime.

The highest-energy �xed-target programme can be realised with LHC beams [118], both
in the ALICE and LHCb experiments. The hot QCD component of such a programme has as a
special aspect the broad coverage in rapidity which is also of relevance as input for cosmic ray
physics.
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4.5 Precision QCD
As already introduced in Sect. 4.1, the interpretation of LHC data and the searches for new
physics require increased efforts to reach a higher level of precision and accuracy in key theo-
retical predictions. This is the case in both the electroweak and the QCD sectors of the Standard
Model [110,140].

The QCD predictions for a scattering process, owing to the collinear factorisation theo-
rem and the universality of PDFs and FFs, are obtained by convolving perturbative scattering
amplitudes with the parton distribution functions, (PDFs). Consequently, to reach suf�ciently
high accuracy in theoretical predictions of processes involving quarks and gluons good con-
trol of partonic cross sections, the value of the strong coupling constantas, and the precise
determination of PDFs is required.

Detailed modelling of strong interactions also calls for a better understanding how the
partonic �nal state in hard scatterings evolves to the hadrons observed in the experiment. The
quantitative description of fragmentation and hadronisation is part of the physics programmes
at �xed target and collider experiments.

Fig. 4.3: Comparison among the matched normalised distributions at: N3LL+NNLO,
NNLL+NNLO, and the pure NNLO of the Higgs-boson transverse-momentum spectrum at the
LHC [141].

Some non-perturbative aspects of QCD are directly accessible in �rst-principles calcula-
tion by formulating QCD on the lattice and solving it numerically. LQCD provides quantita-
tive input on hadron structure and spectroscopy, the properties of matter under extreme condi-
tions and hadronic contributions to the processes and matrix elements relevant for the SM and
BSM [109,142–145].

4.5.1 Methods and tools

At parton level, QCD cross sections at high momentum scalesQ are obtained through pertur-
bative series expansion in the strong couplingas(Q). This is the most straightforward and suc-
cessful approach that is also systematically improvable in accuracy by calculating an increasing
number of coef�cients in the series. The current standard of such calculations is the next-
to-next-to-leading order (NNLO) accuracy [146–151]. However, in view of high-quality data
at the LHC and the expected high-precision measurements at HL-LHC, there is a continuous
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Fig. 4.4: Different PDFs as obtained at NNLO level (NNPDF3.1) from Ref. [168], evaluated atm2 =
10 GeV2 (left) andm2 = 104 GeV2 (right).

theoretical demand and efforts to go beyond NNLO and calculate QCD processes at the next-
to-next-to-next-to-leading order, N3LO. At present, the hadron collider observables for which
N3LO QCD corrections have been calculated are e.g. the total cross section for Higgs boson
production in gluon fusion [84, 152] and in vector boson fusion [96]. Under QCD factorisa-
tion, the resulting predictions carry a residual uncertainty and dependence on the factorisation
scheme due to the missing N3LO (i.e., four-loop) splitting functions, recently motivating the
computation of the QCD splitting functions at four loops [153–157]. Furthermore, �rst steps
have been taken towards more differential observables by computing N3LO rapidity distribu-
tion of the Higgs boson at the LHC in gluon fusion [89, 90, 158]. Moreover, fully differential
distributions of jet production in deep inelastic scattering have been also derived to N3LO [159].

Extending the perturbative expansion of QCD to the higher order is theoretically challeng-
ing as it implies developing new methods and techniques to achieve the cancellation of infrared
divergences. At the NLO order there are well established subtraction schemes and there are
methods developed recently for NNLO calculations [94,160–167].

In general, NnLO perturbation theory is based on the expectation that calculating a �nite
number of terms in the perturbative expansion is suf�cient since higher-order terms get progres-
sively smaller and can be neglected once the desired accuracy is reached. In some processes,
however, logarithmically large contributions appear at all orders and spoil the convergence of
the perturbative expansion. In such cases, it is necessary to rearrange the perturbative expan-
sion and perform resummation of these large logarithms to all-orders in the perturbation the-
ory. Resummed calculations are typically needed in processes that depend on more than one
scale. Many of the observables that are studied at the LHC depend on more than one energy
scale, and thus, all order resummation become necessary to describe the kinematic regimes in
which the logarithms of ratios of these scales become large. There are different successful ap-
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Fig. 4.5: The impact of the LHC data on the NNPDF3.1 NNLO PDFs for the down and charm
quarks [168].

proaches to calculate the resummed expressions. In the soft-collinear effective theory (SCET)
of QCD [169, 170] the resummation follows the concept of Collins, Soper and Sterman [171]
where the starting point is the derivation of a factorisation theorem for the speci�c cross section
and then calculations of all logarithmic terms from the renormalisation group evolution equa-
tion, resulting in analytic expressions for the resummed cross section. An alternative approach
is based on the branching formalism [172,173] where resummation is usually performed using
a Monte Carlo algorithm. Both approaches have already been applied to obtain higher order
resummations in the hadronic collisions [141, 161, 174–188]. The improvement of theoretical
predictions with increasing accuracy of perturbative calculations NkLO and resummation NkLL
is observed in different relevant processes. In Fig. 4.3 we show as an example the theoreti-
cal predictions for the normalised transverse-momentum distribution of the Higgs boson from
gluon fusion at 13 TeVpp collisions, calculated to different orders in perturbative QCD [141].
In this �gure, the Higgs-boson transverse-momentum spectrum at N3LL is matched to �xed
NNLO and compared to NNLL matched to NNLO, as well as to the pure NNLO results. All
curves in Fig. 4.3 are normalised to the total N3LO cross section.

The need of improvement of theoretical predictions with increasing order of perturbative
calculations is clearly identi�ed in Fig. 4.3. Thus, accurate theory calculations for collider pro-
cesses are crucial to interpret the precise experimental data and to discern whether experimental
measurements differ from the SM predictions. To match the precision of the data, theory uncer-
tainties should be reduced to the one percent level for the core- and to the few percent level for
complex-processes. Furthermore, accurate theoretical predictions for BSM effects are highly
desirable for new physics searches. This requires a relentless effort to improve the understand-
ing of QCD, by computing higher-order corrections for a larger number of processes and by
re�ning the theoretical and numerical methods. Resummed calculations are instrumental to
reach an accurate description of many observables at the LHC and beyond. The understanding
of regions of validity of perturbation theory, non-perturbative and collective effects, as well as
description of very high-multiplicity �nal states which can provide insights about the dynam-
ics of multi-particle production arising from the saturated gluon �elds inside the protons, is
theoretically challenging.

A further area of active research concerns general purpose Monte Carlo event generators.
These are an essential part of the collider QCD toolkit, being crucial for the vast majority
of collider measurements and studies. Over the coming years it will be important to sustain
progress on a number of fronts: (1) perturbative improvements for matching and merging (e.g.
generalisation of existing approaches for parton shower + NNLO merging); (2) understanding
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Fig. 4.6: Comparison between HL�� LHC pseudodata and the theoretical predictions for themtt̄ dis-
tribution in top quark pair production from Ref. [104]. The theory calculations are shown both before
(PDF4LHC15) and after (PDF4LHC15-HL LHC) constraining PDFs with pseudodata in the �t.

and exploiting the relation between parton-shower algorithms and resummation to obtain higher
accuracy parton showers; and (3) the further development of phenomenological models (notably
those for hadronisation and the underlying event).

4.5.2 Parton Distribution Functions

The quest for precision at the LHC requires a precise knowledge of the Parton Distribution
Functions of the proton. An incomplete knowledge of PDFs is one of the main limitations in
searches of new physics at the LHC. At present, PDFs cannot be computed from �rst princi-
ples, although there are already attempts to access the parton distribution functions based on
LQCD simulations [189]. The PDFs have to be extracted from the experiments, through a care-
ful comparison of theoretical predictions to experimental data. Moreover, to obtain consistent
predictions, it is crucial that the advancement in perturbative calculations goes together with
PDFs determination with equal or higher accuracy.

In recent years a new generation of PDF sets have been developed for use at the LHC Run
2, and some of these [190–192] have been combined in the construction of the PDF4LHC15
sets which broadly represent the present understanding of the proton structure. Further up-
date in global PDF was due to the progress in methodology and the available set of new data
with the increasingly signi�cant role played by LHC processes which provided stringent PDF
constraints. The combination of high-precision LHC data of the ATLAS, CMS and LHCb ex-
periments with state-of-the art NNLO theory calculations for such hadronic processes as the
transverse-momentum spectrum of theZ andW bosons [146, 147], the top-quark pair pro-
duction [148, 149], and inclusive jet production [150, 151] have had an important impact on
precision PDF �ts [168]. The recent PDF sets NNPDF3.1 by the NNPDF Collaboration [168]
are shown in Fig. 4.4. To illustrate the impact of the LHC Run-1 data in the �ts, Fig. 4.5 com-
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pares the NNPDF3.1 �t with and without LHC data at Q = 100 GeV for the down and charm
quarks [168]. The impact of the LHC data can be observed in this �gure, both for central values
and for the PDF uncertainties. Thus, it is clear that the addition of data from Runs 2 and 3 and
then from the HL-LHC, for which the precision and reach will be greatly increased, should lead
to further improvements in the determination of the proton structure. In Fig. 4.6 we show the
comparison between the HL-LHC pseudodata and the theoretical predictions on themtt̄ distri-
bution in top-quark pair production [104]. There is a clear reduction of the PDF uncertainty at
large values of the invariant mass.

Currently, PDF uncertainties account mostly for the propagated statistical and systematic
errors on the measurements used in their determination. Clearly, the missing higher-order un-
certainties from the truncation of the QCD perturbative expansion also affect predictions for
the various processes that enter the PDF determination. The PDF extraction that systematically
accounts for these effects in QCD calculations and assesses their impact on the uncertainties of
the resulting PDFs, has been recently considered [193].

The ultimate method to determine the parton structure of the proton is with high-precision,
high-energy measurements in electron-proton scattering. The LHeC and FCC-eh provide a
complete resolution of PDFs, of both protons and ions, as has been described recently in [194,
195]. The highx region, crucial for searches atpp colliders, would be clari�ed (the valence
quark and small but important sea and gluon contributions) thanks to the high luminosity and
largeQ2 lever arm of the measurements. At mediumx sub-percent precision for N3LO PDFs
is reached due to the unique measurement techniques of electrons, neutrinos and the hadronic
�nal state. Flavour is completely resolved owing i) to the high energy enabling to access charged
current cross sections for many orders of magnitude inx and ii) to the direct measurements of
strange, charm and beauty densities. Finally, the long standing quest of a possible saturation of
the gluon density at smallx and the existence of the non-linear parton evolution will be solved at
the LHeC. All of this maybe illustrated, in a yet simpli�ed manner, with the ultimate accuracy
one would achieve with LHeC (and FCC-eh in an extended range) for the various parton-parton
luminosities, see Fig. 4.7.

Of principal importance is to disentangle predictions and effects from QCD/PDFs from
possible new physics. DIS and LHC would provide two independent con�gurations for achiev-
ing this whileppalone could run into the conceptual problem of possibly hiding new phenom-
ena behind PDF or QCD uncertainties as PDF or QCD effects. In nuclei one needs to dis-
entangle nuclear environment (shadowing) from non-linear (gluon saturation) effects. All this
requires very high precision, very high energy, large luminosityepandeAcollision data taken
while LHC is operational (and later synchronously through FCC-hh and FCC-eh operation).

Given the high precision expected at the HL-LHC, it will be crucial to include all sources
of experimental, methodological, and theoretical uncertainties associated with PDFs in order
to ensure robust predictions. In particular, the impact of theoretical uncertainties due to miss-
ing higher-order corrections in theoretical calculations, the �ts with high-energy and threshold
logarithms resummed and the contribution of electroweak corrections should be analyzed and
included in the determination of global PDFs in the foreseeable future. Furthermore, as already
pointed out in in Sect. 4.1, a precision physics programme at future hadron colliders requires
a more detailed description of the partonic substructure of hadrons as encoded e.g. in GPDs
or TMDs. Theoretically challenging is also the phenomenon of saturation of partonic densities
at small enough values of the fraction of momentumx, which has developed into a complete
and coherent formalism of the Colour Glass Condensate [196–198]. Furthermore, a reliable
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Fig. 4.7: Relative PDF uncertainties on parton-parton luminosities from the PDF4LHC15 and
FCC-eh PDF sets, as a function of the mass of the produced heavy object,MX, at

p
s= 100 TeV.

Shown are the gluon-gluon (top left), quark-gluon (top right), quark-antiquark (bottom left) and
quark-quark (bottom right) luminosities. The LHeC expectation is very similar but misses one
order of magnitude towards lowx.

determination of the parton distribution functions of nucleons bound within nuclei (nPDFs), is
particulary relevant for precision phenomenology and fundamental understanding of the strong
interactions in the nuclear environment [199,200].

4.5.3 Numerical Lattice QCD

Many of the SM predictions require the knowledge of parameters and observables which en-
code nonperturbative QCD effects. They can only be calculated from �rst principles by using
LQCD [109,142,143].

Over the past years, an increased computing power, together with the development of
better algorithms and analytical frontiers techniques have enabled realistic LQCD predictions
with controlled errors. LQCD allows for a precise determination of a wide range of hadronic
observables, including the hadron masses and decay constants, form-factors and mixing pa-
rameters characterising weak-decay amplitudes, PDFs, as well as key SM parameters such as
quark masses and the QCD coupling [142]. LQCD provides the most precise determination of
as [201, 202], and high-accuracy results for theD, Ds, B, andBs heavy �avour meson decay
constants with sub percent precision [203]. Similar precision has been reached in the determi-
nation of the light (u;d;s) and heavy �avour (c;b) quark masses [204]. Further LQCD results on
B! p andB! K semileptonic form factors, neutral kaon mixing and neutralBd- andBs-meson
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mixing [205] led to signi�cant improvements in the determination of the Cabibbo-Kobayashi-
Maskawa quark-mixing matrix elements and the global unitarity-triangle �t. The unprecedented
accuracy of lattice calculations and state-of-the-art techniques allowed one to extract the nucle-
ons electromagnetic and axial form factors and their electromagnetic radii and the magnetic
moments [206–208]. Inspired by the LHCb discovery of a new narrow charmonium state, the
X(3842) [209], LQCD presented calculations of charmonium states near the open-charm thresh-
old by means of the Lüscher formalism, and found the charmonium resonance withJPC = 3��

and the mass consistent with theX(3842) [209]. The recent LQCD calculations of exotic states
in QCD, also predicted the existence of a doubly-bottom(b̄b̄ud) tetraquark bound state that is
stable under the strong and electromagnetic interactions [210].

In the ongoing search for BSM physics, LQCD provides results for the nucleon scalar and
tensor charges [142,211], as well as demonstrates the feasibility of computing the amplitude of
the rare kaon decayK+ ! p+ nn̄ [212], a process that is experimentally studied by the NA62
experiment at the CERN SPS. LQCD has also addressed the issue of CP violation in the QCD
sector. Interesting results are obtained in recent LQCD calculations for the EDM of the nucleon
induced by the QCDq term [213]. The results indicate that the EDM of the nucleon stays �nite
in a continuum and the chiral limit. This result together with the experimental bound on the
neutron EDM provide the upper limit for the value of QCDq term. Enormous progress has
also been achieved in ab-initio lattice calculation of the strong interaction contributionahad

m to
the anomalous magnetic moment of the muon,g� 2 [214,215]. LQCD provides results on the
hadronic vacuum polarisation (HVP) and hadronic light-by-light (HLbL) scattering contribu-
tions toahad

m . While the error of current LQCD estimates of the HVP reached the few-percent
level, the uncertainty in the determination of HLbL is at the(10� 15)%-level. The goal for the
future LQCD calculations is the sub-percent precision of a HVP contribution which is needed
to reduce the SM uncertainties on the value ofg� 2 to possibly identify new physics by com-
parison to the experimental data.

LQCD methods are also very successful in describing thermodynamic properties and
structures of the strongly interacting matter under extreme conditions of high temperatureT and
densityr [109,111,216–218]. Such a QCD matter is produced in ultra-relativisticAAcollisions,
pAand possibly even in high-energy and high-multiplicity events inppcollisions [110]. LQCD
describes the phase structure of strongly interacting matter, the nature of QCD phase transition
and the equation of state. Large-scale computing has allowed one to quantify the value and the
shifts of the chiral critical temperature from the chiral limit to the physical point. The shift of
the pseudocritical temperature with �nite chemical potentialmB has also been recently estab-
lished up to(m=T)4 order [123] (shown in Fig. 4.2). LQCD provides calculation of correlations,
diffusion and transport properties in a QGP and �uctuation observables [216,219,220] that are
directly linked to experimental data. LQCD predictions are essential inputs to hydrodynamic-
and transport-model description of experimental data inAAandpAcollisions [110].

Continued efforts and support in developing new theoretical methods and better algo-
rithms are needed in LQCD to reach the anticipated progress and precision of SM predictions
and to sharpen the opportunity for new physics discovery. In high-density QCD, more detailed
studies close to the chiral limit and on large lattices are needed to reach de�nitive conclusions
on the role of theUA(1) symmetry breaking and the order of the chiral phase transition. To have
impact on the experiments in future, LQCD calculations of electromagnetic probes, �uctuation
observables, spectral functions and transport properties of QGP need to be carried out with high
statistics on large lattices and with physical dynamical quarks. The problem of the �nite chem-
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ical potential in LQCD calculations needs further attention, to develop an ef�cient formalism
that allows for lattice simulations with a complex action.

4.5.4 The strong coupling constantas

The strong coupling is the least known fundamental coupling in the Standard Model. This be-
comes a hindrance for precision measurements, such as of the Higgs production cross sections
and couplings, and it impacts the uncertainty budget in predictions of electroweak vacuum sta-
bility and grand uni�cation theories approaching the Planck scale. Currently, the LQCD results
are more precise than the values directly derived from experiment as summarised recently in
Refs. [108,221] and shown in Table 4.1.

Table 4.1: World-average values of the strong coupling constant at theZ mass,as(mZ), at
NNLO accuracy for 5 active �avours [33].

Method as(M
2
Z)

LQCD 0:1188� 0:0011
t -decays 0:1192� 0:0018

DIS 0:1156� 0:0021
Hadron Collider 0:1151� 0:0028
Electroweak Fits 0:1196� 0:0030

e+ e� 0:1169� 0:0034

New measurements ofas at the level of per mille accuracy are mandatory and could be
achieved with FCC-ee from the ratio of the hadronic-to-leptonic width at the Z-pole and with
LHeC/FCC-eh from the scaling violations of the structure functions. Both demand a new level
of theoretical support to develop theory one order of perturbation further. Both also require
extreme experimental care and additional cross checks, e.g. from theW in e+ e� and from jets
in e+ e� and DIS, respectively, to assure a maximum of con�dence and enhanced precision. The
realisation of this complementary programme would be a major milestone in the development
of QCD and in the reduction of important parametric uncertainties today in key SM and BSM
theoretical calculations. It would also be a major triumph of experimental physics and its in-
timate collaboration with theory. The challenge of LQCD at this high level of accuracy will
surely lead to new insight into the details [202] of LQCD calculations as well.

4.5.5 Low-energy precision QCD

Many aspects of QCD are important for experiments at low energies and, vice versa, various
experiments at low energies yield precision QCD benchmarks [136,222].

The strong CP problem [223, 224], i.e. the extreme smallness of theq-term in the QCD
Lagrangian, is evident from the non-observation of permanent hadronic electric dipole moments
(EDM), in particular of the neutron and of199Hg. Considerable international efforts aim at im-
proving the experimental sensitivity of the permanent EDM of the neutron, of heavy nuclei and
recently also of the deuteron, the proton and heavier baryons [225–229]. The most sensitive and
straightforward to interpret is the neutron EDM. Experimental sensitivities should improve by
two orders of magnitude to a few 10� 28e�cm in the next decade. Further improvements will re-
quire R&D into new experimental concepts to overcome statistical and systematics limitations.
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Similarly, the EDM of the proton can be searched for with a dedicated storage ring experiment,
not statistically limited till 10� 29e�cm. R&D, precursor experiments as, e.g. at COSY, and pro-
totyping can pave the way to understand and tackle the corresponding systematic issues [228].

Besides EDMs, several �nite electromagnetic form factors of the nucleons provide bench-
marks for low-energy QCD studies:

– Magnetic moments of proton, antiproton and neutron are measurable at much higher pre-
cision [230–233] than calculated by theory. Nevertheless, they are important for metro-
logical reasons and strong tests of CPT and other fundamental symmetries. The AD and
ELENA at CERN are essential facilities as are the neutron EDM experiments, in Europe
at PSI and at ILL.

– The proton rms charge radius continues to puzzle, with discrepant results from muonic
hydrogen spectroscopy at PSI, ordinary hydrogen spectroscopy andepscattering [234–
238]. Considerable theoretical and experimental efforts, notably alsom-p scattering with
MUSE at PSI and potentially COMPASS++ at CERN [239, 240], have emerged aiming
at resolving the puzzle. Eventually LQCD calculations will contribute to corroborating
the true value. The proton Zemach radius and the magnetic radius are targets of next
generation muonic hydrogen experiments measuring the ground state hyper�ne splitting.
Experiments are planned for PSI, Riken-RAL, and J-PARC.

– The nucleon axial form factorgA at lowest momentum transfer is determined by measure-
ments of neutron decay correlations, in particular at ILL [241]. An order of magnitude
improvements can be envisaged with a new generation of experiments, in particular at a
new fundamental physics beamline at the ESS.

– The nucleon axial radius can be determined by muon capture on the proton [242] yielding
complementary information to neutrino scattering and potentially crucial input to long
baseline neutrino experiments.

QCD input is also essential in order to allow for comparisons between high-precision ex-
periments and precision SM calculations. The anomalous magnetic moment(g� 2) of the muon
is an example where substantial theoretical and experimental efforts are presently underway in
order to improve the experimental sensitivity and the accuracy of the QCD corrections. The
MUonE experiment aims at determining the leading order hadronic contribution to the muon
g� 2 by measuring the hadronic part of the photon vacuum polarisation in the spacelike region.

The experimental studies of strong force and the structure and dynamics of atomic nu-
clei is a vital part of strong interaction physics. The proposal revolving around the Di-meson
Relativistic Atom Complex (DIRAC++) aims to check low-energy QCD predictions using
double-exoticpp andpK atoms to gain a deeper insight into the quantum theory of the strong
force [243,244]. The precision measurements of QCD are one of the research directions inten-
sively pursued at the CERN ISOLDE facility. The facility is unique worldwide using energetic
1.4 GeV protons on thick targets, in combination with the Isotope Separation On-Line method
to produce pure low-energy (50 keV) radioactive ion beams (RIB's) of more than 1000 different
radioactive isotopes. Research is performed in more than a dozen of permanent experimental
set-ups for studies of the structure of atomic nuclei, and for a variety of other studies in the �elds
of astrophysics, medical and materials research and physics beyond Standard Model. Phase 2 of
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its HIE-ISOLDE upgrade has reached completion, which permits most of ISOLDE's radioac-
tive isotopes to be re-accelerated to energies up to 9.2 MeV per nucleon. Using 3 dedicated
experimental set-ups these beams are used to study a variety of nuclear reactions with radioac-
tive isotopes, opening up new possibilities for nuclear structure and astrophysics research. The
intensity upgrade and a �nal energy upgrade to reach 10 MeV/u for all isotopes is foreseen for
Phase 3. A further upgrade, including the construction of two additional target stations and
a compact low-energy storage ring are proposed as part of the EPIC project. This upgrade
will allow ISOLDE to remain at the forefront of nuclear and astrophysics research for another
few decades.

4.6 QCD and other disciplines
The LHeC and FCC-eh are the highest energy, highest electron current applications of energy
recovery linac (ERL) technology. In itself, ERL entails major technology innovations, most
obviously on high-quality, superconducting cavities such as those required for the FCC-ee.
ERL reaches ef�ciencies in excess of 90% reducing the required power, as for the LHeC 60
GeV electrons, from a GW to below 100 MW. By decelerating the beam after the interaction,
the power is taken to supply the accelerating part of the ERL while the beam energy is eventually
reduced to the injection energy. The dump ofO(500MeV) is environment friendly, in contrast
to proton or electron high-energy, radioactive beam dumps. In the context of the PERLE facility
at Orsay (submission ID147), the �rst 802 MHz prototype was built for both LHeC and FCC-
ee. These facilities have major technical applications such as for lithography, through their
laser application, or material tomography and photo�ssion, through the intense , mono-energetic
photon beams, generated by laser backscattering. Therefore, a new facility (or facilities) may be
established that also open new avenues to photonuclear and particle physics, in complementarity
with ELI-NP. This is a one of the best examples of a direct synergy between energy frontier
particle, low-energy nuclear and applied physics.

The low radiation and zero pile-up environment ofep colliders, combined with the de-
mand for very high quality vertex tagging makes detectors at these facilities a most suited ap-
plication for an HV CMOS silicon vertex detector, of low material and high integration level.

Laser spectroscopy of light muonic atoms has been established as a game changer in the
determination of nucleon/nuclear charge radii. For these, and for the determination of Zemach
radii and other spectroscopy goals in those exotic systems, the development of high power,
pulsed lasers, stochastically triggerable with low latency is key.

The development of higher intensity, higher quality, low-momentum muon beams of both
polarities is an essential part to further improve the measurements of the muon anomalous
magnetic moment, the proton radii, and the nucleon axial radius.

4.6.1 QCD and astroparticle physics

The production, propagation, and detection of the most energetic particles produced in the Uni-
verse, in yet unravelled sources, relies heavily on our understanding of QCD at high energies.
For both charged cosmic rays (CRs) and neutrinos, cross sections linked to QCD processes in
the non-perturbative and perturbative regimes are still the largest source of theoretical uncer-
tainty. Dedicated measurements at FCC-pp, FCC-ep, and LHC-FT, in particular with heavy-
and light-ions collisions, are needed to improve the QCD-based simulations of relevance for
astroparticle physics:
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� Direct measurements of the production cross section of low-energy secondary particles,
such as anti-nuclei, are of prime importance to determine the amount of anti-matter pro-
duced in standard astrophysical sources, which is the background for possible dark-matter
signals in the cosmic-ray �ux measured in satellite experiments.

� At CR energies above 1015 eV, the �ux of charged cosmic rays is too low for direct
detection in satellites, and the air showers produced by their interaction with air molecules
in the Earth's atmosphere are used instead [245]. A precise simulation of the properties of
such air showers is needed to properly determine the mass of the primary CR. The shower
development is driven mostly by hadron-nucleus interactions from the highest (1000 TeV
c.m. energy) to the lowest (10 GeV lab energy) energies whose theoretical description
relies heavily on collider and �xed-target data [246]. Key detection techniques such as
the measurement of the shower maximum position are very sensitive to the �rst hadronic
interactions. The current theoretical uncertainty being even higher than the experimental
one, direct particle production measurements at HL-LHC [110] (in particular with light
ion beams) and FCC-pp [247,248] would reduce signi�cantly the uncertainties due to the
extrapolations to high energies. If muons are used to measure the air shower properties,
the data are even in contradiction with the simulations at the highest CR energies [249].
The muon production in air showers is sensitive to all hadronic interactions (all energies)
in the shower, and in particular to forward particle production, dominated by small-x
QCD phenomena that can be carefully studied at FCC-ep. In addition, �nal-state effects
(such as collective parton hadronisation, leading e.g. to enhanced strangeness production)
observed at the LHC in light systems may help solve the muon puzzle [250], and new
measurements are needed at higher c.m. energies.

4.6.2 QCD and neutrino physics

The understanding of the production of neutrinos in hadronic collisions at low and high energies
will highly bene�t from dedicated QCD measurements at future collider facilities:

� Very high-energy neutrinos detected by IceCube, and the future KM3NeT, are a key el-
ement of the multi-messenger detection of astrophysical objects such as black holes and
neutron star mergers. A very precise knowledge of typical sources of energetic decay neu-
trinos, such as forward charm production, as well as of nuclear PDF at very smallx, are
required to understand the atmospheric neutrino background and the neutrino interaction
in Earth allowing its detection.

� The new generation of low-energy neutrinos experiments such as DUNE or Hyper--
Kamiokande, built to solve the mass hierarchy and CP violation in the neutrino sector,
require very low systematic uncertainties in their theoretical production cross sections.
Dedicated high-statistics studies of hadronic interactions at accelerators and atmospheric
observatories, are needed to provide a precise understanding of neutrino sources in the
decay of primary and secondary particles.

4.7 Overview and perspectives for QCD

Precision QCD program: A globally concerted precision QCD research programme provides
a unique avenue to support the search for new physics beyond the Standard Model. A high-
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luminosity e+ e� collider at the EW scale and a high-energy ep collider provide an excellent
experimental environment for high-precision QCD studies (as, parton radiation, fragmentation
and hadronisation, higher-order perturbative and non-perturbative parton dynamics) which are
essential in support of our aspirations in particle physics.

Hadronic structure program: A hadronic structure research programme exploring the com-
plementarity ofpp=ep=eAcolliders and �xed-target facilities provides vital ingredients for the
high-precision exploration in searches for new physics and provides as well unique steps into
unknown territories of QCD.

Hot and dense QCD program: A high-energyAA=pA=pp research programme at the LHC,
HL-LHC, HE-LHC and FCC with newly designed detectors in the collider and �xed-target
modes is unique and provides essential science at the frontline towards a profound understand-
ing of hot and dense QCD matter.A coherent research programme of QCD matter at the SPS, is
complementary to other emerging facilities worldwide like BNL/BES, FAIR/CBM, JINR/NICA
or J-PARC, and brings valuable and unique contributions in the exploration of the QCD phase
diagram.

QCD theory community: It is essentialto support coherently the QCD theory community to
succeed in the above programs and to link QCD to frontier research in particle and nuclear
physics. This also concerns strong community support of developments of general purpose
Monte Carlo event-generators and numerical LQCD.

Organization: Strengthening the synergies in research and technology with adjacent �elds
has the potential to reinforce our efforts. Global platforms, networks and institutes have the
potential to enhance the research exchange among experts worldwide and to provide essential
training opportunities.



Chapter 5

Flavour Physics

This chapter discusses the present and future �avour quest, focusing �rst on the physics of
the spectrum lighter than� GeV, and then on the heavier fermions, the heavy SM bosons, and
�nally the �avour-dark sector connection. The terminology short-term, mid-term and long-term
will denote, respectively, present experiments, updates of the latter (e.g. LHCb Upgrade II)
as well as approved projects (e.g. Belle II, HL-LHC, Mu3e, etc.), and future facilities under
discussion.

5.1 Introduction/Theory of Flavour
That fundamental forces arise as gauge interactions is experimentally an extremely successful
prediction of the Standard Model (SM) of particle physics. In contrast, within the SM a deep
understanding of the rationale for the Higgs couplings and the �avour structure remains to be
achieved. There is a striking difference between the simplicity of the gauge sector, described
by just three gauge couplings, and the complicated structure of the rest of the SM with over
twenty Higgs related parameters describing the SM �avour structure. This suggests that �avour
physics is a unique portal to a more fundamental organizing principle.

Further fundamental questions emerge when attempts are made to couple the SM and
gravity. The quantization of the latter remains a crucial open question. In addition, the data
point towards a Universe that cannot be understood solely in terms of the SM and gravity.
There is strong evidence for the existence of new particles andnew particlephysics(NP):

– Experimental evidencewhich remains unexplained within the SM laws, to wit

1. Dark matter, whose nature is unknown, and the mass range of possible dark matter
candidates spanning across over eighty orders of magnitude.

2. Neutrino masses. The SM gauge group allows for Majorana neutrino masses, justi-
fying their suppressed values, but the size of the putative Majorana scale is unknown.

3. The observedmatter-antimatter asymmetryof the Universe.

– Strong tensions and �ne-tunings within the SM, such as

1. The electroweak (EW) hierarchy problem. “Why is the Higgs so light?” when its
mass isa priori sensitive through quantum corrections to any putative NP scale
higher than the EW one. What stabilises the Higgs vacuum expectation value?

65
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2. The strong CP problem, that de�nes the QCD vaccuum. Why is itsq parameter
experimentally constrained to be extremely small? Fora priori no good reason.

3. The �avour puzzle. Why are there three generations of quarks and leptons? What
accounts for the very different masses and mixings? What �xes the size of CP-
violation, largely insuf�cient to explain the observed dominance of matter over anti-
matter?

The �avour puzzle, in particular, feeds into the �rst two tensions. For instance, within the SM
the top loop gives the main contribution to the EW hierarchy problem, while the strong CP
problem is an issue only in as much as all the quarks have non-zero masses. Furthermore,
many NP models designed to solve the EW hierarchy problem tend to worsen the strong CP
problem and generate unacceptably large contributions to electric dipole moments (EDMs), as a
consequence of the presence of CP-violation in non-chiral �avour changing couplings. All three
tensions in their core amount to the question of why certain parameters are very small. In natural
theories small numbers are explained by symmetries or dynamical assumptions, suggesting that
the SM needs to be extended in order to become a natural theory.

The underlying nature of CP violation, which is at the heart of many open questions, de-
serves special mention. On the one hand, the combination of the discrete symmetries C, P and
T is essential to the formulation of quantum �eld theory itself. On the other hand, CP viola-
tion is at the backbone of the SM three-family �avour puzzle and of the strong CP problem.
In addition, it is also an essential ingredient to generate the observed baryon asymmetry (as-
suming baryogenesis). From a practical perspective, it is one of the main driving forces behind
the present experimental efforts, especially in the neutrino sector. Finally, dark matter itself
may have �avour structure, and a true understanding of �avour would then require an interdis-
ciplinary exploration. As a side bene�t, the present and planned �avour experiments are often,
without special requirements, sensitive to light dark matter candidates such as feebly interacting
particles.

The progress in understanding the above fundamental questions can be made through a
variety of tools: directly by increasing the energy at which the world of fundamental particles
and forces is explored, or indirectly by making precise measurements of rare or even SM forbid-
den processes, relying on quantum mechanical effects to probe shorter distances or effectively
higher energies. The expected experimental progress, especially with regards to the indirect
probes, can be neatly encoded in the model-independent tool of effective Lagrangians. As long
as the NP particles are heavier than the energy released in a given experiment, their impact can
be included via effective operators of increasing mass dimensions, constructed from the SM
�elds. The resulting effective �eld theory (SM-EFT) has the following form:

L eff = L SM +
C5

L M
O(5) + å

a

Ca
6

L 2O(6)
a + � � � : (5.1)

The dimension �ve (d = 5) operatorO(5) breaks lepton number and, if present, induces Majo-
rana neutrino masses of orderv2=L M, whereL M is assumed to be much larger than the elec-
troweak (EW) scalev. Thed = 6 operatorsO(6)

a encode the effects of NP particles of generic
massL . Experiments probe the ratiosCa=L 2.

For a qualitative appraisal, Fig. 5.1 illustrates the scales probed by the present �avour
experiments (light colours) and mid-term prospects, assumingCa

6 � O(1) [251]. This can be
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs �avoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct �avour-blind searches and EW precision measurements. The operator
coef�cients are taken to be either� 1 (plain coloured columns) or suppressed by MFV factors
(hatch �lled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using �avour-blind operators that have the optimal reach [251]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of �avour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coef�cients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch �lled
areas) [252–255]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factora =4p � 10� 3 (wherea denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the �avour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of �avour physics to probe NP. The next generation of precision particle physics
experiments will probe signi�cantly higher effective NP scales, as discussed in more detail
below.
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Fig. 5.2: On the left, one example of SM contribution to the quark EDM; on the right, one-loop
new physics contribution, exempli�ed by a generic supersymmetric contribution mediated by
squarks and gauginos.

5.2 Light sector: spectrum below GeV (short-, mid- and long-term)
5.2.1 Electric dipole moments (n, p, charged leptons, atoms)

Electric dipole moments are the P- and CP-odd counterparts (from CPT conservation) to mag-
netic moments. They arise from a set ofO(6)

a operators in Eq. (5.1) which �ip the chirality of a
fermion and involve the EW �eld strengths and the Higgs doublet. After spontaneous symmetry
breaking they result in a coupling of the fermion spin~s to the electric �eld~E of the formd~s �~E,
whered denotes the EDM strength.

The EDMs are clean and powerful probes of new physics (NP). In the SM, the EW con-
tributions to quark EDMs arise only at 3 loop-level and are extremely suppressed due to the
chiral nature of the SM �avour changing currents: the predictions lie well below present sensi-
tivities. The same applies to leptons taking into account the known structure of neutrino masses
and mixings. In contrast, most new physics models include new mediators and new sources of
CP violation that can generate EDMs already at one-loop level, see Fig. 5.2. The bounds on
the EDMs thus severely constrain NP scenarios. For instance, in the absence of a suppression
mechanism the new contributions to the EDMs can be easily in the range of 10� 23� 10� 25 e�cm,
which is already in con�ict with the present experimental bounds. Note that the EDMs are null
searches; any nonzero signal at present or projected sensitivities would imply new physics.

The quark (or hadron) EDM and lepton EDM searches are complementary, as they may
test different physics. The leptonic EDM is necessarily sourced by EW physics, while the
hadronic EDMs are sensitive to both the EW and the strong interactions, for instance theq
parameter of QCD. The EDM searches are also complementary to the high-energy CP probes,
since they probe a different combination of NP parameters. The combination of quark and
lepton searches for CP violation at different frontiers is thus a formidable tool to test for NP.

The current experimental limit on theneutron EDM is dn < 3:6 � 10� 26 e�cm at 95%
CL [229], and for theelectron EDM de < 1:1� 10� 29 e�cm at 90% CL [256]. These bounds
already test NP at mass scales above 10 TeV and up to� 106 TeV, see Fig. 5.1 (light yel-
low columns). A variety of other systems have also been explored as sensitive probes of
the EDMs: atoms, protons, deuterons, muons and different molecules. The current status of
the measurements is reported in Table 5.1. The European collaborations lead current neutron
EDM searches [227], while the best limits using molecules [256], diamagnetic atoms [257] and
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Table 5.1: Current EDM limits. In the table,Qm denotes the magnetic quadrupole moment,CS
is the scalar form factor, andmN andRCs are the nuclear magneton and the nuclear radius of
133Cs, respectively. For further details and a complete review of the experimental scenarios see
Ref. [229].

Result 95% u.l.

Paramagnetic systems

Xem dA = ( 0:7� 1:4) � 10� 22 3:1� 10� 22 e cm
Cs dA = ( � 1:8� 6:9) � 10� 24 1:4� 10� 23 e cm

de = ( � 1:5� 5:7) � 10� 26 1:2� 10� 25 e cm
CS = ( 2:5� 9:8) � 10� 6 2� 10� 5

Qm = ( 3� 13) � 10� 8 2:6� 10� 7 mNRCs

Tl dA = ( � 4:0� 4:3) � 10� 25 1:1� 10� 24 e cm
de = ( 6:9� 7:4) � 10� 28 1:9� 10� 27 e cm

YbF de = ( � 2:4� 5:9) � 10� 28 1:2� 10� 27 e cm
� ThO de = ( 4:3� 3:1(stat.)�

� 2:6(sys.)) � 10� 30 1:1� 10� 29 e cm
*90% C.L. CS 7:1� 10� 10

HfF+ de = ( 0:9� 7:9) � 10� 29 1:6� 10� 28 e cm

Result 95% u.l.

Diamagnetic systems

199Hg dA = ( 2:2� 3:1) � 10� 30 7:4� 10� 30 e cm
129Xe dA = ( 0:7� 3:3) � 10� 27 6:6� 10� 27 e cm
225Ra dA = ( 4� 6) � 10� 24 1:4� 10� 23 e cm
TlF d = ( � 1:7� 2:9) � 10� 23 6:5� 10� 23 e cm
n dn = ( � 0:21� 1:82) � 10� 26 3:6� 10� 26 e cm

Particle systems

m dm = ( 0:0� 0:9) � 10� 19 1:8� 10� 19 e cm
t Re(dt ) = ( 1:15� 1:70) � 10� 17 3:9� 10� 17 e cm
L dL = ( � 3:0� 7:4) � 10� 17 1:6� 10� 16 e cm

Table 5.2: Summary of the neutron EDM facilities [259].

Place UCN source sensitivityddn start
ILL 4He (SuperSANS) at reactor 10� 27 2019

PIK (Gatchina) sD2 at PIK reactor 2� 10� 28 2022
PSI sD2 at Spallation Source 10� 27 2019

TRIUMF 4He at spallation source 10� 27 2020
SNS (Oak Ridge) 4He at spallation source 2� 10� 28 2022

LANL sD2 at Spallation Source 1� 3� 10� 27 2019
RCNP 4He at Spallation Source few� 10� 27 under study
JPARC Spallation Source few� 10� 27 under study
TUM sD2 at FRMII reactor 10� 28 > 2022
ILL stack of 1004He source/EDM cells 10� 29 > 2024
ESS cold neutron beam 10� 25 � 10� 26 > 2024

muons [258] presently come from the experiments conducted in the US.

In the short- andmid-term, several neutron EDM projects are in various stages of de-
velopment, as summarised in Table 5.2. In Europe [ID123], they are grouped around reactor
facilities (ILL Grenoble, FRM-2 Munich, PNPI Gatchina) and intense proton-driven spalla-
tion neutron sources (PSI-Villigen, ESS-Lund). Worldwide, there are three important neutron
EDM projects under development: SNS (Oak Ridge), LANL (Los Alamos) and TRIUMF (a
Japanese-Canadian collaboration).

The searches for the EDMs of charged particles such asprotons or deuteronscan be
performed using the storage rings [260]. Theshort- andmid-term strategies rely on a step-wise
plan. The preparatory stages include the exploratory measurements by the JEDI collaboration
[261] (using COSY at FZJ) to demonstrate the technical feasibility. Since 2017, the CPEDM
collaboration [262] has investigated options for the design and construction of a storage ring
for EDM measurements of charged states. The construction of the high-precision electric-�eld
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Fig. 5.3: Summary of current EDM limits (empty circles) and short/mid-term planned sensitiv-
ities (full circles) for light quarks, strange and charm quarks, electron, muon and tau [259].

storage ring could start in 2027, and achieve theproton EDM sensitivity goal of 10� 29 e�cm, at
the same level as the neutron EDM sensitivity prospects. The prototype ring and the CPEDM
stages are host independent.

The ACME Collaboration [256] has recently obtained a new limit on theelectron EDM,
de < 1:1� 10� 29 e�cm at 90% CL [256]. In the mid-term, substantial improvements by a factor
of 10� 20 in sensitivity are possible with further developments of the ACME technique, al-
lowing to probe increasingly high scales of new physics. Fig. 5.1 illustrates in dark yellow the
substantial improvements expected in the mid-term for the electron and neutron EDMs.

So far, themuon EDM searches have been a byproduct of the muong� 2 experiments,
as presently pursued at FNAL [263] and projected at J-PARC [264]. In contrast, PSI intends
to exploit their high-intensity muon source for a dedicated muon EDM measurement, using a
compact storage ring [265]. Searches formolecular and atomic EDMsare traditionally done
in smaller groups at university laboratories. In Europe this is, for instance, the case for129Xe
and 199Hg atomic EDM searches at TUM (Munich), PTB (Bonn) and FZJ, or the YbF and
BaF molecular searches at Imperial College London and University of Groningen, respectively.
Some smaller projects must be hosted at radioactive beam facilities such as ISOLDE. Several
EDM experiments also rely on ideal magnetic environments which need advanced shielding
and often use facilities such as the magnetically shielded room, BMSR-2, at the PTB Berlin or
at TUM.

The current EDM upper limits for different fundamental systems and the expected sensi-
tivities at present and planned facilities are summarised in Fig. 5.3.

Extending EDM searches to heavier probes, such as tau leptons and baryons, can provide
qualitatively new BSM probes. These are especially interesting if the structure of the BSM
contributions overcomes the inherently lower experimental sensitivities.

For thetau EDM, searches could be performed in themid- and long-term at Belle II
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or, with even higher sensitivity, at the Super Charm-Tau (SCT) factories, such as SCT BINP
at Novosibirsk [266] [ID49], and STCF/HIEPA in China [267, 268], exploiting the polarised
beams and the large statistics of 1010t t̄ pairs per year.

New ideas forheavy baryon electric and magnetic momentsearches via spin precession
of channeled particles in bent crystals are also being considered. These would require extraction
of multi-TeV particle beams, which is being studied at the LHC [269, 270]. It could also open
the door to measurements of magnetic moments of short-lived heavy-quark baryons.

5.2.2 m! e transitions: short-, mid- and long-term

The searches for chargedlepton �avour violation (LFV) probe new physics in a manner that
is complementary to the collider, dark matter, dark energy, and neutrino physics programmes.
They already test NP �avour scales up to 104 TeV (see Fig. 5.1, light blue), while the sensitivity
is expected to substantially increase in the mid-term, as shown in Figs. 5.4 and 5.1 (dark blue).
The highest sensitivity relies on the use of high-intensity muon beams to search for the “golden”
m! e transitions [ID25].

Theshort-term prospects for the different muon channels include:

The m+ ! e+ g decay: MEG II at PSI [271]. The signature consists of a back-to-back
photon–positron pair coincident in time, each with an energy ofmm=2. To fully pro�t from

the high intensitypE5 muon beam (� 108 stoppedm+ =s), MEG II detector must succeed in
mitigating the dominant accidental backgrounds. For the upgraded detector the improvements
of resolutions by roughly a factor 2 should allow a factor of ten improvement in the expected
sensitivity at the end of the 2020-2023 physics run, giving the projected reach of BR(m! eg) <
6� 10� 14 [271].

The m+ ! e+ e� e+ decay: Mu3e at PSI [272]. The experimental signature consists of
three time-coincident charged particle tracks from a common vertex, with the energy of the
�nal state particles ranging from below 1 MeV up to� mm=2. Excellent timing and vertex
resolutions can suppress the dominant accidental backgrounds, while a very good resolution of
the �nal state energy successfully controls the intrinsic backgrounds. In principle, the sensitivity
of Mu3e Phase-I is only limited by the maximal muon rate. Commissioning is scheduled for
2021, and after 3 years of operation Mu3e Phase-I aims at a sensitivity of 2� 10� 15 (90% CL)
using the existingpE5 beamline at PSI [272].

The m� � e� conversion in Al: the neutrinoless conversion processm� N ! e� N has
a clean experimental signature: an outgoing electron with an energy near the muon mass. In
the short term, two experiments, COMET at J-PARC [273] [ID38] and Mu2e at FNAL [274],
are under construction, both based on a system of three solenoids with graded magnetic �elds.
COMET Phase-I will �rst carry measurements of the muon yield and determine rates for var-
ious background processes. With over 109m� =s from the 3.2 kW proton beam, the projected
sensitivity is 7� 10� 15 (90%CL). The Mu2e experiment aims at a sensitivity of 8� 10� 17 (90%
CL) [274], with the current FNAL 8 kW proton beam giving 1010m� =s.

It is important to note that the programme of the LFV dedicated experiments is versatile
and can be adapted to include other searches. Examples include: searches for exotic light
particlesX via m� ! e� X at MEG II, Mu3e and COMET; dark photonsA0via m+ ! e+ nn̄A0

(with A0! e+ e� ) at Mu3e; lepton number violation (LNV) viam� + N(A;Z) ! e+ + N0(A;Z�
2) and other LFV processes such asm� e� ! e� e� , both at Mu2e and COMET.
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Fig. 5.4: Planned data taking schedules for current experiments searching for LFV muon-
electron transitions, as well as the schedules and expected sensitivities for future up-
grades [ID25].

Mid- and long-term prospects for LFV muon channels: The next generation searches
rely on the advent of very intense muon beams, which can increase the stopped muon rate by a
factor 10–100 [ID25]; these will be available at PSI, J-PARC and FNAL.

At PSI, the new High Intensity Muon Beamline (HiMB) project could deliver over 1010

stoppedm+ =s. However, going beyond a sensitivity of 10� 15 in them! eg decaywill require
a new experimental concept. Form! 3e searches, the upgrade Mu3e Phase-II with larger ac-
ceptance and higher rates can improve the sensitivity below 10� 16, with the physics programme
expected to span the years 2025-2030.

Concerningm� econversion, COMET Phase II will reach a sensitivity for the conversion
rate (CR) of CR(m� e, Al)� 2:6� 10� 18 (90% CL), by utilizing over 1011 stoppedm� =s from
the 56 kW proton beam at the J-PARC Main Ring [ID38, ID76]. COMET Phase II (whose
original design [ID38] aims at a sensitivity of 7� 10� 17 (90% CL)) is now being redesigned
to improve toO(10� 18) for the same beam power [275]. With further upgrades to the beam
(1.3 MW) and to the detector systems, the high-intensity beam provided by PRISM will allow
for the use of heavy targets, such as Pb, Au, and thus to achieveO(10� 19) sensitivities [ID38].
The Mu2e-II upgrade, with detector and solenoid improvements, will bene�t from the increased
proton beam intensity of the PIP-II project at FNAL with 100 kW of protons and 1011m� =s. For
a Titanium target the Mu2e-II sensitivity can be improved by a factor ten or more [276,277].

In the long term, the PIP-II beam at FNAL offers the possibility to study at the same
facility distinct LFV observables,m! eg, m! 3e, m� N ! e� N0andm� e� ! e� e� , relying
on either pulsed or non-pulsed beams.

5.2.3 Kaons: short-, mid- and long-term

Kaon decays are powerful probes of new physics in the quark sector. The sensitivity of kaon
observables to new physics in general surpasses that ofB-meson decays, because of the stronger
�avour (CKM and GIM) suppression factors of the SM contributions. Current experimental
sensitivity already probes new physics scales up to� 105 TeV, as can be seen from Fig. 5.1 (in
light green).

K ! pn̄n decaysare at present the driving goal of kaon physics. Their potential is due to
the excellent theoretical precision, and to the possibility of disentangling different new physics
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models. The SM predictions are BR(K+ ! p+ n̄n)= ( 9:31� 0:76) � 10� 11 and BR(KL !
p0n̄n)= ( 3:74� 0:72) � 10� 11 [278, 279]. An experiment aiming at the 10% measurement
for the K+ decay rate is underway, and a discovery experiment for theKL decay is running.
In addition, severalKL-dedicated experiments aiming at the 15� 20% sensitivity are under
proposal, and ultimate experiments aiming at the precision of a few % for both modes are being
discussed.

The charged kaon decay modehas been measured at E787/E949 [280], BR(K+ !
p+ n̄n)= 17:3+ 11:5

� 10:5 � 10� 11. In the short-term, NA62 is committed to deliver a measure-
ment withO(10%) precision prior to the Long Shutdown 3 (LS3) (preliminary results from
the analysis of 2017 data show two events in the signal region consistent with the SM expec-
tation [281]). A feasibility study is also underway to improve the precision of measurements
at the higher beam intensities available after LS3 [279, 282]. For theneutral decay mode,
KL ! p0n̄n, the dedicated KOTO experiment at J-PARC [ID76] has recently obtained the limit
BR(KL ! p0n̄n) < 3� 10� 9 (90% CL) [283]. In themid-/long-term, both KOTO as well as
the KLEVER project at CERN [ID153] aim at signi�cant progress. KOTO proposes to reach an
O(100) SM event sensitivity by using the increase of the J-PARC Main Ring power to 100 kW
and by upgrading the experiment [284]. KLEVER [285] [ID153], using the 400 GeV SPS pro-
ton beam, might start data taking during the LHC Run 4 (2026). The benchmark goal is to
collect around 60 SM events in �ve years of data taking, assuming a delivered intensity of 1019

pot/year. The joint prospects of KOTO and NA62 in the corresponding kaon decay modes, as
well as long term prospects including KLEVER and a second phase KOTO-II (under discus-
sion) [286] [ID76], are schematically depicted in Fig. 5.5. The upcoming results expected from
NA62 and the evolution of the Japanese project will guide the future European steps in this
research �eld.

Concerning theKS decay modes, the mid-term prospects rely on the HL-LHC. The
LHCb Upgrade II can approach the SM value BR(KS ! mm)= 5:2 � 10� 12 [287], and sig-
ni�cantly improve the precision of the measurements done by NA48 (e.g.KS ! pmm;ppee).
The ultimate reach of LHCb Upgrade II could beO(10� 15) for someKS decay modes [279].

Kaon decays further offer a good laboratory forLFV, LNV and lepton �avour univer-
sality violation (LFUV ) searches, given the high statistics, clean signatures and controlable
backgrounds. TheK+ andKL �uxes allow “parasitic”charged LFV decay searches below the
10� 12 branching ratio level [279]. ForLNV decays, NA62 has already obtained the bounds
BR(K+ ! p � e+ e+ (m+ m+ )) < 2:2(0:42) � 10� 10 at 90% CL, from the 2017 data set [288].
In theshort-term, the full data collected for the latter modes will be about three times larger.
LFUV in kaon decays can be probed via the comparison of the helicity-suppressed widths,
through the ratioR`

K = G(K� ! e� n)=G(K� ! m� n). In the short-term, both TREK at J-
PARC [289] and NA62 are expected to reduce the current errors, to 2.5 per mille and sub-per
mille level, respectively [279,282].

New concepts to testdiscrete symmetriesin kaon decays are being considered. As an
example, TREK is exploring T violation inK+ ! p0m+ n. For the CP violation observableseK
ande0=e, no signi�cant experimental developments are foreseen. On the theory side, however,
progress in the computation of the weak matrix elements and in the determination of the CKM
angles will play a clear role. In particular, the �rst SM computation ofe0=e with fully controlled
uncertainties is expected in the short-term [290].

The kaon sector also has a unique role in the determination of CKM elements, including
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Fig. 5.5: Educated guess for the future of theK ! pn̄n decays (shaded vertical and horizontal
regions): mid and long-term (respectively left and right panels) [279]. Original �gure from
Ref. [292]: the red region illustrates the lack of correlation for NP models with general left-
handed and right-handed couplings; in green the correlation present in some MFV models; in
blue the correlation induced by the constraint fromeK if only left- or right-handed couplings
are present.

new CKM unitarity tests through the emerging kaon unitarity triangle [291] (see Sect. 5.5). The
sensitivity of related kaon observables to new physics scales is illustrated in Fig. 5.1 (present
bounds from kaons andB mesons in light green, LHCb Upgrade-II prospects in dark green).

Ultra-rareKL andK+ decays are clearly the most-promising goal of the �eld. Existing
machines are fully adequate for the next step in kaon physics. However, ultimate discoveries
require very high hadron intensities which could be provided in thelong-term by intense, high-
duty-cycle extracted proton beams, such as from the J-PARC main ring, or from the proton
drivers required for a future hadron collider, with a beam power in the MW range.

5.3 Heavy sector (short-, mid- and long-term)
Due to their larger masses, the heavy fermions might offer a privileged handle on the Higgs
couplings and on the origin of the �avour puzzle. The �avour quest in the beauty, charm and
tau sectors is discussed �rst, followed by that for the top and gauge bosons.

5.3.1 Charm and beauty: short-, mid- and long-term

The �avour physics results obtained at the LHC in the past decade have far exceeded expecta-
tions. A combination of measurements by LHCb and CMS resulted in the observation of the
long sought-afterBs ! m+ m� decay mode in 2014 [294]. Remarkable progress has been made
in CP violation studies in the beauty sector including measurements of the CKM angleg by
LHCb [295], Bs mixing phasef s by ATLAS and LHCb [296, 297], and the discovery of CP
violation in theBs system by LHCb [298]. In charm physics, a landmark result was obtained
by LHCb in 2019 with the observation of CP violation [299], opening a new �eld of study.
Spectroscopic studies also yielded important results, with several new hadronic states found by
the LHCb, including the observation of pentaquark states [300, 301] in 2014 and 2019. The
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