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Foreword
The CSN1 (Commissione Scientifica Nazionale 1) is the INFN committee which manages experiments
at high energy particle accelerators. This document describes our understanding of the current scientific
scenarios and proposes a strategy for the next 10 years in the context of a 20-year global vision for this
field of research.

The idea for this document was born during 2013. Many excellent experimental results had been
obtained, including the newly discovered low mass Higgs boson, but there was still no hint of new
physics both in direct and indirect searches. The future was full of proposals for new experiments and
research infrastructures, and major upgrades of the existing ones, but all motivations had to be evaluated
in a global context. In general there was a clear need to re-analyze in depth our science drivers and then
find a consensus within our community about the strategy for the future. This need was reinforced by
the perception that funding in our field was becoming more difficult. Since potential new programs are
expensive, choices were going to be needed and priorities would need to be set.

During the November 2013 meeting of CSN1 there was a discussion on how to deal with this
situation. In the end we decided to start a process leading to the proposal of a long term strategy to
be published in a "White Paper" on the time scale of approximately a year. We decided that the whole
community should be involved with the help of many well known theorists 1. This required some orga-
nization, so we formed four working groups covering the following scientific topics: "Direct searches of
new physics", "Precise Standard Model measurements", "Flavour physics" and "Non-perturbative QCD".
These topics cover completely all scientific activities present in CSN1. Each working group is coordi-
nated by four conveners: two theorists and two experimental physicists.

A similar process involving all INFN activities was started one month later by the INFN top
management under the name of "What Next" and the CSN1 working groups morphed quite naturally
into this extended organization, while retaining also their original scope. In addition to its use for CSN1,
this document represents our main contribution to the more global "What Next" process.

Two widely attended workshops have been organized to discuss the activities ongoing within the
working groups. First a kick off meeting of the whole "What Next" in Rome on April 7-8, 2014; then a
dedicated CSN1 workshop in Elba on May 22-24, 2014.

Thereafter an editorial committee was setup to coordinate the writing of the document and a pre-
liminary draft was discussed during the December 2014 meeting of CSN1. An updated version was
released shortly afterwards for comments from the members of CSN1, the conveners and participants of
the working groups. After inclusion of the suggestions received, an open meeting was held on January
15th to discuss the document and in particular its conclusions. The conclusions were approved during the
CSN1 meeting of January 19-20, 2015 and the full document has been released for public distribution in
May 2015.

President of CSN1,
Dr. Franco Bedeschi

1We thank CSN4, the INFN committee handling theoretical physics, for its strong support and active collaboration.

vi



Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Present and Future Accelerators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Current facilities and planned evolution . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Future projects for the energy and intensity frontier . . . . . . . . . . . . . . . . . . . . 7
2.3 Novel techniques for particle acceleration . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4 High Field Magnets for post-LHC hadron colliders . . . . . . . . . . . . . . . . . . . . 14
2.5 Muon Colliders and Muon Cooling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3 Technological aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.1 Detector technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2 Trigger and Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.3 Computing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
4 Standard Model Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.1 Higgs Properties and Couplings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.2 Experimental measurements with W and Z bosons and QCD . . . . . . . . . . . . . . . 39
4.3 Top quark physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.4 Status of Monte Carlo generators for high energy colliders . . . . . . . . . . . . . . . . 52
4.5 Standard Model Physics: Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . 56
5 Physics Beyond Standard Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2 Composite Higgs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.3 Supersymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.4 Naturalness-independent scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
5.5 Collider friendly dark matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
5.6 Physics Beyond Standard Model: Summary and Outlook . . . . . . . . . . . . . . . . . 125
6 Flavour Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.2 Kaon Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.3 Charm physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
6.4 B Physics at hadron colliders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
6.5 B Physics at e+e� colliders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
6.6 Lepton Flavour Violation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
6.7 Search for the electron EDM in an electrostatic storage ring . . . . . . . . . . . . . . . . 168
6.8 Extreme Flavour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
6.9 Flavour Physics: Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . 186
7 Hadron Physics and non-perturbative QCD . . . . . . . . . . . . . . . . . . . . . . . . . . 188
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
7.2 Confinement and non-perturbative QCD . . . . . . . . . . . . . . . . . . . . . . . . . . 189
7.3 The nucleon structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
7.4 Hadron spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
7.5 Total, elastic and diffractive cross sections . . . . . . . . . . . . . . . . . . . . . . . . . 200

vii



7.6 Multi-parton interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
7.7 Cosmic rays and the impact of collider experiments . . . . . . . . . . . . . . . . . . . . 207
7.8 Hadron Physics and non-perturbative QCD: Summary and Outlook . . . . . . . . . . . . 211
8 Conclusions and recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
8.1 Future new projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
A Standard Model Physics: in-depth analyses and additional contributions . . . . . . . . . . 221
A.1 Prospects for a precise W mass measurement at LHC . . . . . . . . . . . . . . . . . . . 221
A.2 Monte Carlo tools for electroweak physics . . . . . . . . . . . . . . . . . . . . . . . . . 226
B Flavour Physics: in-depth analyses and additional contributions . . . . . . . . . . . . . . . 230
B.1 A case study at CMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
B.2 Predicting the accuracy of Flavour Lattice QCD . . . . . . . . . . . . . . . . . . . . . . 231

viii



1 Introduction
Particle physics at accelerators has entered a new historical phase with the discovery of what seems
to be, to all effects, the first fundamental scalar field. This phase encompasses three aspects already
present in fundamental science in the past two hundred years. The discovery of the Higgs boson recalls
the excitement of the discovery of the positron in the thirties, which proved that the anti-electron of
Dirac’s equation was not just a mere mathematical artifact. The triumph of the Standard Model recalls
the success of classical electrodynamics at the end of the XIX century, which made scientists believe
that a model, which could potentially explain all phenomena in a laboratory, was at hand. The evidence
of phenomena, which cannot be explained by the Standard Model, recalls the experimental evidence of
radioactivity, new physics at the time, in Curie’s laboratory at the dawn of the XX century.

There is no doubt that new physics exists, beyond the Standard Model, as indicated by the incon-
sistency with a few experimental observations:

– Standard Model fermions constitute only about one sixth of the total matter in galaxies, according
to astrophysical observations;

– neutrinos oscillate and therefore have a mass, while within the Standard Model they are predicted
to be strictly massless.

This evidence for new physics is further reinforced by the lack of natural explanations for some observed
phenomena:

– baryons in our known universe are not matched by an equal amount of anti-baryons, this asymme-
try cannot be dynamically explained within the Standard Model (it must be postulated as a peculiar
asymmetric initial condition);

– the hierarchical pattern of quark and lepton masses, and the approximate symmetries exhibited by
their mixing matrices, are completely unexplained (they are mere free parameters of the model);

– the lightness of the Higgs boson mass compared to the Planck scale (the fundamental mass scale
associated to gravitational interactions) requires an unnatural fine-tuning of the mass term in the
Higgs potential.

The three aspects mentioned above, i) important discovery, ii) precise verification of a model,
iii) unexplained phenomena co-exists at the present time, making this period a special one. There is a
fourth aspect that, again, is not new to fundamental physics. Having found experimental evidence of
all the building blocks of the Standard Model, we have somewhat lost guidance in the search for new
fundamental constituents, and we must rely, rather than on model-dependent prejudices, on the traditional
way of discovering new physics by exploring new frontiers; i.e., making new experimental measurements
or improving the precision of existing measurements.

From the above considerations, two main drivers for particle physics at accelerators can be identi-
fied, on a time scale relevant for this report. The first one is, rather obviously, to understand the role of
the new discovered scalar in electroweak symmetry breaking. The properties of the Higgs boson must
be studied with high precision, similarly to what has been done, in the past, for vector bosons. It is of
paramount importance to understand if the newly discovered scalar particle is indeed the Higgs boson
responsible for the Brout-Engler-Higgs mechanism in the Standard Model or if it is something else, e.g.,
composite or part of a doublet. Furthermore, the role of the scalar in its interactions with other particles
should be clarified. Is the coupling of the scalar boson to fermions, in particular to the most massive
fermion, the top quark, as predicted by the Standard Model? Is the unitarity of WW scattering really
preserved as foreseen if the new boson is the Standard Model Higgs boson? These questions, together
with other related ones, must be answered.

The second major physics driver is evident, too, and it is related to the need to clarify the ex-
perimental observations and the theoretical arguments, which are pointing to the existence of physics

1



beyond the Standard Model. As an example, experiments at accelerators have a considerable potential to
reveal the nature of dark matter (DM) by producing it in high energy interactions. Indeed, the search for
DM at accelerators is complementary to direct and indirect detection of cosmic DM. Another example
is the search for supersymmetric top partners (stop) or other new particles that could shed light on the
stabilization mechanism of the Higgs mass parameter. In this perspective, the search for third genera-
tion partners has gained considerable momentum and is expected to be a very active field of research
in the coming years. Last but not least, the search for deviations from the Standard Model predictions
in flavour-changing transitions of quarks or leptons could reveal new dynamics responsible for the ap-
proximate flavour symmetries observed in nature. More generally, precise studies of flavour-changing
transitions provides an effective tool for indirect searches of new particles, even at mass scales well above
those directly accessible at the LHC.

While the two main physics drivers can be easily defined, the identification of relevant subjects is
more complex. To this end four dedicated working groups have been formed and their conclusions are re-
ported in this document. The status of Standard Model physics and the main expected developments are
described in Chapter 4. Obviously, a large fraction of this chapter is dedicated to the prospect for mea-
surements of Higgs boson properties, including precision measurements of couplings and searches for
rare Higgs boson decays. Improved measurements of the W boson and top quark masses are discussed
next, together with other key electroweak parameters and the strong coupling constant. Electroweak
fits have historically anticipated the top and Higgs boson mass values, they are now a powerful test of
consistency of the Standard Model and, with increasing precision, they could give important indications
for new physics. Di-boson physics is another important subject, giving insight to new phenomena at
energy scales much higher than the accelerator centre-of-mass. The study of top quark properties is
promising for detecting new physics, because of the large top-Higgs Yukawa coupling and because top is
the only quark that decays before hadronisation takes place, allowing unique measurements to be made.
Monte Carlo simulations have progressed enormously in recent years, and they represent an essential
tool for precision measurements and searches; perspectives for further progress are discussed. Chapter 5
is dedicated to physics beyond the Standard Model. The driving principle of naturalness is reviewed and
emphasis is given to scenarios taking into account the most recent experimental results. Supersymme-
try is examined taking as examples the minimal and next-to-minimal models; composite-Higgs models
are also examined. The previously-mentioned interplay between accelerator and non-accelerator-based
searches for dark matter is explored. Naturalness-independent searches, e.g. experimental signatures
of a "dark sector", are also presented. Chapter 6 is dedicated to the discussion of flavour physics. The
experimental program for beauty, charm and tau physics in the next ten years is reviewed, with emphasis
on the sensitivity to new physics and complementarity with direct searches. Prospects for lepton flavour
violation experiments are presented. Dedicated experiments in the kaon sector are also considered. The
possibility of a very-high statistics flavour experiment at LHC (extreme flavour) is also described in
some detail. Chapter 7 is dedicated to experimental measurements and theoretical studies related to non-
perturbative QCD. Prospects for improved measurements of the nucleon structure function are given
here, including studies of the 3-D structure function of the proton. Diffractive physics is reviewed. The
interplay between cosmic ray measurement and related measurements at accelerators is discussed in this
chapter.

Before discussing physics prospects, the scenario for present and future accelerators must be estab-
lished. The relevant accelerator parameters expected for LHC upgrades and for possible future colliders,
in particular ILC and FCC, are given in Chapter 2. This chapter establishes a common ground for the
discussions in the working group chapters, where technical limitations of future accelerators must be
taken into account. Perspectives for developments in the computing, detector and data acquisition areas
are presented in Chapter 3, where potential bottlenecks are highlighted.

Conclusions and recommendations are presented in the last chapter. Material comprising in-depth
analysis and additional contributions can be found in Appendices A and B.
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Executive reading
This document includes a considerable amount of information, in particular in Chapters 4, 5, 6 and
7: a Summary and Outlook section is provided at the end of each of these chapters. We suggest to
readers who wish to have a broad and general view of the subjects to read these summaries and the final
recommendations in Chapter 8.
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2 Present and Future Accelerators
Advancement in particle physics has always been linked with the availability of particle beams of ever
increasing energy or intensity. Given the scope of this report, which is to propose a strategy for particle
physics experiments at accelerators for the next 10 years in the context of a much longer global vision
(20 years or more), a concise description of current facilities, future projects and potential developments
in the field of particle accelerator is required. First the present and near-future landscape of accelerators
dedicated to fundamental science will be briefly reviewed. Subsequently the current plans for future
facilities world-wide will be discussed and the key performance of the future machines as presently
foreseen will be given. New ideas and concepts that may bring more powerful machines for particle
physics in the more distant future will be reviewed in the last paragraph.

2.1 Current facilities and planned evolution
2.1.1 LHC and its future
The Large Hadron Collider at CERN, the most powerful and complex accelerator ever built, is currently
our only tool for the exploration of the energy frontier, and offers the means to explore the forefront of
Standard Model physics and beyond, as discussed in this report. The LHC started initial commissioning
with beam at the end of 2009 and has established excellent operational performance, reaching in 2012
a bunch spacing of 50 ns and a �⇤ of 0.6 m and

p
s = 8 TeV. The integrated luminosity collected by

the two general purpose experiments at LHC was around 6 fb�1 in 2011 and around 25 fb�1 in 2012,
more than enough to enable ATLAS and CMS to announce the discovery of a Higgs boson. The LHC
also enabled LHCb to collect 1.2 and 2.2 fb�1 in 2011 and 2012 respectively, with luminosity limited at
around 4 ⇥ 1032 cm�2s�1 via transverse separation. The versatility of the machine is proved also from
the successful lead-lead and proton-lead runs in 2011 and early 2013, as well as several high �⇤ runs
culminating in the operation at 1 Km �⇤ run for the TOTEM and ALFA experiments. The main machine
parameters for LHC are displayed in Table 1, together with their foreseen evolution for the next decade
towards the High-Luminosity LHC.

Table 1: LHC operation parameters in 2012 run and foreseen evolution towards the HL-LHC. (1) Leveled.

Parameter LHC 2012 LHC post LS1 LHC design HL-LHC
Beam Energy [ TeV] 4 6.5 7 7
�⇤ [m] 0.6 <0.5 0.55 0.15
Bunch spacing [ns] 50 25 25 25
Number of bunches 1380 2590 2808 2736
Max proton/bunch [⇥1011] 1.7 1.15 1.15 2.2
Crossing angle [µm] - 300 285 590
Normalized emittance 1.8(?) 1.8 3.75 2.5
Peak luminosity [1034 cm�2s�1] 0.77 1.7 1 5(1)

Pileup 37 49 27 138(1)

After a long shutdown (LS1) and extensive consolidation work on the dipole splices, the LHC is
expected to start a new run in 2015 reaching 13 TeV centre-of-mass energy. The integrated luminosity
goal for proton-proton collisions is 10 fb�1 in the first year dedicated to establishing operation at 25 ns
bunch spacing. In the following two years a luminosity goal of 100-120 fb�1 has been indicated. The
planned LS2 (see Fig.1) involves several upgrades to the detectors and to the injector complex, which
will enable an increase in beam current and to reach a total of 300 fb�1 of proton-proton collisions by
2022. At that point the LHC machine as well as the ATLAS and CMS detectors are expected to undergo
an extensive upgrade phase in order to cope with an integrated luminosity 10 times higher than design
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Fig. 1: LHC evolution plan.

and bring the total integrated luminosity to 3000 fb�1 by the mid 2030’s (HL-LHC).
At HL-LHC the maximum instantaneous luminosity is kept below 5 ⇥ 1034 cm�2s�1 in order to

increase beam lifetime and integrated luminosity (luminosity leveling [1]), corresponding to around 140
pileup events per bunch crossing. Options employing 50 ns bunch spacing are still discussed in case
of difficulties in establishing operations at 25 ns in 2015 because of electron cloud build-up or other
factors, at the price of allowing much higher event pile up (⇠ 250). Other beam structures are under
investigations, for example a scheme based on 25 ns spacing with 8 bunches and 4 empty bunches can
alleviate the e-cloud problem while keeping the pile up at 140, at a price of relatively small loss of
luminosity. The main features of the upgrade are listed below:

– Wide aperture niobium-tin (Nb3Sn) quadrupoles will be used to replace the present inner triplet
quadrupole magnets. Given the aperture (150 mm) and the peak field (> 12 T) these quadrupole
have a stored energy per unit length twice as larger as the one of the LHC dipoles.

– Wider aperture and revision of the insertion optics and layout will allow a squeeze to �⇤ of 15 cm.
In order to reach such a low �⇤ value, a new optics scheme called ATS (Achromatics Telescopic
Scheme) will be employed to overcome the limitation of the matching section and of the sextupole
correction circuits.

– 11 T Nb3Sn dipoles will be used to make room for collimators in the cold dispersion suppressors.
– Enhanced collimators will be installed for the 500 MJ beams.
– Wide aperture niobium-titanium (NbTi) separator magnets (the first twin aperture magnets moving

away from the interaction point) will be employed.
– Crab cavities, which are high-frequency RF transverse deflectors providing quasi head-on-collisions

at the interaction point, will be used to compensate the luminosity reduction factor caused by the
large crossing angle.

A novel scheme, named crab-kissing [2] is also under investigation to alleviate the pile up density
issue. By turning the bunches also in the perpendicular plane (beside rotating them in the crossing plane
to reduce the angle), the longitudinal pile up density can be reduced by a factor 2. This enhanced set of
parameters may enable to run with a leveled instantaneous luminosity of 7.5⇥ 1034 cm�2s�1 and a total
pile up of 200. In such a case an integrated luminosity in excess of 4000 fb�1 could be reached over the
ten years of HL-LHC operations.
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2.1.2 Muon and kaon beams for rare processes
Facilities providing intense muon or kaon beams currently exist or are being upgraded at Fermilab,
CERN, PSI and J-PARC laboratories.

At Fermilab the 40 year old accelerator complex underwent a first upgrade phase, the Proton
Improvement Plan, which allowed the doubling of the Booster repetition rate and addressed various
reliability concerns. Muon beams for the g-2 and, later on, for the Mu2e experiments will be available,
starting in 2016. Protons from the Booster with 8 GeV kinetic energy will be extracted to produce
secondary muon beams for the g-2 and Mu2e experiments through new dedicated beam lines. The
upgrade path for the Mu2e experiment is centred on the Proton Improvement Plan-II (PIP-II) [3] project.
The main goal is to deliver 1.2 MW of proton beam power from the Main Injector at 120 GeV, for
the start of the foreseen long baseline neutrino experiments (LBNF), but also to enable an order of
magnitude increase in beam power on the Mu2e target. The upgrade can potentially provide intense
kaon beams. The heart of PIP-II is an 800-MeV superconducting linear accelerator, which capitalises on
the lab’s expertise in superconducting radio-frequency technologies. Along with modest improvements
to Fermilab’s existing Main Injector and Recycler accelerators, the superconducting linac, called SCL,
will provide the megawatt proton beam that is needed for the Long-Baseline Neutrino Facility. PIP-II is
planned to deliver beam in the early part of the next decade.

Kaon beams at CERN are provided by the SPS, which can deliver 400 GeV protons at a 30% duty
cycle. About 3 ⇥ 1012 protons per 16.8 second spill are impinging on the North Area targets, yielding
a high intensity hadron beam. As an example, a fixed momentum (75 GeV/c) beam is delivered to the
NA62 experiment at 750 MHZ with an average kaon content of 6%. The SPS fixed-targed running
depends on the LHC schedule and corresponding upgrades, as the SPS fills the LHC with protons. The
current run is expected to end in 2018, two additional runs are expected for the periods 2020-2023 and
2025-2028.

The Swiss Muon Source at the Paul Scherrer Institute (PSI) is currently the world’s most intense
continuous beam muon source. It is powered by the PSI 590 MeV cyclotron with a proton current
of 2200 mA. The proton beam hits two graphite targets, followed by seven beamlines for muon (or
pion) extraction, with available muon energies ranging from 0.5 keV to 120 MeV. For LFV current or
proposed experiments, such as MEG, MEG-II and Mu3e, muons from pions decaying at the surface
of the pion production target are collected (surface muons) and delivered to the detectors with beam
transport systems including superconducting solenoids. The beam line currently available for particle
physics (⇡E5) provides muons at 1.6 ⇥ 108 Hz; an upgraded beam line with a rate of 4 ⇥ 1010 Hz
(HiMB) is under study.

The J-PARC accelerator complex at Ibaraki comprises three proton accelerators; the 50 GeV high-
intensity main ring (MR) is used for particle physics applications. The MR feeds two extraction ports.
The slow extraction (SX) port directs the high-energy protons to the Hadron Experimental Facility where
experiments are carried out with kaon beams. Protons from the fast extraction (FX) port are guided by a
superconducting magnetic array towards the pion production target. Neutrinos generated in pion decay
processes are sent as part of the T2K experiment to the Super-Kamiokande facility. High-intensity muon
beams generated in the same process can be used for LFV experiments, muons rates in excess of 1011

Hz are foreseen for the years 2019/2020.

2.1.3 Electron-positron colliders
Current facilities taking the role of �, charm/tau and b factory are, respectively, DAFNE, BEPC-II and
SuperKEKB.

The �-factory DAFNE is located in Frascati; it provides colliding beams of 510 MeV, with up
to 120 bunches per beam and a maximum stored current per ring of 5.2 A. Each Main Ring of the
DAFNE collider consists of two 180 degrees bends of different length, the "short arc" and the "long
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arc", reaching a maximum diameter of 32.5 m. The maximum achieved luminosity by DAFNE (2009) is
4.36 ⇥1032 cm�2s�1, with electron and positron beam currents of 1.47 and 1.00 A, respectively.

The BEPC-II accelerator in Beijing consists of a 202 m long electron-positron linac injector, a
storage ring with circumference of 240.4 m, and in connection with each other, 210 m transport lines.
It has a design luminosity of 1 ⇥ 1033 cm�2s�1 at the beam energy of 1.89 GeV, with 93 bunches and
a beam current of 1.1 A. Its installation was completed in the summer of 2005 and it has reached most
of the design specifications. First beams were provided in 2009 to the BES-III experiment and about
8 fb�1 have been collected to date at various centre-of-mass energies, from the J/ resonance to the ⇤c

production threshold.
SuperKEKB is a very high-luminosity asymmetric b-factory located at the KEK site in Japan. It

consists of a low energy ring (LER) hosting a beam of 4 GeV and a high energy ring (HER) where the
beam energy is 7 GeV. It’s a multi-bunch machine with 2500 bunches with bunch currents of 1.44 mA
(1.04 mA) for the LER (HER), respectively. The design luminosity is 8 ⇥ 1035 cm�2s�1. In order to
achieve such a very high luminosity crab cavities are employed, together with strong focusing and large
crossing angle at the interaction point (nano-beam scheme). The SuperKEKB project was approved in
2010 and the collider is under commissioning at the moment of writing this report.

2.2 Future projects for the energy and intensity frontier
2.2.1 The International Linear Collider
The idea of a high-energy linear collider based on superconducting RF cavities dates back to the pio-
neering work done by the TESLA collaboration in the nineties. The current project, the International
Linear Collider (ILC) [4–6], foresees a high-luminosity linear electron-positron collider based on 1.3
GHz superconducting radio-frequency (SCRF) accelerating technology. The possibility of obtaining
high-gradient with SCRF has been demonstrated at the TESLA test facility at DESY where 35 MV/m
have been reached. The same technology foreseen for the ILC is being employed at the European X-
ray free-electron laser (XFEL), a 17.5 GeV linear accelerator currently under construction, and whose
commissioning is expected in 2016.

The centre-of-mass-energy range foreseen for the ILC is from 200 to 500 GeV, extendable to
1 TeV. At the ILC beams are produced by a polarised electron source based on a photocathode DC
gun and a polarised positron source in which positrons are obtained from electron-positron pairs by
converting high-energy photons. These photons are produced by passing the high-energy main electron
beam through an undulator. Electron and positron damping rings (DR) with a circumference of 3.2 km
are housed in a common tunnel and host beams of 5 GeV. Beams are transported from the damping
rings to the main linacs, where are injected after bunch-compression. The two main linacs utilise the
already mentioned 1.3 GHz SCRF cavities operating at an average gradient of 31.5 MV/m, with a pulse
length of 1.6 ms. Two beam-delivery systems, each 2.2 km long, bring the beams into collision with a 14
mrad crossing angle, at a single interaction point which can be occupied by two detectors in a so-called
push-pull configuration.

The total length of the ILC complex, expected to be hosted in Japan, is 31 km. The electron source,
positron source and the electron and positron damping rings are expected to be centrally located around
the interaction region. The damping-ring complex is displaced laterally to avoid interference with the
detector hall. The electron and positron sources themselves are housed in the same (main accelerator)
tunnels as the beam-delivery systems, in order to reduce the overall cost and size of the central-region
underground construction.
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Table 2 shows the ILC parameters for several centre-of-mass energies, including possible upgrades
and staging. These parameters have been optimised taking into account the constraints imposed by the
various accelerator sub-systems. For example, the bunch charge, bunch spacing and the total number
of bunches in the damping rings are limited by various instability thresholds (most notably the electron
cloud in the positron ring), realistic rise-times for the injection and extraction kickers, and the desire to
minimise the circumference of the rings. The beam current is further constrained by the need to minimise
the number of klystrons (peak power) and higher-order modes (cryogenic load and beam dynamics). Dy-
namic cryogenic load (refrigeration) is also a cost driver, which limits the repetition rate of the machine.
Both the electron and positron sources constrain the achievable beam current and total charge: for the
laser-driven photocathode polarised electron source, the limits are set by the laser; for the undulator-
based positron source, the limits are set by the power deposition in the photon target. Finally, at the
interaction point, single-bunch parameters are limited by the strong beam-beam effects and requirements
on both the beam-beam backgrounds and beam stability.

2.2.2 CLIC
The CLIC scheme [7] represents to date the only available technology to build an electron-positron col-
lider in the multi-TeV energy range keeping reasonable accelerator length, cost and power consumption.
In this scheme the required RF power is provided by a low-energy high-intensity drive beam, which is
decelerated in dedicated power-extraction and transfer structures (PETS) feeding accelerating structures
for the main high-energy beam.

In the current design [8] the two main accelerators of CLIC accelerate electrons and positrons
from 9 GeV to 1.5 TeV in one pass, reaching a centre-of-mass energy of 3 TeV. An accelerating gradient
of 100 MV/m is foreseen to limit the length of the machine to less than 50 km. The kinetic energy of
a 2.4 GeV drive beam of 100 A intensity is used to generate an RF power of about 270 MW by means
of low-impedance PETS, which decelerate the drive beam and high-impedance accelerating structures.
The two beam lines run parallel at a distance of 60 cm. The main beam is pre-accelerated to 9 GeV
in an injection linac and enters damping rings for emittance reduction before entering the high-energy
accelerating structure. In order to avoid breakdown at such an high gradient the beam pulse has to be
limited to 150 ns, about 300 high-charge bunches (3.7 ⇥ 109 e±) spaced by only 0.5 ns have to be
accelerated to yield a peak luminosity of 5.9 ⇥ 1034 cm�2s�1. Such a short bunch interval makes the
detector design particularly challenging. The vertical (horizontal) beam size at the interaction point is 1
(40) nm. An initial phase at a centre-of-mass energy of 500 GeV and lower luminosity is foreseen, which
corresponds to a 13 km long machine.

A dedicated CLIC test facility at CERN (CTF3) is devoted to prototyping and technological stud-
ies. At CTF3 a high-current drive beam generates the 12 GHz RF power for accelerating structures, with
a drive beam of 4 A and up to 120 MeV. An accelerating gradient of 145 MeV/m has been achieved,
demonstrating the CLIC concept.

2.2.3 Future Circular Colliders
In February 2014 an initiative for a Future Circular Collider has been launched in Geneva in order to
perform preparatory studies and an initial design for a very large circular machine, tentatively to be
located in the Geneva area, located in an underground tunnel of up to 100 km circumference running
below the lake and the Saleve mountain range [9]. The aim is to bring together the HEP and accelerator
physics community to define a Conceptual Design Report (CDR) and a cost review for the next European
Strategy Update in 2018. The project comprises a proton-proton collider (FCC-hh) defining infrastruc-
ture requirements, an e+e� collider (FCC-ee) as potential intermediate step and also a proton-electron
collider (FCC-he) option.

In order to explore the several tens of TeV energy scale with a proton-proton collider a goal of
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100 TeV collision energy in the centre-of-mass has been set. One of the main technological challenges
is the development of the capability to construct the large number of magnets required. A dipole field of
16 T, which is envisaged as the ultimate goal for low temperature superconducting alloys, will require a
machine with a circumference as large as 100 km. A shorter machine (80 km) would be possible if high
temperature superconducting (HTS) magnets become available. A selection of machine parameters as
defined in [10] is shown in Table 3, compared to the HL-LHC. In the same table a high energy upgrade
for the LHC machine is displayed (HE-LHC). This option has been discussed in the past, but is currently
not not anymore the CERN baseline. Nevertheless is always kept as a possible alternative, would physics
requirements endorse a 33 TeV centre-of-mass collider. The technology development for HE-LHC is the
same as FCC-hh, the infrastructure is largely there, so a decision in favour of HE-LHC can be postponed
to the next decade.

Table 3: FCC-hh current design parameters from [10] compared to HL-LHC and HE-LHC design. (1) Leveled.

Parameter HL-LHC HE-LHC FCC-hh (25 ns) FCC-hh (5ns)
Beam Energy [ TeV] 7 16,5 50 50
Dipole field [T] 8.33 20 16 (20) 16 (20)
Circumference [Km]] 26.7 26.7 100 (83) 100 (83)
Peak luminosity [1034 cm�2s�1] 5.0(1) 5.0 5.0 5.0
Pileup 135(1) 147 171 34
�⇤ [m] 0.15 0.35 1.1 1.1
Number of bunches 2736 2736 10600 (8900) 53000 (44500)
Max proton/bunch [⇥1011] 2.2 1.0 1.0 0.2
Normalized emittance 2.5 1.38 2.2 0.44
Crossing angle [µm] 590 185 7.4 –
RMS IP spot size [µm] 7.1 5.2 6.8 3
RMS bunch length [cm]] 7.55 7.55 7.55(8) 7.55(8)
Stored energy per beam [GJ] 0.7 0.7 8.4 (7.0) 2.4 (7.0)
SR power per ring [MW] 0.33 4.35 28.4 (44.3) 28.4 (44.3)

Table 4: Parameter for the FCC-ee project [11].

Parameter Lep 2 FCC-ee FCC-ee FCC-ee FCC-ee
Z W H tt̄

Bending radius 3.1 11 11 11 11
Beam Energy [ GeV] 104 45.5 80 120 175
Current [mA] 3.0 1450 152 30 6.6
Total Sincroton Radiation [MW] 22 100 100 100 100
n. bunches 4 16700 4490 1360 98
particle per bunch [1011] 4.2 1.8 0.7 0.46 1.4
Transverse emittance H [nm] 22 29 3.3 0.94 2.0
Transverse emittance V [pm] 250 60 1 2 2
Betatron function at IP H [m] 1.2 0.5 0.5 0.5 1.0
Betatron function at IP V [µ m] 50 1 1 1 1
�⇤

x [µm] 182 121 41 22 45
�⇤

y [nm] 3200 250 84 44 45
�z,tot [mm] 11.5 2.56 1.49 1.17 1.49
Hourglass factor 1 0.64 0.77 0.83 0.78
Luminosity/IP [1034 cm�2s�1] 0.012 28.0 12.0 6.0 1.8
Luminosity lifetime [min] 434 298 73 29 21

As already mentioned, in a first phase the FCC tunnel could host an e+e� collider (FCC-ee). The
potential of a very large e+e� circular collider has drawn considerable attention following the Higgs
boson discovery. Synchrotron energy loss per turn goes as E4/r, where E is the beam energy and r the
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Table 5: Parameter for the CEPC machine [12] and FCC-ee project [11].

Parameter CEPC FCC-ee
H

Bending radius 6.1 11
Beam Energy [ GeV] 120 120
Current [mA] 16.6 39
Total Sincroton Radiation [MW] 103 100
n. bunches 50 1360
particle per bunch [1011] 3.8 0.46
Transverse emittance H [nm] 6.12 0.94
Transverse emittance V [pm] 18 2
Betatron function at IP H [ m] 0.8 0.5
Betatron function at IP V [µ m] 1200 1
�⇤

x [µm] 70 22
�⇤

y [nm] 150 44
�z,tot [mm] 2.14 1.17
Hourglass factor 0.64 0.83
n. Interaction Points 2 4
Luminosity/IP [1034 cm�2s�1] 2.0 6.0
Luminosity lifetime [min] 47+51 29

radius of the ring. An increase of the radius by a factor three, which is roughly the ratio between the
proposed FCC and the LEP radii, would be sufficient to produce the 125 GeV Higgs boson with about
one half of the RF power utilised at LEP. The present conceptual design of the machine foresees a power
consumption a factor of five higher than LEP, still manageable, with a multi-bunch scheme. A collider
with such a large ring would also give the opportunity to perform precision measurements at the Z pole,
at the WW production threshold and at the tt̄ production threshold.

The FCC-ee design is based on an accelerator ring with a storage ring delivering continuous top-
up injection. The storage ring compensates for the small beam lifetime caused by Bhabha scattering and
loss of particles in collisions, providing a constant level of luminosity [13]. The multi bunch operation
foresees more than 16000 bunches with beams of 45.6 GeV (Z Pole) and about 100 bunches with beams
of 175 GeV (tt̄ production threshold). Figure 2 shows the FCC-ee expected instantaneous luminosity
as a function of the centre-of-mass energy, if the luminosity is delivered at four interaction points. The
highest luminosity is reached at the Z pole, as expected from the previous considerations. The behaviour
is clearly complementary to linear colliders: much higher luminosity can be reached at a centre-of-mass
energy up to tt̄ threshold, while linear colliders can potentially reach a much higher centre-of-mass
energy.

At the same time a similar project is under development in China. The CEPC-SppC study group
aims at developing a Circular Electron-Positron Collider for Precision Higgs physics and, later, a proton-
proton collider in the same 50-70 Km circumference tunnel. The envisaged time-line is rather aggressive,
with an R&D phase and engineering design to be completed in 2020, construction of the tunnel and e+e�

collider in 2021-2027 and data taking at the end of the decade to be concluded in 2035 for the construction
of the pp collider. Parameters for the CEPC machine are shown in Table 5, together with those at the
same energy for the FCC project. The proton-proton collider is less studied so far, but several options
exist depending on the availability of high field dipoles and the tunnel length. Centre-of-mass energy
of 50 to 90 TeV is envisaged with a luminosity for each of the two interaction regions of order 2 to 3
⇥1035 cm�2s�1 [14].
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Dashed lines : Possible energy and luminosity upgrades

Fig. 2: Instantaneous luminosity, in units of 1034cm�2s�1, expected at FCC-ee (full red line), in a configuration
with four interaction points operating simultaneously, as a function of the centre-of-mass energy. For illustration,
the luminosities expected at linear colliders, ILC (blue line) and CLIC (green line), are indicated in the same graph.
The plot includes further luminosity and energy upgrades for ILC and FCC-ee (dashed lines), under discussion at
the time of writing.

2.3 Novel techniques for particle acceleration
Because of electrical breakdown of metals in the presence of high electric fields, conventional particle
accelerators, which consist of metal cavities driven by high-power microwaves, typically operate with
accelerating fields up to ⇠ 100 MV/m at 12 GHz. To overcome this limitation a tremendous effort is on-
going towards the development of novel high gradient acceleration techniques based on laser or particles
beam driven accelerating structures, operating in vacuum structures [15] or in plasma wakes produced
in gas filled capillaries [16]. Since Plasma-based concepts presently offer the highest gradient accelera-
tion compared to other novel acceleration techniques (high frequency metallic structures, dielectric wake
field structures) they will be discussed in detail in the following.

Plasma based accelerators replace the metallic walls of conventional RF structures with a plasma.
The damage problems faced in high-gradient metallic structures are therefore not an issue. Laser beams
(laser wakefield accelerator LWFA) or charged particle beams (particle wakefield accelerator PWFA) are
used to excite space-charge oscillations in the plasma. The resulting longitudinal fields can be used for
particle acceleration. Plasma structures have been built from the mm to the meter scale. Accelerating
gradients up to 160 GV/m have been demonstrated in experiments [17] with increasing accelerated beam
quality as the one required to drive advanced light sources (FEL, Compton, etc.) in the next decade [18].

For any variant of wake field accelerator to be practical as a linear collider (LC), several feasibility
and practicality issues must be resolved in the context of an integrated system test. Most importantly,
wake field accelerators, like standard accelerator modules, must be capable of being staged in a series
of phase-locked segments. Both PWFA and LWFA approaches must demonstrate simultaneous elec-
tron and positron acceleration and focusing in plasma densities consistent with preserving electron and
positron beam quality. Both must demonstrate timing, pointing, and focusing control consistent with the
high luminosities required in a lepton collider. Finally, both must demonstrate that multi-bunch plasma
instabilities (such as convective hose instability) can be overcome with operation at the tens of kHz repe-
tition rate required for high luminosity. Beyond the feasibility issues are questions of practicality related
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to overall cost, efficiency, and reliability.
A number of small scale facilities are in operation or under construction in Europe (France, Italy,

Germany) and two large R&D facilities are spearheading this research in the U.S., FACET at SLAC and
BELLA at LBNL, with the goal to achieve high quality beams, stability, efficiency and staging. During
the last year (2014) two important milestones have been achieved:

– At BELLA (LWFA) multi-GeV electron beams with energy up to 4.2 GeV, 6% rms energy spread,
6 pC charge, and 0.3 mrad rms divergence have been produced from a 9-cm long capillary dis-
charge waveguide with a plasma density of about 1017 cm�3, powered by laser pulses with peak
power up to 300 TW. Preformed plasma waveguides allow in this case the use of lower laser power
compared to unguided plasma structures to achieve the same electron beam energy [19].

– At FACET (PWFA) acceleration of about 74 pC of charge contained in the core of the trailing
bunch in an accelerating gradient of about 4.4 GV/m has been demonstrated. The core particles
gain about 1.6 GeV of energy per particle, with a final energy spread as low as 0.7%, and an
energy transfer efficiency from the wake to the bunch that can exceed 30%. The acceleration of
a distinct bunch of electrons containing a substantial charge and having a small energy spread
with both a high accelerating gradient and a high energy-transfer efficiency represents a milestone
in the development of plasma wakefield acceleration into a compact and affordable accelerator
technology [20].

These results make plasma wake field accelerators promising candidates for HEP applications
also. Parameters covering a wide range of colliding beam energies from 250 GeV (Higgs Physics) up to
10 TeV have been elaborated for both LWFA and PWFA concepts resulting in the required luminosity
⇠ 1034 cm�2s�1 and efficiency as high as 30% as summarized hereafter.

A 2-TeV electron-positron collider based on LWFA might be less than 1 km long [21]. Its electron
arm could be a string of 100 acceleration modules, each with its own laser. A 30-J laser pulse drives
in each module a plasma wave in a 1 meter-long capillary channel of preformed plasma. Bunched
electrons or positrons from the previous module gain 10 GeV by riding the wave through the channel.
To achieve the desired collider luminosity, a laser-plasma collider would need a repetition rate of about
13 kHz. That means an average laser power of half a megawatt per module, which is still far beyond
the performance of lasers available today. Current high-peak-power lasers can operate with an average
power of 100 W at most, with a wall-plug efficiency of about 0.1%. Reaching the high average-power
levels required for particle-physics colliders is a daunting but not insurmountable task that requires a
revolution in laser technology. Excellent candidates to this end are diode-pumped fiber amplifiers, where
the active medium is confined within the core of an optical fiber and pumped using semiconductor laser
diodes. In the past 10 years diode-pumped fiber amplifiers have attained unprecedented increase in both
average power and efficiency. For instance, continuous-wave fiber lasers with average powers in the kW
regime were first demonstrated in 2004 and are now commonplace. Their efficiency can reach 50�60%.
A laser composed of a large number of fibers across the beam, which can be individually addressed,
pumped and phased with extreme precision, i.e. 1% in amplitude and in phase at a kHz bandwidth is
now under development [22]. Laser pulse energies of 32 J at 13 kHz corresponding to 400 kW average
power with 240 TW peak power were identified as being reasonable target values. Ideally the laser wall
plug efficiency would be 50%, giving an overall efficiency from laser to beam of 20%. For a 1 TeV
collider, 100 of these stages would be necessary. To produce a single stage using this technique requires
the addition of pulses from around 10 000 fiber lasers. The key questions are (a) could so many fibers be
phased? (b) can such a system be produced for a reasonable cost? The next decade will hopefully bring
us a positive answer.

For HEP applications a promising medium term solution is based on the beam driven (PWFA)
linear collider scheme where the laser power source is replaced by a conventional RF linac producing
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a high charge driving beam. This linear collider solution is certainly less compact than a LWFA based
scheme but has some important advantages:

– timing and synchronization are rather simpler issues compared to LWFA schemes since both drive
and witness bunches are generated by the same source (the RF linac),

– existing RF electron linacs can achieve repetition rates as high as GHz in pulsed mode in normal
conducting structures or MHz in continuous wave operation in superconducting structures,

– two limiting factors for energy gain and efficiency in LWFA schemes such as laser diffraction and
electron beam-plasma wave dephasing are absent in PWFA schemes. With state of the art drive
bunch emittance and energy, the only common unavoidable limitation is the driver pulse energy
depletion.

Two alternative concepts have been elaborated for PWFA linear collider schemes with different
time scales and maximum energies:

– A PWFA-LC design uses a conventional 25 GeV electron drive beam accelerator to produce trains
of drive bunches distributed to 20 PWFA cells for both the electron and the positron arms of the
collider to reach an energy of 500 GeV for each beam [23]. Each cell provides 25 GeV of energy
to the main beam in about a meter of plasma. This drive beam system is very similar to the CLIC
drive beam concept (two beam accelerator concept). Once the possibility to generate high quality
electron and positron beams is demonstrated, an upgraded version of the existing SLAC linac could
be conveniently used.

– Another concept, on a longer time scale, foresees beam acceleration up to an initial energy with
ILC SC technology [24]. The beam could be further accelerated with PWFA modules at low
cost and high efficiency. Alternatively and as first step of the ILC energy upgrade, the PWFA
technology could be used as an ILC after-burner: each ILC bunch would be split in two, one with
2/3 of the charge used as drive bunch and a second with 1/3 of the charge used as main bunch. The
ILC beam energy could then be doubled without any drive beam injector complex and without
substantial additional power. Replacing the last 250 meters of ILC structures by PWFA allows
TeV beam collisions without extension of the ILC tunnel. The ILC energy upgrade could then be
pursued by adding a drive beam injector and progressive replacement of ILC structures by PWFA.
The above concept assumes similar behavior of the electron and positron beams, which remains to
be demonstrated.

Despite the fast progress, new acceleration techniques, such as those based on dielectric or plasma
wake fields are unlikely to become capable of producing the high luminosity electron/positron beams
needed for HEP on the time scale of the next twenty years. A feasibility experimental study of a HEP
collider based on advanced acceleration techniques is expected to be completed only within the next
15 years. Nevertheless the history of accelerator science is full of unexpected bright ideas that allowed
tremendous and fast progresses in science. Starting with the present solid backgrounds a strong effort in
the field of novel accelerator research will certainly provide the HEP community of the desired tools.

2.4 High Field Magnets for post-LHC hadron colliders
The progress in magnet performance over the years from the resistive magnet era through the jump in
performance required by High Luminosity LHC and the development towards a higher energy machine,
is summarised in Fig. 3 [25].

The first key factor for sustaining the increase in magnetic field is superconductor performance.
As clearly shown in Fig. 3, LHC dipole are near the limit of possibility for Nb-Ti technology. The
HL-LHC project explores the use of Nb3Sn, which is much more complex and difficult superconductor.
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However, it enables reaching 12 Tesla and beyond, up to 15-16 Tesla. To go toward higher fields, HTS
(High Temperature Superconductors) based technology is needed. Nb3Sn has been developed in these
last 10 years for HL-LHC, which provides also an ideal demonstrator on a reasonable scale of such
technology, so far never used in accelerators. However, to push the Nb3Sn technology toward its limit of
15-16 T, a further important step in Nb3Sn performance is needed, improving its critical current by 50%.
Obtaining this performance step is among the main objectives of the FCC-hh design and R&D phase, to
be concluded around 2020 with a 16 T dipole magnet demonstrator.

The second key factor for reaching very high field, in the 15-16 T regime and beyond, is the
stress and energy management. Electromechanical forces and stored energy increases with the square of
the field: a 16 T dipole will need a mechanical structure able to withstand four times the forces of the
LHC dipoles, and twice the ones of the HL-LHC magnets. No wonder that a phase of exploration of
innovative mechanical lay-outs and structure concepts, as well of new protection systems, is needed and
it will take not less than 5 years or more. This exploration of new structure and the advanced Nb3Sn wire
development are the primary goals of the magnet R&D for FCC-hh for the next future.

In parallel, thanks to an European program partly funded by EC-FP7-Eucard2, a basic activity of
development of HTS for accelerator magnet is going on [26]. The Eucard2 program aims at establishing
the viability of HTS for collider magnets, and should reach the goal of producing and validating a HTS
cable, suitable for collider magnet quality, by 2017. It will take a further 2-3 years period, before a
real full size magnet prototype for FCC-hh could be ready and validated. Then the collaboration will
concentrate on cost reduction: the HTS materials are five time more expensive than Nb3Sn, which in
turn is ten times more expensive than LHC Nb-Ti, making the cost of a ring based on hybrid Nb3Sn/HTS
technology too expensive. However, would this effort be successful, this would seriously open the way
toward the 20-25 T regions, making attractive also an accelerator like HE-LHC, which can count on an
existing well-tested infrastructure. By 2020-2022 all these questions can be addressed and, given the fact
that LHC will have probably exhausted the first part of his life, before being re-birth as HL-LHC, that
seems a good time for making the choice about a future hh collider technology.

2.5 Muon Colliders and Muon Cooling
Muon beams represent an attractive choice for high energy lepton colliders because of the negligible
level of synchrotron radiation, compared to electron beams. The physics potential of muon colliders is
well known since a long time [27, 28]; muon colliders have recently received renewed attention [29–31]
with the discovery of the Higgs boson thanks to their possible role as a Higgs factory of relatively small
size. For muons the Higgs Yukawa coupling is 4.3⇥104 larger than for electrons, opening the possibility
to produce Higgs bosons by muon annihilation in the s-channel and potentially measure the Higgs boson
natural width with a line shape scan.

The use of muon beams in a collider is challenging for several reasons, not the least of which
is that muons are unstable particles. Muons should be produced in sufficient amount by the decay of
pions produced via fixed-target collisions of an intense proton beam (in the one-to-several MW range).
A liquid-metal target seems preferred for such high intensities, and the MERIT experiment at CERN [32]
has demonstrated the feasibility of a 4 MW mercury-jet proton target for pion production. Pions must
then be captured by superconducting solenoids in a drift region for their subsequent decay to muons.
The resulting muon beam has a very large spread in energy, which has to be reduced by phase-rotation
techniques [33], which trade energy spread by spread in time, in order to obtain a muon beam of typical
momentum of 200 MeV/c and energy spread of 10%, preparing the beam for muon cooling.

Muon cooling is a crucial component of muon colliders. In particular, collider operation as an
s-channel Higgs factory requires a relative energy spread as low as 3 ⇥ 10�5, because the Higgs width
is expected to be about 4 MeV in the Standard Model. Traditional beam-cooling methods (electron,
stochastic, laser) are not viable on the microsecond timescale of the muon lifetime. A promising tech-
nique is based on ionisation cooling [34], which builds on the penetrating character of the muon and
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Fig. 3: Evolution of the maximum dipole field for large hadron colliders.

cooling by means of ionisation loss. In ionisation cooling, particles pass through a material medium and
lose energy through ionisation interactions, followed by beam re-acceleration in RF cavities. The losses
are parallel to the particle motion, and therefore include transverse and longitudinal momentum losses;
the re-acceleration restores only longitudinal momentum. The loss of transverse momentum reduces
particle emittances, therefore cooling the beam. In a dedicated storage ring both transverse and longitu-
dinal muon emittances are progressively reduced, until an equilibrium condition is reached where dE/dx
losses are balanced by multiple scattering. For the dE/dx loss low Z absorbers can be exploited (e.g.
liquid hydrogen or LiH) in a wedged-shape geometry for emittance exchange (i.e. higher momentum
muons cross more absorbing material). Dedicated experiments to develop muon ionisation cooling are
underway [35] and a full-scale demonstrator has been proposed [29].

After muon cooling, in order to achieve sufficient muon survival, acceleration must occur at high
average gradient. As muons are exiting the cooling step at low energy (100 MeV kinetic energy) a linac
must be used to achieve sufficient time dilatation, followed by rapid-cycling recirculating accelerators
(e.g. RLAs). When the muon beam has reached the nominal energy (62.5 GeV for the Higgs factory)
it is transported to a storage ring, which should have minimal straight sections in order to increase the
number of turns (and collisions) before the muons decay. The typical radius of such a storage ring could
be about 50 m. While the physics backgrounds of a muon Higgs factory are expected to be low, particular
care should be taken for beam-related backgrounds in the interaction region and in the storage ring itself:
a bunch of 6 ⇥ 1012 muons at 62.5 GeV in a 50 m ring yields 5 ⇥ 1011 electrons/s/m in a narrow cone.
The goal would be to achieve a luminosity of ⇠ 1032 cm�2s�1 with several tens of thousands of Higgs
bosons produced over one year of collider operation.
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3 Technological aspects
Detector and computing technologies play an essential role in determining what can be measured at
future accelerators. This chapter discusses the most relevant aspects of detector technology, trigger and
data acquisition, and computing.

3.1 Detector technology
In this section we try to summarize the most relevant directions for development of detector technology
to enable the physics programs at future accelerators [36].

In most cases the basic sensor technology is available and understood, although significant R&D
and engineering is still required to make the detectors sufficiently robust, reliable, and affordable for
application in real experiments. For HL-LHC, the emphasis is mostly on high rate/high occupancy
capability, readout speed, and radiation hardness. For ILC, and other electron machines, the emphasis
is instead on the material budget and extreme granularity. In both cases, cost and ease of fabrication are
essential elements in the detector engineering.

The possible development of detectors with local reconstruction capability, extreme radiation hard-
ness, and/or ps-level time resolution may open up new experimental horizons especially in dedicated
flavour physics experiments.

Tracking and Vertexing
Solid state (silicon) detectors provide the most precise tracking device a modern experiment can use. To-
day’s silicon trackers provide excellent performance, but many developments are in progress or planned
to cope with future accelerator requirements:

– Pixels: small radius, O(1 m2)
– < 50 µm pitch and < 0.2%X0 per detection layer
– Potential for new sensor technologies
– Hybrid pixels (more radiation hard, 10 ÷ 200 · 1014 neq cm�2 ): n-in-p silicon, diamond, 3D

silicon sensors
– Monolithic pixels (thinner and with smaller pitch): CMOS MAPS, HV-CMOS MAPS, DEPFET,

CCD
– Multi-tiered structures: high density interconnects for added functionality
– Picosecond time resolution detectors: high rate applications

– Silicon Strips: large radius, O(10–100 m2)
– > 50 µm pitch and 0.2� 0.3%X0 per detection layer
– Established and reliable technology (1 ÷ 10 · 1014 neq cm�2)
– Smart detector structures for local pT reconstruction and triggering; reduction of ambiguities

in high occupancy environments
– System engineering to reduce cost and production time

– Electronics, interconnections, services
– CMOS 65 nm electronics: essential for all chip development
– Advanced interconnection technologies such as vertical integration, through-silicon-vias, mi-

cro bump-bonding: needed to increase density and local functionality
– Local intelligence to sparsify, build clusters, track stubs, trigger primitives: needed to cope

with high occupancy/high rate and to limit bandwidth and computing requirements
– Module design, power distribution, and cooling require careful engineering
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– Equipment protection measures require a more systematic and integrated approach.

Gas Detectors
Gaseous detectors have been the workhorse of tracking systems: being low mass and relatively inex-
pensive, they can be used to cover large volumes, although with smaller rate capability than solid state
detectors. The possibility of large internal charge amplification using elevated electric fields is a key
advantage of gaseous detectors.

– Small chambers. Micro Pattern Gas Detectors can provide high resolution charged particle or
photon detection. Based on fine pitch lithography

– Many kinds in constant evolution: Micro Strip Gas Chambers, Micro Megas, Gas Electron
Multipliers

– Very powerful as tracking devices for moderate rate environments
– Readout element of TPCs or PID devices
– Readout element of fine grained sampling calorimeters
– Ion backflow control essential for high rate operations

– Large chambers
– Wired-based drift chambers still essential for moderate rate
– Time Projection Chamber for ultra low-mass tracking at low rate.

Particle Identification
Particle identification plays an essential role in detector design and can provide an invaluable background
rejection tool for many physics analyses.

– ⇡/µ separation: relies on penetration depth measurement. Basic technology established
– Developments of large area, high speed, cost-effective detector systems. Essential also for

trigger
– Resistive Plate Chambers (gas); scintillator/WLS fibers (solid)
– Engineering to improve performance/cost, triggering capabilities

– e/⇡, ⇡/K, and K/p identification: relies on a velocity measurement based on three technologies
with different ranges of momentum sensitivity. These technologies are often combined in the same
experimental apparatus

– dE/dx: traditionally in gas detectors, but extending to solid state sensor with good energy
resolution

– Time-of-flight: depends critically on the maximum obtainable time resolution
– Cherenkov and transition detectors: essential in the high momentum region. Many extremely

clever developments with different radiator types (gas, aerogel, quartz) and light transport and
detection arrangements.
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Photon Detection
Photon detectors are essential components in many particle identification and calorimetry systems. The
most relevant performance requirements are: high gain in magnetic field (> 5·105); good time resolution
(⌧ 100 ps); fine granularity, long lifetime; very high detection efficiency (often down to single photon);
high rate capability (several MHz/cm2). Many developments exist that can significantly improve the
overall detector performance:

– PhotoMultiplier Tube (PMT) technology evolution, such as the Multi-Anode PMT (MaPMT) and
the Multi-Channel-Plate PMT (MCP-PMT): expensive and typically limited to small areas

– Gas based detectors such as MPGDs, possibly combined with large area MCP foils can provide
picosecond-level time resolution on large areas

– Solid state detectors are a cost effective alternative to PMTs: photodiodes with no internal ampli-
fication; linear avalanche photodiodes (APD); silicon photomultipliers (SiPM), formed by a large
array of very small avalanche photodiodes operated in Geiger mode and reaching a gain of 105.

Calorimetry
Energy measurement is a central element in modern detector design, providing essential physics tools
such as photon and ⇡0 reconstruction, electron identification, jet and energy flow measurements. Al-
though the basic technologies are established, developments are necessary to cope with high rate and
high pileup environments retaining the energy resolution.

– Homogeneous crystals: NaI, CsI, PWO, LYSO, etc.
– offer the best possible energy resolution for electromagnetic showers at lower energy
– small decay time is an essential element to fight pileup
– expensive: difficult balance between cost and performance; studies to find cheaper produc-

tion strategies
– critically depending on photon detector: extensive studies to optimize the overall system

performance
– calibration and radiation damage tracking can be critical

– Sampling calorimeters: absorber (W, Fe, Pb) interleaved with active layers (scintillator, liquid, gas
or solid state detectors)

– only practical solution for higher energy ranges and for hadronic calorimetry
– established technology and long-standing experience in the community
– not ideal performance in linearity and e/h
– imaging calorimeters employ high granularity readout and particle flow algorithms to im-

prove the energy resolution and correct for non-linearities
– great efforts to engineer and industrialize the global system to reduce cost (107 ÷108 readout

channels)

– Other approaches: various techniques are being tried to improve the performance of calorimeters
– independent measurement of scintillation and Cherenkov light in showers to apply an event-

by-event e/h correction, applicable to both sampling and homogeneous calorimeters
– a combination of crystals and absorbers organized in shashlik geometry, with wavelength

shifting fibers traversing the crystal tiles through holes along the depth of the calorimeter,
providing a better resolution than scintillator readout

– high resolution timing for both homogeneous and sampling calorimeters is also being ex-
plored to improve the pile-up rejection capabilities in high rate environment.
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Electronics
Without electronics detectors are deaf, dumb and blind (trigger and DAQ are discussed in the next sec-
tion). An integrated approach to electronics design will be required for the future detectors:

– Need for integrated design tools from ASIC to system integration, for example by extensive use of
hardware description languages

– CMOS 65 nm electronics: essential for all chip development, sharing of knowledge and tools
distribution is essential

– Distributed processing and local intelligence (for example using FPGAs) can radically change the
overall system performance

– many directions are being explored: local hit clustering for strip and pixel detectors, local energy
summing for calorimeters, local track segment finding, track triggers, etc.

Summary and outlook
The basic technology for the next generation detectors (HL-LHC, ILC) is mostly available, but signifi-
cant focused R&D and engineering studies must be performed to optimize cost and performance of the
detectors.

New systems combining advanced detectors, extreme resolution, local intelligence, and direct
reconstruction of physics quantities have the potential to open new experimental horizons and should be
pursued on a longer time scale.

3.2 Trigger and Data Acquisition
Trigger and Data Acquisition (TDAQ) are important elements of the technology required by the exper-
imental study of particle physics. Most experiments make use of detectors producing a large flow of
data, sustained for periods from months to years, generally exceeding the capabilities of any practical
permanent storage system. The word "Trigger" is used in a wide sense to indicate any methodology
for regulating and reducing this flow of data to a manageable level, by deciding which parts of the de-
tector information should be acquired and at what time. This function most often requires performing
substantial computations at high speed, in order to choose the information to retain in the way that is
most advantageous for the physics. The word "DAQ" is generally used to indicate the whole process of
carrying the data from the detector, up to the final destination of a permanent storage system, often also
including the flow to and from the trigger system. The issues regarding the permanent storage and any
further data treatment after the final selection of information are discussed separately in Section 3.3.

Trigger and DAQ systems of some kind have been part of particle physics experiments throughout
the history of the field. While electronic technology has undergone huge advancements over the years,
becoming cheaper and more powerful by large factors, the data handling demands in HEP have been
growing at an even faster rate. As a consequence, the TDAQ system still represents today a major
cost item in modern experiments, and in the most data-hungry experiments (hadronic collisions at high
luminosity), it may amount to a major technical limitation to the experiment performance.

Most modern TDAQ systems are event-oriented and have a multi-layered structure. This means
that the decision to permanently record a particular collision event is taken in a sequence of stages, with
progressively decreasing data flow, and increasing computational cost per event. The lowest-level trigger
decision is usually based on a low-complexity processing of a limited amount of event data, within low
latencies, while the last level before permanent storage is now universally performed by commodity
CPU systems running code written in high-level programming languages. Performance and complexity
of these selection algorithms are generally only a small factor below the computations performed offline
for the final analysis of the data.
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All these features were already present in the pre-LHC generation of experiments (Tevatron, PEP,
KEKB), but in moving to the LHC, the overall DAQ bandwidth has been increased, taking advantage of
the fast internet growth that pushed telecommunication technology quickly forward, allowing large data
handling systems to be built at reasonable prices, based on commercial technologies. In this process,
much of the functionality of the intermediate levels of the trigger has been absorbed in the High Level
Trigger implemented on commercial CPUs , and custom-developed electronics does not find much use
anymore beyond the first trigger level. Most of the resources in the intermediate level are now devoted
to event-building functions to prepare for high-level trigger (HLT) processing, rather than selection of
events. The architecture of the first level of the trigger has not evolved as strongly as the higher levels.
The technological evolution is mainly just an the update of the basic electronic components available on
the market. Figure 4 shows a comparison of data rates and event sizes of a number of past and present
experiments, after the first trigger level.

Fig. 4: Event size and data rate of major HEP experiments. (Reproduced with permission from Ref. [37].)

From the point of view of the event-selection functionality, the triggers of the LHC experiments
have not evolved much from the previous generation. Event selection in ATLAS, CMS and LHCb ex-
periments is mainly based on traditional muon and calorimetric requirements at level-1, followed by a
nearly offline-like reconstruction in the HLT. In fact, some functionalities that have characterized the pre-
vious generation of experiments, like track-based triggering, or even zero-suppression in the front-end
(LHCb), have been traded off in exchange for simplicity and larger system size at reasonable cost.

The demands of flavour physics require a more complete analysis of events before a trigger deci-
sion is made. Thus, LHCb has a trigger with a much higher L1 accept rate and an oversized HLT farm
with respect to ATLAS and CMS. The greater demands are partly compensated by a smaller event size
(see Fig 4).

In moving towards the High-Luminosity phase (Phase 2) , the ATLAS and CMS experiments are
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now looking at ways to improve their L1 selection, which is expected to become their largest roadblock
in the future. No obvious upgrade path from commercial products is easily visible there. CMS and
ATLAS are looking at reintroducing tracking triggers, which characterized the Tevatron experiments
of the previous generation — but this time under much more severe constraints in size/complexity and
latency requirements, which will be at the level of a few µs.

ATLAS is introducing a track trigger in the second trigger level already in the upcoming run 2
(FTK). For phase 2, both ATLAS and CMS are considering a track trigger in the first trigger level.
R&D efforts in this direction are already well represented inside CSN1 with a specific project, and are
mostly relying in exploiting the Associative Memory methodology originally developed for CDF, but
re-implemented with the latest gate technology (this requires custom ASICs development). Amongst the
challenges in this process, are the need for a large number of cells (> 108), and the need to reduce the
latency of the AM architecture in order to fit with buffering time in the front end. An R&D activity in
CSN5 is also ongoing to study the feasibility of a L1 tracking trigger at 40 MHz for low-pT physics,
i.e. capable of reconstructing most of the tracks, also at low-pT , and recognize secondary vertexes from
weakly-decaying particles. There is however, no demonstrated solution yet for tracking at L1 at the time
of this writing.

The upgrade of the LHCb experiment is planned for an earlier timescale (run 3, 2018+, rather than
run 4) than ATLAS and CMS. This is motivated by the need to move beyond the current TDAQ system,
that has already reached plateau performance. LHCb is not pursuing an improved L1 for this short-term
upgrade. The experiment already works at the highest L1 accept rate amongst all LHC experiments, as
the rate reduction factor from the crossing frequency is only 1:10. The LHCb chosen approach has been
to limit its operating luminosity to 1 � 2 ⇥ 1033 so that the data flow can be handled by the HLT with
no help from L1, which will be eliminated. The upgraded HLT will use a much bigger processor farm,
leveraging on Moore’s law to year 2018 for increased computing power. The implication for the DAQ
system is that it must be able to move the entire data flow of 4 TB/s from the front-end to the farm with
no reduction. This is handled by connecting the fiber optic readout on the FE directly to a system of 500
PC nodes, each of them equipped with a FPGA card for data formatting, communicating with the PC
with a 100Gb/s connection (16-lane PCIe Gen3). These PCs perform the event building by exchanging
data amongst themselves, and then transfer the assembled events to the farm, each of them at a 80kHz
event rate.

Belle II is innovating by preparing a significantly more complex trigger than has been usual in past
e+e� experiments. The new Belle trigger includes calorimetry, muon, and track triggers right from the
first trigger level, which however with its 200 ns bunch spacing is much less demanding than the LHC at
high-lum.

The TDAQ path towards a future, larger circular collider (FCC) is not yet clear. The multiplicities
expected at FCC-hh are not too much larger than at the HL-LHC, and given the time scale involved,
one might assume that if something is possible at HL-LHC, it will also be possible at FCC. Physics
rates, however, and high pileup, will make it a challenge to trigger on anything else than the highest
energy events. As an example, top production occurs at 3kHz at the FCC, putting the top in the "low-pT

physics" category. It is possible that this kind of physics will not be doable at FCC, unless a dedicated
"high-intensity" experiment is devised. There is a school of thought that in year 2035 and beyond, the
TDAQ problems will become trivial at FCC—but it is far from obvious that Moore’s law will continue
to run as fast as it does today, so the need for R&D in this area is unlikely to go away, particularly for
low-pT , high-intensity physics.
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3.3 Computing
3.3.1 LHC Distributed Computing
The Worldwide LHC Computing Grid (WLCG) is an HTC (High Throughput Computing) distributed
system of resources based on the Grid paradigm that has been serving the LHC experiments very well.
It is organized in a tiered hierarchy of sites, and those belonging to each tier level have different compu-
tational duties and service levels.

The Tier-0 centre at CERN is the central hub of the system, providing about 20% of the total
WLCG computing and disk storage capacity, and 30% of the tape storage capacity. It is mainly respon-
sible for first-pass reconstruction and for the safe keeping of the raw data. The Tier-0 distributes the
raw data and the reconstructed output to the Tier-1s. There are 13 Tier-1 sites around the world, respon-
sible for storing a proportional share of raw and reconstructed data as a second custodial copy. They
also perform large-scale reprocessing, store the corresponding output, and provide archival capability of
simulated datasets. The aggregated resources of all Tier-1 centres are roughly double in size those of
the Tier-0 centre. Both Tier-0 and Tier-1 centres operate robotic tape libraries and must provide 24/7
operation support. A dedicated network of 10 Gbps optical-fibre links connects the Tier-0 to each of
the 13 Tier-1 centres. The Tier-1 centres distribute the data to a third level: the Tier-2 centres. Tier-
2s are typically smaller sites that can store sufficient data and provide adequate computing power for
specific analysis tasks, handling a proportional share of the production and reconstruction of simulated
events. The total amount of Tier-2 resources is roughly equal to that of Tier-1 resources, but distributed
amongst more than 150 sites around the world. Tier-2 centres must provide business-hour operation
support within their time zone. Finally, individual scientists can access the Grid through local computing
resources, which can consist of local clusters in a university department (also known as Tier-3s) or even
of an individual workstation. However, there is no formal engagement between WLCG and this fourth
level of resources.

The glue between the sites is the Grid infrastructure with its CPU and data management services.
Users submit computing jobs to the Grid using dedicated tools which form the middleware developed
and maintained by Grid operators. Data storage and management are much more challenging than job
submission, due to the very large scale of LHC datasets. Furthermore, it is anticipated that there will be
a scaling problem as the LHC datasets continue to grow, and this is an issue that has to be solved mainly
by the experiments themselves. The tiered structure of LHC computing was designed to be as efficient
as possible with data movements. The speed and reliability of wide-area network interconnections has
been constantly improving, allowing for increasingly fast file transfers, also opening the possibility of
direct remote access to the data. As a consequence, nowadays jobs do not have to run necessarily on
CPU resources close to the data. This implies that the original tiered hierarchy of the sites is gradually
being smoothed out, as almost all of the activities can be done at every tier, with the notable exception of
permanent data archiving, which still requires robotic tape libraries at the Tier-0 or Tier-1s.

It must be emphasized that all of the LHC experiments have managed to build higher levels of
home-grown middleware tools on top of those originally provided by the Grid, in order to improve
flexibility and stability of the overall computing infrastructure. Without this specialized work, the success
of LHC computing would have been much less striking, as the reliability of the plain Grid infrastructure
has proven to be too low to fulfill the requirements of the LHC experiments.

3.3.2 Current INFN infrastructure
The present INFN WLCG infrastructure comprises one Tier-1 centre, hosted at CNAF in Bologna, and
11 Tier-2 centres located at Bari (ALICE, CMS), Catania (ALICE), CNAF (LHCb), LNF (ATLAS),
LNL/Padua (ALICE, CMS), Milan (ATLAS), Naples (ATLAS), Pisa (CMS), Rome (ATLAS), Rome
(CMS), and Turin (ALICE). A summary of the pledged INFN resources, available for each of the four
experiments at the Tier-1 and Tier-2 centres, is reported in Table 6. For completeness, the resources of
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the Tier-0 centre are also shown. As of 2014, unitary costs for purchasing in Italy each sub-component

Table 6: Aggregated INFN resources available at the Italian Tier-1 and Tier-2 centres for each of the four ex-
periments in 2015 and the overall value for WLCG. For completeness, the Tier-0 at CERN with the total WLCG
resources are also reported.

Tier-1
Resource ALICE ATLAS CMS LHCb INFN WLCG INFN/WLCG
CPU [HS06] 22800 40500 39000 23600 125900 1051710 12.0%
Disk [TB] 3382 3500 3380 2720 12982 94850 13.7%
Tape [TB] 4182 5850 9620 6870 26522 179192 14.8%

Tier-2
Resource ALICE ATLAS CMS LHCb INFN WLCG INFN/WLCG
CPU [HS06] 38600 46800 65000 7875 158275 1332889 11.9%
Disk [TB] 4381 3710 3770 0 11861 105347 11.3%

Tier-0
Resource ALICE ATLAS CMS LHCb CERN WLCG CERN/WLCG
CPU [HS06] 175000 205000 271000 36000 687000 3071599 22.4%
Disk [TB] 14500 14000 15000 5500 49000 249197 19.7%
Tape [TB] 16200 33000 35000 11200 95400 274952 34.7%

(excluding infrastructural, operational and personnel costs) are about 10 Euro/HS06 (CPU), 200 Euro/TB
(disk) and 30 Euro/TB (tape). This leads to a total integrated value of running resources in Italy of about
8.5 MEuro.

3.3.3 Needs for HL-LHC
The scale of computing resources needed by the LHC experiments in the HL-LHC era is expected to
grow significantly, although a detailed estimate is very difficult as the future computing models are not
yet designed, only seminal ideas on how to evolve them are being put forward by the experiments. A
rough estimate can be obtained by extrapolating the current usage. Relevant parameters to be taken into
account are the trigger rates and the complexity of HL-LHC events. The trigger rates are assumed to
lie in the ranges 5-10 kHz for ATLAS and CMS, 100 kHz for LHCb and 50 kHz with Pb-Pb collisions
for ALICE (200 kHz for p-Pb collisions). Accounting for the increase in event complexity is much
more difficult, because even if the expected number of multiple interactions is known, strategy and code
used to reconstruct the events are improving very quickly. In the latest years the reconstruction time has
been reduced by a factor three or four, and new reconstruction strategies are constantly being proposed.
Figures 5 and 6 show the extrapolated CPU and disk needs considering only the increased trigger rate: in

Fig. 5: Estimate of the CPU power needed by the
LHC experiments.

Fig. 6: Estimate of the disk space needed by the
LHC experiments.

Run 4 roughly a factor of sixty increase of CPU power and a factor of 40 more disk space are necessary
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with respect to Run 1. For the estimation of the disk needs, note that only RAW data are considered, i.e.,
excluding any derived data. The technological evolution by 2020 is expected to give an increase of about
a factor four for CPU power and disk space, assuming a constant monetary budget. This is about 2-3
times lower than the requirement. The situation is even worse when projecting to 2025, where a shortfall
of a factor 5 is expected. On the other hand, the growth of the network capability has been increasing by
an order of magnitude every four years, and it is expected to keep the same pace in the next 10 years too.
The expected growth in CPU, disk and network resources are the key elements on which the strategy for
the future has to be built.

3.3.4 Evolution of the distributed computing model
At present, the major funding agencies state that funds to procure computing resources will not increase
in the next years, and that the optimistic scenario foresees a flat budget. This poses the problem of how to
guarantee not only detector upgrades and data taking for the LHC experiments, but also data processing
and analysis. Right now there is not a clear way to solve this problem, in contrast to the preparation and
startup of the LHC when the development of the Grid and the ongoing technological evolution provided
enough resources to process data almost in real time and produce all simulated data that were needed.

Seminal ideas on how to evolve the computing models are being put forward by the experiments.
As already pointed out, the network speed increase allows data movements to happen more quickly
allowing direct data access also via wide area network routes. This is changing the way data are organized
on disk following the logic of removing what is seldom accessed. For this purpose, the necessary tools
to monitor disk usage are being developed and tuned by the experiments.

The need for robotic libraries for tape archives is a debated question, although no alternative
solutions are easily available at the moment. It is evident that at the time of Run 4 it will no longer be
possible to reprocess the full sets of RAW data acquired by the detectors. For this reason, reconstruction
and archival processes have to be carefully designed.

3.3.4.1 Technology Evolution
The technology is evolving, but in a different way with respect to the past. The evolution of processors
is following three main avenues:

– New architectures based on accelerators; there are boards based on slightly modified graphics
cards (e.g. Nvidia, AMD) or the new x86 based Xeon Phi (Intel).

– System-on-a-Chip (SoC) designs used mainly for low cost processors (e.g. smartphones, tablets).
The tight coupling of the CPU with the graphics unit including direct memory sharing allows for
better energy saving measures and higher performance.

– New server category based on lower-end processor designs (e.g. ARM, Atom) which couple large
enough performance with a much better performance/watt ratio.

All of these developments in server architectures could be potentially relevant to the HEP use of com-
modity architectures. Most likely in ten years there will be only one kind of product with many cores,
high performance and low energy consumption. For this reason the HEP community should invest some
effort in understanding how best to make use of them.

The major disk storage technological improvement is expected to come with Heat Assisted Mag-
netic Recording (HAMR), a magnetic storage technology that will increase the amount of data that can
be held on a standard disk platter by a factor between one and two orders of magnitude. The market
for solid-state disks shows large growth rates, but the volume of units shipped is still about one order
of magnitude lower than that of hard disks and the prices per unit storage are a factor 5-10 higher. In
addition it must be noted that, while the capacity of hard disks has been continuously increasing, the
sequential and random I/O performance has improved only very little.
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3.3.4.2 Grid, cloud and HPC centers
The WLCG infrastructure will remain the main computational resource for LHC experiments. Mean-
while, computing architectures are changing, and the experiment software must evolve to keep up with
them. Adapting the software to take advantage of new processor architectures is therefore a crucial as-
pect. The collaborations have already taken several actions with this respect. They have modified the
infrastructural software framework in order to be able to submit to almost any architecture. The WLCG
e-infrastructure is starting now to move toward an almost native cloud computing, and when the process
is over it will be easier to access dedicated resources and opportunistic ones at the same time. Moreover
there will be more efficient tools to access commercial clouds such as Amazon or Google if that will turn
out to be economically advantageous, at least in certain cases.

Another important player is represented by the High Performance Computing (HPC) centers, both
public and private. In the next years they are expected to continue their roles supporting the communities
currently using these facilities, but as supercomputers usually have periods of low load, part of their CPU
share can be opportunistically reused by the HEP world. Their use by the LHC experiments is difficult for
activities that involve data movement, but it can be beneficial for simulation, where a limited amount data
I/O of is involved. LHC experiments are actively porting elements of their software stacks, like Monte
Carlo generators, to run on HPC resources. The benefits lie in the availability of increased amounts
of simulated data, thus freeing up WLCG resources that can be used for data driven activities, and the
possibility to speed up the software development taking advantage of new computational architectures.

3.3.4.3 New Strategies
Cloud computing facilitates the access to opportunistic resources, including HPC centers and this can
mitigate the procurement of dedicated CPU power. However the amount of such resources at a given
moment is not easily predictable, therefore they should be considered only for low priority activities.

As already pointed out the experiments are starting to evaluate new models for data storage and
distribution, exploiting the increased network speed. This will reduce the data to be kept on disk, thus
leading to a reduction of disk storage needs. As already said, the employment of tape devices for long
term storage is being discussed. Already in Run 2, the amount of raw data collected every year will
require at least two months to be reprocessed. Extrapolating to Run 4 data sizes even considering possible
improvements, it will be impossible to reprocess full data sets, even not taking into account any derived
or simulated data. This poses the question of permanently storing reconstructed data alone, and discard
raw data. One possible strategy is to combine trigger DAQ and data processing in order to have already
production level datasets after the data acquisition. Such a new model has to be studied in detail and will
require a new approach to data selection and management processes.

The evolution in CPU, network and data access is modifying the old tiered structure of the WLCG
infrastructure. The differences between Tier-1 and Tier-2 are already quite minimal and in the future
will vanish if tape archiving is used only as backup system. The geographical distribution of computing
centers will also be conditioned also by the running costs, among which electrical power and manpower
are the dominant ones. A possible way to reduce such costs would be to group the computing resources
in fewer bigger centers, and take advantage of the economy of scale. This strategy is being pursued by
private companies like e.g. Google, that has only twelve data centers (at least in the official list) to serve
the entire world. The internals of the data centers are not publicly available, but it is known that they
are based on a modular approach, where each module is engineered with all components. Modular data
centers are a form of emerging infrastructure allowing for substantial economies of scale.

LHC, and in particular INFN, are going to elaborate a similar strategy taking into account the
peculiarity of being part of a scientific infrastructure and the important synergies with the Universities.
Such a strategy implies that the number of computing centers has to be reduced and federated with
common choices for infrastructure and equipment, paying particular attention to energetic efficiency
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issues in order to minimize electrical power costs. However, it is worth mentioning that this approach
poses non-trivial problems in reusing existing manpower distributed throughout several departments.
As such, it would require a high level of remote management of resources and distributed organization
of personnel and associated duties, well beyond what is customary today. The process of building up
a unique e-infrastructure is under discussion in Italy and it is in progress in Europe among the major
WLCG centers.
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4 Standard Model Physics
In the past twenty years we have witnessed two important successes of the Standard Model: the matching
between the predicted top mass and its actual value measured at the Tevatron [38–40] (Fig. 7) and the
indication of a light Higgs in the mass region where it has been observed at LHC [41–43] (Fig. 8). With
the Higgs discovery electroweak precision measurements are becoming a crucial test of our "standard
model" and have the potential of developing into important tools for indirect information on new physics.
Another success is the amazing capability of describing, often within small uncertainties, the wealth of
collider data.

In the present chapter we regard at Standard Model physics as a major tool for discovering new
physics. The chapter starts with a discussion on Higgs physics, which is central for the experimental
programme at high energy accelerators in the next decades. Then a brief report on the status and prospects
of vector bosons physics follows, including a description of key points related to our understanding of
strong interactions. Furthermore, because of their relevance for the present discussion, top-quark physics
prospects are presented. Perspectives in the field of theoretical calculations and Monte Carlo generators,
which are essential to analyse the data and interpret the measurements, conclude the chapter.
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Fig. 7: The bands show the indirect determination of the top mass from electroweak fits as a function of time.
The light blue band and green band are without and with the information coming from the Higgs boson mass,
respectively. The points represents the combinations of direct measurements of the top mass in various years.
Courtesy of Roman Kogler.

4.1 Higgs Properties and Couplings
The discovery of a scalar boson at the LHC [42, 43] has started up a new phase in the experimental
exploration of the electroweak symmetry-breaking (EWSB) mechanism of the Standard Model (SM).
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Fig. 8: The bands show the indirect determination of the Higgs boson mass from electroweak fits as a function
of time. The light blue bands and green band are without and with the information coming from direct Higgs
searches, respectively. The grey band shows the 90% CL interval (without direct searches). The points with error
bars represents the combinations of direct measurements of the Higgs boson mass in various years. Courtesy of
Roman Kogler.

The observed resonance is, within present experimental errors, well compatible with a minimal structure
of the Higgs sector. Nevertheless, the determination of the different properties of the new particle with
increasing precision is expected to be a powerful tool to explore what could be beyond the SM description
of fundamental interactions. In particular, on the one hand, deviations in the scalar boson couplings to
the electroweak vector bosons V = W, Z would require further degrees of freedom to keep the V V
scattering unitary. On the other hand, anomalies in the Yukawa couplings to matter fields could possibly
point to a non-standard mechanism for the generation of quark and charged-lepton masses.

The key role of the Higgs sector in elementary particle physics makes it an important goal to
understand the properties of the LHC resonance as accurately as possible [44, 45] and to clarify the real
nature of the newly discovered Higgs-boson particle, in particular relevant questions are

– is the new boson really the SM Higgs boson?
– is it an elementary or a composite particle?
– is it the only one, or are there other Higgs fields?
– is it natural?
– is it really responsible for the masses of all elementary particles?
– is it at the origin of the matter-antimatter asymmetry?
– is it responsible for the inflationary expansion of the Universe?
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The size of the deviation in the Higgs couplings to SM particles depends in general on the energy
scale where the New Physics becomes relevant. For instance, in the MSSM (with tan� = 5), one
expects a deviation in the Yukawa couplings of the heaviest down-type fermions of the order ghbb/gSM

hbb =
gh⌧⌧/gSM

h⌧⌧ ' 1 + 1.7 % (1 TeV/mA)2 (where mA is a heavy pseudoscalar mass), while, in minimal
composite Higgs models, the Higgs coupling to vector bosons is affected according to ghV V /gSM

hV V '
1� 3 % (1 TeV/f)2 , (where f is the composite scale) [46]. The solution of the SM hierarchy problem,
which in general implies the NP scale to be of the order of 1 TeV, entails then coupling deviations of at
most a few percents. Hence, a percent-level accuracy on Higgs couplings is needed in order to pinpoint
relevant NP effects in the Higgs precision measurements.

A list of relevant measurements discussed in this section is

– Precision in measuring couplings
– Rare and “invisible" decay modes
– Search for CP mixing in the Higgs sector
– New trends to measure natural width.

4.1.1 Precision coupling measurements
As already stated, the recently discovered “125 GeV" Higgs particle by ATLAS and CMS at LHC, is
compatible within current experimental and theoretical uncertainties with the properties of the Higgs
boson predicted by the Standard Model. It is of paramount importance to clarify the nature of this new
object and its role in EWSB. Deviations of physics properties from those predicted in the Standard Model
would unambiguously indicate new physics beyond this theory. Hence, the precise measurement of this
particle’s properties represent a major goal of future experiments.

The results presented here are relative to what was presented at the ECFA LC2013 Workshop (May
2013), the ECFA HL-LHC Workshops (October 2013 and October 2014) and the kick-off Workshop on
FCC (February 2014).

Following the approach and benchmarks recommended in [44], measurements of couplings are
currently implemented using a leading-order tree-level motivated framework. Other frameworks, based
on SM Effective Field Theory (EFT), are currently in development and are discussed in [47]. The present
framework is based on the assumption that the width of the Higgs boson is narrow, justifying the use of
the narrow-width approximation. Hence the predicted rate for a given channel can be decomposed in the
following way:

� · BR (i! H! f) =
�i · �f

�H
(1)

where �i is the production cross section through the initial state i, BR and �f are the branching ratio
and partial decay width into the final state f , respectively, and �H the total width of the Higgs boson.

The coupling scale factors j associated with the SM particle j are defined in such a way that
the cross sections �j and the partial decay widths �j scale with 2

j compared to the SM prediction (i.e.,

i ⌘ ghii/g(SM)
hii , where ghii represents the coupling). Table 7 shows the precision on Higgs boson

coupling i for several elementary particles that can be achieved by ATLAS and CMS independently,
assuming 300 fb�1of data at LHC, and 3000 fb�1of data at HL-LHC. The necessary reduction of theory
uncertainties which is required to have an impact of less than 10% on the total uncertainty, at LHC and
HL-LHC, it is shown in Table 8. The factors �ij express the ratio of coupling scale factors, so that for
example �⌧Z = ⌧/Z ; the gZ parameter is defined as g ·Z/H , where 2

H is the scaling factor with
respect the total Higgs boson width.
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Table 7: Precision on the measurements of k� , k
W

, k
Z

, k
g

, k
b

, k
t

, kt, k
Zg , and kµ. These values are obtained atp

s = 14 TeV using an integrated dataset of 300 fb�1at LHC, and 3000 fb�1at HL-LHC. Numbers in brackets
are % uncertainties on the measurements estimated under [no theory uncertainty, current theory uncertainty] for
ATLAS and [optimistic, pessimistic] systematic experimental and theoretical uncertainties for CMS.

L( fb�1) Exp. kg k
W

k
Z

k
g

k
b

k
t

kt k
Zg kµ

300 ATLAS [9, 9] [9, 9] [8, 8] [11, 14] [22, 23] [20, 22] [13, 14] [24, 24] [21, 21]
CMS [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23]

3000 ATLAS [4, 5] [4, 5] [4, 4] [5, 9] [10, 12] [8, 11] [9, 10] [14, 14] [7, 8]
CMS [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8]

Table 8: Estimation of the deduced size of theory uncertainties, in percent (%), for different Higgs coupling
measurements, requiring that each source of theory systematic uncertainty affects the measurement by less than
30% of the total experimental uncertainty and hence increase the total uncertainty by less than 10%. A dash “-”
indicates that the theory uncertainty from existing calculations [44,48,49] is already sufficiently small to fulfill the
condition above for some measurements. The same applies to theory uncertainties not mentioned in the table for
any measurement. The impact of the jet-bin and pT related uncertainties in gg ! H depends on analysis selections
and hence no single number can be quoted. Therefore the range of uncertainty values used in the different analysis
is shown. (MHOU stands for missing higher-order uncertainties. Note that these uncertainties have been recently
further reduced thanks to N3LO calculations [50].)

Scenario Status Deduced size of uncertainty to increase total uncertainty
2014 by .10% for 300 fb�1 by .10% for 3000 fb�1

Theory uncertainty (%) [44, 48, 49] gZ �gZ ��Z gZ ��Z �gZ �⌧Z �tg

gg ! H
PDF 8 2 - - 1.3 - - - -
incl. QCD scale (MHOU) 7 2 - - 1.1 - - - -
pT shape and 0j! 1j mig. 10–20 - 3.5–7 - - 1.5–3 - - -
1j! 2j mig. 13–28 - - 6.5–14 - 3.3–7 - - -
1j! VBF 2j mig. 18–58 - - - - - 6–19 - -
VBF 2j! VBF 3j mig. 12–38 - - - - - - 6–19 -

VBF
PDF 3.3 - - - - - 2.8 - -

tt̄H
PDF 9 - - - - - - - 3
incl. QCD scale (MHOU) 8 - - - - - - - 2

In the fit [51, 52], it is assumed that no particles other than those in SM are contributing to NLO
electroweak loops, nor decay modes contribute to the full width of this particle other than those predicted
by SM. As it can be seen, depending on the type of coupling, an accuracy of a few % can be achieved
for bosons, and of about 5% for fermions, by each of the two experiments. Ratio of couplings allow a
test free from assumptions on the total width; the findings are reported in Fig. 9 for ATLAS [51]; similar
results are expected by CMS.

The precision on couplings can considerably increase at ILC, as pictorially shown in Fig. 10.
Colliders such as ILC or FCC-ee are indeed Higgs-boson factories in a very clean environment. The
dominant Higgs production cross sections are shown in Fig. 11 (left plot). They correspond to the asso-
ciated production e+e� ! ZH (dominant at 250 GeV), and to the vector-boson-fusion (VBF) scattering
e+e� ! H⌫⌫ , He+e� (that gets the upper hand at

p
s > 450 GeV). At

p
s ' 250 GeV, a statistics of

8⇥104 Higgs bosons will be collected in a first stage (3.7⇥105 after full program with 1.15 ab�1). At
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Fig. 9: Relative uncertainty on the expected precision for the determination of coupling scale factor ratios �XY in
a generic fit without assumptions on the total Higgs boson width [51], assuming a SM Higgs Boson with a mass of
125 GeV and LHC at 14 TeV, 3000 fb�1. The gZ parameter represents the ratio g·Z

H
, where 2

H is the scaling
factor with respect the total Higgs boson width. The hashed areas indicate the increase of the estimated error due
to current theory systematics uncertainties

p
s ' 500 GeV (where the lower total cross section is more than compensated by the larger integrated

luminosity), an additional statistics of 1.2⇥105 will be collected in a second stage (4 ⇥ 105 after full
program with 1.6 ab�1), with a dominant contribution from VBF.
The associated production e+e� ! ZH is the key process that allows e+e� colliders to make a model-
independent measurement of the Higgs couplings (unaffected by assumptions on the production mech-
anism), which is not attainable at hadron colliders. Thanks to the excellent signal-to-background (S/B)
ratio, by applying the four-momentum conservation to the two-body ZH final state, one can indeed re-
construct the Higgs-system production properties just through the observation of its recoil Z system,
independently from the Higgs decay mode. Notably any possible Higgs invisible decay would contribute
to this measurement just as any visible Higgs decay. The outcome of these features is that one can make
an absolute (that is independent from the Higgs decay BR’s) determination of gHZZ , the Higgs coupling
to the Z. Indeed, the Higgs production cross section �(ZH) ⇠ g2

HZZ can be measured in a model-
independent way through the normalization of the Z recoil-mass distribution with no assumption on the
Higgs interaction with other particles. In Fig. 11 (right plot), the recoil-mass distribution for the process
e+e� ! ZH ! µµX is shown as obtained by a full detector simulation [53]. A precise measurement
of the Higgs mass (�mH

<⇠ 100 MeV) can also be obtained from the shape of the distribution.
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Fig. 10: Projected precision on Higgs-boson couplings, with regard to ILC capability to distinguish between
different models of more complex Higgs sectors: SUSY multiple Higgs model (left) and Minimal Composite
Higgs boson (right) [5].

Fig. 11: Cross sections for the main Higgs production mechanisms in e+e� (left). Recoil-mass distribution in
e+e� ! Zh! µµX (right) [5].

An absolute measurement of Higgs BRs for all possible decay channels (including invisible and
exotic decays, as well as SM decays which are overwhelmed by background at the LHC, like H !
jets) can then be made by tagging different Higgs final states, thus obtaining a model-independent
determination of the quantities �(ZH) · BR(H ! ii) for different Higgs decays, and hence an absolute
measurements of BR(H ! ii) (here i stands for any boson or fermion coupled to H). The latter in turn
can be combined with the direct coupling measurement from the production cross section in order to
obtain a direct (model independent) determination of the Higgs total width. For instance, starting from
the H ! ZZ branching ratio, one has �H = �(H ! ZZ)/BR(H ! ZZ) / �(ZH)/BR(H ! ZZ) .
Similarly, at larger collision energies, one can use the e+e� ! H⌫⌫ cross section to get a different
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Table 9: Model-Independent (top) and Model-Dependent (bottom) precision on Higgs-boson couplings [5]. For
the latter, the fitting technique most closely matches that used at the LHC, and no non-SM production or decay
modes are assumed.

6 E. KATO

Table II. – Model-independent precisions [1].

ILC(250) ILC(500) ILC(1000) ILC(LumUp)�
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (ab�1) 0.25 0.25+0.5 0.25+0.5+1 1.15+1.6+2.5

�� 18% 8.4% 4.0% 2.4%

gg 6.4% 2.3% 1.6% 0.9%

WW 4.8% 1.1% 1.1% 0.6%

ZZ 1.3% 1.0% 1.0% 0.5%

tt̄ – 14% 3.1% 1.9%

bb̄ 5.3% 1.6% 1.3% 0.7%

⌧+⌧� 5.7% 2.3% 1.6% 0.9%

cc̄ 6.8% 2.8% 1.8% 1.0%

µ+µ� 91% 91% 16% 10%

�
T

(h) 12% 4.9% 4.5% 2.3%

hhh – 83% 21% 13%

BR(invis.) < 0.9% < 0.9% < 0.9% < 0.4%

Therefore by analyzing this process we can obtain absolute normalization of other cou-
plings H decaying into X [2].

4.
2.2. Top-Yukawa coupling. The ttH-production process opens up above 500 GeV.

Although the ttH cross section is small at 500 GeV and there are large combinatorial
background events, due to QCD bound-state e�ects, the signal cross section is enhanced
by a factor of two (0.23 ! 0.45 fb). This makes it possible to measure the top-Yukawa
coupling. Increasing the center-mass energy will further enhance the cross section and
with luminosity upgrade, an improvement of 14% to 2.0% is expected [1]. The pair-
production threshold for top quarks can also be used for top-Yukawa coupling extrac-
tion [3], since the existence of Higgs exchange between top pairs will enhance the overall
top pair-production cross section. A sensitivity of 4.2% for the Yukawa coupling can be
achieved. This includes only experimental errors and does not include theoretical errors.

4.
2.3. Higgs self-coupling. In order to verify if the Higgs is indeed what condenses in

the vacuum and gives masses to all the SM particles, we need to measure the Higgs self-
coupling and measure the shape of the Higgs potential. The self-coupling is one of the
most challenging to be measured at the ILC. In addition to its small cross section and
large background, the existence of various irreducible diagrams dilutes the sensitivity to
this coupling, as follows:

��

�
= 1.8

��

�
(@500GeV),

��

�
= 0.85

��

�
(@1000GeV),(4)

making it di�cult to extract it. This dilution factor can be improved to 1.66 and 0.76
respectively using a new weighting method [1, 2]. High polarization helps improve the
accuracy of cross section measurement. With the luminosity upgrade and the increase
of energy to 1 TeV, measurement accuracy of 13% can be reached for Z ! ll and qq,
HH ! 4b and bbWW combined [4].
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Table III. – Model-dependent precisions [1].

ILC(250) ILC(500) ILC(1000) ILC(LumUp)�
s (GeV) 250 250+500 250+500+1000 250+500+1000

L (ab�1) 0.25 0.250+0.5 0.25+0.5+1 1.15+1.6+2.5

�� 17% 8.3% 3.8% 2.3%

gg 6.1% 2.0% 1.1% 0.7%

WW 4.7% 0.4% 0.3% 0.2%

ZZ 0.7% 0.5% 0.5% 0.3%

tt̄ 6.4% 2.5% 1.3% 0.9%

bb̄ 4.7% 1.0% 0.6% 0.4%

⌧+⌧� 5.2% 1.9% 1.3% 0.7%

cc̄ 6.8% 2.8% 1.8% 1.0%

µ+µ� 91% 91% 16% 10%

�
T

(h) 9.0% 1.7% 1.1% 0.8%

hhh – 83% 21% 13%

BR(invis.) < 0.9% < 0.9% < 0.9% < 0.4%

4.
3. Full ILC . – We summarize here the ILC expected precision. We can complete

the Higgs-coupling measurements at 500 GeV and furthermore improve the sensitivity by
combining results with increasing energy and luminosity. Improving the determination
of absolute couplings at higher energies through the WW -fusion process is possible using
the gHbb coupling obtained at 250 GeV through the Higgs-strahlung process. Therefore
the measurement of the gHbb coupling at 250 GeV can set an upper-limit to the accuracy
of Higgs couplings. An important advantage of increasing the ILC energy in terms of
Higgs physics, other than improving accuracy, is the higher mass-reach for additional
Higgs bosons expected in an extended Higgs sector and an higher sensitivity to the
WLWL scattering to decide whether the Higgs sector is strongly interacting. The model-
independent coupling sensitivity shown in table II can be achieved at full ILC run. With
a model-dependent Higgs coupling parametrization proposed by the LHC Higgs Cross
Section Working Group [5, 6], the sensitivity shown in table III can be achieved. Here
it was assumed that 2nd-generation fermion Higgs couplings are related to those of the
3rd-generation couplings via c = t, µ = ⌧ , and that the total width is the sum of all
SM partial widths.

5. – Physics demands on International Large Detectors

This section is dedicated to address the technical di�culties of the previously men-
tioned analysis and introduce factors which drive detector technology, focusing on the
International Large Detector (ILD). The most challenging are the measurements of Higgs
self-coupling and of top-Yukawa coupling. These processes su�er from small signal cross
section and large background events. Reducing combinatorial background events is cru-
cial for improving sensitivity. Luminosity upgrade and polarization helps improving
signal significance at the production level. To achieve high reconstruction e�ciency
and powerful discrimination power against background events, namely high quality lep-
ton selection, flavour tagging and mass resolution are required. This implies excellent
momentum resolution, impact parameter resolution and jet energy resolution for the de-

(and more accurate) �H determination via the relation �H = �(H ! WW )/BR(H ! WW ) /
�(H⌫⌫)/BR(H !WW ) . Finally, by inserting �H in the measured value of BR(H ! ii) / g2

Hii/�H ,
one can obtain an absolute measurement of the Hii coupling gHii.

The final precision presently expected for the Higgs couplings at the ILC is reported in Table 9, as
summarized in [5], for the various ILC staging scenarios. These results assume (e�, e+) polarizations of
(-0.8, 0.3) at 250 and 500 GeV, and (-0.8, 0.2) at 1 TeV, plus a 0.5% theory uncertainty. A comparison
with the HL-LHC potential is presented in Fig. 12. The top part of Table 9 refers to a model-independent
fit, with no assumption on or between gHWW and gHZZ , nor on the saturation of the total width by
invisible decays. It requires the measurement of the recoil HZ process at low energies. For BR(H !
invis.), the numbers quoted are the 95% confidence upper limits on the branching ratio. Note that the
measurement of the gHtt and of the trilinear gHHH coupling requires

p
s >⇠ 500 GeV. The corresponding

accuracies presented in Table 9 are quite preliminary, and considerable improvements are foreseen in the
ongoing analyzes [54].

As already mentioned, at hadron collider some level of model-dependence is needed to determine
the Higgs couplings. In order to make a fair comparison between facilities of the attainable precisions,
ILC model-dependent fits are reported in the lower part of Table 9. In this case, the fitting technique
most closely matches that used at the LHC, and no non-SM production or decay modes are assumed. In
Fig. 12, the expected precisions on the i scaling factors are shown, as from a constrained 7-parameter
fit that assumes fermion-generation universality. The two ranges (light and dark green, respectively)
shown for the HL-LHC represent the conservative and optimistic scenarios for systematic and theory
uncertainties. Table 10 presents a summary including a comparison with the CLIC and the TLEP (FCC-
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Fig. 12: Model-Dependent (left) and Model-Independent (right) projected precision on Higgs-boson coupling
scaling factors. Here i ⌘ ghii/g(SM)

hii . Green bands refer to HL-LHC projections; blue bands refer to combinations
of ILC and HL-LHC outputs.

Table 10: Expected precisions on the Higgs coupling scaling factors from a constrained 7-parameter fit assuming
no non-SM production or decay modes. The fit assumes generation universality [46]. The range of values shown
for LHC and HL-LHC corresponds to a conservative scenario (current theory uncertainties) and an optimistic
scenario (theory uncertainties scaled by a factor 1/2).

ee) prospects on Higgs-coupling accuracies [46]. CLIC numbers assume polarizations of (0.8, 0) for
energies above 1 TeV. TLEP (FCC-ee) numbers assume unpolarized beams.

Additional information on the TLEP (FCC-ee) potential is given in Table 11. The prospects shown
in the table assume

p
s = 350 GeV, four experiments and 2600 fb�1of data each (plus a data sample

of 10000 fb�1taken at 240 GeV), and negligible theoretical uncertainties with respect the experimental
ones. It is expected to measure the Higgs couplings to bosons with less than 1% uncertainty, while
couplings to fermions should be measured with an uncertainty from about 0.4% (Hbb̄) to 13% (Htt̄) [55].
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Table 11: Relative statistical uncertainty on the Higgs boson couplings, as expected from the physics programme
at
p

s = 240 and 350 GeV at TLEP. (The first column indicates the expected precision at TLEP when the sole
240 GeV data are considered. The substantial improvement with the inclusion of the 350 GeV data – in the second
column – mostly stems from the precise total Higgs boson width measurement, which constrains all couplings
simultaneously.) The numbers between brackets indicates the uncertainties expected with two detectors instead
of four. For illustration, the uncertainties expected from the ILC baseline programme at 250 and 350 GeV are
also given. The first three columns give the results of a truly model-independent fit, while the last two include the
two assumptions made in Ref. [56] on the W/Z couplings and on the exotic decays, for completeness and easier
comparison. The column labelled "TLEP-240" holds for the sole period at 240 GeV for TLEP. The last line gives
the absolute uncertainty on the Higgs boson branching fraction to exotic particles (invisible or not).

Model-independent fit Constrained fit
Coupling TLEP-240 TLEP ILC TLEP ILC

gHZZ 0.16% 0.15% (0.18%) 0.9% 0.05% (0.06%) 0.31%
gHWW 0.85% 0.19% (0.23%) 0.5% 0.09% (0.11%) 0.25%

gHbb 0.88% 0.42% (0.52%) 2.4% 0.19% (0.23%) 0.85%
gHcc 1.0% 0.71% (0.87%) 3.8% 0.68% (0.84%) 3.5%
gHgg 1.1% 0.80% (0.98%) 4.4% 0.79% (0.97%) 4.4%
gHtt 0.94% 0.54% (0.66%) 2.9% 0.49% (0.60%) 2.6%
gHµµ 6.4% 6.2% (7.6%) 45% 6.2% (7.6%) 45%
gHgg 1.7% 1.5% (1.8%) 14.5% 1.4% (1.7%) 14.5%

BRexo 0.48% 0.45% (0.55%) 2.9% 0.16 % (0.20%) 0.9%

4.1.2 Rare and invisible decay modes
Measurements of Higgs boson decay rates suppressed in the Standard Model give crucial information on
the structure of new physics. In this respect, final states such as H ! µ+µ� and H ! Z� are very
attractive (in the SM, BR H ! µ+µ� ⇠ 2.2⇥ 10�4 and H ! Z� ⇠ 1.5⇥ 10�3, respectively [57]). A
high luminosity collider such as HL-LHC is the ideal machine for the production and the measurement
of these final states.

The study of the H ! µ+µ� decay channel is of particular importance as it allows the inves-
tigation of the Higgs boson coupling to second generation fermions, and can contribute to the final
mass measurement. Several BSM models predict a Higgs boson H ! µ+µ� decay rate significantly
higher than in the SM case [58, 59]. In addition, at hadron colliders, the H ! µ+µ� channel offers
the best experimental mass resolution for fermionic final states, comparable to the one of H ! �� and
H ! `+`�`+`�. The production of the SM Higgs boson in the decay H ! µ+µ� at HL-LHC is ex-
pected to be measured with an accuracy of about 12% with 3000 fb�1, a factor three better than expected
at LHC. Even with 3000 fb�1, the uncertainty on the H ! µ+µ� branching ratio (and other rare final
states) will be limited by statistics, implying that a combination of results from ATLAS and CMS will
yield even more precise measurements.

In the Standard Model the H ! Z� decay rate is about two third of the already observed H ! ��
process; current measurements from ATLAS and CMS are based on the one photon + two lepton final
state, with a cross section limit ten times higher than the SM expectation. This final state can be either
enhanced or suppressed in BSM models [60]; a precision on the H ! Z� rate of 20% � 30% can be
obtained with 3000 fb�1at LHC [52,61]. Studies made for ILC predict an accuracy for the H ! Z� rate
larger than 30%, even in case of the highest centre-of-mass energy and integrated luminosity considered
in the analyses that have been made; at FCC-ee this rate is expected to be measured with an uncertainty
of about 12%.
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Higgs boson decays, which are forbidden or strongly suppressed in the Standard Model, provides
and unambiguous signature of physics beyond the SM. Among the first ones, lepton-flavour-violating
decays [62, 63], such as H ! ⌧µ [64] or H ! ⌧e, play an important role because of the distinct
experimental signature and their link to the flavour sector (Section 6.6.7). Exclusive hadronic decays, for
example decays to a vector boson and a narrow resonance (e.g. H ! Z J/ or H ! �⌥) [65] have
SM branching ratios in the 10�5 � 10�6 range and give complementary information on the couplings,
providing a unique probe of the Higgs-Goldstone-vector coupling [66]. A comprehensive survey of other
exotic Higgs boson decays is given in [67].

A further key study, performed by ATLAS and CMS at the HL-LHC, is the search for decays of
the Higgs boson to particles that leave the experimental apparatus without being detected, e.g. to dark
matter WIMPs. The process considered in the study performed is the associated ZH production, with
Z ! `+`� and the Higgs boson decaying invisibly. Limits on the “invisible final state" branching ratio
of the Higgs boson at the level of 6�8% can be set at the 95% confidence level; in a more conservative
scenario this limit would degrade by about a factor of two. Measurements using the VBF and gluon
fusion production modes can further improve the results.

The search for invisible decay modes (and other final states suppressed by Standard Model) at
e+e� colliders can be covered by the measurement of the total width, compared with the SM prediction,
whose uncertainty is predicted to be a few % (see also Section 4.1.4).

4.1.3 CP mixing studies
Studies on the measurement of properties of the Higgs boson decay vertex H ! `+`�`+`� in 14 TeV
proton-proton collisions have been performed [68]. Though this channel has low sensitivity to CP mixed
states in the MSSM because the ZZ system has defined positive CP properties, in more general BSM
models such constraint vanishes increasing the channel sensitivity. The sensitivities on the HZZ vertex
tensor couplings have been determined for an integrated luminosity of 300 fb�1at LHC and 3000 fb�1at
HL-LHC. The decay amplitude has been described following ref. [44], where the HZZ scattering am-
plitude has been parameterized as a function of 4 complex coupling constants: g1, g2, g3 and g4. The
result of the studies are shown in Table 12, where the 95% confidence level intervals on the couplings
have been reported. Such results show that a substantial improvement of our knowledge of the tensor
structure of the HZZ vertex can be achieved.

Table 12: Expected values excluded at 95% C.L. for the real and imaginary part of g
4

/g
1

and g
2

/g
1

couplings, as-
suming the Standard Model. These values are obtained at

p
s = 14 TeV using an integrated dataset of 3000 fb�1at

HL-LHC.

Re(g4)/g1 Im(g4)/g1 Re(g2)/g1 Im(g2)/g1

<-0.34 >0.26 <-0.34 >0.48 <-0.30 >0.11 <-0.71 >0.68

4.1.4 New trends in measuring the Higgs boson natural width
The natural width of the 125 GeV Higgs boson is an important physics property that could reveal new
physics. In particular, decays of the Higgs boson to dark matter objects, WIMPs and other possible
BSM particles would increase the natural width with respect to what predicted by SM, and indicate the
production of new physics. A direct measurements of this quantity is possible only at muon colliders
via line shape scan in the s-channel (Section 2.5), while at the LHC/HL-LHC and at e+e� colliders
the experimental mass resolution for detected Higgs candidates is significantly larger than the expected
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width from Standard Model 1. As an example, the mass resolution of the �� system at LHC experiments
is about 400 time the SM predicted natural width for m�� ⇠ 125 GeV.

Nevertheless, an indirect determination of the Higgs boson width is possible by using the inter-
ference of the Higgs boson signal (H ! �� or H ! ZZ)) with the same final state (�� or ZZ) in the
continuum [69]. In the first case the interference is studied with the on-shell peak, because the interfer-
ence modifies the H ! �� line shape, in the second case the interference happens on the off-shell side,
in particular in the region where the invariant mass of the four leptons is larger than twice the Z mass.
Constraints from data have been recently studied by CMS [70] and ATLAS [71] on the total width of
the 125 GeV Higgs boson, using its relative on-shell and off-shell production and decay rates to a pair
of Z bosons [72] [73], where one Z boson decays to an electron or muon pair, and the other to an elec-
tron, muon, or neutrino pair. This leads to an upper limit on the Higgs boson width of about 20 MeV at
95% C.L.. More studies are needed to investigate possible routes to reduce the experimental and theory
uncertainties.

4.1.5 HH pair production
After the discovery of a light resonance at 125 GeV, Higgs pair production is drawing a lot of attention
in the community. Indeed, among the measurements which need to be performed in future projects, the
assessment of the Higgs self-coupling in processes where the Higgs boson is produced in pairs is of
paramount importance. In many BSM models, double Higgs boson is significantly different from what
predicted in SM. Also, Higgs boson self-coupling is strongly connected with the vacuum stability, and
it has therefore important cosmological implications [47]. Early discovery of HH production in RUN-
2/HL-LHC would represent another major result, hopefully followed by subsequent Higgs self-coupling
measurements. The Higgs self-coupling is accessible thanks to the production diagram involving a triple
Higgs vertex.

With a Higgs boson at the mass measured at LHC, examples of the most promising channels
are HH ! b̄b�� and b̄bt+t�. The challenging HH ! b̄bW+W� channel, initially thought to be
inaccessible due to the large t̄t background, is now currently also been investigated. The final state with
the largest branching fraction, HH ! bbbb, could be an interesting channel if boosted topologies (that
offer better signal-to-background ratio) are considered. The channel HH ! b̄bZZ ! b̄b2`2⌫ could be
another interesting final state to investigate, if the Z mass constraint proves sufficient to reduce the large
background.

At hadron colliders, the dominant production mechanism is gluon-gluon fusion, and at the HL-
LHC is estimated to have a cross-section of 34+37%

�30% fb at NLO [74] assuming mH = 125 GeV. Due to
the destructive interference of the diagrams involving di-Higgs production, this cross-section is modified
to be 71(16) fb if the self-coupling is assumed to be zero (twice the SM prediction). Recent calculations
of next-to-next-to-leading order (NNLO) QCD corrections suggests an increase of the SM cross-section
by a factor O(20%) [75, 76], thus enhancing its value to about 41 fb.

Preliminary studies on di-Higgs boson production in the HH ! b̄b�� decay have been recently
released by ATLAS and CMS [51, 77]. A cut based analysis has been performed using Monte Carlo
samples for signal and several background processes that are expected to contribute to the production
of this final state. These samples have been processed through a simplified or full detector simulation.
Figure 13 shows the distribution of the diphoton invariant mass, m�� , after all other selection cuts are
applied. A total of 8.4 events are expected with a 3000 fb�1 data sample, with a background contam-
ination of 47 events, yielding a significance on HH production of S/

p
B ' 1.3. A higher significance

is predicted by the analysis performed by CMS, with slightly lower background expected, that would
allow a measurement of the HH yield with an accuracy of about 60 %; see Fig. 14. ATLAS and CMS are

1At the e+e� colliders, an indirect measurement is possible combining the measurements of the Higgs boson production
from “Higgsstrahlung" and Vector Boson Fusion processes, as described in Section 4.1.1.
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Fig. 13: The distribution of the two-photon invariant mass (m��) from the ��bb channel after applying all
selection cuts (except the one on that variable) [78].

Fig. 14: The average expected relative uncertainty on the di-Higgs cross-section measurement is shown as a
function of the b-tagging efficiency [77].

currently working to better understand these residual differences, and to investigate potential avenues for
improving the sensitivity. Studies on HH ! b̄bt+t� final states are in progress. More detailed results
from ATLAS and CMS on Higgs pair production measurement prospects at HL-LHC will be available a
few months after the publication of this document.

Higgs boson pair production at e+e� colliders requires a centre-of-mass energy of at least the
kinematic limit (⇠ 340 GeV). Therefore only colliders such as ILC in the version with

p
s = 1000 TeV

and 1000 fb�1can expect to measure the triple Higgs coupling with an uncertainty of about 13%.

4.2 Experimental measurements with W and Z bosons and QCD
Precision measurements in the electroweak sector of the Standard Model (SM), studying the properties
of W and Z vector bosons, keep their own interest even after the discovery of the SM-like Higgs boson
and in view of future experimental programs. These studies are a tool for the indirect discovery of
physics beyond SM, through the search for deviations from the properties predicted by the model itself
induced by quantum loop corrections. In case new physics is independently discovered, they may help
in characterizing it.
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There are two main classes of measurements which are interesting for the next future:

– the study of precision observables related to the vector boson properties, that enter directly as input
to the electroweak global fits, together with the top quark mass mt and the Higgs boson mass mH.
Under the assumption that the new 125 GeV boson discovered at the LHC is the SM Higgs boson,
all the parameters are known and this fit can now over-constrain the model for the first time [79];

– the study of the couplings in the gauge boson sector, aiming to search for anomalous contributions
to the triple (TGC) and quartic (QGC) gauge boson couplings. This is a sector of measurements
tightly related to the understanding of the properties of the Higgs boson, through the detailed
study of the vector boson scattering (VBS), whose theoretical explanation is one of the reasons for
introducing the Higgs boson itself.

As it will be noticed, besides the direct study of the vector bosons’ properties and couplings, a
number of additional inputs are required by the global fit. The precise knowledge of the electromag-
netic and QCD coupling constants ↵em,↵S, directly affects the fit predictions. Moreover, since hadronic
colliders will keep playing a fundamental role for a while in these measurements, the improved knowl-
edge of the initial state through a precise measurement of the proton parton distribution functions (PDFs,
Section 7.3.1) is of the utmost importance.

4.2.1 Precision observables
The SM parameters mostly sensitive to the Higgs boson mass value are the W boson mass mW , and
the couplings of the Z boson described by the Weinberg angle, sin2 ✓W [80]. The current experiment
uncertainty on mW = 80.385±0.015 GeV is driven by the measurements performed at the Tevatron [81],
while the uncertainty on the Weinberg effective angle is dominated by the measurements performed at
LEP1/SLC sin2 ✓e↵

W = 0.23113 ± 0.00016 [82]. The discrepancies in the latter results obtained at the
two e+e� colliders constitutes one of the most intriguing legacies of that experimental program.

The indirect determination of mW from the global electroweak fit provides at present an uncer-
tainty of 8 MeV [83], already smaller than the experimental precision, and that will be likely further
reduced in next future through the progresses in theoretical calculations and other SM parameters knowl-
edge [84]. This motivates the push for a reduction of the experimental uncertainty in this measurement,
that can be achieved both at hadronic and leptonic colliders. The expected final precision by the anal-
ysis of the full Tevatron data sample could be of about 9 MeV, with the statistical and PDF-induced
uncertainties playing a leading role. The use of data control samples to understand the detector be-
haviour and calibration has proved to be at the Tevatron an essential tool in reducing the other sources
of systematic uncertainties, and therefore a similar result can be expected at LHC. The studies in [85]
show that the mW uncertainty coming from PDFs at LHC can be even similar to the one at Tevatron,
provided the effects on the cross section normalisation are removed. Therefore an improvement of the
results clearly requires a corresponding improved knowledge of the PDFs themselves. The relative im-
portance of various PDFs depends on the observables used for the mW extraction. Given the relevance
of a precise determination of the W mass at LHC, a special section is dedicated to the subject in this
report (Section A.1). Its conclusions, based on the current trend in the development of calculations and
understanding of the impact of PDFs, suggest that the 10 MeV uncertainty level is reachable, at least for
measurements based on the transverse mass. Extrapolations in [84] push the target for an uncertainty
at LHC towards 5 MeV in the long term, exploiting for these studies the samples collected up to the
HL-LHC data taking.

Better results are expected to come from the precise knowledge of the e+e� ! W+W� cross
section around the production threshold, which is very sensitive to mW . This would be the main observ-
able to study at future leptonic machines, both linear (ILC) and circular ones (ee-FCC). In both cases the
dominant source of uncertainty would be the detailed knowledge of the beam energy (determining the
value of

p
s at which the cross section is evaluated). Studies for the ILC physics case [84, 86] suggest
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that a threshold scan would allow to reach an in-situ energy calibration sufficient to achieve a' 2.5 MeV
total uncertainty on mW . Crucial ingredients of the measurement would be the beam energy calibration
in situ with Z� events and the use of polarised beams to evaluate background from data. Other tech-
niques, like the full event kinematic reconstruction à la LEP2 or the study of the hadronic mass in single
W production, can complement this result but they are unlikely to provide a precision better than 3 MeV.
The ultimate precision in a leptonic machine could be reached by a WW threshold scan at a circular col-
lider: studies performed for the TLEP physics case [87] claim that the resonant depolarisation method,
used at LEP1 for the precise measurement of the beam energy, could be pushed to work up to 80 GeV.
This could turn into a corresponding precision on mW of about 1 MeV.

The current theoretical precision on sin2 ✓e↵
W is at the level of ' 7⇥ 10�5, and it is reasonable

to imagine it could be halved in next future mostly through an improved knowledge of the main input
parameters. The effort of moving the experimental precision at the 10�5 level, and understand the current
discrepancy among the values obtained by LEP1 and SLC separately is therefore important. The most
precise result at an hadronic collider has been obtained by CDF [88] exploiting innovative procedures to
analyze Z ! µµ decays, which have allowed to bring the uncertainty at the 10�3 level. The addition
of th electron channel and of D0 similar measurement can likely bring the Tevatron combined result at
the level of precision of the LEP/SLC one. Recent ATLAS results [89] show that the usage of forward
electrons, in the detector acceptance |⌘| > 2.5, can improve the precision, even with a smaller statistics
compared to the central region, thanks to a smaller dilution of the information on the quark direction,
confirming the smaller sensitivity to PDFs already noticed in the study [90]. All these facts suggest
that LHC could achieve a comparable level of precision as LEP1/SLC as well, within the HL-LHC
completion [84]. Alternative methods to explore the Zbb̄ vertex, the basis for the LEP1 measurement of
the Weinberg angle, have been suggested in [91], studying the associated production of Z and b-quark at
LHC.

The ultimate precision reachable on sin2 ✓e↵
W is nevertheless achievable at a lepton collider, at

present the only environment in which it can be expected to break the 10�4 precision barrier. Both
for circular and linear machines, the use of longitudinally polarized beams is essential to obtain the
best results. Repeating the SLC measurement of the left-right polarisation asymmetry with both beams
polarised can provide a jump in precision provided all the possible polarisation combinations are used to
compute it in the so called "Blondel scheme" [92]. The precision in the beam energy determination also
matters, given the strong

p
s dependence of the �Z interference term. The projections presented in [84]

shown the 10�5 uncertainty achievable at ILC, and even better at an ee-FCC.
A lepton collider running at the Z peak can allow to repeat the LEP1 studies of the Z line shape

with possibly improved precision. It is worthwhile to notice that the Z mass determination is strongly
dependent on the precise knowledge of the beam energy. The use of the resonant depolarisation tech-
nique, possible in a circular collider, might push the precision beyond the LEP1 level, as shown in the
projections presented in [87].

4.2.2 Boson couplings and vector boson scattering measurements
The study of triple and quartic gauge couplings among bosons, a fundamental prediction of the SM,
relies on the study of multi-boson final states at both hadron and lepton colliders. The smallness of
the cross section for these processes, compared to the production of single bosons, implies the need for
high integrated luminosities in order to reach a sufficient statistical precision to improve the currently
available limits on anomalous contributions, that are signatures of physics beyond the SM. Among the
mechanisms producing multi-boson final states, VBS plays a special role, as its unitarization is achieved
by the introduction of the Higgs mechanism. A deviation from the SM predictions for these processes
would be an important evidence for the need of an extension of the minimal SM. The sensitivity to non
SM contribution of the observables related to VBS increases with the centre of mass energy, and this
explains why hadronic machines are the main environment where this study must be performed.
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Concerning charged triple gauge couplings, as shown in [93], LHC is already competitive with
earlier LEP2 and Tevatron results on the parameters � and �, used to describe anomalous couplings:
the former is mostly sensitive to differential distributions, and the cleaner environment provided by lepton
colliders can help in the precision of the determination, and ILC at 800 GeV is clearly winning over LHC,
even assuming the full HL-LHC foreseen statistics (Fig. 15). On the contrary, the latter can profit from thep

s dependence; furthermore, the sensitivity to it resides mostly in the high pT tail of diboson system,
and can benefit from large statistics. This explains why HL-LHC is expected to reach performances
comparable to ILC at 800 GeV, while a h-FCC hadron collider at high energy could push further this
precision.

Quartic gauge boson couplings can be extracted by the study of both di and triboson final states,
like WW , WZ, ZZ and Z�� respectively. Vector boson scattering processes contributing to these
final states are characterised by emission of very forward jets, large jet-jet invariant mass, and large
rapidity gaps (since they produce colourless objects in the central region). With the typical experimental
selections used, the cross section for electroweak vector boson pair production is of O(10) fb. The study
of the vector boson pair mass in the VBS processes can probe the need for physics beyond the SM Higgs
mechanism at higher scale. In practice there is also the transverse polarization to take into account, and
the PDFs suppress the growth, so a precise measurement of the production rate at high mass is needed.
These facts combined explain why HL-LHC is needed in order to have a detailed investigation of VBS,
studying in details several differential distributions sensitive to non SM contributions.

Both ATLAS [94] and CMS [95] have provided preliminary studies of sensitivity of HL-LHC to
QGC, using the effective field theory approach to parameterise the possible anomalous contributions. As
summarised in [84], there is a clear gain in sensitivity reach by moving from the integrated luminosity of
300 fb�1 expected by the end of LHC to the 3000 fb�1 expected at the end of the full HL-LHC program.
Limits in the new physics scale are model dependent, but in general they reach or exceed the 2 TeV.
In general, lepton colliders are not competitive in this sector, where hadronic machines can give better
results by one or two orders of magnitude. It is worthwhile to notice that tribosons are specially sensitive
to
p

s, and could provide even better limits at energies beyond the HL-LHC ones.
In parallel to these studies, another interesting process providing access to anomalous QGC is

the �� ! WW scattering. The very weak limits on new physics established by LEP2 are already
improved at LHC, and can be pushed further by order of magnitudes before any lepton collider enters into
operation. The experimental technique used to study this very rare process is based on the tagging of very
forward protons emerging from the scattering in the so called central exclusive production mechanism,
that can be achieved with the proton spectrometers situated at about 200 m from the interaction point that
both ATLAS and CMS are building at present. Results are presented in [96], showing a very interesting
physics potential.

4.2.3 Parton distribution functions and the strong coupling constant
From the previous discussion it is clear that the precision in the knowledge of the proton PDFs is a
limiting factor for the program of precision measurements in the electroweak sector in the next 15/20
years, when it will be dominated by LHC and HL-LHC. In particular the gluon PDF is still poorly
constrained by data, while becoming of crucial importance (for instance in the description of the Higgs
boson production).

LHC measurements have started to be used to complement those of HERA in constraining the
proton PDFs: inclusive jet and dijet production, W charge asymmetry, W + c production. But a quite
larger program can be envisaged. The gluon PDF can be constrained by studying many different final
states:

– isolated photons, or photon+jets, constraining medium x gluons through QCD Compton scattering;
– vector bosons + jets (high pT): small to medium x gluons (qg dominating at pT > 100 GeV);
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– low mass Drell-Yan: small x gluons (if resummed calculations available; LHCb might be particu-
larly sensitive in its acceptance);

– tt̄ production (known at NNLO): large x gluons (important for high mass BSM).

Quark PDFs understanding can benefit from measurements of the ratio of W and Z production at high
pT, useful to study the quark-antiquark separation, or of the Drell-Yan process at high mass, sensitive to
large x quark PDFs.

It is important to notice that the proposed electron-proton collider option suggested for LHC, the
so called LHeC program, could be the ultimate tool to gain the deepest understanding on the PDFs,
according to the projections made in the proposal [97].

Together PDFs, the precise knowledge of the strong coupling constant ↵S is also essential to the
precision physics program, as a basic input in the global electroweak fits. At present lattice calculations
are driving the uncertainty on the average. The recent calculation of the pp! tt̄ cross section at NNLO
opens a very interesting possibility to get an O(1)% measurement at high Q2. In future perspective, the
most promising measurement can be provided by the study of Rl = �(Z ! hadrons)/�(Z ! ll) at
lepton colliders. ILC or ee-FCC could reach precisions of 0.0004 or 0.0001 respectively, exploiting the
current precise knowledge of mH .
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Fig. 15: Prospects for the measurements of the � and �� TGC couplings at LHC and ILC, from [98].

4.3 Top quark physics
The top quark, discovered in 1995 [99, 100], is nowadays the heaviest elementary particle. It plays a
crucial role in the Standard Model phenomenology and the electroweak symmetry breaking because,
thanks to its large mass, it exhibits the largest Yukawa coupling with the Higgs boson. The top-quark
mass mt is a fundamental parameter of the Standard Model: even before the Higgs discovery [42, 43],
it was used, together with the W mass, to constrain the Higgs mass in the global fits. With the excep-
tion of few open problems which will be discussed in the following, all measurements for both tt̄ and
single-top production are in agreement with the Standard Model expectations. Nevertheless, top quark
phenomenology will remain one of the main fields of investigation in both theoretical and experimental
particle physics, at any present and future facility, i.e. both lepton and hadron colliders, as well as linear
and circular accelerators. Hereafter, we shall discuss the future perspectives regarding the measurement
of the top-quark properties, taking particular care about its mass, couplings and final-state kinematic
distributions.
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4.3.1 Top quark mass
The mass of the heaviest fermion (mt) is a physical quantity of central importance at the electroweak
scale; its current world average is mt = 173.34 ± 0.27 (stat) ± 0.71 (syst) GeV [101]. The role of the
top mass in precision tests has been already mentioned, besides electroweak fits the value of the top mass
is used as a key input in several other important cases. As an example [102], using the current values of
the measured Higgs and top masses and assuming that possible new physics interactions at the Planck
scale do not affect the stability phase diagram and the electroweak vacuum lifetime, the Standard Model
vacuum is found to lie on the border between stability and metastability regions ( [103] discusses the
robustness of the underlying hypotheses). In addition, the top mass plays a role in inflationary universe
theories and in the open issue regarding whether the inflaton can be the Higgs field or not. As discussed,
e.g. in [104], in inflationary theories the running of the couplings is important and, once the the Yukawa
coupling is determined from the top mass, the spectral index depends on both top and Higgs masses.

A crucial assumption employed in all calculations using the top mass as an input is that the mea-
sured mass corresponds to the top-quark pole mass. However, as will be clarified later on, the connec-
tion between the top mass measured in current analyses of experimental data and the pole mass is not
straightforward and, although the two values should be reasonably close, any effort to clarify the top
mass interpretation is important in order to validate or modify the outcome of electroweak fits or other
studies [102].

The standard methods to measure the top mass at hadron colliders, where tt̄ pairs are produced in
qq̄ (dominant at the Tevatron) or gg (dominant at the LHC) annihilation, are based on the the investigation
of the properties of the final states in top decays (t! bW ), which, according to W decays, are classified
as double-lepton, leptons+jets or all jets. In all cases, there are two b-tagged jets, whereas the W decay
products are reconstructed as isolated leptons (muons or electrons) or as jets (for W ! qq̄0 processes).
After requiring energy-momentum conservation and constraining the W mass, the final-state invariant-
mass distribution exhibits a peak, which is interpreted as the production of a top quark.

The conventional techniques to reconstruct the top mass are likelihood-type such, e.g, the matrix-
element and template methods. The matrix-element method compares the measured quantities with pre-
dictions obtained by convolving the LO tt̄ cross section with the detector response. The template method
is based on investigating several distributions of observables depending on mt, under the assumption
that the final state is WbWb and the W mass is known; the data are then confronted with Monte Carlo
templates and mt is the value which minimizes the �2. Matrix-element and template methods are those
used in the world average determination, based on the updated measurements from D0, CDF, ATLAS
and CMS Collaborations. The projections for the LHC run at 14 TeV, i.e. a tt̄ cross section of about
951 pb, according to the template/matrix-element methods, foresee, for a luminosity L = 100 fb�1, a
systematic uncertainty of 700 MeV and a statistical error of 40 MeV. With L = 300 fb�1, the estimated
systematic and statistical errors are 600 and 30 MeV, respectively [105].

Other techniques have been developed, for example the so-called endpoint [106, 107], J/ [108,
109] and decay-length [110] methods. These alternative techniques are presently less precise than the
conventional methods, however they turn out to be very promising in view of the high statistics to be col-
lected at LHC, because statistical uncertainties, together with several systematic uncertainties reducible
with statistics, will decrease, as discussed in [107].

Generally speaking, in most analyses the experimental results are compared with simulations
based on Monte Carlo generators (an exception is the endpoint method) and, strictly speaking, the recon-
structed top mass cannot be precisely identified with theoretical definitions like, e.g., the pole mass.

In fact, programs like HERWIG or PYTHIA are equivalent to LO QCD calculations, with the
resummation of all leading (LL) and some next-to-leading soft/collinear logarithms (NLL) [111]. In
order to fix a renormalization scheme and get the pole or MS mass, one would need at least a complete
NLO computation, while parton showers only contain the soft/collinear part of the NLO corrections.
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Furthermore, any observable yielded by such codes depends on parameters which are to be tuned to
experimental data, in particular non-perturbative quantities, such as the shower cutoff or the parameters
entering in the hadronization models, namely the cluster [112] (HERWIG) or string (PYTHIA) [113]
models.

In the non-perturbative phase of the event simulation, the b quark in top decay hadronizes, e.g., in
a meson B±,0, by combining with a light (anti) quark q̄, which may come from final- as well as initial-
state radiation. Since the b quark likely radiates gluons before hadronizing, the initial colour and part
of the four-momentum of the top quark may well be transferred to light-flavoured hadrons, rather than
only B-hadrons. As a result, there is no unique way to assign the final-state particles to the initial (anti)
top quark and this leads to another contribution to the uncertainty on the top mass, when reconstructed
from the invariant mass of the top-decay products. As for colour flow and reconnection, a phenomenon
already investigated at e+e� colliders in e+e� ! W+W� ! 4 jets processes, this is typically studied
by varying the non-perturbative parameters of the Monte Carlo program and it leads to an uncertainty that
amounts to about 300 MeV in the current top mass world average. Moreover, parton shower algorithms
neglect the top width (�t ' (2.0 ± 0.5) GeV [81]) and top-production and decay phases factorize:
although �t << mt, for a precise mass definition with an uncertainty below 1 GeV, even width effects
should be taken into account. Therefore, one often refers to the measured mass as a ‘Monte Carlo mass’,
which must be related to a given theoretical definition. Indeed, definitions like the pole mass work well
for leptons, which are colourless particles, whereas, in the case of coloured quarks, it exhibits a non-
perturbative uncertainty, proportional to ⇤QCD, due to the infrared renormalons which are contained in
the higher-order corrections to the heavy-quark self energy, proportional to ↵n+1

S n!. Nevertheless, up to
this intrinsic ambiguity, since the top mass is extracted from final-state top-decay observables, relying
on the on-shell kinematics of its decay products (leptons and jets), one should reasonably expect the
measured mass to be close to the pole mass. In fact, calculations based on Soft Collinear Effective
Theories (SCET) [114] have proved that, assuming that the Monte Carlo mass is the SCET jet mass
evaluated at a scale of the order of the shower cutoff, i.e. Q0 ⇠ O (1 GeV), it differs from the pole
mass by a small amount ⇠ O(↵S�). A foreseen investigation, which may help to shed light on this
issue, is based on the simulation of fictitious top-flavoured hadrons, e.g. T±,0 mesons [115]. It is well
known how to relate the mass of a meson to a quark mass in any renormalization scheme. Therefore,
a comparison of final-state quantities with the top quark decaying before or after hadronization, and the
subsequent extraction of the top mass from their Mellin moments, can be a useful benchmark to address
the nature of the reconstructed mt and the uncertainty due to non-perturbative effects, such as colour
reconnection. In standard top-quark events the top quark gets its colour from an initial-state quark or
gluon and, after decaying, gives it to the bottom quark; on the contrary, if it forms t-hadrons, it is forced
to create a colour-singlet.

For the reasons explained above, it is of paramount importance to verify the description of key fea-
tures of the experimental data by the simulation used to derive the top mass. In addition, the uncertainty
related to modelling of, e.g. colour reconnection, can potentially be reduced by comparing sensitive
observables in data and Monte Carlo simulation. To this end recent studies are described in [116, 117],
based on the use of several distributions differential with respect to mt. The present conclusion is that
the predictions of all generators are in agreement with the data and therefore there is no bias due to the
choice of the generator used to describe tt̄ events. Differential measurements are limited by statistics,
therefore these techniques will profit a lot by the foreseen increase of integrated luminosity at LHC.

In order to weaken the dependence on the shower algorithms and non-perturbative corrections,
other methods have been proposed to measure the top mass at the LHC. One is based on the measure-
ment of the total tt̄ cross section, recently computed in the NNLO+NNLL approximation using the pole
mass in [118], and extract the top mass from the comparison [119, 120]. The very fact that the mass de-
termined from the cross section is in agreement with the value yielded by the likelihood-based standard
techniques, confirms the hint that the extracted top mass should be close to the the pole mass, used in
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the NNLO+NNLL calculation of [118]. Another possible strategy consists of using the tt̄ invariant mass
in events with a hard jet (j), since it is an observable more sensitive to the top mass than the inclusive
cross section [121, 122]. These methods, together with the alternative and differential techniques men-
tioned above, will be used used to exploit the large statistics to be collected in the future LHC runs, and
eventually provide a robust assessment of the uncertainty and possible biases in our determination of mt.

Future lepton facilities will be an excellent environment to measure the top mass, because of the
colourless initial state. As described in Section 2, we have several proposals for lepton colliders, mainly
e+e� machines: the International Linear Collider (ILC), the Compact Linear Collider (CLIC) as well
as circular colliders (FCC-ee, CEPC). The potential for top-quark physics at ILC and CLIC has been
studied in depth, with simulations of the luminosity spectra and detector response. The key challenge
at CLIC is the pile-up of the background due to �� annihilation into hadrons, while at ILC there is no
pile-up but there are more �� ! hadrons processes per bunch crossing. At a circular collider such as
FCC-ee similar and even higher instantaneous luminosities can be obtained with a much lower level of
beamstrahlung, a narrow beam energy spectrum having a very low tail and lower �� backgrounds.

At e+e� colliders, top-pair production near threshold is an interesting process, where two main
contrasting effects play a role: because of the strong interaction, the t and the t̄ can form a Coulomb
bound state, whereas the electroweak interaction smears the peak of the cross section out. The reso-
nance cross section, computed up to NNLO accuracy [123] by using Non Relativistic QCD, is peaked atp

s ' 2mt and behaves like �res ⇠ ↵3
s/(mt�t); the NNNLO calculation is nowadays among the main

challenges in perturbative QCD. The top mass can thus be reconstructed through the so-called thresh-
old scan. Besides pole and MS masses, a particularly suitable mass definition at threshold is the 1S
mass [124] m1S

t , a short-distance mass defined as half the mass of a fictitious 3S1 toponium ground state
for stable top quarks.

In order to estimate the uncertainty on the measurement of the top mass at a lepton collider, a
simulation scanning the range 346 GeV< mt < 354 GeV in steps of 1 GeV, by using the TOPPIK
program [124] and assuming an integrated luminosity L = 300 fb�1 was carried out in [125]. The overall
uncertainty is gauged to be about 100 MeV, after summing in quadrature the errors due to statistics (30
MeV), luminosity (50 MeV), beam energy (35 MeV) and on the functional form of f(

p
sres, mt) (80

MeV). The luminosity spectrum of the machine affects the (statistical) uncertainty of the measurement:
passing from CLIC to ILC the uncertainty on the mass should improve by 10-20%. The theoretical error,
due to missing higher orders and uncertainties on the quantities entering in the calculation, such as mt,
�t and ↵S , is predicted to be 3% of the full error. Furthermore, a 2D template fit to the cross section can
be performed as well, measuring simultaneously mt. and ↵s. Through this method, one can reach an
error on the pole mt of 60 MeV and on the 1S mass of 30 MeV.

At circular colliders such as FCC-ee the cross section just above threshold is essentially indepen-
dent on the top mass, which is a useful feature for combined fits of the top mass and other parameters
(e.g. the top width, ↵s or the top-Higgs Yukawa coupling). This expected behaviour has been recently
checked with tools developed in the context of ILC studies, where typical FCC-ee beam parameters have
been included [126, 127], as shown in Fig. 16.

Above threshold, the top mass can still be determined by using final-state distributions, in the
same manner as at hadron colliders: with

p
s = 500 GeV and L = 500 fb�1, current estimates foresee

an experimental uncertainty of 100 MeV [127].

4.3.2 Top quark couplings
The determination of the coupling of top quarks to W , Z and Higgs bosons, as well as to photons and
gluons, is an important challenge in top-quark phenomenology. These measurements are complementary
to the Higgs coupling measurements previously described in this chapter. In particular, possible direct
measurements of the Yukawa coupling will be a crucial test of the Standard Model and will help to shed
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Fig. 16: Simulation of a scan around the tt̄ threshold at FCC-ee [126, 127]. Each centre-of-mass energy point
corresponds to 10 fb�1, about one week of running at FCC-ee with the expected instantaneous luminosity. The
solid curve is taken from a NNLO calculation [124,128], where QED ISR and FCC-ee beam parameters have been
included. It assumes a top mass of 174 GeV in the 1S mass scheme, which is shifted by 200 MeV in opposite
directions in the two dashed curves.

light on some new physics models.
The strong coupling constant ↵S can be extracted from the measurement of the tt̄ and tt̄j cross

sections. Ref. [119] compared the NNLO calculation [118] with the measured tt̄ cross section in terms
of mt and ↵S(mZ). Once the top pole mass in the computation is fixed to the world average, one can
extract the strong coupling constant from the comparison, obtaining the value ↵S(mZ) = 0.1151+0.0033

�0.0032,
which is at present the first ↵S determination in top-quark events and within a NNLO analysis. The
experimental (about 3.5%) and theory (about 5%) errors are of similar order of magnitude and are not
expected to change dramatically in the future LHC operation, namely centre-of-mass energy 13 TeV and
luminosity 300 fb�1. At future e+e� colliders, through a threshold scan of the total cross section, it will
be possible to extract ↵S with an uncertainty smaller than 1% and the width �t with an accuracy of a few
percent [125].

The coupling of the top quarks to W bosons can be measured through top decays and single-
top production. The helicity fractions of W bosons in top decays have been calculated in the NNLO
approximation in [129], and therefore the theory uncertainty is by far smaller than the experimental
one (see the CMS and ATLAS measurements of the tt̄W cross section in [130, 131]). A higher level
of precision of the measurement of such helicities, by exploiting the leptonic angular distributions, is
thus mandatory in the next LHC operations, in order to test the Standard Model in the top-decay sector
as well. As for single-top production, the LHC cross sections in the s- and t-channel, as well as in
the Wt associated-production mode, are in agreement with the Standard Model expectations. In the t-
channel case, for example, CMS reports a cross section measurement �t�ch(t) = [83.6 ± 2.3(stat) ±
7.4(syst.)] pb [132], whereas the ATLAS result is �t�ch(t) = [68±8] pb [133]. Increasing the energy and
the luminosity of the LHC will not improve too much the accuracy of this measurement, but nevertheless
a precision of 5% in the determination of the single-top cross section and of 2.5% in the measurement of
the CKM matrix element Vtb is foreseen [134].

Future e+e� colliders will be able to measure the tWb coupling with an accuracy about 2%, by
scanning the centre-of-mass energy between mt and 2mt [135]. Furthermore, a �e collider is predicted
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to have a reach for the tWb coupling between 10�1 and 10�2 [136], while an ep accelerator using the
LHC facility at 1.3 TeV may aim at a sensitivity within 10�2 and 10�3 [137].

As for the top coupling to photons, although measurements of the top charge [138] and of the
inclusive tt̄� cross section [139] are available, with the results being in agreement with the Standard
Model predictions, it would be desirable to determine the tt̄� coupling with a much higher level of
precision. In fact, this process suffers from large QCD backgrounds, and it is therefore necessary to set
strong cuts to suppress them; the NLO calculation for tt̄� production [140] is an important ingredient
for an improved measurement at the LHC. At 14 TeV, with a luminosity of 300 fb�1, the coupling to
photons will be measured with a precision of 4%, whereas at 3000 fb�1 the expected accuracy will be
about 1%.

The tt̄Z production cross section, sensitive to the coupling of top quarks with Z bosons, has been
measured by CMS (�tt̄Z = [200+80

�70(stat)+40
�30(syst)] fb [130]) and ATLAS (�tt̄Z = [150+55

�50(stat)] ±
21(syst)] fb [131]). Improving this measurement will be important for the next LHC run; another key
measurement will be the detection of single top production in association with a Z. With 300 fb�1 at
LHC, the tt̄Z axial coupling can be measured with an uncertainty of about 10%, while the vector one
only with an accuracy of 50%; increasing the luminosity to 3000 fb�1 the achievable limits will improve
typically by a factor 2–3 [141].

An e+e� collider will be the ideal environment to test the coupling of top quarks with � and
Z bosons. As the e+e� ! tt̄ process mixes photon and Z exchanges, having polarized beams, or
measuring top-quark polarization in the final state, will be important to measure independently such
couplings. Ref. [86] described the reach of the linear colliders ILC and CLIC, with polarizations of
electrons and positrons equal to 80% and 30%, respectively, and

p
s = 500 GeV, finding that the expected

precision is at the level of 0.1%, namely 2⇥ 10�3 for the coupling to photons and between 3⇥ 10�3 and
5 ⇥ 10�3 for tt̄Z. FCC-ee is expected to measure the couplings with an even better sensitivity, thanks
to a higher luminosity, by measuring the top polarization in the final state from angular distributions atp

s = 365 GeV [142].
Top couplings are sensitive to deviations from the SM as expected in various BSM schemes like

Randall-Sundrum models, Little Higgs, and composite Higgs scenarios which assume that the top carries
a great deal of compositeness. These models either assume mixing between the top quark and new heavy
fermions or mixing between the SM gauge bosons with new heavy vector states which couple to the
top quark and can induce variations of EW couplings. In [143] a wide spectrum of predictions for
deviations of the Ztt couplings in various models is considered. They are expressed as deviations in the
ZtLtL and ZtRtR couplings since various models predict different contributions for the two top helicity
components (Table 1 of [143], and references therein). These deviations, for a NP scale around 1 TeV,
are pictorially drawn in Fig. 17 (left-panel), where the purple points represent different BSM models
and the black ones correspond to natural choices for Composite Higgs Model parameters [144]. The
possibility to distinguish the left- and right-handed couplings allows to disentangle various models. The
region within the dashed red lines represents the sensitivity which can be reached by the LHC (HL-
LHC) with 300 fb�1 (3000 fb�1) [135, 145] through the Ztt cross-section, while the ILC sensitivity
(detailed by dashed dark-blue lines) for

p
s=500 GeV with 500 fb�1 and polarized beams goes down to

sub-percent level [146]. The sensitivity at FCC-ee for
p

s=365 GeV with 2.4 ab�1 is represented by the
solid (dashed) green ellipse, obtained with the angular and energy distributions of leptons (b-quarks) in tt̄
events [142]. At ILC and FCC-ee all top EW couplings, including Wtb, could be measured allowing full
separation between axial and vector couplings, and between the Ztt and �tt couplings. These analyses
are described in [142,147]; Fig. 17 (right-panel) recalls these performances in terms of the CP conserving
axial and vector form factors of the Xtt vertex. The ILC expected accuracies for the tL and tR couplings
to the Z are �(ZtLtL)/ZtLtL(%) = 0.6, �(ZtRtR)/ZtRtR(%) = 1.4.

As shown in ref. [148], the total cross-section �(e+e� ! tt̄), the forward-backward asymmetry
AFB , and the spin asymmetry AL = N(�,�)+N(�,+)�N(+,+)�N(+,�)

N
tot

are powerful observables to dis-
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Fig. 17: Left: Predicted deviations of Z couplings to tL and tR in various NP models [143, 148]. Also shown are
the expected sensitivities of LHC (300 fb�1and 3000 fb�1), ILC and FCC-ee. Right: Comparison of statistical
precisions on CP conserving axial and vector form factors expected at LHC with 300 fb�1 [145] at ILC500 with
500 fb�1 [147] and at FCC-ee with 2.4 ab�1 [142]. The FCC-ee (ILC) projections are obtained at

p
s = 365 GeV

(
p

s = 500 GeV). In the case of FCC-ee lepton-angular and energy distributions are used, while ILC projections
are based on the use of beam polarization.

criminate among different scenarios. In the definition of the spin asymmetry N denotes the number of
observed events and its first (second) argument corresponds to the helicity of the final state top (antitop),
whereas Ntot is the total number of events. Figure 18 shows the deviation from the Standard Model ex-
pectation for these observables in composite Higgs models where the Higgs is a PNGB (pseudo-Nambu
Goldstone boson) of SO(5)! SO(4) breaking.

The determination of the Yukawa coupling of top quarks is clearly a crucial one, since the coupling
to the Higgs boson provides the highest corrections to the Higgs mass at one loop, leading to the well
known naturalness problem. In order to extract the Yukawa coupling, one would need to measure the
cross section of the process pp ! tt̄H . Though only upper limits on pp ! tt̄H production have been
determined in the first LHC run at 7 and 8 TeV, a measurement of the top-Yukawa coupling is foreseen
for the forthcoming run at 13 and 14 TeV, with an expected uncertainty of about 15% at 300 fb�1 and
then 10% at 3000 fb�1 [46]. Even better measurements of the Yukawa coupling are among the goals of
lepton colliders: for 1000 fb�1 collected at ILC, the foreseen uncertainties are 10% at

p
s = 500 GeV

and 4% at 1 TeV, respectively, under the assumption that the polarization rates are 80% for electrons
and 30% for positrons. As for CLIC, the note [149] investigates the potential for a direct measurement
of the top Yukawa coupling. The relative error scales like 0.53 ⇥ ��/�, � being the cross section for
tt̄H production, so that, for e+e� annihilation at 1.4 TeV, a precision of 4% can be achieved without
beam polarization. At FCC-ee centre-of-mass energies no direct tt̄H production is possible, however the
Yukawa coupling can be determined by a threshold scan of the e+e� ! tt̄ cross section, in order to be
sensitive to Higgs exchange, besides the Z and photon contributions. The projected sensitivity is about
30%, thus below the expectations of ILC and CLIC [146]. A very precise measurement is expected at
FCC-hh, thanks to a tt̄H production cross section 60 times higher than at LHC(14 TeV): a precision of
1% on value of the top-Higgs Yukawa couplings is achievable.

4.3.3 Measurements of other top quark properties
A complete discussion of measurements of top properties at present and future colliders is beyond the
scope of this document. Here two additional relevant examples are briefly mentioned: the search for
flavour changing neutral current (FCNC) top decays and the measurement of top dipole moments.

The fact that in the standard model top quarks decay essentially 100% to bW makes tt̄ pairs an
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Fig. 18: Predicted deviations [148] for the total cross-section and AFB , for the process e+e� ! tt̄ at 370,
500, 1000 GeV in a composite Higgs model (4DCHM) compared with the SM (top panel). In the bottom panel
the total cross section is shown together with the spin asymmetry AL. The red points correspond to a scan with
0.75 < f(TeV) < 1.5, 1.5 < g⇢ < 3 and on the extra-fermion sector parameters as described in [144]. The black
points correspond to MZ0 > 2 TeV and MT > 800 GeV with T the lightest extra-fermion in the spectrum.

ideal system to detect new physics by selecting a standard top decay and searching for a rare decay mode
for the other top in the pair. Similarly, single top production occurs via electroweak interaction only
through the tWb vertex, making the search for other production modes an unambiguous signature of
physics beyond the standard model. The search for FCNC top interactions exploits both methods (top
decay and single top production) and it is particularly relevant as FCNC are heavily suppressed in the
standard model because of the unbroken QED and QCD symmetries and the GIM mechanism, while
new-physics models often predict their enhancement. Signatures involving a Z boson or a photon are
particularly clean and the expected sensitivity essentially scales with statistics. The reach attainable at
HL-LHC for FCNC top processes is evaluated in ref. [150] and a study of the potential of FCC-ee is
given in ref. [151] and summarised in Fig. 19, left panel, showing that there is considerable potential to
cover unexplored territory.

In the standard model chromomagnetic (dV ) and chromoelectric (dA) dipole moments of the top
quark are expected to be small (O(10�3), however their value can significant increase in extensions of
the standard model [152]. Anomalous dipole moments modify observables related to tt̄ production (e.g.
spin correlations [153]) and they can be observed with enhanced sensitivity if high pT top candidates,
in the TeV range, are selected [154]. The large integrated luminosity to be collected at the LHC can be
exploited, in this respect, and even higher sensitivity can be obtained at FCC-hh because one trillion tt̄
pairs are expected for 10 ab�1 at a centre-of-mass energy of 100 TeV, with a large amount of pairs whose
invariant mass lies in the multi-TeV range. The current bounds on the dV and dA values and the expected
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Fig. 19: Left panel: limits on FCNC top decays into a neutral vector boson and a lighter quark. Current LHC
bounds are indicated, together with the FCC-ee expectation for 10 ab�1 at a centre-of-mass energy of 240 GeV
(from [151]). Right panel: constraints on the top dipole moments derived from measurements at the Tevatron and
LHC (gray), from prediction at LHC(14 TeV) (red) and at FCC-hh (black) (from [154]).

reach at LHC(14 TeV) and FCC-hh are shown in Fig. 19, right panel.

4.3.4 Final-state kinematics
Studying kinematic distributions relying on top production and decay does provide important tests of the
Standard Model and allows one to investigate several new physics scenarios. The complete differential
process pp ! tt̄ ! W+bW�b has been computed in the NLO approximation, with [155, 156] and
without [157] including top width effects.

Among the observables which have been investigated, the top transverse momentum spectrum has
been calculated by means of resummed calculations, carried out using standard techniques [158] and in
the framework of SCET [159], wherein even the tt̄ invariant mass mtt̄ has been computed. Although
such computations generally agree with the experimental data, it was found [160], by using the NLO
MCFM program [161], that the uncertainty on the pT spectrum in the boosted regime, i.e. the top decay
products clustered into a single jet, is about twice larger than in the unboosted case. Such a result clearly
calls for a full NNLO calculation.

An important final-state observable is the forward-backward asymmetry, which has represented
for some time an open issue, since it exhibited a two-standard-deviation excess at the Tevatron [162],
when compared with NLO QCD predictions. However, the recent calculation [163] of the full NNLO
corrections to the asymmetry, which is also the first differential NNLO computation for 2 ! 2 QCD
processes, has shown agreement with the D0 data [164], whereas the disagreement with CDF [162] is
reduced to 1.5 standard deviations.

At the LHC, such a measurement, which needs a qq̄ initial state, is more difficult, since it is
a pp collider and tt̄ production is mostly driven by gg annihilation. In fact, ATLAS and CMS per-
formed measurements of the asymmetry, in agreement with the Standard Model, but affected by large
errors [164,165]. Enhancing the energy to 14 TeV will increase the production of tt̄ pairs through gg an-
nihilation, which does not produce any forward-backward asymmetry. However, as discussed in [160],
the uncertainties due to background modelling and lepton identification scale with the luminosity as
1/
pL and therefore, after setting appropriate cuts on the tt̄ invariant mass and centre-of-mass rapidity,

the fraction of qq̄ annihilation will increase, thus allowing an improved measurement of the asymmetry.
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Two alternatives to the standard forward-backward asymmetry have been proposed in [166] in events
tt̄+jet: they are the energy and incline asymmetries, expressed in terms of the energy difference of t and
t̄ and of the rapidity of the tt̄j system. After setting suitable cuts, such asymmetries should be about
-12% and -4%, respectively, at the 14 TeV LHC.

At a linear collider, the main kinematic properties which are foreseen to be measured are the top
production angle ✓t and the helicity angle ✓h. In this way, one will be able to determine the forward-
backward asymmetry and the slope of the helicity angle �t with an accuracy of 2% in semileptonic events,
as obtained in the simulations at

p
s = 500 GeV carried out in [147]. In the tt̄ threshold regime, where

a number of measurements at the linear collider are planned, at present only the total cross section has
been computed at NNLO, whereas the calculation of NNLO differential distributions is highly desirable,
in order to take full advantage of such a machine.

4.4 Status of Monte Carlo generators for high energy colliders
The development of high energy physics experiments carried out at colliders with increasing centre-
of-mass energy, has seen a parallel development in the tools for the calculation and simulation of hard
processes. In the 1980’s, calculation of collider processes were typically performed at tree level, and full
simulation of the events relied upon the Leading-Log (LL) shower approximation. Next-to-leading order
calculations were only available for a handful of processes.

In the last few years, prompted by the perspective of the LHC runs, a remarkable progress has taken
place in several areas. Fully automated techniques have been developed for the calculation of Next-to-
Leading Order (NLO) cross sections, by several collaborating and competing groups. Techniques for
combining fixed order calculations with parton shower generators have appeared, and have been widely
applied to collider processes. Intensive work on Next-to-Next-to-Leading Order (NNLO) calculations
has been carried out by several groups, with several new NNLO results having appeared since a little
more than a year. Methods for interfacing NNLO calculations to shower Monte Carlo generators have
also appeared for relatively simple processes.

This section summarizes what is available at present, and illustrates what can be considered to
be frontier research in this field. Although it is impossible to predict what will be available ten years
from now, we believe that it may be safely assumed that current frontier research will have turned into
commonly used tools by that time. Additional information on perspectives for advanced QCD calcu-
lations for future colliders can be found in [47], while a thorough discussion of Monte Carlo tools for
electroweak measurements is given in section A.2.

4.4.1 Presently available results
Parton Shower Monte Carlo generators (PS) fully simulate hadronic production processes by merging
together a QCD component (the Shower itself) and a model for hadron formation. The QCD component
is typically given in the collinear approximation. When applied to infrared finite observables, PS gen-
erators are accurate only in the collinear and soft regions, failing to predict hard, large angle emissions
even at leading order. In ref. [167] a procedure was developed for matching matrix element calculations
with PS generators (ME+PS), such that the production of hard, widely separated jets could be improved
to LO accuracy. This prompted the application of ME+PS techniques to various ME generation tools,
like, for example in ALPGEN with the MLM matching procedure (for a list of available ME+PS generators
see [168]).

In the past 10 years, considerable effort has gone in building NLO-improved PS generators (NLO+PS).
Methods like MC@NLO [169] and POWHEG [170, 171] allow to interface fixed order NLO calculations to
parton shower generators like PYTHIA [172,173] and HERWIG [174,175]. In essence, for a given process,
these techniques extend the precision of the generator to NLO level for inclusive processes, and to tree
level for the given process in association with one jet. For example, an NLO+PS generator for Higgs
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production (a process of order ↵3
s at the Born level) will yield distributions accurate up to order ↵4

s . That
amounts to NLO accuracy for inclusive quantities (i.e. quantities that do not depend upon the emission of
associated jets, like the rapidity distribution of the Higgs, and already receive contributions at order ↵2

S),
and to LO accuracy for processes involving the emission of an associated jet that start at order ↵3

S. These
techniques have seen recently considerable progress, due to the appearance of computer frameworks
that automatize some or all aspects of the calculation: the virtual contributions, the implementation of
a subtraction framework for the real corrections, and the interface to a PS. In the MadGraph5_aMC@NLO
framework [176], all aspects of an NLO calculation are automatized, starting from the generation of the
LO and NLO matrix element, down to the event generation interfaced to a PS program. The GoSam [177],
Recola [178] and Open Loops [179] frameworks deal with the automatic generation of general purpose
virtual amplitudes. The Black Hat [180] generator provides virtual corrections for selected processes
(vector Boson in association with jets) and is capable to deal with fairly high jet multiplicities. In fact it
was recently used to compute W production with five associated jets at NLO [181]. The Sherpa gen-
erator [182] implements a framework for NLO calculations and for NLO+PS generation based upon a
variant of the MC@NLO method. The so-called MatchBox framework [183] implements NLO+PS gen-
erators within the Herwig++ [175] PS generator. The POWHEG BOX framework automatizes all aspects of
the NLO calculation interfaced to a PS generator, except for the computation of the matrix elements. For
these it relies upon other programs, like MadGraph and GOSAM.

Electroweak corrections are not presently included in publicly available automatic NLO calcula-
tors. It is however clear that the same techniques that have been applied for automated NLO QCD can
be extended to the full Standard Model, as well as to any renormalizable model. Interfacing calcula-
tions including Electro-Weak corrections to Shower Monte Carlo requires the ability to handle together
QED and QCD collinear showers, but it does not present new conceptual problems with respect to QCD
corrections alone. In fact, in few simple cases NLO calculation matched with Shower generators have
appeared in the literature [184, 185].

4.4.2 NNLO calculations
Next-to-next-to-Leading Order calculations (NNLO) for collider processes have first appeared in 1990
for the Drell-Yan process [186], followed more than ten years later by the NNLO computation of the
total Higgs cross section in gluon fusion [187–189], and of the Higgs differential distributions in [190,
191]. We have witnessed since then a steady increase in the complexity of the processes for which
NNLO calculations have become available: 3 jet cross sections in e+e� annihilation [192], WH and ZH
production [193, 194], �� production [195]. In a little more than a year from now, several new results
for complex 2 ! 2 processes have become available: Higgs production in association with a jet [196],
tt̄ production [118], a partial result on inclusive jets production [197], Z/W + � production [198], ZZ
production [199], W+W� production [200] and t-channel single top production [201]. Important results
have also been obtained for decay processes [202].

There are several components that make up a NNLO calculation, besides the two loop corrections.
One must also supply the square of 1-loop contribution (double virtual), the virtual correction to one
real emission (real-virtual) and the two-real-emission contributions. Each contribution contains soft and
collinear divergences, that must cancel in the sum. This also constitutes a challenging aspect of NNLO
calculations. There are several techniques currently developed for implementing these cancellations.
The qT subtraction method [191] has been used for Higgs production, Drell-Yan, ��, WH , ZH and ZZ
processes. It is particularly useful for processes where the final state is a colour neutral system. The
Antenna subtraction method [203] has been used for the computation of e+e� ! 3 jets and for dijets,
and is presently also used in an effort to compute fully differential tt̄ production at NNLO [204]. The
so-called STRIPPER method (Sector Improved Phase sPaCe for real Radiation) [205,206] has been used
for tt̄, H + j and t-channel single top production. Another method being developed is described in a
sequel of publications (see [207] and references therein).
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The computation of the double virtual contribution is very demanding. Recent progress with inte-
grals including massive particles [208–210] have opened the possibility of computing NNLO corrections
to pairs of massive vector bosons. In general, it seems that today two loop virtual corrections to generic
2 ! 2 processes are feasible. A recent groundbreaking technique introduced by Henn [211] is among
the developments that have made this possible.

4.4.3 Current developments: NLO+PS merging and NNLO+PS generators
NLO+PS merging deals with the merging of NLO+PS generators of different associated jet multiplicity.
Consider for example Higgs production in gluon fusion, a process of order ↵2

S at the Born level. Let us
call H, HJ and HJJ the NLO+PS generators for the production of a Higgs, of the Higgs in association with
a jet, and of the Higgs in association with two jets respectively. The H generator will yield ↵3

S accuracy;
that is to say NLO accuracy for inclusive observable, like the Higgs rapidity distribution, that include
terms of order ↵2

S (LO terms) plus terms of order ↵3
S (NLO terms), and LO accuracy for observables

requiring an associated jet, that are given at the lowest order by terms of order ↵3
S. Observable requiring

more than two associated jets will be generated by the Shower Monte Carlo in the collinear approxima-
tion. The HJ generator is capable of yielding NLO accuracy (i.e., ↵4

S accuracy) for observables involving
the Higgs plus one jet, and LO accuracy for those requiring two jets. It would be however unpredictive
for fully inclusive observables. A merged H-HJ generator would have in addition NLO (i.e. ↵3

S) accuracy
for fully inclusive observables. In general one may ask to merge even more NLO+PS generators, for
example H+HJ+HJJ, in order to have NLO accuracy (i.e. ↵5

S) accuracy also for observables involving
two associated jets, and thus LO accuracy for those involving three associated jets.

Notice that NLO+PS merging can be seen as an intermediate step in the construction of an
NNLO+PS generators. Thus, for example, if we have an H+HJ merged generator, we know that it is
already accurate at the ↵4

S level for all observable, except those that are totally inclusive in the emission
of associated partons, where the accuracy is instead ↵3

S. If we could reach ↵4
S accuracy for inclusive

observables, we would have full NNLO accuracy.
Several methods have been proposed for NLO+PS merging, although the accuracy that they really

meet is still a debated matter [212–217]. In particular, in refs. [212,213], carried out in the frameworks of
the SHERPA and MC@NLO collaborations respectively, merging is performed using a merging scale. One
clusters the event using some jet clustering procedure, characterized by a merging scale Q0, and uses the
generator with the appropriate number of jets. In [213], stability under variations of the merging scale is
interpreted as an indication of accuracy. In ref. [215], NLO accuracy is adjusted by forcing the inclusive
distribution to agree with the NLO one, by subtracting appropriate terms, with a procedure dubbed
UNLOPS (standing for “Unitary” NLOPS). In ref. [216] (within the so-called GENEVA collaboration)
the merging scale is defined in such a way that resummation can be carried out up to the NNLL level. In
refs. [218] (the MiNLO method) a method was proposed to improve the accuracy of a generator in such
a way that it becomes reliable also after integrating out a radiated parton. In ref. [219] it was also shown
that in certain simple cases the MiNLO method applied to generators for a Boson (Higgs, Z or W ) plus
one jet, can be refined in such a way that it becomes NLO accurate also for inclusive quantities.

In ref. [220] a fist NNLOPS accurate generator for Higgs production in gluon fusion was presented,
based upon the MiNLO procedure of ref. [219]. The same method discussed above was also applied
recently to the Drell-Yan process [221]. In refs. [222, 223] NNLOPS generators were built for the Drell
Yan process and for Higgs production respectively.

In ref. [224], a general strategy for NNLOPS generators based upon the GENEVA framework was
outlined. No complete application of this method to physical processes has been published, although
preliminary results on the Drell-Yan process have been shown to conferences [225].
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4.4.4 Conclusions
In conclusion, at present generators for NLO calculations matched to shower are obtainable with a certain
ease for processes with up to four particles in the final state. It is conceivable to imagine that automated
generators for electroweak corrections for generic processes may become available soon. While genera-
tors for merged mutlijet samples (i.e. for processes with an arbitrary number of associated jets), with LO
accuracy, have been available for quite some time, NLO accurate merged generators are now beginning
to appear, and are still subject of debate. NNLO calculation for processes with up to two particles in
the final state have recently appeared for a considerable number of processes, and NNLO calculation
matched to shower generators have appeared only for Higgs production in gluon fusion and Drell-Yan
processes. It is conceivable that within the next decade NNLO calculations matched with shower will
become generally available, and that the problem of merging for NLO generators will be solved.
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4.5 Standard Model Physics: Summary and Outlook
With the discovery of a scalar boson, candidates for all constituents of the Standard Model have been
experimentally detected. The predictive power of the model looks impressive: no significant deviation
from the model expectations has been found by experiments over the past 30 years. Nevertheless, as
mentioned in the introduction of this report, there are several unexplained effects at the sub-nuclear and
astrophysical level, which indicate existence of physics beyond the Standard Model. Precise measure-
ments of standard processes have historically opened the road to the detection of new phenomena and
new physical states: the guiding principle of Standard Model measurements should be their potential to
add building blocks to our understanding of physics.

The Standard Model Working Group of What Next has reviewed the prospects for new measure-
ments at existing and future colliders, with particular attention to the sensitivity for indirect detection of
new physics and the potential to add important pieces to our global understanding of particle physics.
The main measurements in key sectors are summarised below, keeping in mind that the working group
considered both a 10-year timescale, roughly corresponding to the 300 fb�1 LHC phase, and a 20-year
and even farther horizon, corresponding to the HL-LHC phase followed by new particle colliders.

– Higgs boson couplings, total width. The measurement of properties of the newly discovered
scalar boson is a major subject for the next decades. A detailed investigation of the Higgs boson
couplings to bosons and fermions is particularly relevant because of their sensitivity to new de-
grees of freedom and to non-standard mechanisms for the generation of quark and lepton masses.
Precisions of the order of 10% , depending on the coupling, can be attained with the first 300 fb�1

at LHC; these uncertainties can be reduced to 2%–5% in the High Luminosity phase. At lepton
colliders absolute measurements of the couplings are possible because the Z recoil-mass distribu-
tion in the Higgstrahlung process provides the normalization (only relative couplings are model-
independent at LHC). Uncertainties at the 1% level are expected at ILC and well below 1% at
FCC-ee. The natural width of the Higgs boson resonance (⇠ 4 MeV) is too narrow to be directly
measured at LHC, however it can be inferred from the interference of a specific decay mode, e.g.
ZZ, with the continuum. Prospects for interference measurements at HL-LHC look very promis-
ing in view of the current upper limit (22 MeV). At ILC/FCC-ee the Higgs width can be determined
by the total HZ cross section and � ⇥ BR of a specific final state.

– Higgs boson spin-parity, CP violation. Measurements of H spin-parity and tensor structure are
based on the angular analysis of decays to vector boson pairs. The presence of anomalous non-
scalar components would indicate a mixed state and new physics. Very relevant measurements can
be made with high statistics, as an example at HL-LHC the sensitivity for a CP-odd component in
Higgs decays can be pushed below 10%.

– Higgs boson rare production and rare decay modes. Higgs pair production deserves special
attention because of its connection with Higgs self-couplings. The search for anomalous HH
production has already started, but to reach a sensitivity corresponding to the Standard Model pro-
duction an integrated luminosity corresponding to the full HL-LHC phase, with the combination of
several channels, is required. Several rare Higgs decay modes, such as H ! µ+µ� or H ! Z�,
are sensitive to new physics. Decay modes forbidden in the Standard Model, such as H ! ⌧µ,
can provide a clean signature of new phenomena. Again, to reach sensitivities for SM-like rates,
or to probe extensively new physics models, high luminosity is required.

– W (and Z) boson mass, electroweak couplings. The W mass is a crucial electroweak parame-
ter still loosely constrained by direct measurements, its uncertainty should be reduced to take full
advantage of the predictive power of electroweak fits. On a 10-year time scale W mass measure-
ments at LHC could reach an uncertainty of ⇠ 5 MeV if a broad program of LHC measurements
of observables sensitive to PDF is put in place. A further reduction of the uncertainty on the W
mass can be reached at ILC and FCC-ee, with the potential to cross the 1 MeV barrier. With such
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a precision improvement of the Z mass determination from a high statistics scan at the Z pole
is required. A precise measurement of another crucial parameter, sin2 ✓W, can be performed at
LHC if our uncertainties on the PDF are significantly improved by means of dedicated measure-
ments. Also in this case lepton colliders can provide a jump in precision, for both lepton and quark
electroweak couplings, shedding light on the apparent discrepancy of ALR / Abb̄.

– Triple and quartic gauge couplings, vector boson scattering. Precision measurements of triple
and quartic gauge couplings are sensitive to physics beyond the Standard Model. LHC results
have already reached or surpassed the sensitivity obtained at LEP, and future data can considerably
improve the present sensitivity. Possible anomalies detected with the first 300 fb�1 at LHC can
be studied with a precision of a few percent during the High Luminosity LHC phase. Another
order of magnitude in sensitivity can be gained at ILC and FCC-ee. In the QGC sector vector
boson scattering is particularly relevant, because of its sensitivity to the mechanism of electroweak
symmetry breaking. A precise measurement of VBS requires the integrated luminosity expected
for the HL-LHC phase.

– Top quark mass. The top quark mass is experimentally measured at hadron colliders with a
precision of ⇠ 0.5%, however the interpretation of the measurements in terms of pole mass is
subject to many discussions. Given the importance of this parameter in electroweak fits and given
its connection to the stability of the electroweak vacuum, any effort to shed light on measure-
ment interpretations and to assess in a robust way systematic uncertainties at hadron colliders is
worthwhile. Efforts in this direction have already started, with new analysis techniques, which
will exploit the large top quark statistics to be collected in the next years at LHC. Nevertheless
it looks very difficult to cross the ⇠ 0.5 GeV uncertainty barrier at hadron colliders, because the
coloured nature of the top quark affects any measurement aimed at reconstructing the final state.
The problem can be overcome at lepton colliders, such as ILC or FCC-ee, because the top mass
can be measured in a cross section scan at the tt̄ threshold.

– Top quark properties. As the top quark plays a special role in the Standard Model and in many
models of new physics, the potential of LHC as a top factory must be fully exploited. Differential
tt̄ and single top production cross sections should be measured with high precision in the 300
fb�1 phase; the study of top production should include precise measurements of polarisation, spin
correlations and charge asymmetries, because of their sensitivity to new physics. The large samples
of top quarks should also be used to make precise measurements of top decays, and in particular to
perform precision studies of the tWb vertex. Associate production of top with other objects, such
as Z or H is particularly interesting for both the single top and tt̄ cases. Precision measurements
in this sector require high integrated luminosity, as an example 3 ab�1 at HL-LHC are required to
collect enough ttH statistics for a 10% measurement of the top-Higgs Yukawa coupling, while 1
ab�1 is required for a 4% measurement at a lepton collider running at a c.m. energy of 1 TeV.
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5 Physics Beyond Standard Model
5.1 Introduction
The discovery of the Higgs particle and the first measurements of its properties strongly support the valid-
ity of the SM as a phenomenological description of all aspects of EW and Strong interactions including,
and this is the novelty, the Higgs sector responsible for EWSB.

In spite of its phenomenological success, we do have compelling theoretical and experimental
reasons to extend the SM. The SM does not account for gravity within a coherent quantum theory, it does
not account for the observed amount of dark matter (DM), it does not account for the baryon asymmetry
in the universe, it does not account for the homogeneity of the universe. Neutrino masses hint at the
existence of new degrees of freedom, possibly related with lepton number violation, and the structure
of the SM gauge quantum numbers hints at the possibility of the unification of strong and electroweak
forces explaining their pattern. The SM does not provide an understanding of the distance between the
Planck and electroweak scale, of the replication of families, of the peculiar pattern of masses and mixings
(quarks and leptons). The presence of Landau poles represents a theoretical problem, and the dynamics
of strong CP violation, of the Higgs mass, and of the cosmological constant lead to naturalness problems.

While some of the above are incontrovertible experimental facts, none of them sharply points
to a specific SM extension within the reach of accelerators, nor tells us by which kind of experiments
new physics will be discovered. Therefore, the current situation is rather different from that in the past
decades, where a detailed path of “guided” discoveries could be identified in the exploration of parti-
cle physics at the energy frontier. Relevant examples of guided discoveries are those of the W and Z
bosons, of the top quark and recently of the Higgs particle. This condition was not only fortunate, but
also unusual in the long history of Fundamental Physics and science, where progress has often been unex-
pectedly made thanks to the mere exploitation of the capability of exploring new experimental territories.
Ambitious experimental programs are more than ever essential to make progress in our understanding of
Fundamental interactions.

The situation might radically change with the next LHC run, which will double the reach in energy
ever achieved in accelerator experiments, thus entering previously unexplored regions of the energy
frontier. This represents a tremendous opportunity for new discoveries at the forefront of particle physics.
The discovery of one or more new particles would play the leading role in defining the next steps of an
extensive research program at the energy frontier, to be carried out in the medium and long term by
existing or new complementary experiments. In the event of no discovery we will still learn important
lessons on the naturalness principle, which is and remains the key issue as extensively discussed in what
follows. While hard to be ruled, its failure would question basic principles underlying our understanding
of hierarchies of scales in quantum field theory, and lead us towards new paradigms, with possible far
reaching consequences.

In this document, we will provide a critical assessment of the current status of selected well–
motivated hypothetical extensions of the SM and of the future perspectives for their experimental study.
Motivated by naturalness we will discuss Composite Higgs and Supersymmetric models. Ignoring natu-
ralness we will consider Minimal models and Dark Sector scenarios. We will also give a brief assessment
of DM searches at colliders, focusing on the complementarity with direct and indirect detection experi-
ments. The general picture that underlies our work is described below.

5.1.1 The case for TeV scale new physics after Run 1 at LHC
The topic in BSM physics that is most directly relevant to this WG is understanding why the Higgs
field condenses, why it acquires a non-vanishing value in the ground state that breaks the electroweak
symmetry. This is a necessary milestone in the path towards the understanding of the constituents of
matter and their laws, a key to further progress in other directions, and arguably one of the central issues
in particle physics.
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The SM accounts of course for such a phenomenon through the negative value of one of its param-
eters, the Higgs mass parameter. On the other hand, the SM does not provide an explanation for the value
and the sign of that parameter. On the contrary, it prevents computing it because of the long-standing
problem associated to the quadratic corrections. Any attempt at a complete understanding of EWSB in
the sense above must address the latter problem.

The expectation of TeV-scale BSM Physics is mainly associated to the desire to make the elec-
troweak scale calculable in terms of the parameters of more fundamental physics at much shorter dis-
tances. The scale at which such new physics is expected to appear is determined by the naturalness
argument. In all complete UV theories where the Higgs mass is predicted and originates from new
Physics at a scale mNP, in order to obtain the observed mass of mH = 126 GeV, a cancellation of order

� &
⇣ mNP

450 GeV

⌘2
, (2)

is required among terms which are larger than m2
H by a factor �, which is a measure of the fine-tuned

cancellation required to reproduce the measured value of the Higgs mass. Since a large, and accidental,
cancellation is unlikely, New Physics is expected to be present at a scale mNP not too far from half a TeV.
For example, in order to avoid a cancellation of ⇠ 10, mNP should not be larger than about 1.5 TeV2.

It is worth noting that:

– The above argument does not set a precise bound on mNP: while, on one hand, a smaller mNP is
better, on the other hand the largest value of mNP that one is willing to tolerate is subjective. Even
if the value of mNP cannot be precisely predicted, the relevance of the TeV scale is clear.

– For a given amount of “acceptable” cancellation, the bound on mNP can be stronger or weaker
in specific models. For example supersymmetric models with heavy messengers lead to stronger
bounds while focus point-like scenarios may lead to weaker bounds.

– The above argument rests on a number of assumptions: 1) the cancellation is accidental and not
due to unknown mechanisms or environmental selection; 2) the existence of superheavy physics
gives a physical meaning to the quadratic divergence of the Higgs mass.

While the lack of new physics signal so far at the LHC is disappointing, should there be no evi-
dence of new physics at run 2 of the LHC, one could conclude that:

– Vanilla benchmark models, such as minimal supergravity, which have so far been extensively
searched for in the data, are either not viable or have suffered from a significant amount of bad
luck. This would reduce the interest on such models for our purposes.

– Naive expectations did not take into account several caveats to the assumptions of vanilla bench-
mark models. This may point to new avenues for the remainder of the LHC run at high luminosity.

– Some of the assumptions underlying the naturalness argument may be violated, and alternative
motivations for new physics within the reach of the foreseeable experiments should be considered.

The above discussion can be summarized as follows:

– First, searching for “natural" new physics is and remains a priority. Even a negative result, estab-
lishing that the Higgs mass, and hence the EWSB scale, is indeed finely tuned, will have a deep
impact on our understanding of Fundamental Physics.

– Second, also implicit in the first point, the naturalness argument does not provide an absolute
guarantee of new physics discovery, nor provides an incontrovertible indication of the energy and
the nature of the new phenomena.

2Note that mNP represents the scale of the degrees of freedom making the Higgs mass “calculable”, e.g. the stops in super-
symmetry or the fermionic top partners in composite Higgs models. Other new physics degrees of freedom are not necessarily
bound to be that light.
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In conclusion, the discovery of the Higgs boson not only completed the incredibly successful story
of the SM; by sanctioning the well known conceptual challenges that the SM Higgs sector brings along,
it also set the foundations of the new quests to pursue. One of the purposes of the current document is
to assess how and to what extent the foreseeable post-LHC experimental program can address such a
challenge.

5.1.2 Physics at superheavy scales?
The lack of indirect evidence for new physics discussed above refers to new physics within the reach of
realistic accelerator experiments. There actually exist two solid and precise indirect experimental hints
for new physics beyond the EW scale, the unification of the SM gauge quantum numbers and neutrino
masses, but they are likely to point to much higher scales. Still, the latter are relevant to our purposes
because they play an indirect role in the naturalness argument (see Section 5.1.3.1) and in the theoretical
investigation of the TeV scale. Let us then shortly review them.

The gauge interactions of the SM fermions are fully described by a table of 15 quantum numbers,
specifying the representation of the 5 SM gauge multiplets (Q, L, uR, dR, eR) under the three factors
of the SM gauge group. The fact that those 15 quantum numbers, and therefore all SM fermion gauge
interactions, can be exactly predicted within a Grand Unified Theory (GUT) such as SO(10) is a truly
impressive success, representing one of the most compelling quantitative hints for physics beyond the
EW scale.3 Note that this powerful hint is more model-independent than the one following from the
unification of the values of the three SM gauge couplings. The latter depends in fact on the unknown
degrees of freedom present between the EW and the unification scale, while the former essentially only
follows from group theory. Of course the successful gauge coupling unification within a specific model
then adds to the evidence for GUTs (and for the specific model). If the above hints for a theory unifying
the three SM interactions are correct, they imply the existence of new degrees of freedom well above the
EW scale. The lower bound on the mass MV of the new gauge bosons from the limits on proton decay
is in fact MV & 1015 GeV, compatible with the scale at which the gauge couplings unify in realistic
models.

Another appealing indirect hint for the existence of new degrees of freedom at superheavy scales
is the smallness of neutrino masses. The latter hints at new, lepton number violating degrees of freedom
well above the EW scale. This is best seen within effective QFT. Under the sole hypothesis that the
new degrees of freedom necessary to account for neutrino masses live at a scale ⇤ much larger than the
EW scale, it is possible to describe their low energy effect (including neutrino masses), in terms of SM
degrees of freedom and symmetries only, by adding higher dimensional operators suppressed by ⇤ to
the SM lagrangian. It turns out that the most relevant (lowest dimensional) operator one can write does
precisely that, it gives masses to the SM neutrinos and it accounts for their smallness (compared to the
other SM fermion masses) in terms of the smallness of the EW scale compared to ⇤. From this point of
view, the see-saw mechanism is just a specific example of high scale dynamics generating that operator.4

The connection between the smallness of neutrino masses and their high scale origin is so simple
and general that it might be considered as a hint of the existence of new degrees of freedom well above
the EW scale. The exact position of that scale depends however on their couplings. If they are of the
order of the SM couplings, the scale lies well above the EW scale (⇤ ⇠ 0.5 · 1015 GeV for a coupling of
the size of the top Yukawa coupling). On the other hand, it is also possible that the couplings are small

3Note that the number of degrees of freedom involved in that prediction is limited. The viable unified gauge groups can be
identified by very general requirements and the minimal choices (in each simple group series) are SU(5) and SO(10) (plus E6

in the “exceptional” series). The prediction for the SM quantum numbers then follows, for example in the SO(10) case, from
the embedding of the SM fermions in its simplest complex representation.

4In that context, ⇤ corresponds to the scale of new singlet neutrinos and the heaviness of their mass is easily associated to
the fact that, unlike all SM fermions, their mass is not protected by the EW symmetry.
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enough to bring ⇤ closer to the EW scale, with possible consequences for collider physics that will not
be investigated here. In this case, the smallness of neutrino masses compared to the other SM fermions
must be attributed to their smaller couplings. It is even possible that the couplings are so small that the
origin of neutrino masses lies below the EW scale, as in the model discussed in Section 5.4.2 or in the
case of Dirac neutrinos.

5.1.3 Theoretical benchmark models
5.1.3.1 A critical appraisal of the naturalness problem
The naturalness problem can be formulated as follows. Suppose that, motivated by one of the many issues
of the SM described above, the Higgs interacts with degrees of freedom characterized by a superheavy
scale M . As discussed in Section 5.1.2, this is the case for example in GUT models, where the Higgs
interacts with the superheavy gauge bosons with mass M ⇠ MGUT ⇠ 1016 GeV; or in see-saw models
for neutrino masses the Higgs interacts with right-handed neutrino with mass M . 1015 GeV.5 Then it
is possible to compute the physical Higgs mass in terms of the parameters of the microscopic lagrangian
at the scale M . For dimensional reasons, the radiative corrections to the physical Higgs mass will involve
terms proportional to the physical scale M2, which are so large to make the Higgs mass practically not
calculable.

We see that the naturalness problem arises in the assumption that the SM is the low energy remnant
of a more fundamental theory characterised by a superheavy scale, and because of the desire to be able
to understand the Higgs potential by being able to compute its parameters. We also see that the problem
is independent of the regularisation scheme one uses to compute radiative corrections.

Let us stick to the above assumptions for the time being (as we will discuss later on, in the last
decade the above assumptions have been reconsidered). All models addressing the naturalness problem
along those lines introduce new physics at a scale mNP not far from the electroweak scale, whose pur-
pose is to keep the sensitivity of the Higgs mass to superheavy scales under control. The sensitivity to
M2 is now replaced by a sensitivity to m2

NP (the mass of appropriate resonances in composite Higgs
models or of the mass of the stops in supersymmetric models) and in order for the Higgs mass to be
computable, mNP should not be too far from the TeV scale. The dependence of the Higgs mass on the
parameters at the scale mNP and on M is model dependent, but a contribution to the Higgs mass from
the radiative corrections involving the SM particles in unavoidable. Depending on the form of the latter,
in particular on the dependence on the M , models addressing the naturalness problem can schematically
(and qualitatively) be classified in two classes:

� ⇡ �m2
H

m2
H

⇡
⇣ mNP

0.5 TeV

⌘2
supersoft theories, (3)

� ⇡ �m2
H

m2
H

⇡
⇣ mNP

0.5 TeV

⌘2
log

✓
M2

m2
NP

◆
soft theories, (4)

where � is a measure of the fine-tuned cancellation required to reproduce the measured value of the
Higgs mass. Clearly, the lack of signal at the LHC is most puzzling for soft theories with very large M ,
for which the radiative correction to the Higgs mass is enhanced by a large logarithm. This is the case of
supersymmetric models with large messenger scale, such as supergravity, in which M is to be identified
with the Planck scale (log(M2

Pl/ TeV2) ⇠ 70). From this point of view supersoft models and soft models
with low M are preferable. Examples of the latter are supersymmetric theories with low messenger scale
M . Composite Higgs models are supersoft because the Higgs potential is completely generated at the
strong sector confinement scale, mNP, with no residual logarithmic sensitivity to superheavy scales.
However they can also be interpreted as soft theories if mNP is identified with the mass of the lighter
resonances that cancel the quadratic top loop divergence, while M is the confinement scale, i.e. the

5Ultimately, one can expect the Higgs boson to interact with gravity at the Planck scale.
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typical mass of the other bound states. In the presence of a little hierarchy among mNP and M , which
is welcome because electroweak precision tests (EWPT) generically require M & 2.5 TeV and thus a
considerable tuning � ⇠ 30, the tuning follows Eq. (4) � . 10 for mNP . 1 TeV (barring possible
fine-tunings necessary to enforce the little hierarchy between mNP and M ).

5.1.3.2 Composite Higgs models
The idea of a Composite Higgs boson is as old as the naturalness problem, which is typical of theories
with elementary scalar particles. All the scalars aside from the Higgs, which we have just discovered,
have turned out to be composite particles with a compositeness scale not far from their mass and the
same could be true for the Higgs. For a composite scalar, like the QCD scalar hadrons, there is no natu-
ralness problem because their mass is generated through the mechanism of Dimensional Transmutation
and thus it is insensitive to energies much above the confinement scale. As of today, we have devel-
oped a rather specific framework implementing the general idea of a Composite Higgs, based on two
paradigms. The first one is that the Higgs is not a generic bound state, but a Goldstone boson associated
with a spontaneous symmetry breaking taking place in a new strong sector above the electroweak scale.
Alternatives might also be considered, but they typically suffer from large fine-tuning to explain why the
Higgs is lighter than the other resonances. Furthermore a non-Goldstone Higgs is by now disfavoured
by the LHC Higgs coupling measurements. Both these issues are addressed in the Goldstone boson case
at the price of a mild tuning. The second paradigm is a specific mechanism giving mass to the fermions,
which is called “Partial Compositeness”. Focusing in particular on the top sector, this leads to predict
the existence of fermionic coloured particles with vector-like mass, the “Top Partners” responsible for
the generation of the top quark mass and of the Higgs potential.6

The most relevant characteristic signatures of the Composite Higgs scenario, which are common
to a wide set of explicit models of this class, can be grouped in three categories.

1. Higgs coupling modifications with respect to the SM are absolutely unavoidable for a Composite
Higgs. Furthermore the deviations can be sharply predicted up to few discrete model–dependent
ambiguities. This makes them the most robust model–independent tests of Higgs Compositeness.
The size of the departures from the SM is controlled by a parameter ⇠ = v2/f2 which measures
the new physics scale f of Goldstone symmetry breaking in units of the EWSB one v ' 246 GeV.
Making them small requires f large and costs fine–tuning since it is possible to show (see below)
that � & 1/⇠. Measuring the Higgs couplings at the LHC and at future colliders is therefore an
indirect but “direct” (robust) test of naturalness in this context.

2. EW–charged spin one resonances, with a mass mV = gV f and coupling gV 2 [1, 4⇡] are also
universal predictions. Their masses and production rates depend on the new parameter gV and
not just on ⇠ = v2/f2, however by studying them at the LHC, at High Luminosity and at future
high–energy hadronic machines we could eventually cover their parameter space fully for a given
Goldstone scale f .

3. Top Partners come third in the list of the most robust signatures of Higgs compositeness. This is
because their existence and physical properties depend on the assumption of Partial Compositeness
and on some detail in its implementation. However at the current stage of our understanding Partial
Compositeness seems unavoidable at least in the top sector and Top Partners are present in all
known models. Furthermore the Top Partners are normally colored particles and therefore they are
relatively easy to produce at hadron colliders. As mentioned above, Top Partners play a key role
in the generation of the Higgs potential and thus their mass directly controls the level of tuning
in the theory. Namely, the tuning scales like in Eq. (3) but with mNP = mPartner. Top Partners

6A spin–1/2 fermion is said to be “vector–like” if both its chirality components come in the same representation of the
SM group. This allows them to have a vector–like (Dirac) mass before EWSB, differently from SM matter. Being vector–like
marks an essential difference between Top Partners and fourth–family quarks and makes the Top Partners not excluded by the
Higgs production rate measurement unlike the latter particles.
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are thus necessarily light in a Natural Composite Higgs model, similarly to the stops in Natural
SUSY and this makes them the ideal channel to test naturalness. Higgs couplings are also valid
probes of naturalness because the scale f is found to be necessarily smaller than the Partners mass,
f < mPartner. Therefore an indirect limit on f sets a lower bound on mPartner and thus on�.

Below we will describe the current and future sensitivity to the three items above by proceeding
with the following logic. In Section 5.2.1 we will focus on “1)” and “2)” which provide, respectively,
indirect and direct signatures of Higgs compositeness. Higgs coupling modifications are best detected by
precise lepton colliders while an high–energy hadron machine would be needed for the direct resonance
search. By comparing the reach in these two channels we will outline the complementarity of leptonic
and hadronic experimental options for the coverage of the Composite Higgs scenario parameter space.

In Section 5.2.2 we will summarise the reach on Top Partners of current and future hadronic
machines, which we can immediately interpret as the reach on the level tuning. While tentative estimates
already exist, a careful assessment requires a certain amount of work because the Top Partner production
mechanism which is dominant at high mass—namely, single production—has not yet been studied even
at the LHC–8, and therefore we don’t have robust experimental results to be extrapolated to higher
energies and luminosities. A dedicated search strategy for one of the most promising channels is being
developed for the purpose of the present document and is currently at a preliminary stage.

These elements will flow together to develop a picture on the current status and the future per-
spectives of Composite Higgs searches on the basis of our present–day theoretical understanding of this
scenario. It is important to remark that this assessment might be affected by future theoretical devel-
opments. One direction which is currently under investigation is to construct non–minimal Composite
Higgs models based on the “Twin Higgs” mechanism in which the Top Partners might not be colored and
thus much harder to detect. While those constructions are not yet completely satisfactory and the study
of their phenomenology is still at a primitive stage, theoretical progress is expected to come in the next
few years. If this model–building program succeeds, the tuning reach of Top Partner searches will have
to be reconsidered and radically different search strategies will have to be devised.

5.1.3.3 Supersymmetry
The appeal of supersymmetry follows not only from the (partial) solution it offers to the naturalness
problem. As a weakly coupled, self-consistent theory, supersymmetry is fully calculable and can be
extrapolated much above the EW scale, where the solution of some of the SM shortcomings and puzzles
may lie. It is this very feature that allows us for example to follow the evolution of the SM gauge
couplings and observe their precise crossing around 2 · 1016 GeV. As discussed in Section 5.1.2, such a
non-trivial prediction confirms and reinforces the model-independent hint for unification contained in the
structure of the SM quantum numbers. Such a double success is considered as an indication in favour of
both unification and supersymmetry. Another interesting feature of supersymmetry is that it provides a
dark matter candidate. More precisely, its phenomenological consistency (requiring the absence or strong
suppression of baryon and lepton number violating effects) may be associated to a discrete parity, the
so called “R-parity”, that makes the lightest supersymmetric particle (LSP) stable. The latter, if neutral,
can play the role of dark matter particle. R-parity also underlies the classic experimental signature
of supersymmetry: missing energy. In any event in which susy particles are produced, the final state
contains two LSP particles, which escape detection and produce an imbalance in the measured energy
budget of the event.

The prototypical example of supersymmetric models is minimal supergravity (msugra), or the
constrained MSSM with soft terms given at MPl. For historical and practical purposes, this has for a
long time been the case most widely studied. However, as luck would have it, it happens to maximise the
fine-tuning problem. The fine-tuning necessary to accommodate the measured value of the Higgs mass
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is in fact in this case (from eq. (4))
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supersymmetry could be found at LEP2. On top of that, the fine-tuning problem is stressed by the fact
that mNP, the stop mass, is most tightly constrained in msugra (and in general in supersymmetric models
with the most minimal viable field content), as the measured value of the Higgs requires (depending on
the value of the A-terms) large stop-induced loop corrections. For the above reasons, supergravity has
been known to be in bad shape since 1998 [226, 227]. The most recent bounds from the LHC and the
measurement of a not-so-light Higgs mass have exacerbated a known problem.

On the other hand, supersymmetry is not only supergravity, on the contrary, and the assumptions
exacerbating the fine-tuning problem identify at the same time the directions favoured by data in the
models parameter space. Among the several possible directions, three are particularly appealing because
they are simple, plausible, and effective: i) low messenger scale: lowering M in eq. (4) from the Planck
scale [228–235] to, say, 100 TeV [236–243] or less [244,245] considerably reduces the importance of the
logarithm and of the fine-tuning problem; ii) an extra singlet: the constraint on stop masses following
from the measurement of the Higgs mass can be relaxed in the presence of an extra singlet field in
the spectrum (NMSSM). This is a minimal, harmless (it does not spoil gauge coupling unification, for
example), and welcome (it provides a solution to the µ-problem [246]) extension of the very minimal
field content of a viable supersymmetric theory (MSSM); iii) lighter stops: the singlet above allows to
have lighter stops, just above the present direct experimental bounds. This helps with the fine-tuning
problem (remember that mNP in eq. (4) is the stop mass) but needs to be reconciled with the stronger
bounds on the first two families of squarks. The difference can be due to the sizeable negative radiative
corrections to the stop mass or to a built-in hierarchy among the soft terms of different families.

We will therefore consider a model with low mass messengers, an extra singlet, and relatively
light stops as our “quasi-natural” supersymmetry benchmark in Sections 5.3.2–5.3.5. Other possibilities
can be considered to address the lack of supersymmetric signals at the first LHC run. They allow an
additional moderate gain in fine-tuning, sometimes at the price of additional theoretical effort. We will
consider them in Section 5.3.6.

5.1.3.4 Alternative BSM paradigms
The naturalness argument, whose far-reaching conceptual and practical implications will be extensively
discussed, is one of the central paradigms of BSM physics. It is therefore interesting, and certainly
useful in the case of experimental results disfavouring it, to consider alternatives. As mentioned in Sec-
tion 5.1.1, there are at least two ways in which the naturalness argument might fail. One possibility is
that the quadratic corrections to the Higgs masses are physical, because associated to physical super-
heavy degrees of freedom, and an accurate cancellation takes place, fine-tuning the Higgs mass to be
much lighter, as we measure it. On the other hand, in the absence of physical scales associated to super-
heavy degrees of freedom, the radiative corrections to the Higgs mass are not huge but infinite, and their
cancellation is just a mathematical problem, brilliantly solved by the renormalisation theory. A second
way out of the naturalness argument therefore arises if no superheavy degrees of freedom, making the
radiative corrections to the Higgs mass physical, exist. Of course, some new physics must exist in any
case to address the other shortcomings of the Standard Model. In particular, it is not clear whether the
existence of degrees of freedom at the Planck scale, associated to quantum gravity, could be avoided.

In the first case, the challenge is to understand the origin of the enormous cancellation underlying
the determination of the Higgs mass. The possibility mostly discussed so far is to rely on an Anthropic
mechanism of vacuum selection, see Section 5.3.8. One assumes the existence of a vast “landscape” of
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vacua in the underlying microscopic theory, each characterised by different values of the physical con-
stants. Depending on these values, the evolution of the Universe might be radically different, possibly
preventing the formation of galaxies or other structures, eventually forbidding the creation of an environ-
ment suited for the development of intelligent life. This is essentially the only understanding available
of the smallness of the cosmological constant. If a small EWSB scale, of the order of 100 GeV, is also a
crucial condition for the very existence of the observer, it is not surprising that this will be the observed
value no matter how unlikely it is to obtain it, by fine-tuning, in the landscape of vacua. Differently from
naturalness, the Anthropic argument in itself does not give clear indications on how the SM should be
extended. Its main implication is that we should not worry about fine-tuning in the Higgs mass or in other
observables, provided this fine-tuning is justified by environmental selection. The concrete directions to
extend the SM should be indicated, in this framework, by independent considerations. For instance, the
theoretical expectations for high-energy SUSY from superstring theory, the need of DM and the quest
for coupling unification can be combined in the so-called “Split-SUSY” framework [247–249], which
will be discussed in Section 5.3.8.

The second case, in which no cancellation is needed in mH , is still “under construction”. While
we do perfectly understand, technically, how the Higgs mass could be reduced by tuning, in a generic
theory, it is hard to imagine how the high scale contribution to mH could be avoided in a complete
theory of Quantum Gravity. One proposal is that the new dynamics should be conformal, i.e. without
fundamental scales to start with, while still capable to give rise dynamically to the Planck constant (to
our understanding, a theoretically viable model is not available at present). Alternatively, one might
claim, generically, that the UV theory contains no fundamental high mass scale or, in some sense, that
it “behaves like dimensional regularisation”. Interesting, speculative work has being developed in this
direction. As examples of a theoretical scenario that find their collocation in this context, we will discuss
models in which the naturalness problem has no relevant implications on the open problems of the SM,
which are then addressed independently by physics at scales at the electroweak scale or below. In this
context, the paradigm of Minimality is sometimes advocated. The idea is to identify the Minimal exten-
sions of the SM, with a minimal number of new fields and renormalisable interactions capable to explain
all the observed phenomena. On top of DM, also Baryogenesis, Inflation and neutrino masses can be
addressed. In Section 5.4 we will describe models in this class and outline their possible experimental
implications.

5.1.3.5 Dark Matter
The existence of a neutral DM particle with a lifetime comparable with the age of the Universe is es-
tablished by cosmological and astrophysical observations, however not much is known of its properties.
Several DM candidates have been proposed, with radically different masses and coupling strengths, each
of which is capable of explaining the observed relic abundance by its own specific mechanism. The
case of a WIMP particle with a mass in the GeV to TeV range, weak–sized coupling to SM particles
and the relic generated by thermal freeze out is one of the simplest options and it can be tested at high–
energy colliders, providing one of their physics objectives. For this reason it is important to compare the
reach of WIMP DM collider searches with the one of existing and future dedicated observational exper-
iments, based on either the Direct detection of DM scattering on nucleons or on the Indirect detection
of its annihilation (or decay) products. This is the purpose of Section 5.5, where we will outline the
complementarity of those different detection strategies.

5.2 Composite Higgs
5.2.1 Direct vs indirect searches
The goal of this section is a comparison of the prospects for direct and indirect searches at the LHC and
future colliders in the context of Composite Higgs (CH) models. While the strongest indirect constraints
on New Physics (NP), except for those involving the Higgs boson, come from an e+e� collider, LEP, the
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strongest direct constraints come from hadronic colliders such as the Tevatron (pp̄) and the LHC (pp).
In fact, while hadron colliders can reach much higher energies, lepton colliders provide a much cleaner
environment, suitable for precision measurements. The complementarity of direct vs indirect NP effects
can therefore be translated in the complementarity of different colliders. A quantitative comparison of
the physics possibilities of different machines, both in direct and indirect searches, is thus at the basis of
any discussion aimed at planning the future of particle physics, at least in its collider physics incarnation.

Comparing direct vs indirect NP searches also requires a clear theoretical understanding of their
model dependence/independence. Indirect searches are usually completely agnostic about the nature of
NP and require only very mild assumptions on the possible underlying UV theory. On the other hand,
direct searches usually require a few more assumptions on the nature and the origin of the new particles,
necessary to drive their search at experiments. However, despite the larger model independence of indi-
rect searches, their interpretation within theoretical models, which is necessary to infer their relevance
(e.g., to translate the bounds into the level of fine tuning of a given model), always introduces some
model dependence. A clear example of this fact is given by the interpretation of indirect searches in
terms of effective operators weighed by a coupling divided by a scale gNP/⇤NP: such constraints can not
be interpreted as constraints on the scale of new physics, since they depend on the coupling strength gNP
of the new physics model under scrutiny. For instance, for a weakly coupled model with gNP ⇠ 1, an
indirect bound gNP/⇤NP < 1/(10TeV) means that the scale of new physics is expected to lie above 10
TeV. The same bound, when interpreted in a strongly coupled model with gNP ⇠ 4⇡, instead means that
the scale of new physics is expected to lie in the 100 TeV region. This illustrates very well how model
dependent the interpretation of indirect constraints usually is.

Let us now specialize the discussion to CH models. Aside from being a well–motivated theoretical
possibility, CH is the ideal framework for our investigation since it predicts both indirect and direct
effects which could both be sizable enough to be detected. Determining which strategy could be more
effective to test the CH idea is non–trivial and requires a dedicated study. Indirect effects, in the form of
corrections to SM couplings or of new BSM vertices [250,251], unavoidably emerge due to the pseudo–
Nambu–Goldstone nature of the Higgs leading to deviations proportional to ⇠ ⌘ v2/f2 where f is the
Goldstone boson Higgs decay constant and v the EWSB scale. Further corrections come from the virtual
exchange of new heavy resonances mixing with the SM particles at tree level, giving contributions of
order m2

SM/m2
NP. The latter resonances can also be produced at high enough energies, giving rise to a

number of possible direct signatures. The most studied and promising ones are the production of spin–
one EW–charged vectors [252–256] and of the Top Partners, which will be discussed in Section 5.2.2.

The strongest indirect constraints on CH models currently come from ElectroWeak Precision Tests
(EWPT), where those models could have already shown up in the form of oblique corrections or mod-
ifications of the Zbb̄ vertex. Even restricting to custodially symmetric cosets and to fermionic operator
representations which implement the so-called PLR protection symmetry for Zbb̄ [257], EWPT are still
the dominant indirect constraint on the CH scenario. In spite of this, we will not take EWPT and their
possible improvements at future colliders as a central pillar of our investigation. The reason is that we
judge their impact too model–dependent to be quantified in a robust way.7 Namely, as pointed out in
Ref. [258], the EWPT observables are sensitive to a number of effects which can be computed only
within specific and complete models and therefore they are to a large extent unpredictable at the level
of generality we aim to maintain here. Instead, we decided to focus on indirect effects associated to the
modifications of the Higgs boson couplings because they have the great virtue of being largely insensi-
tive to many details of the specific model and thus predictable in a fairly model–independent way. This
is particularly true for the trilinear Higgs coupling to EW gauge bosons which, at least for models based
on the minimal coset SO(5)/SO(4), is universally predicted to deviate from the SM expectation by a
relative correction kV =

p
1� ⇠. We will thus take the sensitivity to kV of future leptonic colliders as a

good model–independent measure of their reach on CH models, to be compared with direct searches at
7This is even more true for flavour constraints, which can be stronger than EWPT, but considerably more model–dependent.
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Fig. 20: Bounds on � ⇥ BR from LHC at 8 TeV with 20 fb�1 (solid) and corresponding extrapolations to LHC
at 14 TeV with 300 fb�1 (solid) and 3 ab�1 (dashed) and to FCC at 100 TeV with 1 ab�1 (solid) and 10 ab�1

(dashed). The two analyses of refs. [260] (CMS di-leptons, orange) and [261] (CMS fully leptonic di-bosons,
blue) are considered.

hadron colliders.
Similar considerations underlie our choice of the representative direct signatures. Top Partners

are very sensitive probes of CH models because their mass directly controls the generation of the Higgs
potential and thus the level of fine–tuning required to achieve EW symmetry breaking and a light enough
Higgs boson. However their properties and their very existence is, to some extent, model–dependent
and therefore we did not consider Top Partner signatures but focused instead on EW vector resonances.
The existence of the latter is very robust because they are associated with the current operators of the
SM group, which needs to be a global symmetry of the composite sector eventually made local by the
gauging of external sources. In particular, we consider the particles associated with the SM SU(2)L

currents, which form a (3,1) triplet of the unbroken strong sector group SO(4). We describe this vector
triplet by Model B of ref. [256], a simplified model which depends on two parameters only: the vector
triplet mass m⇢ and its intrinsic coupling g⇢ controlling the interaction with the SM fermions and the
EW gauge bosons. The two parameters are related to ⇠ by

⇠ =
g2
⇢

m2
⇢

v2 , (6)

out of which the indirect reach on ⇠ is immediately compared with direct searches, which set limits on
the (m⇢, ⇠) or (m⇢, g⇢) planes.

In order to perform the comparison we need an assessment of the indirect and direct search sen-
sitivities. While a considerable literature exists on the former ones, summarized in Table 13 for various
experimental setups, little is known on the latter. We will use here an estimate of direct search sensitiv-
ity based on parton luminosity re-scaling of the currently available LHC bounds to higher energies and
integrated luminosities, described in Ref. [259].

5.2.1.1 Results
Figure 20 shows the comparison between the current 8 TeV LHC limits (95% CL exclusions) on �⇥BR
with 20 fb�1 and the corresponding bounds extrapolated to the LHC at 14 TeV with 300 fb�1 and 3
ab�1 and to the FCC at 100 TeV with 1 ab�1 and 10 ab�1 obtained by the procedure of Ref. [259].
For illustration we consider the CMS search into di-leptons of ref. [260], and the fully leptonic di-boson
search of ref. [261]. The figure shows how the LHC mass reach is clearly limited by the c.o.m. energy.
A luminosity upgrade by a factor of ten, from 300 fb�1 to 3 ab�1, can merely improve the mass reach
by ⇠ 1 TeV. It does, however, increase the sensitivity on � ⇥ BR by almost one order of magnitude,
which translates into a two to three times more stringent bound on the new physics coupling. In fact,
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showing the relevance of LHC at 14 TeV with 300 fb�1 and 3 ab�1; right plot: region up to m⇢ = 35 TeV showing
the comparison between the LHC reach and FCC reach with 1 and 10 ab�1. See Section 5.2.1.1 for additional
details.

partial compositeness in CH models dictates the coupling to fermions to scale as 1/g⇢, while the coupling
to (longitudinal) gauge bosons is proportional to g⇢. The Drell-Yan production cross section therefore
scales as 1/g2

⇢. Since the BR is almost constant in g⇢ in the region where the channel under consideration
dominates (small values of g⇢ for di-leptons and large values of g⇢ for di-bosons), �⇥BR scales roughly
as 1/g2

⇢. Hence a stronger bound on � ⇥ BR pushes g⇢ to larger and larger values [256]. The FCC at
100 TeV is expected to reach much higher masses, while being less sensitive to small values of � ⇥ BR
than the LHC in its accessible mass regime. This is due to the much larger background expected at low
masses at the 100 TeV collider, which does not allow one to exclude values of � ⇥ BR as small as the
corresponding ones at the LHC. However, the reduced sensitivity of the FCC compared to the LHC does
not affect the reach of the FCC in the relevant parameter region of composite Higgs models, as will be
clear from Figs. 21 and 22.

The bounds on �⇥BR shown in Fig. 20 can be translated into allowed and excluded regions in the
parameter space of the model. As discussed in the previous section, the most illustrative two dimensional
planes are (m⇢, ⇠) and (m⇢, g⇢), where a direct comparison between constraints from cross section limits
and from Higgs coupling sensitivity at the LHC and future colliders is possible. In Figs. 21 and 22 we
show the 95% CL exclusion limits in these planes. The left panels of both figures depict the region
relevant for the LHC, while the right panels show the full reach of the FCC at 100 TeV. The theoretically
viable region of the CH parameter space lies in between the two curves g⇢ = 1 and g⇢ = 4⇡, the upper
limit g⇢  4⇡ is required by the internal consistency of the construction, the lower one g⇢ � gw ' 1
is needed in these models to obtain the correct Weak coupling. The violet shaded regions are excluded
by direct searches at different collider configurations: the shadings correspond to the LHC at 8 TeV with
20 fb�1 (darkest), the LHC at 14 TeV with 3 ab�1 (medium dark) and the FCC with 10 ab�1 (lightest).
The violet dashed lines depict the 14 TeV LHC with 300 fb�1 (left plots) and the FCC with 1 ab�1 (right
plots). The small kink in the exclusion limits present at all colliders originates from the superposition
of searches in di-lepton [260] and the di-boson [261] final states at 8 TeV.8 As discussed before, partial

8Note that we use the most recent CMS searches for illustration, but verified that the ATLAS searches in di-leptons [262]
and dibosons [263] yield comparable results. For a complete list of relevant and most recent searches for heavy vectors see
refs. [256].
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compositeness implies that the di-lepton search has a larger mass reach in the region of small g⇢ and
small ⇠, while the di-boson search dominates for larger couplings and values of ⇠. For a clear distinction
between the two regions see ref. [256]. Above the fine red dotted curve, the total width takes values
larger than 20% of the mass. Since we use the narrow width approximation to compute the excluded
regions from direct searches for heavy vectors (see ref. [256] for details), our bounds are not reliable
beyond this limit.

The reach on ⇠ originating from Higgs coupling measurements are summarized in Table 13 and
represented by black dashed curves in both planes (excluded region above the line). In the (m⇢, ⇠) plane,

Collider Energy Luminosity ⇠ [1�] References

LHC 14 TeV 300 fb�1 0.1 [264, 265]

ILC 250 GeV 250 fb�1

0.6-1.2⇥10�2 [56, 86, 266, 267]
+ 500 GeV 500 fb�1

CLIC 350 GeV 500 fb�1

1.1-2.4⇥10�3 [268]+ 1.4 TeV 1.5 ab�1

+ 3.0 TeV 2 ab�1

TLEP 240 GeV 10 ab�1

2⇥10�3 [46]
+ 350 GeV 2.6 ab�1

Table 13: Summary of the precision on ⇠ (defined in this literature as the absolute error on the measured ⇠ in the
SM (⇠ = 0) hypothesis) at various experiments from the study of single and double Higgs processes.

the reach simply corresponds to horizontal lines and translates into linear curves with varying inclination
in the (m⇢, g⇢) plane. In particular, we show the LHC reach at 300 fb�1, obtained from single Higgs
production, corresponding to ⇠ < 0.1, and the expected reach of TLEP at

p
s = 350 GeV corresponding

to ⇠ < 0.004 [46]. Note that CLIC with 2 ab�1 is expected to have a comparable sensitivity on ⇠ [268].
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5.2.2 Top Partners
Light top partners are an essential ingredient of natural composite Higgs scenarios. Being charged under
QCD and strongly coupled to third generation quarks they constitute a good target to probe the composite
Higgs idea in collider experiments. Differently from the composite bosonic sector, whose properties are
determined to large extent by the symmetry structure of the theory, the fermionic sector has considerably
more freedom. The Goldstone symmetry pattern only implies that the fermionic resonances appear in
multiplets of the unbroken global group. In the minimal models we are interested in this document the
symmetry pattern SO(5)/SO(4) implies that top partners can be classified according to their quantum
numbers under the unbroken SO(4) subgroup. In the most popular scenarios (motivated by the presence
of accidental symmetries that protect the EW precision parameters), the top partners belong to two ir-
reducible representations of SO(4), namely the fundamental (the 4) and the trivial representation (the
1).

The spectrum of the top partners follows a simple pattern dictated by the Goldstone symmetry,
depicted in Fig. 23. The one in the 4 split into two SU(2)L doublets, the (T, B) doublet with quantum
numbers analogous to the (tL, qL) SM quark doublet, and an exotic doublet (X2/3, X5/3) with hyper-
charge 7/6 and thus an exotic charged particle. Inside each doublet the mass splitting is rather small
being due only to EWSB effects. The exotic doublet is always the lightest of the two and is expected
to be the most interesting one for collider searches. The second state we consider, the eT singlet, is a
completely independent state, its mass is free and not connected to the 4-plet one.

Being charged under QCD, the top partners can be pair produced via QCD interactions. A remark-
able aspect of this production channel is the fact that its cross section is universal, that is it depends on
the mass of the resonances but not on their quantum numbers or the details of the model. In addition, the
top partners can also be singly produced in association with a top or a bottom quark by the diagrams in
Fig. 24. Differently from pair production, single production is not universal and its size is determined by
the “flavour changing” gauge couplings that mix the top partners with the SM quarks. Single production
is favoured for high resonance masses with respect to pair production because of the smaller kinematical
threshold. For natural values of the production couplings single production in association with a top
overcomes pair production, at the 14 TeV LHC, for m ' 1 TeV. Single production in association with
a bottom quark is competitive with pair production even at lower masses.

The decays of the top partners are controlled by the same couplings that determine single pro-
duction and, in addition, by the interactions mediated by the physical Higgs. The branching fractions
are insensitive to the overall coupling strength and are rather model–independent, determined to a large
extent by the quantum numbers of the resonances. The main decay channels for the 4-plet and singlet
states are listed in Table 14.
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Wt Zt ht Wb

X5/3 100%

X2/3 50% 50%

T 50% 50%

B 100%

eT 25% 25% 50%

Table 14: Branching ratios for the main decay channels of the top partners.

At the present and future collider experiments basically all top partners can be used as reasonable
search targets. For instance at the 8 TeV LHC searches for charge 5/3, charge 2/3 and charge �1/3
states have been performed that obtained comparable bounds on the mass of the resonances. The typ-
ical structure of the spectrum, however, suggests that the most promising search channels are the ones
involving the exotic X5/3 or X2/3 resonances, in the case of a light 4-plet, or the eT , in the case of a light
singlet.

From Table 14 we can guess that the X5/3 resonance, which decays exclusively into Wt, can lead
to a more visible signature with two leptons in the final state with respect to the X2/3, which has to
pay the small leptonic BR of the Z boson plus the intrinsic 50% BR. This is confirmed by the present
experimental analyses, which, focusing purely on pair production, obtain the bounds mX5/3

& 800 GeV
and mX2/3

& 750 GeV [269–271]. Furthermore the X5/3 partner leads to a clean final state with two
same–sign leptons. Given that the X5/3 is nearly degenerate with the X2/3 we will focus on it and we
will ignore X2/3 searches in what follows. As we saw before, single production can also contribute
significantly to the production cross section for the top partners. However at the moment there exist
no dedicated experimental analyses for the detection of the single production signal and in order to
estimate its impact on the exclusion we must rely on theory recasting or projections which we take from
Ref. [272].

Let us start from the X5/3 partner. In this case the singly produced resonances contribute to the
same (same–sign dileptons) final states as the pair produced ones, and the current experimental limits
can be reinterpreted by taking the additional contribution of single production into account. The result
is shown in the left panel of Fig. 25, we see that the mass reach can overcome 1 TeV for relatively large
but still reasonable value of the parameter cR which controls, in the parametrization of Ref. [272], the
single production coupling strength. Notice that the typical value of cR (and of cL introduced below) is
cR ⇠

p
⇠, i.e. cR ⇠ 1/3 for the values of ⇠ we are currently interested in testing. This was for the 8 TeV

LHC data with 20 fb�1 of integrated luminosity, projections for the 13 TeV run are shown in the right
panel of Fig. 25, we see that the bounds could be significantly improved and reach the 2 TeV region.
As can be seen from this plot, the effect of an higher integrated luminosity for the 13 TeV LHC is not
negligible. Going from 300 fb�1 to 3 ab�1 at fixed coupling there is an enhancement in the bounds of
the order of 200 GeV, while moving at fixed mass the reach on the coupling improves by a factor of two.
As expected on general grounds, HL–LHC has a moderate impact on the mass reach (10 � 15%) and
a very strong one on the coupling strength reach. Its impact is thus best visualized on a coupling–mass
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plane like the one we are describing here.
Searches for pair-produced singlet resonances, the eT , have also been performed at the 8 TeV

LHC, leading to a bound meT & 700 GeV. [269–271] The bound has been obtained by combining the
various three main decay channels according to the eT BR reported in table 14. Although no experimental
analysis has been presented so far, it has been noticed that single production in association with a bottom
quark can be used to significantly improve the bounds on the eT [273] and an estimate of the possible
reach has been presented in Ref. [274]. Based on the latter study, which however represents an expected
limit and does not correspond to an actual experimental exclusion, 8 TeV limits are shown on the left
panel of fig. 26 in the mass/coupling (cL, in this case) plane. The expected reach in the next LHC run is
shown in the right panel of the same figure.

We conclude by discussing the top partners reach at a hypothetical 100 TeV hadronic collider.
At such a machine, the production cross sections for top partners are greatly increased and multi-TeV
resonances can be easily tested. A rough estimate of the possible reach for the exotic X5/3 and for the
singlet eT is shown in fig. 27. By relying on pair production only, one could test top partners with a mass
up to order 7 TeV. If the single-production coupling is non-negligible resonances with a mass⇠ 15 TeV
could be probed. Notice that the huge increase in the reach also implies a much better test of Naturalness.
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Excluding top partners at a mass of order 2 TeV, as can be done at the LHC, implies a lower bound on the
fine-tuning of order 5%. Extending this bound to 10 TeV, as could be done at an high-energy collider,
would push the minimal amount of tuning to order 0.2%.

We stress once again that the results presented in this subsection, especially those for the 13 TeV
LHC and the 100 TeV FCC, are based on rather crude estimates of the sensitivity of future experimental
searches. The most problematic ones are the limits on the eT , for which a robust experimental analysis
or projection is not available even for the 8 TeV LHC. Providing a careful phenomenological analysis of
this particle at the 13 TeV LHC and the 100 TeV FCC, by focusing on the dominant production mode in
association with a bottom quark, is the goal of the next section.

5.2.3 Single production of the Top Partner singlet at hadron colliders
Singlet top partners decay to Wb, tZ or tH in the approximate ratio 2:1:1 respectively, and the significant
branching fractions to tZ and tH have attracted previous attention [273,275,276]. Here, we have chosen
to focus on the most abundant expected decay: T̃ ! Wb, with subsequent decay of the W -boson to
leptons or hadrons (leptonic and hadronic channel respectively).

The enormous background which afflicts these final states can be reduced by exploiting the jet
substructure to suppress top-pair production and by requiring the presence of the forward jet which
characterizes the signal topology. This simple strategy has already been shown to produce a sensitive
search for single top-partner production, in the context of composite Higgs models [274]. The search
has competitive mass reach with respect to the existing searches for top-partner pair production at a pp
collider working at 14 and 100 TeV center of mass energy. The present experimental limits are weakest
for large values of the T̃ !Wb branching ratio [271].

Signal and background samples
Signal events at partonic level are generated using the MadGraph 5 [277] Monte Carlo, interfaced with
PYTHIA 6.4 [173] for the parton-shower and hadronization, and with Delphes [278] for the detector
simulation.

Top-partner single production and decay are simulated through the processes pp ! T̃ bq and
T̃ ! Wb for different mass values, ranging from 1 to10 TeV. Events are simulated at

p
s = 14 TeV andp

s = 100 TeV. An integrated luminosity L = 3000 fb�1 is assumed for both energies. For the hadronic
channel the effect of 140 overlapping pile-up interactions is also included.
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Fig. 28: Exclusion limit curves at 95%CL as a function of the T̃ mass for the l+jets and hadronic analysis at 14
TeV and 100 TeV for L = 3 ab�1 of accumulated statistics.

Event selection
Background samples for W/Z+jets, tt̄ and t+jets processes have been taken from the “Snowmass Energy
Frontier studies” [279] [280] [281]. These are the dominant sources of physics background in the analy-
sis. In the time period allowed for this specific study it has not been possible to include the background
from QCD multi-jets production and the effects of fakes and instrumental backgrounds. In order to
isolate the top-partner signal from the other backgrounds, partly common strategies are applied for the
lepton plus jets and the hadronic case. The signal final state topology is characterized by highly energetic
W -decay products (either an electron/muon or a boosted hadronic jet), b-tagged jet from the T̃ decay and
a light forward jet. The b-quark produced in association with the T̃ is too soft to be seen. The lepton
should be also isolated and the presence of significant missing transverse energy would account for the
presence of a neutrino. In the case of the W hadronic decay, the boosted W is tagged via an algorithm
which makes use of the substructure information contained in large radius jets. A boosted top-jet tagging
veto is applied in the hadronic channel in order to reduce the tt̄ background which is orders of magnitude
larger than the signal. However, it is important to note that the W and top tagging algorithms currently
available are not optimized for highly energetic jets of several TeV, both for the case of a 100 TeV ma-
chine or very large masses of the T̃ . Alternative solutions based on simpler jet characteristics have been
devised for the 100 TeV case. More details are available in [282].

Results
The final limits are extracted in both cases from the distribution of the reconstructed mass of the T̃
comparing the signal and the sum of the backgrounds. In the lepton plus jets case the mass of the
candidate particle T̃ is computed from the four-momenta of the sum of the isolated lepton, the neutrino
and the b-tagged jet. The longitudinal component of the neutrino is obtained by imposing the W -boson
mass constraint on the lepton plus the missing transverse energy system [274]9.

In the case of the all hadronic final state the mass of the T̃ is reconstructed using the invariant
mass of the leading W-tag jet and the b-jet system: m( eT ) = m(Wtag, btag). The limits are obtained
using the RooStats (for the leptonic channel) or Theta (for the hadronic) framework using statistical
uncertainties only. The analyses presented here are able to exclude (individually) masses of the T̃ up to
1.7 TeV at 14 TeV with 3 ab�1, and up to 5 TeV at 100 TeV with 3 ab�1, see Fig. 28. No combination
has been performed at this point. The leptonic analysis limit for 10 TeV mass at 100 TeV is reported for

9Whenever two real solutions are found, the one with lower absolute value is chosen. If there is only one real solution, it is
used. If no real solution is found, the event is rejected.
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completeness in the figure, however it is not reliable because the background samples at our disposal are
too poor in the hard kinematical region for a reliable estimate of the reach. For this reason this point has
been excluded by the summary plot of the exclusion limits in the coupling-mass plane shown in Fig. 29.
Of course, these analyses could be made more accurate. In particular the effect of pile-up in the leptonic
analysis and the multi–jet QCD background in the hadronic one should be estimated. Furthermore they
should be revised once new optimized algorithms become available for the different kinematical regime
of a 100 TeV machine. The experience of attempting a realistic analysis for these conditions has shown
the limits of the current reconstruction algorithms and the need for a significant development work to
fully recover, and possibly increase, the efficiency of the analyses at an 8 TeV collider. In the meantime,
this is compensated by considering statistical uncertainties only for the limit extraction.
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Fig. 29: Exclusion limits in the coupling-mass plane (mass expressed in TeV) at 14 TeV with L = 3 ab�1 (left)
and at 100 TeV with L = 3 ab�1(right). In spite of a different notation, the plane is the same of Figure 26.

5.3 Supersymmetry
5.3.1 Outline
Supersymmetry offers an appealing solution to the naturalness problem of the SM Higgs mass, as dis-
cussed in Section 5.1. Unlike the models discussed in Section 5.2, which require a new dynamical scale
associated to some new strong interactions, in this case the Higgs mass is protected by a special type of
symmetry and the theory is weakly coupled. As such, it can be extrapolated up to the Planck scale, with
a calculability and predictivity power whose appeal has been emphasized in Section 5.1.3.3.

In order to represent an efficient solution to the SM Higgs mass problem, the supersymmetry
spectrum, and in particular stops, gluinos, and Higgsinos, must appear at a scale not too far from the EW
scale. A realistic and updated estimate of the position of the latter scale is crucial in order to i) assess
the significance of the present experimental bounds and the motivation of further searches and ii) assess
the potential of future experimental options to reach and probe the scale of supersymmetric particles. In
the above assessment, the choice of the model in the wide parameter space of theoretical options plays a
crucial role.

Here, we will first of all consider the “quasi-natural” scenario defined and motivated in Sec-
tion 5.1.3.3, in which the Higgs sector of the MSSM is augmented by a singlet (NMSSM) and the stops
are allowed to be below a TeV. Such a scenario is both motivated by data (it does better than minimal
supergravity, which prefers stops well below the experimental limit and a lower Higgs mass) and theoret-
ically appealing (it mitigates the fine-tuning problem in a simple and effective way and is independently
motivated). New physics can be sought through direct and indirect searches in the Higgs sector and
through direct searches in the sfermion and chargino sectors. Such a “quasi-natural” scenario will be dis-
cussed in Sections 5.3.2– 5.3.5. In particular, Section 5.3.2 describes the set-up, Section 5.3.3 discusses
the Higgs sector, and Sections 5.3.4 and 5.3.5 discuss the sfermion sector, comparing the expectation

75



on their masses following from the naturalness argument with the experimental prospects. As we will
see, while the interpretation of experimental searches in terms of bounds on supersymmetric masses is
not very different than in the MSSM (in fact, we will present the bounds in terms of simplified models,
which can capture the qualitative features of the bounds in both the MSSM and NMSSM), the pressure
that the bounds set on the model is significantly weaker than e.g. in msugra. In Section 5.3.6 we will
then consider the possibility that the bounds themselves are weaker than what a simplified interpretation
would suggest. This further weakens the pressure on supersymmetric models, sometimes at the price of
selecting a special slice of the parameter space or of additional theoretical effort. In Section 5.3.7 we will
discuss the searches of charginos and neutralinos (“electroweakinos”). Finally, in Section 5.3.8 we will
consider the possibility that the naturalness argument is not relevant in the context of supersymmetric
models.

5.3.2 A quasi-natural benchmark scenario
As mentioned in Section 5.1.3.3, the prototypical example of supersymmetric models, minimal super-
gravity, happens to maximise the fine-tuning necessary to reproduce the observed value of the Higgs
mass. This is because i) the radiative corrections to the Higgs mass that need to be cancelled are pro-
portional not only to the stop mass squared but also to a large, O (70) logarithm; and ii) the stop mass
to which the corrections are proportional is bounded not only by the direct experimental bounds but also
by the need to overcome the tree level bound on the Higgs mass, mH  MZ , and bring mH within its
experimental range.

On the other hand, the latter two unfortunate features of msugra are far from being shared by
all supersymmetric models. The logarithm enhancing the radiative corrections to the Higgs mass can be
significantly lower if the scale at which the sfermion masses originate is low, for example O (100 TeV) in
gauge mediated supersymmetry breaking models [236–243] or even lower if the supersymmetric masses
arise at the tree level [244, 245, 283, 284]. Moreover, the indirect bound on the stop mass only holds in
the presence of the very minimal field content required by a viable supersymmetric theory (MSSM). It
suffices to add an extra singlet to the spectrum (NMSSM) [246,285] to raise the tree-level prediction for
the Higgs mass and avoid the indirect bound on the stop masses. Such a minimal and harmless extension
of the very minimal field content was independently motivated by the solution to the µ-problem [246].

We will then consider as our “quasi-natural” standard supersymmetry benchmark model the NMSSM
with sfermion mass terms generated at a relatively low scale M ⇠ 100 TeV. We will not assume flavour
universality of the sfermion masses at the scale M , as that could lead to additional, indirect constraints
on the stop masses. We will assume for the time being that R-parity is conserved.

The Higgs sector of the NMSSM includes one additional complex singlet scalar. The experimental
opportunities offered by such an extended Higgs sector are richer than in the MSSM. They will be studied
in Section 5.3.3, where a comparison of the potential of direct and indirect searches of CP-even scalars
will be made.

Aside from the scalar sector, the collider phenomenology of our benchmark model is not drasti-
cally different than the MSSM one, the difference being mainly due to the presence of one extra neu-
tralino and chargino (see Section 5.3.6.1). After reviewing in greater detail in Section 5.3.4 how their
bounds translate into fine-tuning, we will then discuss in Section 5.3.5 the searches for sfermions, gaug-
inos, and Higgsinos using standard supersymmetric signals in the context of simplified models. The
two things together allow to assess the potential and motivation of future experiments in a currently
representative supersymmetric scenario.

5.3.3 NMSSM Higgs sector: direct vs indirect searches
It is well known that the tree-level upper bound on the lightest Higgs boson in the MSSM, mh < mZ ,
can be lifted due to the top-stop correction to the Higgs quartic coupling, embodied in the �t parameter
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Fig. 30: Spectrum of the NMSSM scenario under consideration.

(see e.g. [286]),
m2

h . m2
Zc2

2� +�2
t . (7)

However, the values of the stop masses needed to account for the measured Higgs mass are large enough
to give rise to a significant fine-tuning (see Section 5.3.4). On the other hand, other contributions to the
Higgs mass, besides the stop corrections, are possible, so that in their presence the stops are allowed to
be lighter. The NMSSM is a paradigmatic example, in which a contribution to the Higgs quartic coupling
is obtained at tree-level from the supersymmetric superpotential interaction

W � �SHuHd + f(S), (8)

where S is a singlet superfield and f(S) is a polynomial up to the third order in S. The Yukawa-like
term contributes to the Higgs mass as

m2
h . �2v2s2

2� + m2
Zc2

2� +�2
t . (9)

The importance of the coupling � is two-fold. First, it gives a large supersymmetric contribution to the
Higgs mass (with a different dependence on tan� than the usual terms) that is sufficient to achieve 125
GeV at tree-level. Second, it modifies the dependence of the electro-weak vacuum expectation value
(VEV) on the Lagrangian parameters, allowing for parametrically larger soft masses of stops and gluinos
– by a factor of ⇠ 2�/g – than in the MSSM, for a given amount of tuning. While � � 1 softens the
tuning in the VEV, it increases the tuning in the Higgs mass as evident from (9). Moreover, the coupling
is not asymptotically free and if � & 0.7 the theory undergoes a strong coupling regime at a scale lower
than the GUT scale. We will consider both regimes in the following, as they both have been deeply
studied in the literature.

5.3.3.1 Strategy
Aside from the fine-tuning issue, the NMSSM with a sizeable � – which is the leading parameter also
for phenomenology – opens the interesting possibility that the lightest new particles are the extra scalar
bosons of its extended Higgs sector (with the possible exception of the LSP), see Fig. 30. These new
degrees of freedom consist, in any particular NMSSM, of two extra CP-even neutral scalars, which we
dub h2 (“singlet-like”) and h3 (“doublet-like”), two CP-odd ones, A1 and A2, and the charged Higgs
H±.

This extended Higgs sector can be probed/constrained by means of two complementary approaches:
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– Indirect searches: modification of the couplings of the 125 GeV Higgs boson.
– Direct searches: production and detection of the heavy scalars.

The phenomenology of the NMSSM is controlled by several parameters, so that its study is often per-
formed via scans on some motivated ranges (see e.g. the recent [287] and [288]). In particular, [287]
provides several benchmark points for which details of the phenomenology of all the new scalars at the
13 TeV LHC are given. While studies of this kind are certainly useful, they need the specification of
a particular version of the NMSSM potential (i.e. the function f(S) and all the soft terms). Also, they
make it somehow difficult to compare the reaches of different searches or different models, given the pro-
liferation of points and parameters. Here we prefer to keep a more general view, and to have at the same
time an analytic understanding of the phenomenological properties of the extra Higgs bosons, focusing
on the CP-even ones, in the spirit of [289, 290].

The physical eigenstates h1,2,3 consist of an admixture of the states h, S, H , with hhi = v; in
particular h1 = c�(c�h � s�H) + s�S can be identified with the particle discovered at the LHC. Under
the motivated assumptions of CP-conservation and negligible radiative corrections (apart from �t), the
CP-even scalar mass matrix in the basis (H, h, S) can be parametrized in full generality as

M2 =

0

BB@

m2
A + s2

2�(m
2
Z � �2v2) +

�2
t

t2
�

s4�

2 (m2
Z � �2v2)� �2

t

t
�

�vM1

s4�

2 (m2
Z � �2v2)� �2

t

t
�

m2
Zc2

2� + �2v2c2
2� +�2

t �vM2

�vM1 �vM2 M2
3

1

CCA (10)

where v ' 174 GeV, m2
A = m2

H±��2v2, and M1,2,3 are parameters that depends on the supersymmetric
and soft terms that involve the singlet S.

The actual expressions of the third column entries are almost irrelevant for the phenomenology
of the CP-even Higgs bosons. As noted in [289], by diagonalization of the matrix (10) one can ex-
press the mixing angles �, �,� among the three states as a function of the 6 independent parameters
m2

h2,3
, m2

H± ,�, tan�,�t. This is crucial since it simplifies the study of the impact of the Higgs fit on
the physical parameters, and it also keeps this study independent of the choice of a specific potential.

A fit of the Higgs signal strengths measured at the LHC results in the constraints displayed in
Fig. 31, where the expected reach of LHC14 with 300 fb�1 is also displayed.

In the following, motivated by current Higgs coupling constraints, we choose to work in the simple
limit where the second doublet H (or equivalently h3) is completely decoupled. This turns out to be a
good approximation of the full three-state mixing case when h3 is reasonably heavier than h1,2 (see
Section 3 of [289]). The opposite situation, where the singlet-like state is decoupled, is more similar to
the MSSM case, and has been discussed in [289].

The only relevant effect from the sparticles can safely be assumed to be the one of the top squark,
with the possible exception of a light chargino contribution to h2 ! ��. The model is then fully
described by the following parameters:

– the mass of the singlet-like scalar mh2 ,
– tan�,
– the singlet-doublet coupling �,
– the top-stop contribution to the Higgs potential�t,
– the vacuum expectation value of the singlet vS .

The vev vS is the only parameter reminiscent of the explicit potential for the scalars, which we leave
unspecified. However, while it plays an important role in all the triple couplings among Higgs bosons,
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vS does not influence deviations in the couplings of h1 to fermions and vectors, nor the couplings of h2

and h3 to non-Higgs particles.
The mixing angle � between the Higgs and the singlet is given by

sin2 � =
m2

Z cos2 2� + �2v2 sin2 2� +�2
t �m2

h

m2
h2
�m2

h

, (11)

and is constrained to be sin2 � < 0.23 at 95% C.L. by a fit of the Higgs couplings. Notice that the
above parameterisation is valid for any form of the NMSSM potential. As we are going to see, the small
number of parameters in this limit allows us to compare the reaches of direct and indirect searches in a
systematic way.

5.3.3.2 Current constraints and future reaches
We now discuss the current constraints on this picture, both from Higgs couplings measurements and
from direct scalar searches at the LHC, together with the foreseen impact of the next runs at 14 TeV, for
the benchmark luminosities of 300 fb�1 and 3 ab�1. Concerning direct searches, we assume that there
are no invisible decay channels of h2, and that it is produced via gluon fusion (which actually dominates
for mh2 . 1 TeV , given the singlet-like nature of h2). The explicit cross-sections and branching ratios
of the Higgs states have been given in [289, 290] and we will not repeat them here.

In the following, we fix the value of �t to 75 GeV, which is compatible with a lightest stop mass
mt̃ ' 700 GeV or higher, and we take values of vS of the order of v.10 For each value of �, the model is
now completely described by mh2 and tan�, so that it is possible to visualise the relative phenomenology
on a plane.

10For moderate values of �
t

. 85 GeV, motivated by naturalness, the results do not strongly depend on the actual value of
�

t

.
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Fig. 32: Current and foreseen LHC reaches in the h
2

! ZZ channel for � = 0.8 (left) and � = 1.4 (right), and
with vS = 2v. The colored regions are excluded at 95% C.L., the solid (dashed) lines are the expected limits at
LHC14 with 300 fb�1 (3 ab�1).

The h2 ! ZZ channel
The dominant branching ratios of the heavy Higgs h2 are into a pair of lighter Higgs particles – if
kinematically allowed – and into vector bosons, WW or ZZ [289]. The ZZ channel, in particular, plays
a dominant role because of the good experimental sensitivity.

In Fig. 32 we show in a single plot the current bounds (LHC8) and the foreseen LHC reaches with
300 fb�1 of luminosity (LHC14), for the two cases � = 0.8 and � = 1.4, and with vS = 2v:

– LHC8: the colored regions are excluded at 95% C.L. The shaded orange region is excluded by the
fit of the Higgs signal strengths (sin2 � < 0.23); the red region is excluded by CMS searches of a
heavy scalar h2 decaying into ZZ [291].

– LHC14: the colored solid (dashed) lines show the expected exclusions at 95% C.L. with 300 fb�1

(3 ab�1). The orange lines are the foreseen reaches of the Higgs fit, assuming central values for
the Higgs signal strengths like in the SM, with the projected uncertainties of [264,292]; the dashed
red lines are the expected exclusions of a h2 ! ZZ search, taken from figure 7 of [293].

Triple Higgs coupling and h2 ! h1h1

Deviations in the Higgs-self couplings, as well as the partial width �(h2 ! h1h1) are controlled also
by vS . Among the h2 ! h1h1 searches, the only one currently relevant is the one recently published
by CMS [294] for hh(! bb̄��) (see also the ATLAS results [295]). As can be seen from the purple
region in Fig. 33, it is relevant only for � = 1.4, and in any case it is superseded by the Higgs fit and by
the h2 ! ZZ searches for moderate values of vS . Concerning future reaches, the only detailed study
performed so far is the one for hh ! 4b at the LHC14 [296], and its result is also shown in Fig. 33.
Current searches in hh! 4b are not shown since they are not yet sensitive. Notice that the search in the
bb̄�� channel, which still lacks a detailed analysis for LHC14, is expected to be more sensitive also in
the future. However, performing a detailed study of its future reach goes beyond the purpose of this note.

From the point of view of indirect searches, it is interesting that large deviations from the SM
value are possible in the triple Higgs coupling gh3

1
, as shown in [289] and confirmed in a particular
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Fig. 33: Current and foreseen LHC reaches in the h
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! h
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1

channels, for � = 0.8 in the large vS limit (left), and
for � = 1.4 and vS = 2v (right). The colored regions are excluded at 95% C.L., the solid (dashed) lines are the
expected limits at LHC14 with 300 fb�1 (3 ab�1). Purple corresponds to the indirect searches, while beige shows
the limits for direct searches. The present direct exclusions come from the bb̄�� channel, while the projections are
from the bb̄bb̄ channel.

model by [288], and contrary for example to the MSSM case. To illustrate this, we show in Fig. 34 the
ratio gh3

1
/gSM

h3 [289]. The HL-LHC could probe the trilinear Higgs coupling at the indicative precision
of 50% (see Section 1.3 of the report [46]), thus providing a powerful way of exploring the parameter
space of our framework.

A singlet-like boson lighter than 125 GeV
The case mh2 < mhLHC

is still allowed by current constraints, and we believe an experimental effort
is necessary to exclude such a possibility. The LEP direct searches play an important role in excluding
some regions, however they are not sufficient to exclude a light h2, as can be seen from Fig. 35.

The future reach of the HL-LHC looks capable of covering a relevant part of the allowed regions
by means of Higgs couplings measurements. Direct searches appear to be challenging, although a new
singlet-like scalar could be detectable in the �� channel, for some particular values of the parameters
[297]. We show in Fig. 35 the signal strength for h2 ! �� normalised to the one of a SM Higgs boson
of the same mass, in a particular scenario with all three mixing angles non-zero. Such figures also provide
an example of how our analytic approach can be used in the case where none of the Higgs bosons are
decoupled.

5.3.3.3 Conclusions
Overall, keeping in mind the various simplifications of our approach, we have shown that natural ex-
tensions of the MSSM, such as the NMSSM with largish � under consideration, can provide interesting
signatures at the LHC14.

In particular we discussed how the LHC8 data constrain the scenario of a singlet-like CP-even
scalar coupled to the SM Higgs boson. From the measurement of the Higgs signal strengths we cannot
derive strong bounds on the picture. This leads to consider direct searches as an alternative to probe
the unconstrained parameter space. Indeed we showed that direct searches for extra Higgs bosons can
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already set limits competitive with the Higgs coupling fit. In particular we emphasized the role of the
reinterpretation of searches for a SM Higgs boson at high mass, in the ZZ ! 4` channel. We also
presented some projections of the 95% CL exclusion reach attainable at the LHC14 with 300/fb and
3000/fb, showing that direct searches for h2 ! V V will play a prominent role.

Another possible signature of this scenario is the hh channel. Current data on hh ! ��bb̄, bb̄bb̄
are not sensitive yet to the interesting region, however when available we presented some projections
for the next runs of the LHC. They turn out to be hardly competitive with h2 ! ZZ or Higgs coupling
measurements, except in some corners of the parameter space. However, to better assess the potential
of the hh channel, further studies of the future sensitivities are needed. Among indirect searches, the
expected sensitivity of the HL-LHC to the trilinear Higgs coupling makes it, at such a collider, one of
the strongest probes of this scenario.

We remark that the case of another singlet-like scalar lighter than 125 GeV is not yet excluded,
and that a larger experimental effort should be dedicated to directly probe this possibility, already with
the LHC8 dataset.

Finally, in case of a positive signal, direct or indirect, it may be important to try to interpret it in
a fully mixed scheme, involving all the three CP-even states. To this end the analytic relations of the
mixing angles to the physical masses given in [289, 290] offer a useful tool, as shown in the explicit
example of a h2 ! �� signal in Fig. 35.

5.3.4 Fine tuning and the scale of supersymmetric particles
As anticipated, an estimate of the scale of supersymmetric particles, stops, gluinos and Higgsinos in par-
ticular, is needed in order to assess the significance of the present experimental bounds and the motivation
of further searches. The estimate is based on the naturalness argument: the scale of supersymmetric par-
ticles (new physics in general) should not lead to fine-tuned, accidental cancellations in the determination
of the Higgs mass. While the upper bound on the scale of new particles this argument sets depends on the
amount of cancellation considered palatable, and is therefore to some extent subjective, the cancellation
needed (if any) can definitely be precisely quantified, as we now briefly recall.

Let us consider the case of the a supersymmetric extension of the SM with the supersymmetry
breaking mass terms originating at a scale M ⇠ 100 TeV. Let us also consider, for illustrative purposes,
a (decoupling) limit in which a linear combination H of the two Higgs doublets Hu and Hd plays the
role of the SM Higgs doublet, with a potential

V = m2H2 + �HH4, (12)

and the VEVs of the two doublets are somewhat hierarchical, vu > vd. Then the SM-like Higgs mass is
m2

H ⇡ �2m2 and one has
m2 ⇡ |µ2| + m2

H
u

=

= |µ2| + m2
H

u

��
tree + �m2

H
u

��
loop ,

(13)

where µ is the (supersymmetric) mass term for the Higgsinos and m2
H

u

is a (supersymmetry breaking)
mass term for the Hu doublet. We have split m2

H
u

in two contributions: m2
H

u

��
tree

, which originates at
the scale M , and �m2

H
u

��
loop, which arises due to renormalization group effects that intertwine m2

H
u

to
the other MSSM mass terms.

The terms in eq. (13) have different physical origin. In particular, the parameter µ is allowed
by supersymmetry, whereas m2

H
u

has to do with its breaking. In turn the tree level part of m2
H

u

is
fully controlled by the supersymmetry breaking and mediation mechanism. On the other hand, the
loop contribution is largely driven by the gauge and Yukawa interactions of the MSSM and by other
supersymmetry breaking masses. Given the very different nature of the contributions to m2 in eq.(13),
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the simple and natural way to obtain a realistic m2 ⇠ m2
H/2 is that each of the three terms be at most of

order m2
H/2. If one or more of them is much larger than m2

H/2, eq.(13) implies a cancellation between
at least two of them, so that the sum of the two terms is (much) smaller than each of the two. While this
is not at all impossible, such a tight correlation among terms with different physical origin is considered
unlikely and the model is said to be fine-tuned [298, 299].

The degree of tuning can be quantified by comparing the physical value of m2 to the size of each
of the contributions �m2 entering its determination,

� ⌘ �m2

m2
. (14)

where �m2 represents any of the contributions in eq. (13), for instance �mH
u

|loop. A value � . 1 cor-
responds to the absence of tuning. If instead, as it typically happens, �m2 � m2, then the determination
of m2 requires a cancellation of 1 part in �. For a given maximum value of � one is willing to tolerate,
it is then possible to set an upper bound on the parameters entering eq. (13) and to the corresponding
sparticle mass. For example in the case of the µ parameter, tightly related to the Higgsino masses, one
has

µ  0.3 TeV ·
✓
�

10

◆1/2

. (15)

The radiative contribution �m2
H

u

��
loop is dominated by loops of top squarks

�m2
H

u

��
stop ' �

3y2
t

8⇡2

�
m2

Q3
+ m2

U3
+ |At|2

�
ln

✓
M

TeV

◆
, (16)

where mQ3 , mU3 and At are supersymmetry-breaking parameters of the top squark sector. This allows
to correlate those parameters, and thus the sum of the stop masses m2

t1 + m2
t2 ⇡ m2

Q3
+ m2

U3
to the

fine-tuning � and to get the bound

q
m2

t1
+ m2

t2
. 0.8 TeVp

1 + x2

✓
�

10

◆1/2✓ 2

log10 (M/ TeV)

◆1/2

, (17)

where x = At/
q

m2
t1

+ m2
t2

is usually order unity and we have taken sin� = 1. Note that the bound is
less stringent for low scales of supersymmetry breaking mediation [300], as anticipated by eq. (5), which
indeed for x = 0, mNP =

q
m2

t1
+ m2

t2
approximately reproduces eq. (17). Similarly one can analyze

the two loop contribution of the gluino mass M3 and derive another limit from

�m2
H

u

��
gluino ' �

y2
t

⇡2

⇣↵s

⇡

⌘
|M3|2 ln2

✓
M

TeV

◆
, (18)

which implies

M3 . 1.5 TeV ·
✓
�

10

◆1/2✓ 2

log10 (M/TeV)

◆
. (19)

Eqs. (16,18) have been obtained by solving the corresponding RGEs in the leading log approxi-
mation. The resummation is actually important and has been taken into account in the numerical values
quoted in eqs. (17,19). A more precise computation of the fine-tuning using the exact solution of the 1-
loop RGEs is shown in the left panel of Fig. 36 in the stop/gluino mass plane, together with the indicative
reach of future accelerator experiments. The plot shows that present data put a relatively weak pressure
on the quasi-natural model we consider and shows that future searches can cover a relevant region of the
fine-tuning space. There are two main reasons why the tension with data is loosened. The first is due
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Fig. 36: Left panel: contour lines of fine-tuning in the stop/gluino mass plane for our benchmark supersym-
metric scenario and indicative reach of future accelerator experiments. Right panel: example of fine-tuning in a
supergravity scenario with soft terms generated at the Planck scale.

to the lower origin of the supersymmetry breaking terms, here chosen to be M = 100 TeV. The im-
pact on fine-tuning, encoded in eqs. (17,19), is apparent from the comparison with a typical supergravity
model, right panel of Fig. 36, in which the supersymmetry breaking terms originate at the Planck scale,
M = MPl. The second reason why the tension is loosened is that the presence of the extra NMSSM
singlet loosens the indirect lower bound on the stop masses set by the Higgs mass measurement, as dis-
cussed in Section 5.3.3. In the MSSM, where no extra singlet can help with the Higgs mass, stops are
forced, in the best case scenario (large A-terms), to be above about 1.5 TeV. Such an indirect bound
would rule out a large part of the parameter space in Fig. 36 (both panels), hence implying a larger ten-
sion with present data. And it would of course rule out part of the parameter space accessible at future
accelerators.

Let us discuss in greater detail and quantify the effect of evading the indirect bound on the Higgs
mass. If the indirect limit can be evaded, the bound on the lightest stop mass is given by direct searches,
mt̃1

& 700 GeV in its most stringent form (see below Section 5.3.5). Comparing with the qualitative
estimate in eq. (17), we see that this corresponds to a fine-tuning of about � & 15 (for M = 100TeV).
On the other hand, if the extra NMSSM singlet did not come to rescue, the Higgs mass measurement
would require stops as heavy as 10 TeV [301] for vanishing stop mixing, corresponding to a fine-tuning
� & 3 · 103, and as heavy as 1.5 TeV [301] in the best case scenario with optimised stop mixing,
corresponding to a fine-tuning � & 70. While stop mixing helps, the fine-tuning is much worse than
what actually required by the stop direct experimental searches.

One can wonder if the presence of an extra scalar singlet in the NMSSM could modify the expres-
sion we used to quantify fine-tuning, eq. (14) [302]. In first approximation, this is not the case. In order
to appreciate that, let us consider again a decoupling limit in which only a SM-like Higgs remains light,
with the potential in eq. (12). In first approximation, the parameters of the potential are given by

�H =
g2 + g02

8
cos2 2� +

�2

4
sin2 2� + rad. corr. (20)

m2 = m2
H

u

sin2 � + m2
H

d

cos2 � + |µ|2, (21)

where � is the coupling appearing in the NMSSM superpotential term �SHuHd (see Section 5.3.3). In
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the MSSM, the same expressions hold with � = 0. The two above equations are related to different
aspects of the fine-tuning problem. The first equation determines the indirect bound on the stop masses.
That is where the extra singlet plays a role, providing the extra term proportional to �2. The second
equation determines the fine-tuning for given values of the stop and other sparticle masses (which enter
for example through the radiative corrections to m2

H
u

). The extra singlet does not play a direct role in
this equation, in the decoupling limit we are considering. As a consequence, the fine-tuning associated
to the large radiative corrections �m2

H
u

to m2
H

u

is again given by

� =
�m2

H
u

m2
sin2 �, (22)

as in eq. (14), where we had set sin� = 1. Here, however, the presence of the extra �2 term allows to
avoid the need of sizeable radiative corrections / log mt̃ in eq. (20), which in turn allows to reduce the
fine-tuning associated to the stop mass, �m2

H
u

/ m2
t̃
, in eq. (22).

As explained, the indirect bound on the stop mass is evaded due to the �2 contribution in eq. (20).
In order for that to be sizeable enough, we need � not to be too small and tan� not to be too large.
The required value of �H , �H = m2

H/(2v2) ⇡ 0.13 (about twice as large as the MSSM upper bound
(g2 + g02)/8), can be obtained at the tree level, without the need of any top-stop radiative corrections,
for � . 1 and tan� ⇠ 3–4. The extra singlet contribution in eq. (20) can even be larger than needed, for
� > 1 and moderate tan�. This is unnecessary and unwelcome. The value of �H given by eq. (20) would
be too large and a cancellation with extra corrections that become relevant when we depart from the
decoupling limit we considered would be needed, possibly leading to extra fine-tuning [303]. Moreover,
large values of tan� and � may spoil the agreement of the electroweak precision tests with the NMSSM
predictions [304].

In what above we focused on the stop contribution to fine-tuning. Gluinos also play an important
role, as shown by equations (18,19) and in Fig. 36. The role of gluinos in the fine-tuning problem is in
first approximation the same in the MSSM and in the NMSSM. On the other hand, lowering the scale
M has a particularly strong impact, as the radiative contribution of gluinos to the Higgs squared mass
is quadratic (not just linear) in log M . A possible way to further relax the impact of gluino bounds on
fine-tuning is provided by the possibility that gluinos be Dirac fermions [305]. The naturalness bound on
Higgsinos does not depend (in first approximation) neither on having an extra singlet nor on the position
of the messenger scale M , and is given in eq. (15).

5.3.5 Standard SUSY signals at hadron colliders
5.3.5.1 R-parity, dark matter, and missing energy
The simple requirement that the supersymmetric extension of the Standard Model is invariant under
supersymmetry and gauge transformations allows in principle lepton and baryon number violating su-
perpotential interactions,

WRPV = �
00
ijku

c
id

c
jd

c
k + �

0
ijkLiQjdk + �ijkLiLjek + µiLiHu , (23)

which go under the name of R-parity violating (RPV) interactions. Baryon and lepton number are acci-
dental symmetries of the Standard Model and are measured to be conserved to very high accuracy, which
implies very strong experimental bounds on the RPV couplings [306]. In order to avoid these stringent
bounds these interactions are set to zero in the MSSM and its extensions. This is achieved by imposing
a discrete symmetry, the R-parity, under which all the SM matter fields are even, whereas the super-
symmetric partners are odd. Such a symmetry forces WRPV = 0 and makes baryon and lepton number
accidental symmetries in supersymmetry as well.

One of the most relevant consequences of this symmetry is that the supersymmetric particles
get a distinctive conserved quantum number, whose conservation prevents the Lightest Supersymmetric
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Particle (LSP) from decaying into lighter Standard Model states, and hence makes it a stable particle.
The LSP is often a gaugino, a Higgsino, or a sneutrino, as renormalization group effects tend to make the
rest of the superpartners somewhat heavier due to their stronger gauge interactions. This means that a
Weakly Interacting Massive Particle is likely to be the Lightest Supersymmetric Particle and, if R-Parity
is an exact symmetry, to also be stable, which makes it an excellent candidate for thermal relic Dark
Matter [307]. In the following we will generically denote such a particle as �.

The presence of R-parity has also important consequences for collider searches, as it gives rise
to the prototypical supersymmetry signal: missing energy. The decay of any supersymmetric particle
produced must in fact give rise to at least one � in the final state of a (possibly multi-step) decay chain.
Furthermore, an even number of superpartners must be produced. These two facts are very consequential
for the signal that we expect to observe from the productions of supersymmetric particles. The two �
will leave no trace in the detector, their momentum will not be measured, and an apparent imbalance of
momentum will arise. That’s why the generic signal of supersymmetry searched for at the LHC is in the
form

pp! jets + leptons + photons + mET . (24)

where mET is the result of the missing momentum carried away by the weakly interacting particles �.
Signals of this type are quite spectacular and relatively easy to identify over the Standard Model

backgrounds. As a matter of fact the production of signals of this type in the Standard Model is quite
rare, because the only source of mET are the neutrinos. Neutrinos can be produced at the LHC in QCD
events in the decay of hadrons and in particular of heavy quarks b and t. However the mET generated in
this way is typically only up to few hundreds of GeV, which is the typical overall mass scale of Standard
Model processes. On the other hand supersymmetric particles are expected to have masses up to about
1 TeV and their decay would generically result in large mET & 100 GeV, well observable above the
SM background. In this subsection we present the current limits obtained from such standard searches at
LHC Run-1, and the expected limits at the next run of the LHC and at future colliders. As we will see,
there is a great potential to improve the current bounds. We also highlight the blind spots where current
searches are giving weaker bounds and some discussion of the reach in these blind spots. The present
and future limits will be presented in the context of “simplified” models, where only a limited number
of supersymmetric particles is assumed to be involved in the analysis. While such analyses are certainly
oversimplified when more degrees of freedom can take part to the relevant process, they still provide a
simple and practical way to estimate the limits and allow an understanding of the relevant features of the
searches.

5.3.5.2 Extrapolation of bounds on sparticles masses at hadronic machines up to 100 TeV
The results of the searches for supersymmetry at LHC 7 and 8 TeV runs and their connection to models
of supersymmetry and dark matter have been the subject of several reviews [308–310]. Here we try to
complement the statement of the current status with the available extrapolations to higher luminosity and
higher energy colliders up to 100 TeV and few 1/ab. In particular, we aim at giving an estimate of the
mass reach and of the fine-tuning implications that follow from the discussion in Section 5.3.4.

The extrapolation of the bounds on sparticle masses at higher energy hadronic machines can be
performed as described in Ref. [259]. In the absence of new backgrounds or dramatic changes in the
signal definition, the reach of future hadron colliders can be estimated using the background yields
of current searches by rescaling the parton luminosities for the initial state (gg, qq, qq̄, gq, ...) and the
geometrical factors that enter in the hard cross-section for the scattering process that produces new heavy
states. Ref. [311] provides a quick web-based computation of these rescaled collider reaches.
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Figure 10. Exclusion limits for direct production of (case (a) – top left) gluino pairs with decoupled

squarks, (case (b) – top right) light-flavour squarks and gluinos and (case (c) – bottom) light-flavour squark

pairs with decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two quarks (one

quark) and a neutralino LSP. In the bottom figure (case (c)) limits are shown for scenarios with eight

degenerate light-flavour squarks (q̃L + q̃R), or with only one non-degenerate light-flavour squark produced.

Exclusion limits are obtained by using the signal region with the best expected sensitivity at each point.

The blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1�

excursions due to experimental and background-only theory uncertainties. Observed limits are indicated by

medium dark (maroon) curves, where the solid contour represents the nominal limit, and the dotted lines

are obtained by varying the signal cross-section by the renormalisation and factorisation scale and PDF

uncertainties. Previous results from ATLAS [16] are represented by the shaded (light blue) areas and light

blue dotted lines. The black stars indicate benchmark models used in figures 4–6.

– 26 –

Fig. 37: LHC run 1 bounds [312] on the squark-� simplified model.

5.3.5.3 squark-LSP
We now discuss the different experimental bounds and projections in the context of simplified models. In
the squark-LSP simplified model only � and a number of squark flavours are light enough to be produced
at the given collider.

BSM particles production Decay
q̃ = {ũL,R, d̃L,R, s̃L,R, c̃L,R},� pp! q̃q̃⇤ q̃ ! q�

The present bounds from Ref. [312] are shown in Fig. 37, which excludes a single flavour of
squark in a region of mass that extends up to about 400 GeV for a massless �. When more flavours
are added the bounds get tighter and squark masses up to 900 GeV for a massless � are excluded for
8 squark flavours (u, d, c, s flavours for both SU(2) singlets and doublets). It is important to stress that
these bounds are usually weaker when � becomes heavier. This is, as explained above, due to the fact
that the energy stored in the mass of the primary supersymmetric particle, the squark in this case, is
not released into decay product momenta, but into their masses, which, unlike momentum, does not get
transferred to the detector. The softening of the final state momenta reduces the ability of discriminating
the production of squarks from ordinary Standard Model scattering, and this is why the curve for a single
flavour of squarks does not exclude regions where mq̃ � m� . 50 GeV. We remark that increasing
the signal-cross-section by considering more squark species, the bound reaches the kinematic boundary
mq̃ = m�, at least for relatively small squark masses, signifying that the search strategy is suitable to
cover the case of compressed spectra, provided that enough signal rate is available.

Ref. [313] has studied the reach of future machines for this simplified model. The result is reported
in Fig. 38, which shows an exclusion up to 8 TeV squark masses for 3/ab at a 100 TeV pp collider. This
is roughly a factor of 10 larger excluded mass than the current bounds from Run 1 of the LHC. The
implication of such improved bounds for the fine-tuning of the theory, in light of the estimates given in
5.3.4, would be dramatic. Roughly speaking, the fine-tuning grows with the squared of the mass reach,
which means that a improvement by a factor 10 in the mass reach corresponds to an improvement by a
factor 100 in the fine-tuning.
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5.7 Comparing Colliders

The squark-neutralino model has a similar multi-jet plus Emiss
T signature to the gluino-neutralino

model with light flavor decays. However, the squark-neutralino model is more difficult to probe
due to the smaller number of hard jets in the final state coupled with the substantially smaller
production cross section. Since this model provides a more challenging scenario, it is interesting
to understand the impact that can be made on exploring the parameter space with different collider
scenarios. Figure 34 shows the 5� discovery reach [95% CL exclusion] for two choices of inte-
grated luminosity at 14 TeV, along with the reach using the full data set assumed for 33 and 100

TeV.

In general, we find that due to the small cross sections, it is very difficult to distinguish this model
from background with discovery level significance3. Consequentially, the discovery reach does not
appear to significantly improve with the 14 TeV luminosity upgrade. The discovery reach in the
massless neutralino limit also scales slowly with the CM energy, increasing only by a factor of 3

from 14 TeV to 100 TeV, compared to a factor of 5 for the gluino-neutralino model.

The exclusion reach for the squark-neutralino models is much more favorable in comparison. At
this level of significance the background systematics are less difficult to overcome, and the limits
scale much more favorably with luminosity and CM energy, as in the gluino-neutralino model.
Figure 8 makes a compelling case for investing in future proton colliders which can operate at
these high energies.
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Figure 34: Results for the squark-neutralino model. The left [right] panel shows the 5 � discovery reach
[95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed
and pileup is not included.

3It is worth noting that this search, which was devised originally to target gluinos, has not been extensively
optimized for the signature of squark pair production. It is possible that a search exactly tailored to this signal could
improve the reach beyond what is found here.
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Figure 34: Results for the squark-neutralino model. The left [right] panel shows the 5 � discovery reach
[95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed
and pileup is not included.

3It is worth noting that this search, which was devised originally to target gluinos, has not been extensively
optimized for the signature of squark pair production. It is possible that a search exactly tailored to this signal could
improve the reach beyond what is found here.
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Fig. 38: Expected 5� discovery (left) and 95%CL exclusion (right) reach for the squark-� model for 8 squark
species at future machines [313].

5.3.5.4 gluino-LSP
In this simplified model, also inspired by split-supersymmetry scenarios (see Section 5.3.8 below), only
the � and a the gluino are light enough to be produced at the given collider.

BSM particles production Decay
g̃,� pp! g̃g̃ g̃ ! q̄q�

The same search Ref. [312] considered above for the squark-� simplified model can be used here.
Limits are are shown in Fig. 39 and a gluino of mass 1.3 TeV is excluded for a massless �. Increasing
the mass of � loosens the bound on the gluino. Coverage of the entire available m� range available for
each mg̃ is possible for gluino masses up to 600 GeV. The reach at future colliders up to a 100 TeV pp
collider has been studied in Ref. [313]. Their result is reported in Fig. 40. In this case as well the reach
is increased by a factor about 10 compared to the present bounds from LHC Run 1. The maximal mass
that can be excluded at a 100 TeV collider at 95% CL is around 13 TeV.

For this simplified model Ref. [313] has also studied the impact on their estimated reach of changes
in the search strategy, systematic uncertainties and effect of pile-up. The effect of pile-up has been found
to be small and can be neglected. For the search strategy they find that using different optimization
criteria for the event selection, for instance putting more or less importance on mET, the search discovery
reach changes by about 5% in mass.

The effects of systematic uncertainties has been evaluated and, even in worse case scenario of
30% systematic uncertainties on backgrounds rates, they find that the mass reach drops only about 10%
compared to the nominal result that they quote (which is for a conservative 20% systematic uncertainty).
The issue of systematic uncertainties is particularly acute when the gluino becomes degenerate with the
LSP. Ref. [313] has performed a dedicated study of the compressed region of this simplified model and
they find that a model with a degenerate gluino and neutralino could be discovered up to about 600 GeV
(1.1 TeV) for 30% (5%) systematic uncertainty.

5.3.5.5 gluino-squark-LSP
In this case both squarks (of the first two families) and gluinos can be produced and the experimental
phenomenology is richer than in the previous two simplified models. Cross-sections are significantly
larger due to the presence of several production modes including mixed gluino-squark production.
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Figure 10. Exclusion limits for direct production of (case (a) – top left) gluino pairs with decoupled
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– 26 –

Fig. 39: LHC run 1 bounds [312] on the gluino-� simplified model.

3.9 Comparing Colliders

The multi-jet plus Emiss
T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14

TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5 � discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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T signature of the gluino-neutralino model with light flavor decays provides

a useful study with which to compare the potential impact of different proton colliders. Figure 8
shows the 5� discovery reach [95% CL exclusion] for two choices of integrated luminosity at 14

TeV, along with the full data set assumed for 33 and 100 TeV. At 14 TeV, the factor of 10 increase
in luminosity leads to a modest increase by 350 GeV in the gluino limits. The smallness of this
increase is due to the rapidly falling cross section. Furthermore, because the signal regions are not
background-free, the improvement in cross section-limit does not match the factor of 10 increase
in luminosity; the shift in mass reach corresponds to only roughly a factor of five in the gluino
production cross-section. For lighter gluinos, there is no improvement to the range of accessible
neutralino masses. This is because the systematic uncertainty dominates in the signal regions for
these models except in the high gluino mass tail.

In contrast, increasing the center-of-mass energy has a tremendous impact on the experimentally
available parameter space, since now much heavier gluinos can be produced without relying on the
tails of parton distributions to supply the necessary energy. Figure 8 makes a compelling case for
investing in future proton colliders which can operate at these high energies.
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Figure 8: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the
5 � discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic
uncertainty is assumed and pileup is not included.

Figure 9 provides a comparison of the optimal cut at the different colliders that results from
applying the analysis discussed in Sec. 3.2 as a function of gluino mass (assuming a 1 GeV
neutralino). It is interesting to note that the slope of the HT cut is larger than that for the Emiss

T

cut. The search is taking advantage of the tremendous energy that is imparted to jets when these
heavy gluinos decay. Furthermore, it is also interesting that the HT cuts track very closely between
machines (until mass of the gluino becomes so heavy that a given collider can no longer produce
them in appreciable quantities), while the Emiss

T cuts begin to flatten out for very high mass gluinos.
This can be understood by inspecting the histograms provided in Figs. 2, 4, and 6. The signal and
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Fig. 40: Expected 5� discovery (left) and 95%CL exclusion (right) reach for the gluino-� model for 8 squark
species at future machines [313].

BSM particles production Decay
g̃, q̃,� pp! g̃g̃, q̃q̃⇤, q̃q̃, q̃g̃, q̃⇤g̃ q̃ ! q� g̃ ! q̄q�

The decay of the heavier between the gluino and the squark may proceed through a 2-body decay
into the lightest of the two, for instance g̃ ! qq̃ followed by q̃ ! q� or q̃ ! g̃q followed by g̃ ! qq̄�. In
Fig. 41 we show the bounds obtained in Ref. [312]. The excluded gluino mass for massless � is 1.3 TeV
for decoupled squarks. These results depend on the mass of �, but even for a mass as large as 700 GeV
the bounds remain strong in the mg̃ ⇠ mq̃ region.

Ref. [313] has studied the reach for this simplified model of future colliders up to a 100 TeV pp
collider. The result is reported in Fig. 42, which shows a minimum exclusion above 15 TeV for both mq̃

and mg̃. The reach of a 100 TeV pp collider would in this case, as well as in the others shown in the
previous sections, extend the reach in mass by a factor 10, which implies an improvement of a factor 100
in the level of fine-tuning probed.
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Fig. 41: LHC run 1 bounds [312] on the gluino-squark-� simplified model.
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Figure 51: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The
left [right] panel shows the 5 � discovery reach [95% CL exclusion] for the four collider scenarios studied
here. A 20% systematic uncertainty is assumed and pileup is not included.

8 The Gluino-Neutralino Model with Heavy Flavor Decays
In the “gluino-neutralino model with heavy flavor decays”, the gluino eg is the only kinematically
accessible colored particle. The squarks are completely decoupled and do not contribute to gluino
production diagrams. The gluino undergoes a prompt three-body decay through off-shell stops,
eg ! t t e�0

1, where t is the top quark and e�0
1 is a neutralino LSP. The only two relevant parameters

are the gluino mass meg and the neutralino mass me�0
1
. This model can be summarized by:

BSM particles production decays

eg, e�0
1 p p ! eg eg eg ! t t e�0

1

This model has a variety of motivations. Perhaps the most compelling are “natural” SUSY sce-
narios [34–38], where the stop mass is assumed to be below the (stronger) bounds on first and
second generation squark masses; for some examples of explicit constructions, see [39–45]. If
both the stop and gluino are kinematically accessible for a given center-of-mass energy, the gluino
would be visible above background before that of the stop; this Simplified Model reproduces the
first signature of this paradigm. Note that in these models, the gluino decays involving on-shell
stops. However, the final state are identical and the kinematics are similar enough that the reach is
qualitatively reproduced by the results presented below.

There is also a class of split-SUSY models where the inaccessible stops are somewhat lighter than
the other squarks — this Simplified Model acts as an excellent proxy for the first signatures of these
scenarios. There are compelling reasons to believe this is a “preferred” spectrum. Renormalization
group evolution tends to reduce the stop mass with respect to the first/second generation squarks
(due to the large top Yukawa coupling) [46]. Also, assuming the MSSM, avoiding flavor and/or
CP violation bounds would imply that the squarks have masses & 1000 [47], while for tan � & 2

the stops would be lighter than O(100 TeV) [48] in order to yield a 125 GeV Higgs boson.
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Figure 51: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The
left [right] panel shows the 5 � discovery reach [95% CL exclusion] for the four collider scenarios studied
here. A 20% systematic uncertainty is assumed and pileup is not included.

8 The Gluino-Neutralino Model with Heavy Flavor Decays
In the “gluino-neutralino model with heavy flavor decays”, the gluino eg is the only kinematically
accessible colored particle. The squarks are completely decoupled and do not contribute to gluino
production diagrams. The gluino undergoes a prompt three-body decay through off-shell stops,
eg ! t t e�0

1, where t is the top quark and e�0
1 is a neutralino LSP. The only two relevant parameters

are the gluino mass meg and the neutralino mass me�0
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narios [34–38], where the stop mass is assumed to be below the (stronger) bounds on first and
second generation squark masses; for some examples of explicit constructions, see [39–45]. If
both the stop and gluino are kinematically accessible for a given center-of-mass energy, the gluino
would be visible above background before that of the stop; this Simplified Model reproduces the
first signature of this paradigm. Note that in these models, the gluino decays involving on-shell
stops. However, the final state are identical and the kinematics are similar enough that the reach is
qualitatively reproduced by the results presented below.

There is also a class of split-SUSY models where the inaccessible stops are somewhat lighter than
the other squarks — this Simplified Model acts as an excellent proxy for the first signatures of these
scenarios. There are compelling reasons to believe this is a “preferred” spectrum. Renormalization
group evolution tends to reduce the stop mass with respect to the first/second generation squarks
(due to the large top Yukawa coupling) [46]. Also, assuming the MSSM, avoiding flavor and/or
CP violation bounds would imply that the squarks have masses & 1000 [47], while for tan � & 2

the stops would be lighter than O(100 TeV) [48] in order to yield a 125 GeV Higgs boson.
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Fig. 42: Expected 5� discovery (left) and 95%CL exclusion (right) reach for the gluino-squark-� model at future
machines [313].

5.3.5.6 sbottom-LSP
BSM particles production Decay

b̃,� pp! b̃b̃⇤ b̃! b�

A simplified model for sbottom and � could naively be seen as a sub-case of the simplified model
for squarks and � discussed in Section 5.3.5.3. However the sbottom is expected to produce b-quark
final states, which give a different, and in general more recognizable, experimental signal in detectors.
For this reason there are specialized searches and dedicated interpretations for this type of simplified
model. The present results from a CMS analysis of the Run 1 LHC data is presented in Fig. 43. For
comparison the bound from the same search on the squark-� model is also displayed, which shows the
advantage of having a b-jet in the signal. For this simplified model, to the best of our knowledge, there
are no available projections at future machines. However the lesson from the comparison of LHC results
in the two panels of Fig. 43 should allow to say that the projections for the squarks-� simplified models
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Fig. 43: LHC run 1 bounds [314] on the sbottom-� simplified model (left) and on a light flavour squark-� model
(right).

discussed in Section 5.3.5.3 are a good estimate of the reach for the b̃-� simplified model 11.
Another simplified model can be considered for sbottoms, which is not usually considered for

squarks. In case both a chargino and a neutralino are light enough to be final states of the sbottom decay,
one can have a richer final state, that includes a top quark final state and extra fermions.

BSM particles production Decay
b̃,�+,� pp! b̃b̃⇤ b̃! �+t,�+ ! ff 0�

The most useful final states for the �+ decay usually involve leptons and for a decay into on-shell
top quarks projections to future machines are available in Ref. [52].

5.3.5.7 stop-LSP
For this simplified model the only relevant light particles are the stop and the lightest supersymmetric
particle �. The phenomenology is very rich as the stop can decay into a bff 0� final state directly or
through a number of possible on-shell intermediate states, for instance t̃ ! t� or t̃ ! bW�. In some
models decays induced by loops can be relevant and searches exist for the t̃! c� channel. The summary
of the presently available searches is given in Fig. 45.

BSM particles production Decay
t̃,� pp! t̃t̃⇤ t̃! c�, t̃! bff 0�

The bounds in the region mt̃ > mt + m� are rather strong and exclude stop masses up to 700
GeV. Larger masses cannot be probed at the LHC Run1 because of the limited production cross-section
of such heavy stops. Lighter stops, on the other hand, are challenging, despite the larger production cross-
sections, because of the little differences in the kinematical distributions with respect to the backgrounds.
The leading background is usually pp! tt̄, therefore the challenge in the detection of light stops lies in
differentiating a light stop decay from a Standard Model top quark decay.

11The actual improvement brought by having a b-quark final state is conditional to the performances of b-jet tagging at high
energies.
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We scale the number of signal events Nsig by the ratio Rsig as defined in Eq. (3). The signal is
simulated with MADGRAPH. The signal cross section increases from 8 to 14 TeV approximately
by a factor of 5 to 12 for sbottom masses between 300 and 700 GeV. The fake background yield
Nfake and the rare SM background yield Nrare are also scaled by Eq. (3). The scaling of Nfake is
based on the tt cross section ratio, and the scaling of Nrare is based on the ttW cross section ratio
of 3.3 between 14 and 8 TeV [46].
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Figure 20: The simplified model topology for direct sbottom production, where the sbottoms
decay to a top quark and a chargino each, and the chargino decays to a W boson and a LSP (a),
and the projected 5� discovery reaches for this model (b).

The uncertainty on each component of the background, �rare and �fake, is comprised of a 50%
systematic uncertainty and a statistical component. For Scenario A, the uncertainties remain
the same as for the 8 TeV analysis, except for the statistical uncertainty on the fake prediction,
which is scaled down by the square-root of the luminosity and cross section increase, as this
uncertainty is driven purely by the fakeable object count in the isolation sideband. For Sce-
nario B, the signal extrapolation is done in the same way, but the systematic uncertainty on
the rare SM background is reduced from 50% to 30%, as it can be assumed that the cross sec-
tions and kinematic properties of these processes will be measured and better understood. The
systematic uncertainty on the fake background is reduced from 50% to 40%.

Figure 20 shows the topology of the investigated simplified model and the 5� discovery region,
which is extended up to sbottom masses of 600–700 GeV and LSP masses up to 350 GeV.

5.5 Chargino-Neutralino Production with Decays to a Z Boson

With higher luminosities, the searches for the electroweak SUSY particles may become increas-
ingly more important. Charginos and neutralinos can be produced in cascade decays of gluinos
and squarks or directly via electroweak interactions, and, in the case of heavy gluinos and
squarks, gauginos would be produced dominantly via electroweak interactions. Depending
on the mass spectrum, the charginos and neutralinos can have significant decay branching
fractions to leptons or on-shell vector bosons, yielding multilepton final states. Here the pro-
jections of the discovery reach for direct production of �̃±

1 and �̃0
2, which decay via W and Z

bosons into the LSP (�̃0
1) [39], are presented. This production becomes dominant if sleptons are

Fig. 44: Expected discovery reach at the LHC Run2 for a b̃-�+-� simplified model. The two different lines
consider different levels of uncertainties on the backgrounds, the blue one being more optimistic, the red one more
conservative.
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Fig. 45: Limits from [315] on the t̃-� simplified model assuming BR(t̃! bff 0�) = 1 (left) or BR(t̃! c�) = 1

(right) in the region m
˜t �m� < mW + mb.

To address the light stop scenario it has been observed that it is possible to put direct bounds
looking at precision measurements of the top quark properties such as the cross-section [316] or spin
correlation effects [317]. These analyses of precision top observables are particularly powerful in the
region at low m�, the so-called stealth region, where the amount of momentum carried by invisible
particles, and therefore the mET, is expected to be very small.

In Fig. 46 we report the available projections for Run 2 of the LHC for mt̃ �m� > mW + mb.
The projections show the extended sensitivity at high stop mass, and stops up to almost 1 TeV might be
discoverable [52]. The difficulty to have powerful searches for light stops at the Run1 of the LHC usually
applies as well to higher energies colliders.

As discussed a light stop is copiously produced and the difficulty for its detection arises from its
subtle decay final state. The most important element for the discovery in these difficult scenarios is the
understanding of backgrounds. In Fig. 46 two different assumptions are made for the background uncer-
tainties. The blue curve corresponds to an improved knowledge of the backgrounds, whose uncertainty
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improve with more data. Nevertheless, a fixed lower limit on the relative uncertainty of at least
10% is kept.
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Figure 19: The simplified model topology direct stop production, where the stops decay to a
top quark and an LSP each (a), and the projected 5� discovery reaches for this model (b).

The results are summarized in Fig. 19. A discovery reach for stop masses of 750–950 GeV, and
LSP masses of 300–450 GeV, is expected. More stringent selection requirements could suppress
the background further, leading to an improvement of the signal-to-background ratio and dis-
covery potential. Also, when searching for stop signals at higher masses, many top quarks from
stop decays are highly boosted, but the use of the boosted top taggers are not yet explored to
gain extra sensitivity.

5.4 Sbottom-Pair Production with Four W Bosons and Two Bottom Quarks in
the Final State

Here, a model is considered where sbottom quarks are relatively light and are directly pro-
duced in pairs. The corresponding simplified model assumes that a sbottom quark decays
solely to a top quark and a chargino, with the chargino subsequently decaying to a W and the
LSP. The model considered here additionally assumes mass splittings such that the top and W
are on-shell. The extrapolation is based on the result obtained from a search in a final state with
a same-sign lepton pair, jets, b-tagged jets, and missing transverse energy [37].

The background is considered to be composed of two components — one from rare SM pro-
cesses producing genuine same-sign lepton pairs and another consisting of processes where at
least one lepton comes from a jet, hereafter referred to as a fake isolated lepton. These two com-
ponents comprise over 95% of the background to searches for strongly produced new physics
in the same-sign dilepton final state, with rare SM processes contributing 50–80% depending
on the search region. The rare SM background consists mainly of processes producing multi-
ple weak bosons or top quarks in the final state, with the largest contribution coming from the
production of a tt pair in association with a W boson. The background containing fake isolated
leptons arises mostly from tt events, where one prompt lepton originates from a W boson and
the other lepton comes from the decay of a b quark.

Fig. 46: Expected discovery reach at the LHC Run2 for the t̃-� simplified model. The blue and the red lines
correspond to different assumptions for the knowledge of the backgrounds, the blue one being more optimistic and
the red one being more conservative (see text).
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11

neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.

(GeV)

t~
m

2000 4000 6000 8000

(
G

e
V

)

10
�⇥

m

0

2000

4000

6000

8000

S
i
g

n
i
f
i
c
a

n
c
e

1

10

Boosted Top

Compressed

Discovery

s

CL

= 100 TeVs

-1

dt = 3000 fbL⇤
= 20%

sys,bkg

⌅
= 20%

sys,sig

⌅

FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total

integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number

of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours

using the heavy stop and compressed spectra searches.

D. Di�erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events

Fig. 47: The 95% CL expected exclusion (left) and discovery reach (right) for the t̃-� simplified model [318]. The
result for a boosted jet analysis strategy and for a search strategy optimized for spectra with small m

˜t �m� are
shown.

is assumed to follow the expected statistical improvement, but is considered to be at best 10%. The red
curve instead assumes the same relative uncertainty in the backgrounds as in the current searches. As
apparent from the comparison, in order to be able to discover the light stop scenario it is very important
to get improved background uncertainties.

The reach of a future 100 TeV machine for this simplified model has been investigated in Ref. [318].
The very high energy of the machine allows one to search for stops exploiting their large boost and jet
substructure techniques to differentiate the signal from backgrounds. With this type of approach stop
masses up to 8 TeV can be excluded for most values of m�, as shown in Fig. 47. For the difficult scenar-
ios where mt̃ �m� is small, Ref. [318] also reports studies and an alternative search strategy, which is
expected to exclude stop masses up to 3 TeV for any m�.

5.3.6 Experimentally difficult scenarios
We now turn to the discussion of scenarios in which sparticles might have escaped the present searches
because their experimental detection turns out to be more challenging. Such scenarios can still allow

94



sparticle masses below the generic bounds shown in Section 5.3.5. Lowering the experimental bounds
of course helps reducing the experimental pressure on supersymmetric models.

5.3.6.1 Reduced mET signals
As discussed above, the reach of searches for new supersymmetric states becomes much more difficult
when the supersymmetric invisible particles do not carry large momentum. For this reason, deviations
from the simplified models discussed above that result in less momentum being carried by the supersym-
metric invisible particles can give looser bounds.

Higher multiplicity signals
A very simple option to reduce the mET of a signal is to increase the number of final state particles that
share the mass of the original mother particle. Therefore when the decay A! b� becomes

A! b c d ...�

we automatically get reduced momentum carried by �, hence a smaller mET.
A situation of this sort can be achieved in models with an extended Higgs sector, such as the

NMSSM, although the modification of the mass bounds in a generic point of the parameter space is only
about 10-20% [319, 320]. In the NMSSM there is an extra complex scalar compared to the MSSM. If
we denote by s a generic scalar of the Higgs sector and by �2 the second lightest neutralino we can have
now decay chains

q̃ ! q�2 ! qs�! qbb̄�

where the last decay s! bb is just an example for the sake of concreteness, as the generic scalar s might
decay in several different ways. The nature of �2 and � depends on the choice of parameters of the
NMSSM, however it is possible that these states contain a significant fraction of the fermionic partner
of the new gauge singlet scalar. If � is very close to be a gauge singlet, it evades the LEP limits on
neutralino searches, because of its suppressed interactions with the gauge bosons. Similarly, s can be
below the LEP kinematic reach if it is almost a gauge singlet. Such a scenario can have a reduced mET.

An example of reduced mET distribution is shown in Fig. 48 [319] (blue line) and compared to
the corresponding MSSM scenario (red line). In both cases the signal is associated to the production
of a 870 GeV squark. In the NMSSM case, ms = 83 GeV and m� = 5.3 GeV are the masses of the
singlet-like scalar and its fermionic partner (absent in the MSSM case), and m�2 = 89 GeV is the mass
of the bino-like second lightest neutralino. As apparent from the figure, the reduction can be substantial
and the number of events that pass the selections of a typical search for supersymmetry can be a factor 10
lower than in the MSSM. This is however mainly due here to the closeness to the kinematical threshold
for the �2 ! �s decay, a sort of fine-tuning, which almost completely suppresses the mET carried away
by the LSP � (the blue distribution in figure originates from the neutrinos from the decay chain of s).

Stealth spectra
A reduction in the mET can arise even in the absence of higher multiplicities, due to kinematical proper-
ties of decays. For instance in a two-body decay

A! b c

a significant reduction takes place close to the kinematical threshold mA ⇡ mb + mc, especially if A
is almost degenerate to b (c is then significantly lighter). The momenta have then to be boosted to the
laboratory frame. If the proximity to the threshold is due to the approximate degeneracy of A and b,
mA = mb + ✏, in the center of mass frame we have

(Eb, pb) ⇠ (mA, ✏), (Ec, pc) ⇠ (✏, ✏) ,
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MS̃ (GeV): 1 3 5 7 9 11 13 15 17

MH1 (GeV): REmiss
T :

87 .125
85 .134 .134
83 .147 .146 .145
81 .166 .169 .161 .160
79 .192 .194 .186 .186 .179
77 .232 .224 .225 .221 .211 .207
75 .273 .276 .268 .261 .266 .252 .247
73 .319 .316 .309 .310 .307 .302 .298 .294
71 .358 .366 .362 .359 .353 .355 .353 .345 .343

Table 2: Ratios REmiss
T of the number of events with Emiss

T > 160 GeV (before other cuts) in
the NMSSM, over the number of events in the MSSM (with the bino as LSP), as function
of MS̃ and MH1 keeping Mbino fixed at 89 GeV.

to 17 GeV and MH1 from 87 GeV to 71 GeV, keeping the bino mass fixed at 89 GeV. We first
studied the ratio REmiss

T defined by the ratio of the number of events with Emiss
T > 160 GeV

(before other cuts) in the NMSSM, over the number of events in the MSSM with the bino
as LSP. The results for REmiss

T are shown in Table 2. (The relative statistical error on REmiss
T

is about 2% for REmiss
T ⇠ 0.15, decreasing slightly with increasing REmiss

T .)
We see that, for the singlino mass MS̃ in the kinematically allowed range, REmiss

T varies
little with MS̃ for fixed MH1 : on average, REmiss

T decreases slightly with increasing MS̃

towards the boundary of phase space. On the other hand, for fixed MS̃, REmiss
T has a

stronger increase with decreasing MH1 (away from the boundary of phase space).
As stated above, the impact of the “missing” Emiss

T on the signal rates in channel D [1]

7

Fig. 48: mET spectrum for a MSSM-like choice of parameters of the NMSSM (red) and for a specific NMSSM
spectrum that gives rise to small mET [319, 320].

which means that the momentum of the light particle is small even after the boost. This causes a dramatic
reduction of the mET, one example of which is shown in Fig. 48 for a NMSSM realization of the so called
“stealth” SUSY spectrum.

Compressed spectra
In the case of a compressed spectrum, a reduction of mET is obtained again because of the proximity
to a decay kinematical threshold, but none of the decay products is assumed to be light. For example,
for t̃ ! t� the spectrum is compressed when mt̃ ' mt + m�. In this case the momenta of the decay
products, small in the rest frame, are not small anymore when boosted to the laboratory frame. On the
other hand, the stop are pair produced,

pp! t̃t̃⇤,

and, as a consequence of the compression of the spectrum, the momenta of the two � from stop decays
turn out to be very correlated. In particular, when no radiation affects the kinematics, the two stops and
the two � turn out to have opposite transverse momenta, so that the total mET is still small, which in turn
reduces the observability of the signal.

The anti-alignment that results from a compressed spectrum can be spoiled by higher order pro-
duction mechanisms such as

pp! t̃t̃⇤ + jets

In a process with an extra hard jet with pT,j ⇠ mt̃ the anti-alignment of the two � is much reduced,
because of the three-body final state. The theoretical modelling of the extra radiation is not easy. The
leading order process is in fact pp ! t̃t̃ + 1jet and needs to be computed at next-to-leading order in
perturbation theory to have a reliable prediction of the high-pT,j region of the phase-space where the
supersymmetric process develops a large mET. Progress in the improvement of these calculations is
steady (see Refs. [321, 322] for recent results) and the complete automatization of the computation of
higher-order QCD corrections to supersymmetric production is underway [323].

Reach
While we do not expect that a significant reduction of the mET in the signature would completely kill the
sensitivity of searches for light flavour squarks and gluinos, the situation is different for heavy flavour
quarks such as stops. In fact stops usually give rise to even higher multiplicity and in general more
complex final states. The additional structure of stop events makes them more affected by the reduction
of mET. One example is the drop of sensitivity in the searches in the 4-body decay region of the stop
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right-handed stop, t̃

R

.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100 GeV, due to the less e�cient t ! t̃�0

1

decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (m

˜t, m�0
1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�0

1
. 20 GeV, while

it is not e�ective for higher masses because signal rates
rapidily become too low with increasing m�0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �t¯t presented in [59]. We show the
limits of this scenario in the (m

˜t, mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �t¯t, thus compensating the e�ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10 GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di�erent analysis techniques and given
the O(2 GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76 GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-

Fig. 49: Sensitivity of top quark cross-section analysis to supersymmetric spectra with light stops [316].

t̃ ! bff 0� where both the ATLAS monojet search [324] and the ATLAS single lepton search [325]
currently fail to put a bound for m� < 60 GeV. As discussed in Section 5.3.5.7 this difficult region can
be addressed searching for deviations of precisely measured quantities from the SM predictions, e.g., the
tt̄ production cross section [120, 316, 317].

In Fig. 46 we report the available projections for Run 2 of the LHC for mt̃ �m� > mW + mb.
The higher energy of the LHC Run2 clearly will help to collect more data and understand better the
backgrounds, hence improving the reach of the searches. In particular, the region of compressed spectra
will be more thoroughly probed and the exclusion will reach lower m�. At the same time improvements
of top quark measurements such as those considered in Refs. [120, 316, 317] will start closing the gap at
low � mass. For illustration we report in Fig. 49 the bounds from 7 TeV measurements at the LHC. The
study of Ref. [316] shows some sensitivity for light stops and m� up to 40 GeV. Improved measurements
of the top cross-section and other top quark properties will be able to further probe the difficult “stealth”
scenarios [326].

5.3.6.2 Searches for resonances and R-parity violation
The presence of a stable invisible particle at the bottom of each decay chain of supersymmetric particles
is the very reason for the large mET signals expected in supersymmetric models. The large mET is
usually a powerful discriminator to reject backgrounds. On the other hand, alternative strategies, not
based on the presence of large mET, can be helpful as well. A classic example is the search of Breit-
Wigner resonances, which can be effectively searched over a smoothly falling background. This has
been the case for instance of the observation of the Higgs boson decay into two photons 12.

Resonance searches are unfortunately not very effective in the presence of stable invisible parti-
cles, because they carry away momentum and it is not possible to use them in the reconstruction of the
resonance. In presence of stable invisible particles, it is still possible to exploit features of multi-particles
invariant masses [327–329] or single particle properties [330, 331]. However such methods are useful
only for searches for specific scenarios [332,333] and are in general more suited to probe the mass spec-
trum of the model rather than to isolate a signal from the backgrounds. An effective use of resonant
searches in supersymmetric models requires the absence of a stable invisible LSP in the final state.

12Up to the fact that due to resolution effects the shape is actually closer to a gaussian than to a Breit-Wigner.
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Figure 5. Observed and expected exclusion limits on gluino-mediated top squark production,
obtained with 20.3 fb�1 of pp collisions at

p
s=8 TeV, for four different top squark decay modes

(see text). When available, results are compared with the limits obtained by previous ATLAS
searches [78, 79].

four b-quarks but only moderate missing transverse momentum. Results are interpreted in
the parameter space of the gluino and top squark masses (see figure 5(d)). Gluino masses
below 850 GeV are excluded at 95% CL, almost independently of the top squark mass. The
sensitivity is dominated by SR3b.

Stringent limits are hence placed on gluino-mediated top squark scenarios favoured by
naturalness arguments. The SR3b signal region is sensitive to almost any scenario with SS
or �3 leptons and �3 b-quarks. This is demonstrated in the gluino-mediated top squark
! bs (RPV) model, where mg̃ < 850 GeV is excluded by SR3b alone in the absence of a
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Figure 1: Estimated 5� reach of LHC-14 in the RPV SUSY simplified model.

Irreducible backgrounds to this search involve processes that can generate two prompt same-sign
leptons. To model them, we generate 500K events each of ttW± and ttZ in MadGraph 5 [19], and
scale their cross sections up to NLO with K-factors 1.236 [20] and 1.387 [21], respectively. These
events are put through the same hadronization, detector simulation, and analysis as the signal
events.

Instrumental backgrounds to this search mainly involve “fake leptons” from heavy-flavor decays
and misidentified hadrons, and “charge flips” where an opposite-sign dilepton event has one of its
lepton charges mismeasured. These dominantly arise from top pair-production. Since both e�ects
are rare, a very large sample of tt̄ Monte Carlo events would be required to estimate their rates from
simulation. In this preliminary study, we instead estimate the instrumental background by noting
the rates in each of the signal regions in Table 2 of [12] and assuming that they scale with the tt
cross section when the collision energy is increased from 8 to 14 TeV. Previous study in [6] showed
that the resulting reach is not heavily sensitive to this assumption. We combine the irreducible
and instrumental backgrounds to arrive at the total background for each signal region and choice
of NHMJ cut.

The projected sensitivity of the LHC-14 in the (mg̃, mt̃) plane is shown in Figure 1. We find
that among the CMS signal regions, SR5, with the additional requirement of 2 high-mass jets, gives
the best sensitivity, although several other SRs are almost as sensitive. Significant improvements
of the reach compared to the present exclusion bounds can be clearly achieved: for example, with
300 fb�1 of data, the 5� reach in gluino mass is as high as 1.4 TeV, approximately independent
of mt̃. If the High Luminosity (HL) LHC upgrade is implemented and yields 3 ab�1 of data, the
reach can be further increased to 1.6� 1.75 TeV depending on mt̃. Note that for technical reasons,
our analysis has been restricted to the part of parameter space where the decays (1) occur on-shell.
However, the analysis should retain sensitivity even in the region where the gluinos decay in a

3

Fig. 50: Exclusion from the LHC 8 TeV run (left) [335] and expected discovery reach (right) [337] for the RPV
gluino simplified model decaying into heavy flavours in the same-sign di-lepton channel.

R-parity violation
As discussed in Section 5.3.5.1, the LSP is stable only as a consequence of having imposed R-parity.
If R-parity is not conserved, the superpotential interactions in eq. (23) are allowed and eventually lead
to the decay of any sparticle, in particular the LSP, into a set of possibly observable SM particles, for
example

q̃ ! jj or g̃ ! qq̃ ! qq̄q.

If this is the case, and the decay is prompt, the event will not have mET. Most of the RPV couplings have
to be small as they can give rise to baryon number or lepton number violating process such as proton
decay, neutron-antineutron oscillations, large neutrino masses, or because they mediate flavour changing
neutral current processes. Despite their smallness, they can be sufficient to avoid the mET signature. For
example, an R-parity violating (RPV) coupling of order 10�5 would still be large enough to give a decay
�! qq̄q with average decay path below 10�6 meters.

The lack of mET relaxes to some extent the bounds on supersymmetric particles and moderately
alleviates the fine-tuning problem. From this point of view, the most relevant result is the bound on the
gluino shown in Fig. 50. The strongest bound on the gluino mass in RPV scenarios comes indeed from
the fact that for a Majorana gluino decaying into heavy flavours can give rise to a signal with two hard
leptons with the same electric charge [334]. The limits from the 8 TeV run of the LHC exclude masses
up to 900 GeV [335]. Compared to the most optimistic bound in RP conserving scenarios, the bound is
about 30% lower, which improves the FT by a factor 2, at some theoretical price [336]. Estimates for the
14 TeV LHC have been presented in [337] and are also reported in Fig. 50. According to this analysis,
the High Luminosity LHC should be able to discover a gluino of mass up to 1.6 TeV.

Many other R-parity violating simplified models giving rise to resonances have been considered.
Baryonic RPV signals have been more extensively studied, as leptonic RPV is tightly bounded by the
presence of hard leptons in the final states [338, 339] 13.

Bound on simplified models in which the gluino can only decay into three fermions have been
set by ATLAS and CMS in [341–343] and range between 350 GeV and 1 TeV, depending also on the

13Scenarios of leptonic RPV where this may not be the case have been studied in Ref. [340].
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assumption on the flavour of the three decay products.
Simplified models for the RPV decay of a squark into two jets have been constrained by CDF [344]

and ATLAS [345]. The bounds are weak because of the large QCD background, they exclude masses up
to 100 GeV only. Future projections range from 300 GeV to about 1 TeV for the exclusion at the end of
a High Luminosity Run [346], see also [347]. If the squark is a stop or a sbottom, the presence of bottom
or top quarks in the final state provides a useful handle, allowing a discovery up to about 200 GeV using
LHC Run1 data [348].

Simple and motivated variations on the simplified model theme give several jets in the final states,
allowing to achieve higher sensitivities. For example the presence of a light neutralino could help con-
straining the stop simplified model. The stop would now decay via RP -conserving couplings into the
neutralino, which would then have a RPV decay into three jets. As a consequence, a stop mass exclusion
up to 1.5 TeV and a discovery up to 1 TeV will be possible in the HL-LHC [349]. The general case of
a complete spectrum with several sparticles involved in the decay chains can lead to larger multiplici-
ties. Searches have been conducted up 8 jet final states [350] at CMS and up to 7 jets at ATLAS [343].
For higher multiplicities the typical search for non-perturbative phenomena such as black-hole forma-
tion [351] is able to capture signals from complex RPV spectra. The result of this recast of [343]
and [351] gives exclusions of gluino masses up to 1 TeV [349]. In ref. [346] the extrapolation to pp
colliders up to 33 TeV has also been considered. The background predictions for events with many jets
are less reliable, also due to the difficulty to resolve each parton jet and to the uncertainties in the theo-
retical prediction for the cross-sections. The use of jet substructure techniques [352–354] can help [355].

5.3.7 Electroweak simplified models
The above simplified models all used colored particles, most copiously produced at hadron colliders, as
the primary source of supersymmetric states. In this subsection we will consider simplified models for
purely weakly interacting sparticles, where a chargino and an extra (degenerate) neutralino, and possibly
lighter sleptons are considered together with the LSP �. The search for electroweakinos is of course
relevant per se, but also because of the link of Higgsinos with the naturalness of the Higgs mass, eq. (15),
and because the weakly interacting sparticles might represent the solution of the Dark Matter puzzle.

The main disadvantage in the search for purely electroweak states is that their production is sup-
pressed by powers of the weak coupling constant, which gives at least one order of magnitude of sup-
pression in the hard cross-section compared to QCD interactions. Further suppression arises from initial
state luminosities, as for instance the gluon-gluon initial state and colored combination of quarks tend to
not contribute to the production of electroweak states.

Nevertheless, electroweak states can be observed because of the tendency of the heavier ones to
radiate or decay into electroweak bosons and energetic charged leptons. A collection of the bounds from
ATLAS on final states with leptons is showed in Fig. 51 for the case in which the extra states are Wino-
like. In the less favorable scenarios, where there are no lighter sleptons, the bound on the mass of the
charginos is up to 400 GeV for light �. For heavier charginos, the production rates at the 8 TeV LHC
are too small to be probed. These bounds degrade for spectra where there is a small mass splitting and
the chargino tends to be degenerate with �. In fact, for � closer than 20 GeV to the chargino the present
searches do not extend the limits from LEP.

The difficulty that arises when the heavier electroweakinos are close in mass to the LSP is that the
charged leptons that are used to trigger and to isolate the signals from backgrounds become too soft to
be cleanly identified and measured in the busy LHC events. In this case a more promising strategy is to
exploit the production of electroweak states in association with a hard jet, for instance

pp! ��+ jets . (25)

In this process the jet, if sufficiently hard, can be used to trigger the event and automatically opens the
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Fig. 51: (left) Summary of the searches for electroweak SUSY states at ATLAS [356]. (right) Expected exclusion
and discovery reach at the 14 TeV run in the 3 leptons channel [357].

possibility to have large mET in the events. Similar production mechanisms can be used for electrically
charged particles, so that final states with sufficiently hard leptons, jets and mET can be obtained.

5.3.7.1 Pure Winos or Higgsinos
We now discuss the detection reach on electroweakinos in the extreme case in which only Winos or
Higgsinos are produced. The spectrum is thus made of a charged and a neutral state (Majorana in the
Wino case, Dirac in the Higgsino case). The two are degenerate at the tree level but they are split by
radiative corrections. Given the smallness of the mass difference, the search strategy must be based on
eq. (25) or, if the degeneracy is strong enough to make the charged particle sufficiently long-lived, on
disappearing tracks.

Let us first neglect disappearing tracks. Limits can be set at the 14 TeV run of the LHC, where the
production rate is sufficiently large. In Fig. 52 we report the estimates for the exclusions achievable for
a Wino-like and a Higgsino-like neutralino at the High Luminosity LHC 14 [358]. Wino masses up to
200-300 GeV and Higgsino masses up to 100-200 GeV can be probed. The uncertainty of the exclusion
reach reflects the expected knowledge of the backgrounds, usually dominated by pp! (Z ! ⌫⌫)+ jets.

The above mass reaches, though interesting, are far from the values for which Winos or Higgsinos
can play the role of the Dark Matter particle (about 1 TeV for Higgsinos and 3 TeV for Winos thermally
saturating the relic density). On the other hand, it is possible to get much closer to those ranges at higher
energy colliders [358–361]. The larger energy available makes it possible to produce hard radiation more
easily and the process in eq. (25) acquires a sizeable cross-section even for large mass of the electroweak
sparticle. The expected performance of a 100 TeV machine is also shown in Fig. 52, from which we can
see that Wino masses up to 1.4 TeV and Higgsino masses up to about 900 GeV can be probed.

As mentioned, another search strategy that can be exploited for nearly degenerate weak multi-
plets is the lifetime of the heavier states in the multiplet. At tree-level the states in the weak multi-
plets are degenerate, however EW symmetry breaking loop effects give rise to a mass splitting of order
↵W mW ⇠ 100 MeV which is know to two loops accuracy [362] and is equal to 164.6 MeV for a Wino
and about twice as much for the Higgsino. The lifetime is in the range of c⌧ ⇠ 10 cm, so that it be-
comes possible to observe the chargino track in the tracker of the LHC experiments. Such a track would
suddenly disappear somewhere in the tracker region. Despite the many backgrounds (from instrumental
defects, to coincidences of tracks, and irreducible backgrounds from QCD long-lived hadrons), the AT-
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winos to have a mass m�̃ . 1.6 TeV3. Future independent detection experiments, like CTA,

could move this bound down to m�̃ . 1.1 TeV [74, 75]. These limits, however, are subject to

a number of astrophysics uncertainties. Choosing di�erent halo profile can move the HESS

limit as low as m�̃ ⇠ 0.5 TeV and as high as m�̃ ⇠ 2.2 TeV [70]. Non-thermally produced, but

relic density saturating, winos are ruled out across the parameter space up to m�̃ . 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy

wino limit, the spin-independent scattering cross-section has been calculated to be �SI =

1.3 ⇥ 10�47 cm2 [76]. Future experiments are projected to probe this cross-section for dark

matter masses of a few hundred GeV [77]. TeV-scale dark matter is not only beyond the

predicted reach, but also sits along the neutrino coherent scattering floor [77].

As direct detection cannot probe thermally-saturating winos and indirect detection in-

volves astrophysics uncertainties, there is a potentially interesting window in parameter space

left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive to

m�̃ ⇠ 280 � 380 GeV winos. A 100 TeV collider, on the other hand, may be able to reach

1.4 � 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state at

low energies. The pair production of charginos proceeds via the Drell-Yan-like process of

an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft

standard model particles. Charginos can also be produced directly along with a neutralino

via an s-channel W±.
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3Thermally produced winos with a mass m
�̃

. 3.1 TeV would only comprise part of the relic abundance.
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Figure 5: Chargino track distributions for the pure higgsino scenario showing the number

of tracks for a given track length (left) and the number of tracks for a given higgsino mass

(right). The dashed lines shows the same plots with a neutralino-chargino mass splitting

half the standard value, and the dashed-dotted lines show the same plots with a neutralino-

chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

as well as for scenarios with twice the splitting and one half of the splitting. Fig. 5 (right)

shows the corresponding plot for the number of tracks.

Results are shown in Table 2. We find the monojet channel to reach m�̃ ⇠ 870 GeV. The

disappearing track search is potentially a promising channel too, but depends sensitively on

the chargino-neutralino mass splitting. The disappearing track with the canonical splitting

– 10 –

Fig. 52: Reach of the monojet analysis for a pure Wino (left) or Higgsino (right) in the monojet channel with
3000 fb�1 at the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red) [358]. The bands represent
different hypothesis on the knowledge of the backgrounds.

of a track. While no upper limit on track length is enforced in Fig. 2, as the distribution

is exponential the value of the upper limit, dtrack ⇠ 80 cm for ATLAS [61], has a negligible

impact4.

Since the dominant background for a disappearing track search would be mismeasured

low pT tracks, it is not possible to accurately project the background in a yet-to-be-designed

detector at a 100 TeV proton-proton collider. Nevertheless, Fig. 2 can serve as a rough

guide. For example, one could require dtrack > 30 cm and there be tens of signal events

passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

a more systematic approach and naively extrapolate the dominant ATLAS background of

mismeasured tracks. The ATLAS search selects events with one or two hard jets and large

/ET where neither of the jets can be too close to the /ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets rate. Additional details on our scaling procedure are found in App. A. The

results of the extrapolation are shown in Fig. 3 with � = 10% and � = 20%. The band is

generated by varying the background normalization up and down by a factor of 5.
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The results are summarized in Table 1. In the monojet channel, we find that a 100 TeV

collider extends the wino mass reach about 4�5 times that of the LHC entering the TeV mass

range. A much more promising search, however, is the disappearing track search. Already at

4The pure wino scenario results in a chargino lifetime of c⌧ � 6 cm in the bulk of the mass range. Even

with the boost dtrack = ��c⌧ , most charginos decay before reaching the end of the inner detector. However, if

the chargino lifetime were modified such that c⌧ � dtracker, then the length of the tracker becomes a relevant

parameter.
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channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case

– 11 –

Fig. 53: Reach of the disappearing track analysis for a pure Wino (left) or Higgsino (right) with 3000 fb�1 at the
14 TeV LHC (blue) and a 100 TeV proton-proton collider (red) [358]. The bands represent different hypothesis on
the knowledge of the backgrounds.

LAS experiment has been able to probe Wino masses up to about 270 GeV [363]. This limit is expected
to improve dramatically at higher energy colliders, thanks to the larger boost that can be imparted to the
chargino, as a recoil against harder radiation from the qq̄ initial state. In fact with a larger boost one has
longer tracks and tighter bounds are expected. The bounds at the High Luminosity LHC and at a 100
TeV collider are shown in Fig. 53. They turn out to be far stronger than those from the monojet analysis.
Wino masses up to about 3 TeV and Higgsino masses up to 900 GeV can be excluded at a 100 TeV
machine. The larger mass splitting of the Higgsino makes the track disappear faster in the core of the
detectors, and leads to worse limits. The difference of the reach for Wino and Higgsinos shows well how
much the disappearing tracks search can depend on details of the spectrum.

While the discovery reach of the disappearing track search can be higher, the monojet analysis can
be considered as safety net, in case the challenging disappearing track analysis will turn out to be too
difficult at the High Luminosity LHC or at a 100 TeV machine. In this case a large portion of the both the
Wino and the Higgsino type thermal relic Dark Matter hypothesis will be tested at a 100 TeV machine,
and it is not excluded that future refinements might lead to a full coverage. On the other hand, only a
partial coverage will be possible at the High Luminosity LHC. For comparison of the two analyses we
summarize the expected performance in Fig. 54.
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channel
systematics/ 14 TeV 100 TeV

normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 280 GeV 140 GeV 1.4 TeV 560 GeV

2% 205 GeV 100 GeV 960 GeV 310 GeV

disappearing tracks

500% 250 GeV 180 GeV 2.1 TeV 1.6 TeV

100% 385 GeV 295 GeV 2.9 TeV 2.2 TeV

20% 535 GeV 440 GeV 3.5 TeV 2.9 TeV

Table 1: Mass reach for the pure wino scenario. For the monojet channel, the second column

shows the systematic uncertainty on the background used, while the systematic uncertainty

on the signal was 10%. For the disappearing tracks channel, the second column shows the

background normalization. For this channel the background systematic uncertainty was 20%

and the signal systematic uncertainty was 10%.

8 TeV this channel has been shown to be more sensitive than a monojet search [61], and this

continues to be the case at 100 TeV. Depending on the detector-backgrounds, this search has

the potential to rule out (or perhaps discover) thermal winos.

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural SUSY [79,

80], as well as in split SUSY [81] and mini-split SUSY [67]. A thermal higgsino saturates the

relic density for m�̃ ⇠ 1 TeV, which like the thermal wino, is inaccessible to the LHC. The

spin-independent scattering cross-section has been calculated to be �SI . 10�48 cm2 which is

near or below the neutrino coherent scattering floor [76, 77]. While a 100 TeV collider can

come much closer to the thermal value, likely it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

low energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.

It is also imaginable to do a disappearing track such for higgsinos. We note that, in compar-

ison to the wino, it is more likely for heavier new particle states to alter the higgsino splitting

as the lowest higher dimensional operator splitting the charged and neutral higgsinos is di-

mension 5. Therefore choosing a higgsino splitting has a larger degree of model dependence.

In Fig. 5 (left) we show the distance of chargino tracks for the standard one-loop splittings,
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The bands are generated by varying the background normalization between 20� 500%. Only

events passing the analysis cuts in App. A are considered.
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normalization 95% limit 5� discovery 95% limit 5� discovery

monojet
1% 185 GeV 80 GeV 870 GeV 285 GeV

2% 95 GeV 50 GeV 580 GeV 80 GeV

disappearing tracks

20% 185 GeV 155 GeV 750 GeV 595 GeV

100% 140 GeV 95 GeV 615 GeV 485 GeV

500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2: Mass reach for the pure higgsino scenario. For the monojet channel, the second

column shows the systematic uncertainty on the background used, while the systematic uncer-

tainty on the signal was 10%. For the disappearing tracks channel, the second column shows

the background normalization. For this channel the background systematic uncertainty was

20% and the signal systematic uncertainty was 10%.

is not as sensitive as the monojet search, but were the splitting to be decreased by a factor

of two, the limits would be comparable to the reach for winos.

5 Mixed Spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature nearly

degenerate electroweakinos. In more general mixed scenarios, larger mass splittings between

charginos and neutralinos can be generated. In this paper, we look at the compressed case
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Fig. 54: Reach of the monojet and disappearing track analysis for different hypothesis on the knowledge of the
backgrounds for a pure Wino (top) and for a pure Higgsino (bottom) [358].

5.3.7.2 Mixed spectra
Let us now consider the case in which the LSP is a superposition of Binos and Higgsinos or Winos.
This allows to obtain the correct thermal relic abundance for a range of masses (depending on the size
of the mixing), lower than the value needed in the case of pure Wino or Higgsino. This is because
the geometrical rescaling of the dark matter annihilation cross-section associated to a variation of the
Dark Matter mass can be compensated by the variations of its couplings associated to the mixing. As a
matter of fact, there exists a number of possible mixing patterns that satisfy all the constraints on Dark
Matter abundance and scattering cross-section in direct searches of Dark Matter. The hyperspace of the
relevant mass parameters that realize viable Dark Matter candidates is visualized in Fig. 55, with their
Spin-Independent cross-section on nucleon reported reported using the color code.

For these mixed states a large portion of the viable Dark Matter scenarios have a small mass
splitting between the lowest lying multiplet of states. The actual mass splitting is shown in Fig. 55 for
points that give the measured relic abundance of Dark Matter from a thermal freeze-out calculation.
When the mass splitting is too small to generate hard leptons one has to rely on the monojet searches
or, if the mass splitting allows, the disappearing track search strategy discussed for the pure states in
Section 5.3.7.1 above. However, there is a sizable fraction of the parameter space where mass splittings
above 20 GeV are compatible with the Dark Matter hypothesis. In this case it is possible to search for
relatively soft leptons, in any case harder than about 10 GeV, coming out from the decay of the second
lightest neutralino or of the chargino. This is in complete parallel to current searches carried out at
the LHC such as those in Refs. [365, 366]. The reach of this type of searches at the High Luminosity
LHC and a future 100 TeV pp collider are shown in Fig. 56. From the figure we see that at the LHC
only masses up to 400 GeV can be excluded by combining several searches. On the other hand at a pp
100 TeV collider the exclusion reach extends above 1 TeV.

5.3.7.3 Cascade decays
Finally one can consider the case in which both (almost) pure Winos and Higgsinos take part in the
event and they have a significant separation in mass [359, 361]. The latter can give rise to a large boost

102



σnχ =  ●>10-43 || ●10-44 || ●10-45 || ●10-47  || ●10-49 || ●<10-50 cm2

Spin-Independent-4 -3 -2 -1 0 1 2 3 4

m@TeVD0
1
2
3
4

M
1@Te

V
D

0

1

2

3

4

M
2@Te

V
D

tan β=10

Δmχ
1
±-χ

1
0  =  ●<2  ||  ●10  ||  ●20  ||  ●30   ||  ●50  ||  ●>80  GeV

-4 -3 -2 -1 0 1 2 3 4

m@TeVD0
1
2
3
4

M
1@Te

V
D

0

1

2

3

4

M
2@Te

V
D

tan β=10

Fig. 55: (top) Spin-Independent nucleon-Dark Matter cross-section for mixed Dark Matter candidates in the
MSSM [364] (bottom) mass splitting between the Chargino and the lightest Neutralino [364].

103



 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/wino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 9: The mass reach in the mixed bino/wino(/higgsino) (� = 20 GeV) scenario in the

soft lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue),

0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb
Bino/higgsino

m = 20 GeV∆
2-5% syst.

Soft Leptons

 = 14 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 10: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 14 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

The results for bino/higgsino (� = 30 GeV) and bino/wino (� = 20 GeV) are very similar.

process, which has a much smaller cross-section. The exclusion reach extends to m�̃ ⇠ 1 TeV

in all cases and the discovery reaches several hundred GeV.

– 14 –

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/higgsino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 7: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/higgsino
m = 30 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 8: The mass reach in the mixed bino/higgsino (� = 30 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

of �m = 20 � 30 GeV, where the heavier charginos and neutralinos decay to the LSP via

o�-shell W ’s and Z’s.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the relic

– 12 –

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/higgsino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 7: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/higgsino
m = 30 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 8: The mass reach in the mixed bino/higgsino (� = 30 GeV) scenario in the soft

lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

of �m = 20 � 30 GeV, where the heavier charginos and neutralinos decay to the LSP via

o�-shell W ’s and Z’s.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the relic

– 12 –

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/wino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 100 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 9: The mass reach in the mixed bino/wino(/higgsino) (� = 20 GeV) scenario in the

soft lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue),

0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

 [GeV]χ∼m
0 500 1000 1500 2000

Bδ
S/

0

1

2

3

4

5

6

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Bino/higgsino
m = 20 GeV∆

2-5% syst.

Soft Leptons

 = 14 TeVs

95%

σ5

0 lepton
0+1 lepton
0+1+2 lepton

Figure 10: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 14 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2 � 5% and the signal systematic uncertainty is set to 10%.

The results for bino/higgsino (� = 30 GeV) and bino/wino (� = 20 GeV) are very similar.

process, which has a much smaller cross-section. The exclusion reach extends to m�̃ ⇠ 1 TeV

in all cases and the discovery reaches several hundred GeV.

– 14 –

Fig. 56: Reach of soft leptons searches for a Bino-Higgsino mixture and 20 GeV mass splitting between the
chargino and the lightest neutralino at the 14 TeV High Luminosity LHC (top) for a 20 GeV and 30 GeV mass
splitting at a 100 TeV pp collider (middle) and a Bino-Wino mixture for 20 GeV mass splitting at a 100 TeV pp

collider (bottom) [358]. The bands represent different hypothesis on the knowledge of the backgrounds.

of the lighter states when produced by the decay of the heavier, leading to harder and more collimated
decay products. For instance one could consider a case with a heavy Wino-like multiplet, so that m�+

2
'

m�3 ' M2, and a light Higgsino-like multiplet, so that m� ' m�+ ' m�2 ' µ. The production of
heavy wino like states

pp! �+
2 �3 ! �+�2ZW ! leptons + �� (26)

results into harder leptons than that which one would get from the more copious direct production of the
Higgsino-like states pp ! �+�2 ! 3`��. Given the low cross-section of heavy electroweakinos, this
strategy can only be applied to a future 100 TeV pp collider, as the rates at the LHC are too small. In
Fig. 57 we report the reach that Ref. [359] has found by combining searches with a number of lepton
multiplicities and charges for processes of the type in eq. (26) for different combinations of gauge eigen-
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FIG. 13: Lepton pT distributions from 4 TeV (left panel) and 2 TeV (right panel) NLSP pair decays

giving the 3` signature. Leading lepton (red) and 3rd lepton (blue) are shown. All discovery cuts

are applied.

are separately and properly reconstructed), we can have up to 30% more signal samples.

Such intrinsic uncertainty may reside in our analysis of the future high-energy collider, and

more careful assessment will be useful when detector performances become known.

V. CONCLUSIONS

In this paper, we have studied the discovery prospects of multi-lepton searches of elec-

troweakinos at a 100 TeV proton-proton collider. In particular, we have studied the 3�,

opposite sign di-lepton (OSDL) and same sign di-lepton (SSDL) final states and consid-

ered various possible NLSP-LSP combinations in the MSSM. We summarize our results in

Table X.

5� 95% CL

(NLSP, LSP) discovery exclusion

(W̃ , H̃) (2.2, 0.8) TeV (3.3, 1.3) TeV

(H̃, W̃ ) (1.5, 0.6) TeV (2.6, 1.0) TeV

(H̃, B̃) (1.8, 0.7) TeV (2.9, 1.1) TeV

(W̃ , B̃) (3.2, 1.4) TeV (4.2, 2.2) TeV

TABLE X: Highest reaches among all multi-lepton searches for 5� discovery and 95% CL exclusion

at 100 TeV pp hadron collider with 3 ab�1 of integrated luminosity. The numbers quoted for the

Wino-Bino case are those obtained in Case 5.

These results represent a great improvement from the expected discovery reach at the

14 TeV LHC [46, 47]. Most notably, the whole parameter space of a Higgsino-like WIMP

Fig. 57: Highest exclusion achievable for different combination of NLSP and LSP quantum numbers for a 3/ab
luminosity at a pp 100 TeV collider [359].

states at the bottom and at the top of the spectrum. It is remarkable that this search strategy would be
able to exclude a LSP up to 1 TeV for NLSP masses up to 2-4 TeV, depending on the gauge quantum
numbers of the NLSP.

5.3.8 Fine-tuned scenarios
As discussed in Section 5.1, the argument underlying the expectation that new physics should appear
somewhere near the electroweak scale is based on the assumption that extremely fine-tuned cancellations
in the determination of the Higgs mass (in terms of alleged superheavy fundamental parameters) should
be ruled out because extremely unlikely.

On the other hand, an apparently fine-tuned cancellation can take place because forced by an un-
known dynamical mechanism or because of “environmental selection” arguments. The latter possibility
arises in the so called “multiverse” scenario, in which Nature possesses a huge enough number of local
vacua (not so unlikely in string theory [367–370]) with randomly distributed values of certain parame-
ters entering the determination of the Higgs mass, populated by a proper cosmological evolution. Each
vacuum then corresponds to a universe with given values of those parameters. In such a scenario, the
number of universes in which an extremely fine-tuned cancellation takes place, allowing the Higgs mass
and the electroweak scale to be as small as measured, is tiny but non zero. On the other hand, here is
the intriguing hint supporting the whole idea [371], those few universes are the only ones in which life
as we know it could have developed (and ended up wondering why the Higgs mass looks so fine-tuned).
It is therefore no surprise that we live in one of those extremely rare universes, as it is no surprise that
we live on a planet whose distance from the sun is fine-tuned to allow life to develop. Such an anthropic
argument had been first proposed by Weinberg as a possible explanation for the smallness of the cosmo-
logical constant [372], before the latter would be measured to lie in the range predicted by the anthropic
argument. Weinberg’s argument remains perhaps the only concrete explanation of the smallness of the
cosmological constant.

The above explanation of the naturalness problem of the Higgs mass belongs to the class of “nat-
uralness independent” scenarios discussed in Section 5.4. Here we discuss its implementation in super-
symmetry, which turns out to be particularly interesting. Indeed, it leads to specific scenarios such as
split [247–249] and mini-split [249, 373–375] supersymmetry, with definite, testable predictions; it al-
lows retention of the appealing ideas about quantum number unification and neutrino physics discussed
in Section 5.1.2 and the success of supersymmetry with gauge coupling unification and dark matter; it is
free of most problematic aspects of supersymmetry, such as the flavour and CP problem; it explains why
supersymmetric particles have not been found so far (as it not constrained by the naturalness argument);
it explains why the Higgs mass turned out to be heavier than that expected in natural supersymmetric
scenarios.

What is in this case the scale of the extra degrees of freedom provided by supersymmetry? When
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Fig. 58: Left: prediction for the scale of the scalar degrees of freedom in split supersymmetry as a function of
tan� [375]. The two curves correspond to no and maximal stop mixing. The error bands correspond to the
(dominating) 1� error on the top mass. Right: gluino lifetime and corresponding collider behaviour as a function
of the scalar mass scale in split supersymmetry.

the requirement of a natural determination of the Higgs mass is given up, the extra bosons can lie several
orders of magnitude above the electroweak scale and therefore be unobservable. Assuming the minimal
field content necessary to supersymmetrize the Standard Model, their mass (the stop masses in particular)
is constrained by the Higgs mass measurement as shown in Fig. 58 (left) [375]. Raising the scale of
those extra bosons does not affect gauge coupling unification too much, as long as the extra fermions,
gauginos and higgsinos, remain pinned to the electroweak scale. In such a case, a linear combination
of the extra neutral fermions can still play the role of dark matter particle and account for the observed
relic abundance, without conflicting with direct detection bounds. In such a minimal scenario, the scale
of gauginos and Higgsinos can be restricted by gauge coupling unification and the relic density.

The scale of supersymmetric particles is subject not only to the above phenomenological con-
straints, but also to theoretical considerations. A particularly appealing scenario, from the theoretical
point of view, is the “mini-split” one, in which the gaugino and sfermion masses are parametrically sep-
arated by a loop factor with, roughly speaking, gauginos around the TeV scale and sfermions within an
order of magnitude from the 100 TeV scale [249, 283, 373–375]. Depending on the model, the Higginos
can live at either scales.

From the experimental point of view, the most promising signal is the decay of the gluino to the
lightest neutralino state. The latter takes place through heavy scalars. If the scalar mass scale is within
100–1000 TeV, as suggested by the Higgs mass measurement for tan� & 2 (Fig. 58, left) and by the
loop factor theoretical argument, the gluino decay is still prompt (Fig. 58, right). The current exclusion
bounds and the prospects for future searches are therefore well described by Figs. 39 and 40 respectively.

Also important from the experimental point of view are the constraints and prospects on gauginos
and Higgsinos, described from a general point of view in Section 5.3.7. For definiteness, let us consider
here the case in which the parameter space is bound by the dark matter constraint. Namely, let us assume
that the lightest supersymmetric particle (LSP) is stable and contributes through thermal production to
the relic abundance. If the LSP saturates the relic density, that gives a precise constraint on the mass of
the LSP. If an additional dark matter component is present (e.g. an axion), the latter constraint becomes
an upper bound on the scale of the LSP. It should be emphasized that such constraints can be evaded,
for example in the presence of a dilution mechanism, such as the decay into a lighter gravitino. Still,
they represent a useful guideline to compare the experimental prospects with the theoretical expectations.
General prospects for detection of electrowinos have been studied in [376–381].
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The dark matter constraint depends on the nature of the LSP. As the sfermions are heavy, the LSP
must be a neutralino, i.e. a linear combination of Bino, neutral Wino, and neutral Higgsinos. In the
simplest case, the LSP is an almost pure state. Under our assumptions, it must be a Higgsino or a Wino
(a Bino would overclose the universe). If the LSP is a mixed state, it can be either a Bino-Higgsino or a
Bino-Wino or a Wino-Higgsino superposition. Let us briefly investigate the two pure cases and the Bino-
Higgsino case (as a representative of the mixed case – a sufficiently large Bino-Wino mixing requires
an approximate degeneracy of M1 and M2, which can be considered as an additional fine-tuning; the
Wino-Higgsino case is not particularly illuminating).

5.3.8.1 Bino-Higgsino LSP
In such a case, the three mass eigenstates (the LSP and the two orthogonal linear combinations of Bino
and the two Higgsino components) are below the Higgsino bound of 1 TeV. This is a favourable case for
experimental searches, especially at very high energy colliders. Assuming gaugino mass unification, for
example, the Wino and gluino masses are forced to be below about 2 TeV and 6 TeV respectively. The
LHC will cover in this case almost half of the gluino parameter space, while a 100 TeV collider would
comfortably cover all of it (Figs. 39 and 40). The prospects for the electroweakinos are shown in Fig. 56.

5.3.8.2 Mostly Higgsino LSP
In such a case, the Higgsino mass is about 1 TeV [382], or lower if there is an additional contribution
to the relic density. All gauginos are necessarily heavier than that. Gluinos can be within the reach of
a 100 TeV collider, but that is not guaranteed. In the worst case, the Higgsino might be the only new
particle within experimental reach. The experimental prospects at LHC14 and at a 100 TeV machine
are illustrated in Fig. 52 and 53 (right). As discussed in Section 5.3.7, the search possibly involves the
identification of disappearing tracks. The latter are due to the small splitting between charged and neutral
Higgsinos, which can be as small as⇠ 350 MeV, thus making the lifetime for the charged Higgsino decay
into the LSP and soft pions correspondingly large.

Note that such a mostly Higgsino dark matter candidate is out of the reach of current and future
direct detection experiments [383].

5.3.8.3 Mostly Wino LSP
In such a case, the Wino mass is about 3 TeV [382] (which is possibly above indirect detection con-
straints [384]), or lower. The Higgsino is heavier, possibly out of reach at foreseeable colliders. The
Bino must also be heavier, |M1| > |M2|. This needs a non-standard relation among gaugino masses,
such as the one provided by anomaly mediation, where |M2| < |M1| < |M3|. In the case of anomaly
mediation, the gluino mass upper limit would be above 20 TeV. If the Wino thermal production saturates
the relic density, the gluino would be forced to its upper limit, a challenge even for a 100 TeV collider,
but in the presence of extra dark matter components the gluino could be lighter. As in the case of Hig-
gsino detection, the Wino detection can exploit disappearing tracks, here due to a splitting between the
charged and neutral Winos that can be as small as ⇠ 170 MeV. The experimental prospects at LHC14
and at a 100 TeV machine are illustrated in Fig. 52 and 53 (left). A 100 TeV machine has the potential
to cover most of the parameter space.

Note that such a mostly Wino dark matter candidate is also out of the reach of current and future
direct detection experiments [383].

5.4 Naturalness-independent scenarios
In the previous Sections we outlined the conceptual importance of the Naturalness argument but we also
remarked that it does not guarantee the discovery of new physics. The EWSB scale might turn out to
be Unnatural, in which case Naturalness would remain as an open theoretical issue but it would have
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failed as a guideline to formulate BSM theories and consequently to organize our experimental efforts
in the search of new physics. It is thus interesting to consider alternative paradigms for BSM physics,
independently of any Naturalness or Unnaturalness consideration. Several approaches exist and some
of those will be described below, classified as “Minimal Models” and “Dark Sector” scenarios. For the
purpose of this document we will mainly focus on the models which might be tested by experimental
programs of interest for CSN1, and for which dedicated experiments are being proposed.

5.4.1 Minimal models
The “Minimality Principle” is the idea that we should extend the SM with the smallest possible set of
fields and renormalisable interactions which are sufficient to account for the experimental evidences.
This could lead to a renormalisable and thus completely calculable and self-sufficient description of
Nature below the Planck scale. Minimality is a well motivated criterion and it is indubitably the guideline
we would adopt if a clear discovery of a BSM particle occurred: we would simply add it to the spectrum
without worrying too much if it fits or not with our theoretical prejudices based on Naturalness or on other
considerations. Moreover we do have experimental evidence of BSM physics, namely neutrino mass,
Dark Matter (DM) and Dark Energy. Furthermore the observed Baryon Asymmetry of the Universe
seems to require a dedicated “Baryogenesis” mechanism and the need of Cosmic Inflation also appears
as an established fact. Clearly none of these experimental facts is as sharp as a new particle discovery
and any of them could be accounted for by a number of radically different mechanisms. Nevertheless we
can try to account for some or all of them by the Minimality Principle.

For instance, the existence of DM can be explained in a minimal scenario [385] which extends the
SM with only one multiplet of the EW group. This easily explains the correct DM abundance thanks to
the WIMP Miracle with a DM mass in the multi–TeV range. In this scenario the concept of Minimality
is extended in the sense that not only the particle but also the symmetry content of the theory is minimal:
the DM stability is due to an accidental discrete symmetry which need not be imposed on the theory.
Another example is the “New Minimal SM” [386], which explains DM by introducing one new scalar
degree of freedom and neutrino masses by two right–handed neutrinos. The latter are also responsible
for Baryogenesis via Leptogenesis. One scalar Inflaton provides Cosmic inflation and Dark Energy
is introduced as a cosmological constant term. This explains all the currently observed phenomena
including classical Gravity in terms of a model which remains weakly–coupled up to the Planck scale,
where new unspecified ingredients will be needed for a quantum theory of Gravity.

Along similar lines, another option is the “⌫ Minimal SM” (⌫MSM) [387, 388]. The model, its
experimental signatures and the perspectives of testing it with future experiments are described in detail
below.

5.4.2 ⌫MSM
5.4.2.1 Motivation
The ⌫MSM is a Minimal model that accounts for neutrino masses, for the evidence of dark matter (DM)
and of the baryon asymmetry of the Universe.

The simplest and most popular option to account for neutrino masses is adding right-handed sin-
glet neutrinos (“sterile neutrinos” (SN) in the following) to the SM field content (at least two, most often
three, one for each family of SM fermions). Their introduction is also motivated by several gauge exten-
sions of the SM group (LR symmetric groups, Pati-Salam, SO(10)): they make the SM fermion content
more symmetrical. By means of those three additional SN only, with appropriate Majorana masses and
couplings, the ⌫MSM can account not only for neutrino masses, but also for the evidence of dark matter
and for the baryon asymmetry in the universe — a remarkable result.

The three SN generate Majorana masses for the three SM neutrinos through the see-saw mecha-
nism [389–392]. While in most see-saw models the SN live much above the electroweak scale, in the
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⌫MSM they are lighter. The lightest state (N1 in what follows) is in the O(1–10) keV range, while the
two heaver ones (N2,3) have a mass that can be as low as (0.2–2) GeV (depending on assumptions) and
as large as the EW scale.

The scale of the SN affects our understanding of the anomalous smallness of neutrino masses. The
special feature of singlet neutrinos is that their masses do not arise from EWSB and are therefore allowed
to be arbitrarily large. Superheavy SN then allow to account for the smallness of neutrino masses while
keeping their Yukawa couplings of the same order as the SM ones, O(10�5–1). The scale of the SN in
the ⌫MSM requires Yukawa couplings in the O(10�11–10�6) range. Very small Yukawa couplings are
of course also viable.

On the other hand, the fact that all its degrees of freedom lie at a scale not larger than the Higgs
mass provides a further motivation for the ⌫MSM, as it allows to speculate on possible unorthodox
solutions of the naturalness problem of the Higgs mass. In fact, as discussed above, the latter problem
is physically meaningful only in the presence of superheavy degrees of freedom. Of course, as also
discussed above, such speculations have to address the existence of the Planck scale and imply giving
up not only lepton number breaking at superheavy scales but also our understanding of the structure of
the SM gauge quantum numbers in Grand Unified Theories (although the hypercharge quantum numbers
can still be accounted for by anomaly cancellation [393, 394]).

In any case, the existence of new physics below the EW scale, so far undetected because of their
small couplings to the SM fields, is complementary to the standard setup in which new physics is unde-
tected, despite its sizeable coupling to the SM fields, because significantly heavier than the EW scale.

5.4.2.2 Discussion and structure of the allowed parameter space
The constraints from the observed dark matter relic density, baryon asymmetry, and neutrino masses and
mixings and consistency with the known cosmological, astrophysical, and experimental bounds lead to
quite a specific spectrum. The constraints on the parameter space depend on the assumptions made on
the model and the cosmological evolution.

In the minimal (or “constrained”) version of the ⌫MSM no extra fields (such as extra scalars, or an
inflaton) or interactions (such as higher order operators) are added to the ⌫MSM lagrangian, except possi-
bly Planck suppressed higher order operators. The ⌫MSM therefore holds, as it is, up to the Planck scale.
At temperatures well above the EW scale, the N1 density, accounting for DM, and the baryon asymmetry
vanish [387, 388, 395]. The dark matter abundance, the baryon asymmetry, and neutrino masses are all
generated within the ⌫MSM dynamics (the baryon asymmetry around or above the EW scale, the dark
matter abundance and neutrino masses below it; dark matter production occurs due to the lepton asym-
metry generated during the freeze out or non-equilibrium decays of N2,3 at temperatures around few
GeV). This is of course quite an appealing set-up because of its predictivity and self-sufficiency, but is
strongly constrained and the possibility to test its parameter space with SHiP is not obvious, while FCC-
ee accelerator experiments can probe part of it, as discussed in the next Section. This parameter space
can be constrained by further development of the theory of the early Universe and by new cosmological
data.

Extended versions of the ⌫MSM can include inflation scenarios, most notably by introducing non-
minimal coupling between the Higgs field of the SM and gravity. Alternatively, they assume that either
neutrino masses or the dark matter abundance or the Baryon asymmetry involve extra ingredients, such
as higher dimensional operators below the Planck scale (for neutrino masses [396] or to get the correct
DM abundance and baryon asymmetry [397]) or additional fields or interactions (e.g. for the DM abun-
dance [398, 399]). The advantage of such extended versions of the ⌫MSM over the SM may be reduced
(neutrino masses and the baryon asymmetry, for example, could be accounted for by analogous non-
minimal extensions of the SM, without light singlets [397]), but the parameter space of this extended
class of models is significantly less constrained, giving rise to additional possibilities of experimental
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Fig. 59: Allowed parameter space for the lighter singlet neutrino N
1

[404] (see text).

tests by future experiments, as discussed in the next sections. Moreover, the extra ingredients involved,
e.g., inflaton, can give rise to new experimental signatures and can be possibly detected in those experi-
ments.

Let us briefly illustrate the constraints on the parameter space mentioned above. As mentioned,
the three sterile neutrinos split in two sets, a lighter one, N1, and two heavier ones, N2 and N3.

The lighter SN constitutes the dark matter (it is unstable, but its lifetime is much longer than the
age of the universe). Its mixing with the other two neutrinos and its contribution to the light neutrino
masses through the see-saw formula are negligible. Its mass is in the O(1–10) keV range. The constraints
on its relevant parameter space are summarized in Fig. 59 [400]. On the two axes are the N1 mass M1

and a combination of its mixings ✓↵1 with the SM neutrinos ⌫↵. The ⌫MSM allowed parameter space
corresponds to the unshaded region. In non-minimal versions, the region below the lower solid line
(labelled by the lepton asymmetry attainable within the ⌫MSM) are also allowed. The angles ✓↵1 are
determined by its O �10�11

�
Yukawa couplings. The recent weak line found in the X-ray spectra of

galaxies and galaxy clusters [401, 402] and the Milky Way center [403] represents an intriguing hint for
a dark matter particle with mass and couplings in the very range shown in Fig. 59 [400].

Since N1 does not contribute significantly to the see-saw, the lightest active neutrino mass turns
out to be negligible. As a consequence, the absolute scale of neutrino masses is predicted to be the
lowest possible, and the two heavier neutrinos are predicted to have masses m2 ⇡ 0.9 · 10�2 eV and
m3 ⇡ 0.5 · 10�1 eV (normal hierarchy) or m1 ⇡ m2 ⇡ 0.5 · 10�1 eV (inverted hierarchy) [387]. The
effective Majorana mass mee entering neutrinoless double � decay (the “11” entry of the neutrino mass
matrix in the flavour basis) is also predicted to be 1.3 meV < |mee| < 3.4 meV (normal hierarchy) and
13 meV < |mee| < 50 meV (inverted hierarchy) [405].

The two heavier SN are associated to the generation of the baryon asymmetry. Their masses must
be i) degenerate and ii) not much lighter than a GeV. In the minimal ⌫MSM defined above, the two latter
constraints may challenge the possibility of a natural and testable simultaneous explanation of neutrino
masses, dark matter, and baryon asymmetry. Let us then quantify those two constraints in turn, assuming
first that everything is accounted for by the low-energy ⌫MSM dynamics.

The mass difference �M23 = |M2 �M3| must be in this case (10�9–10�7) eV or
(10�14–10�10) eV [396, 406], 14 The challenge here is that �M23 gets a contribution �m⌫ from the

14To provide a dark matter candidate (N1) which does not contradict X-ray and Lyman-↵ constraints, it is sufficient to have
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Fig. 60: Constraints on the common N
2,3 mass M and total mixing U2 for the case of normal (left panel) and

inverted (right panel) neutrino mass hierarchy.

seesaw that turns out to be given by the much larger difference of the two heavier SM neutrino masses,
�m⌫ = 0.04 eV (normal hierarchy) or�m⌫ = 0.8 · 10�3 eV (inverse hierarchy). This can be cancelled
by other contributions, but at a price of a tuning of at least one part out of 104–106. Otherwise, a
non-minimal ingredient is needed. For example, one way to avoid the above cancellation is to give up
the assumption that the ⌫MSM alone accounts for light neutrino masses [396]. In such a case, physics
beyond the ⌫MSM is required to account for neutrino masses, but the ⌫MSM can still account for dark
matter and the baryon asymmetry. Alternatively, relaxing the hypotheses on the dark matter production,
the parameter space opens up and both the baryon asymmetry and neutrino masses can be explained
without fine-tuning [407].

Let us now consider the allowed range for the heavier degenerate SN (again within the scenario of
low temperature lepton asymmetry generation). The relevant parameter space is shown in Fig. 60 [404].
The region within the blue line allows to account for the baryon asymmetry (for proper values of the free
parameters of the model) within the ⌫MSM. The part of the parameter space in which the DM abundance
is also accounted for by the ⌫MSM dynamics, as discussed in the definition of “minimal” ⌫MSM above,
is the one within the red line. This part is barely accessible by the experiments discussed in the next
Sections, but it should be said that those lines are affected by theoretical uncertainties (up to O(1–2))
and, again, not so drastic extensions of the ⌫MSM (involving e.g., an inflaton or other non-minimal
interactions) can avoid the dark matter constraint [397–399, 408]. The common mass of N2,3 is on the
horizontal axis, while the vertical axis shows the (squared) total mixing with the three active neutrinos
U2 =

P
↵=e,µ,⌧ |U↵|2. The mixings with the active neutrinos U↵ are determined by the corresponding

Yukawa couplings, are related to active neutrino masses and mixings, and are experimentally relevant
as they enter the amplitude for N2,3 production and decay. Also shown in the plot are the bounds from
accelerator experiments and big-bang nucleosynthesis. Below the “seesaw” line, the mixing is too small
to give rise to light neutrino masses sizeable enough.

Let us finally comment on the size of the parameter space that can be accessed by future exper-
imental searches. We focus here on non-minimal versions, for which the entire region within the blue
line in Fig. 60 (and not excluded by BBN or other experiments) can be considered as a conservative
benchmark scenario for future searches.

a �M23 larger than �m
⌫

, which does not require fine-tuning. The extra constraints follow from the requirement that the
necessary abundance is produced by the ⌫MSM interactions. Astrophysical and cosmological (structure formation) data seem
to imply that a non-zero lepton asymmetry is required at the moment of DM production, although the systematic uncertainties
on those data might challenge this conclusion. If that is the case, and the resonant production of dark matter N1 occurs due to
the lepton asymmetry that was generated during the freeze out or non-equilibrium decays of N2,3 around a few GeV, the much
smaller values of �M23 quoted above are required.

111



The region along the horizontal axis covered by production through charm or B meson decays lies
of course below their masses (see Fig. 61) and is therefore only a portion of the allowed range, which
extends up to the EW scale. On the other hand, symmetry arguments can be invoked to motivate a mass
M not far from the GeV range [409].

The region along the vertical axis within the reach of foreseen experiments is not very close to
the “seesaw” line in Fig. 60 The meaning of the “seesaw” line is the following. If only one of the two
SN N2,3 took part to the see-saw, the corresponding Yukawa, and thus the total mixing U2, would be
determined (for a given value of M ) by the see-saw formula in terms of the atmospheric neutrino mass
scale, mATM = (�m2

23)
1/2 ⇡ 0.05 eV, to lie on that line. The parameter space below or above that

line would not be allowed. On the other hand, as both neutrinos contribute (through the seesaw) to
the light neutrino masses, a cancellation between their two contributions can take place. This allows
their Yukawas to be larger than in the previous case and U2 to lie above the “seesaw” line. Clearly, the
further away a point in Fig. 60 is from the seesaw line, the stronger is the cancellation required. On the
other hand, such a cancellation is not necessarily accidental, as it could be enforced by a slightly broken
symmetry [406, 409], already suggested by the necessary approximate degeneracy of N2,3.

5.4.2.3 Signal characteristics
The minimal model discussed above has a well defined phenomenology which can be explored with
accelerator experiments. This phenomenology is common to a larger class of models incorporating SN.
In this section the status and perspective of experimental searches will be described in a generic scenario.
The considerations in Section 5.4.2.2 about the limitations in parameter space provided by the benchmark
minimal model can be further applied to the generic analyses discussed in the following. Depending on
the SN mass value, one could expect for the SN a few different signatures. At low masses, O(MeV ),
the SN may lead to observable effects in short-medium baseline oscillation experiments. Indeed, some
departure from the expected behavior of the standard three family oscillation scenario has been recently
observed [410–417], hinting, though with a tension among the different measurements, towards a fourth
neutrino.

At intermediate masses, from MeV to the Z0 mass, the SN can be produced in the decay of mesons
or gauge bosons (actually, whenever an active neutrino is present in the decay diagram) and may decay
into standard model particles [418–427].

Since the SN mixes with the active neutrinos with a probability U2, in experiments where on-shell
SN production is searched for, one has to account for a factor U2 at the production and another U2 at
the decay. Both production and decay occur in Feynman diagrams that include a neutrino, such as the
semi-leptonic D ! X + MN or W ! µ⌫ decays, and the MN ! ⇡µ at masses below a few GeV (this
decay being just the inverse process of the pion decay) or MN ! qq̄⌫ decays at larger masses.

The lifetime of the SN is therefore also proportional to U2 and, for relatively small masses, below
a few GeV, is very long, leading to decay paths of the order of several km, for U2 values that are not
already excluded by past experiments.

Two types of experiments are in principle possible: at masses below a few GeV, if one wants to
observe the SN decay in the detector (e.g. like in the past PS191, CHARM or NuTeV [428, 429]), since
the detector for practical reasons is much shorter than the SN mean decay length, the number of expected
events is proportional to U4 and therefore, to maximise the sensitivity, as long as a possible detector is
needed; at larger masses the lifetime shortens considerably and therefore the dependence becomes U2.
The other possibility is to make a kink search, allowing for a U2 dependence no matter what the lifetime
is, though this approach requires a full control of the event kinematics, which is only possible in a very
limited set of experiments like electron-proton colliders.

Excluded ranges in the U2 vs Majorana mass m plane from theoretical considerations depend on
the details of the model, and have been discussed above. The studies discussed in this section focus on
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the region allowed by the Baryon Asymmetry of the Universe (BAU) and by the seesaw mechanism.
As said above, three guidelines in designing experiments are important: maximizing the signal

yields, maximizing the detector acceptance and suppressing the backgrounds, the latter coming both
from other decay modes of the parent particle and from the other particles in the event. In general, this
background suppression requirement is the toughest to be achieved.

SHiP at SPS
The proposed SHiP experiment [430, 431] is a beam dump experiment, performed with the maximum
possible intensity of the CERN-SPS 400 GeV proton beam, aiming at detecting beyond-the-SM long-
lived sterile or weakly interacting particles, that decay into SM particles. The beam and particle back-
grounds are suppressed to negligible levels by adding a particle filter downstream of the target, allowing
only the new particles (plus some residual muons and the active neutrinos) to reach a long evacuated
decay tunnel equipped with detectors. The particle filter, the decay tunnel and the position of the de-
tectors are designed to optimize the sensitivity to new physics, for the given proton beam. The residual
muon and active neutrino induced backgrounds can be effectively suppressed by kinematics and particle
identification cuts.

The experiment is designed such that a significant evidence, above the expected backgrounds, for
decays inside the decay tunnel can be directly interpreted as physics beyond the SM: interesting signals
include e+e�, µ+µ�, ⇡+⇡�, ⇡+µ�, ⇡+e�, ⇢+µ�, ⇢+e� pairs originating from a single vertex located
in the decay tunnel.
To quantify the sensitivity and compare it to existing or planned experiments, interpretation in the context
of the different portals is given. In the context of the neutrino portal, SHiP aims at improving by 2 orders
of magnitude the U2 sensitivity reach of past experiments, as shown in Fig. 61 for different values of
the model parameters, exploiting SN’s from D and B decays. The design of this experiment is still in an
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Fig. 61: Past and future of neutrino portal: in blue the SHIP sensitivity (expressed at 95% C.L. expected upper
limit assuming 0 observed events in 2 · 1020 p.o.t.), in grey the excluded regions from cosmological considerations
in the model of [388]. The two plots correspond to the possibility that the parameter U2 defined in Section 5.4.2 is
dominated by the mixing with the electron or the tau lepton respectively.

optimization phase so that the results on sensitivity shown here have to be considered as preliminary.

NA62 at SPS
NA62 is an experiment devoted to the search for rare K decays at the CERN SPS scheduled to take
data from this year. Designed to operate with a high intensity hadron beam, it has a high-acceptance
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Fig. 62: Sensitivity of the NA62 experiment to a Majorana Neutrino. The assumed statistics is 5 years of data at
SHiP intensity: 4.5 ⇥ 1013 protons per spill (ppp). The continuous (dashed) red lines show the NA62 sensitivity
respectively for D (K) decay. The light blue line shows an estimate of the SHiP sensitivity calculated under the
same assumptions.

spectrometer and a 65 m decay region. Both K and D decays can be used in the search of a SN. A
preliminary study was performed [432] from which the results shown in Fig. 62 is extracted. The main
conclusion, based on the simulation of an existing detector is that with the same beam assumed for the
SHIP experiment, a sensitivity can be expected which is approximately one order of magnitude lower
than the ultimate SHIP sensitivity.

High energy hadronic and leptonic colliders
Sterile neutrinos below the W/Z mass can be searched for in the decays of the W and Z bosons, which
are very abundantly produced at the high-luminosity LHC and at the proposed FCC, both in its ee and hh
configurations. The signature for the decay Z ! ⌫SN is the decay of the SN into a lepton or a hadron pair
inside the sensitive volume of the detector. For the case of leptonic decays away from the primary vertex,
this signature is dubbed ‘lepton jets’. The ATLAS collaboration [433] has e.g. published an analysis on
existing data showing that ‘lepton jets’ can be detected with acceptable efficiency and separated from
backgrounds in a fiducial volume between approximately 1 cm and 1 m from the interaction vertex. The
number of SN decays detectable for a given experimental configuration can be simply calculated from
the number of leptonic decays of Z or W bosons once the mixings of the SN and the size of the fiducial
volume have been specified. An example is given in the study from Reference [434] for FCC-ee, where
the coverage in parameter space for different assumed integrated luminosities and assumptions on the
fiducial volume is given. An example is given in Fig. 63, where one can observe that with a sufficient
number of Z decays, and separation from signal and background, the FCC-ee should be able to cover at
least a part of the area for masses above 2 GeV favored by DM constraints in the minimal model.

Similar considerations are valid for high-luminosity LHC, which with 3 ab�1 would produce ap-
proximately 2⇥1011 Z bosons, and 6⇥1011 W bosons. A 100 GeV FCC-hh with 1 ab�1 would produce
approximately 4 ⇥ 1011 Z bosons and 1012 W bosons. Detailed studies would be needed to assess the
actual potential, but the vector boson decays seem to be the best chance to cover the mass region up to
a few tens of GeV. For the W and a decay of the MN into a lepton and a ⇡, it would yield a signature
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Fig. 63: Sensitivity of experimentation at FCC-ee to a Majorana Neutrino. the TLEP lines correspond to 3 decays
produced in the decay interval shown below the figure.

with two leptons and a ⇡ with pT in excess of 20 GeV with invariant mass of 80 GeV, and one of the
leptons and the ⇡ will have an invariant mass corresponding to the MN mass. Such a signature should
allow detection of a signal over a broad range of parameters.

5.4.2.4 Summary
– The ⌫MSM is a simple and minimal model aiming at addressing the main experimental shortcom-

ings of the SM: non vanishing neutrino masses, dark matter, and the baryon asymmetry.
– Its self-sufficient form, in which nothing but its dynamics below the EW scale (in particular a

lepton asymmetry produced by decays and freeze out of N2,3) accounts for the above anomalies,
requires a fine-tuned cancellation and is barely testable by the SHiP experiment, but may be acces-
sible to an experiment at FCC-ee, and partially accessible at a high-luminosity LHC or an FCC-hh
experiment.

– Non minimal versions or additional cosmological mechanisms, on the other hand, are natural and
have a larger parameter space, whose lower mass, larger mixing part can be tested by the SHiP,
HL-LHC and FCC-ee or hh experiments.

– As all Majorana neutrino mass models, the ⌫MSM can be falsified if the light neutrinos are found
to be inversely hierarchical and neutrinoless double beta decay experiments exclude the |mee| >
10�2 eV region, or if a partially degenerate neutrino mass spectrum (i.e. a non negligible lightest
neutrino mass) is found.

5.4.3 Dark sectors
The Dark Sector paradigm is a way to organize new physics searches based on the following observation.
For several reasons we tend to believe that new physics will show up at short distances, i.e. at high
energies, in the form of particles which are heavy enough to have escaped detection so far. This pushes us
towards the exploration of the Energy Frontier. However new physics might have escaped detection not
because it is heavy but because it is feebly coupled to the SM particles, which leads to small production
rates and negligible indirect effects. We should thus also explore the “High Intensity” frontier, searching
for new light weakly–coupled particles which form part of some new Dark Sector. The reader is referred
to the dedicated Snowmass report in Ref. [435] for a comprehensive review of the subject.

The Dark Sectors are classified in terms of the operators which mediate their interactions with the
SM particles. These interactions are the “Portals” to the Dark Sector, some of which are listed below
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Portal Particles Operator(s)
“Vector” Dark photons � ✏

2 cos ✓
W

Bµ⌫F 0µ⌫

“Axion” Pseudoscalars a
f

a

Fµ⌫
eFµ⌫ , a

f
a

Giµ⌫
eGµ⌫

i , @µ

a
f

a

 �µ�5 

“Higgs” Dark scalars (µS + �S2)H†H
“Neutrino” Sterile neutrinos yNLHN

Each portal is representative of a class of theories and in each class one can find representative and
motivated models. For instance the sterile neutrinos discussed in detail in the previous section fit in the
“Neutrino” Portal. Models solving the strong–CP problem involve Axions and provide one example of
the “Axion” Portal. Furthermore Axions might be valid DM candidates, providing one further motivation
for this Portal.

Generically for this kind of model the Hidden particles are produced by mixing with ordinary
particles, such as photons, neutral pions and active neutrinos, and can be looked for in the decays of heavy
flavour hadrons or gauge and higgs bosons, or in their direct production. Given the large range of masses
and couplings considered for these models, searches with accelerators will benefit from complementary
approaches, including high intensity fixed target experiments with both electron and proton beams, with
both thin and thick (“beam dump”) targets, and high luminosity and high energy collider experiments. In
particular for masses below a few GeV there is a window of opportunity for fixed target in the exploration
of very low couplings to the hidden sector which may imply very high intensity and the possibility to
measure decays lengths in excess of a few meters, both of which can be difficult or impossible to achieve
in high energy colliders.

The next sections will concentrate on two Portals, namely the Vector and the Higgs Portals. In
order to avoid repetition with Ref. [435], the existing limits, and the proposals described for Snowmass
will only be briefly treated, giving more emphasis on more recent work which has become available in
the last year or so.

5.4.3.1 Vector portal
The “Dark Photon” (DP) is the simplest and most studied benchmark for the Vector Portal. It is a new
Abelian gauge field A0 associated to a new U(1)D “Dark” symmetry that we add to the SM group.
The SM fields are neutral under U(1)D and thus their interactions with the DP (as in Table 5.4.3) can
only emerge from kinetic mixing, the one with the SM Hypercharge B being the only one allowed by
symmetries. This mixing reads

� ✏

2 cos ✓W
Bµ⌫F

0µ⌫ , (27)

where ✓W is the Weinberg angle and ✏ is an arbitrarily small parameter. Giving a mass to the DP requires
the U(1)D group being spontaneously broken by one further “Dark Higgs” new physics sector which we
take to be completely neutral under the SM group. In this hypothesis it cannot not participate to EWSB
and thus it delivers a mass only for the A0 boson

1

2
m2

A0A0µA0
µ . (28)

The DP mass is also a completely free parameter from the theoretical viewpoint. In principle, the Dark
Higgs sector could deliver a more general mass–matrix, including a Z–A0 mixings, but only if it is
charged under the EW group and breaks the EW symmetry. This possibility is however disfavored by
the strong lower limit on the scale of new EW–charged particles combined with the upper one on new
contributions to EW boson masses. The combined diagonalization of the kinetic mixing and of the mass–
matrix (including of course the SM Z mass term) gives an order ✏ A0 component to the physical Photon,
leading to an A0 coupling to the EW current

✏eA0
µJµ

EM . (29)
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The A0 component of the physical Z boson is instead of order ✏m2
A0/m2

Z which is completely negligible
in most of the parameter space.

The DP phenomenology is extremely simple. It is produced in the same way as a Photon, but with
✏2 suppressed rate. It decays, if kinematically allowed, to all the possible charged particle/anti–particle
pairs with relative Branching Ratios dictated by the electric charge. This includes decay to charged
leptons or to hadrons. If these are the only decay channels, the DP decay length is

�c⌧ ' 0.8cm
Ne↵

✓
E0

10 GeV

◆✓
10�4

✏

◆2✓
100 MeV

mA0

◆2

(30)

where Ne↵ counts the number of kinematically allowed decay channels and E0 is the A0 energy. The
current experimental situation and future prospects in the ✏�mA0 plane (from Ref. [435]) are summarized
in Fig 64. All the direct search limits in the figure assume the absence of additional decay channels for
the DP, namely unit Branching Fraction to visible objects is assumed.

Below we discuss two experiments that might make progresses in this plane and might be of
interest for CSN1.

SHiP
In the proton beam dump experiment, three production mechanisms of the Dark photon were considered:
meson decays, proton bremsstrahlung, and QCD production [436–438], which provides valid formulae
up to masses of about 3 GeV. The reach of the SHiP experiment has been the object of a recent theoretical
study, [438], and a detailed study from the Collaboration [439]. Assuming no background, and the ability
to detect with 100% efficiency all decay channels of the dark photon, both leptonic and hadronic, a 90%
C.L. sensitivity area is obtained, in the ✏2 �mA0 plane, shown in in Fig. 65.
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modes of production: mesons, bremsstrahlung, and QCD production.

PADME
The DP searches performed so far were based on the hypothesis that the dark sector does not contain any
particle of mass lower than that of the A0 and therefore it decays to Standard Model lepton or meson pairs.
In the most general scenario the dark sector may contain particles lighter than the dark photon itself, thus
allowing the so called "invisible" decays. The decay products are non-Standard Model particles which
escape detection. Given the small coupling of the DP to visible objects, which makes the visible rates
suppressed by ✏2, it is not hard to imagine a situation where the invisible decay dominate, the visible rate
is small and the previous searches are ineffective. There are studies on the searches of a A0 decaying into
dark sector particles. However, the sensitivities sometimes rely on the assumption that the dark decay
products constitute the dark matter, and are anyway model dependent [440].

The Positron Annihilation into Dark Matter Experiment (PADME) [441] aims at a model-independent
search for the production of a dark photon using the 550 MeV positron beam provided by the LNF
DA�NE linac impinging on a thin target. The process of interest is

e+e� ! A0�, (31)

where the positrons are the beam particles and e� are the electrons in the target. The accompanying
SM photon 4-momentum is measured by a calorimeter regardless of the A0 decay products. A single
kinematic variable characterizing the process, the missing mass, is computed using the formula:

M2
miss = (Pe� + Pbeam � P�)

2. (32)

Its distribution should peak at M2
A0 for DP decays, at zero for the concurrent e+e� ! �� process, and

should be smooth for the remaining background. The experiment is composed of a diamond target, to
measure the average position and intensity of the beam during a single bunch, a spectrometer immersed
in field of a dipole magnet, to deflect the positron beam and to measure the charged particle momenta,
and an electromagnetic calorimeter to measure/veto final state photons. The apparatus is inserted into a
vacuum chamber, to minimize the unwanted interactions of primary and secondary particles.

The possible DP production mechanisms accessible in e+-on-target collisions are e+e� ! A0�
and e+N ! e+NA0, the so called annihilation and A0-strahlung production. Both processes are similar
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discrepancies. [441]

to the ones for ordinary photons, and their cross section scales with ✏2. Four different types of dark
photon searches are in principle accessible by combining production processes and decay final states:
annihilation produced DP decaying into dark sector particles or into `+`� pairs, bremsstrahlung pro-
duced dark photons decaying into dark sector particles or into `+`� pairs. The present linac maximum
positron energy of 550 MeV allows the production of dark photons through annihilation up to a mass of
23.7 MeV, while an upgrade to 750 MeV would allow to reach 27.7 MeV. Masses up to 600 MeV can
be reached by DP produced by A0-strahlung using 800 MeV electrons. At present detailed studies have
been performed only for annihilation production to asses the sensitivity to invisible decays. Studies on
the other final states are ongoing.

The sensitivity of the experiment was estimated assuming one year of running with 60% efficiency,
a constant positron flux and different bunch lengths, as indicated in Fig. 66, corresponding to about
1 · 1013, 3 · 1013, and 1 · 1014 positrons on target respectively. Under the assumption of no signal, an
upper limit on the DP coupling ✏ can be set, using the statistical uncertainty on the simulated background.
The result shown in Fig. 66 applies to both visible and invisible dark photon decays, since the selection
includes both cases. The Figure also shows the region excluded (grey) and favoured (green) by the gµ�2
measurement, and the region excluded by the ge � 2 measurement (blue) [442]. PADME sensitivity to
visible decays of DP generated by bremsstrahlung is under investigation together with the possibility of
performing a dedicated beam dump experiment with 1020 electrons on target (EOT) [443]. The PADME
search for new low mass mediators is completely general, in particular in the "invisible" case. Therefore
the experiment will be sensitive to any new small mass particle, like low mass dark Higgs [444] or
leptonic gauge bosons [445], produced in e+e� collisions.

ATLAS and CMS
The search for dark photons is a very active field of analysis at the LHC, and search results have been
published by ATLAS and CMS. The published results mostly focus on the search for “lepton jets” in
the decay of a Dark Higgs in the FRVZ [446, 447] model. The latest result from ATLAS is shown in
Fig. 67, where the excluded area in the mass-coupling plane is shown. The result is of course only valid
in the assumed FRVZ model, but it gives a feeling on real data of the interval of couplings which can be
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covered at the LHC in this kind of search.
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Additional possibilities in literature are reviewed in chapter 8 of [448], which identifies three main
venues for DP searches at the LHC:

– Direct production of Dark Photons [449, 450];
– Rare Z decays into the dark sector [449, 450];
– Ewkino decays into the dark sector [451].

The number of Dark Photon decays available for detection depends of on the model. For the direct
production of the Dark Photon, for instance, the number of prompt photons at a high luminosity LHC
with 3 ab�1 would be 0.5⇥ 1012.

5.4.3.2 Higgs portal
As a last example we consider one specific Higgs portal model where the new dark sector merely consists
of a light scalar h (not to be confused with the Higgs H) with mass mh in the 100 MeV to 10 GeV to
be relevant for the SHiP experiment, whose only coupling with the SM is a mixing with the Higgs
boson [452]. Because of this assumption, all the h vertices with SM particles are just equal to those of
the Higgs scaled down by a factor sin ⇢, where ⇢ is the mixing angle of h with the Higgs. Aside from the
mass, the phenomenology is thus entirely characterised by sin2 ⇢ that controls the production rate and
the lifetime of h

c⌧ =
c⌧SM

sin2 ⇢
, (33)

where c⌧SM is the mean decay length of a scalar of mass mh with exactly SM Higgs couplings. There
are large uncertainty in the lifetime of h above the ⇡⇡ threshold, the model of Ref. [453] is assumed here.

As for the case of a dark photon, bounds in the sin2 ⇢ vs mh plane could be set by LEP, meson
decays and fixed target experiments. The limits from B-factories and from the CHARM experiment are
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Fig. 68: SHiP exclusion limit at 90 % C.L. for a light scalar particle of mass mS coupling to the Higgs with sin2 ⇢

mixing parameter and decaying in e+e, µ+µ�, ⇡+⇡�, K+K� final states (solid blue line). Red dashed area is
the excluded region from B-factories in the visible modes, red dotted area is the excluded region from B-factories
in the invisible modes and green shaded area in the exclusion region from the CHARM experiment.

reported in Figure 68, together with an estimate of the SHiP 90% C.L. upper limits in the no–background
hypothesis. Only B production was considered since beam dump absorbs most of the kaons.

5.5 Collider friendly dark matter
Interactions of DM with SM quarks are extremely important from a phenomenological point of view
since they open the possibility of studying, at the same time, DM production at the LHC and DM elastic
scattering on nuclei (direct detection). The simultaneous study of these two processes – usually per-
formed using the effective field theory approach in which the interactions between DM and SM quarks
are described by a set of higher-dimensional operators – leads to strong constraints on the characteristic
parameter space of the analyzed theoretical framework. On a general ground, it turns out that bounds
from direct detection, in particular in the presence of a spin-independent DM-nucleon interactions, are
particularly stringent, and they can be alleviated by limiting the analysis to motivated cases in which
the corresponding operators are suppressed. In the following we focus on two relevant cases that are
consistent with this view:

1. DM is a self-conjugate Majorana particle,  M =  C
M, singlet under the SM gauge group; in

this case the characteristic pseudo-vector bilinear  M�µ�5 M has suppressed spin-independent
interactions with SM quarks [454], thus leading to a scenario in which direct detection limits do
not lead to strong constraints.

2. DM is made of two slightly degenerate states (see also Section 5.3.8); the light state is stable and
constitutes the DM of the Universe, while constraints from direct detection – if the mass splitting
is larger than the typical O(100 keV) momentum transfer in DM-nucleon scatterings – are avoided
since DM cannot scatter elastically [455,456]. In a typical LHC scenario, the slightly heavier state
can decay to the light one and produce SM particles [457].
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These scenarios represent two ideal paradigms to motivate collider searches of DM. In the absence of
direct detection bounds it is crucial to understand the constraining power – or, equivalently, the detection
capabilities – of the LHC in the near future.

5.5.1 Majorana dark matter
A self-conjugate Majorana particle M =  C

M is characterized by vanishing vector and tensor structures,
 M�µ M =  M�µ⌫ M = 0, with �µ⌫ ⌘ i[�µ, �⌫ ]/2. As a consequence, the only dimension-six
operators involving DM and the SM quarks have the following scalar and pseudo-vector structures

Oq
S ⌘ mq

⇤2
 M M

h
c(q)
S qq + c(q)

S5
q�5q

i
, (34)

Oq
PV ⌘ 1

⇤2
 M�

µ�5 M

h
c(q)
PV q�µq + c(q)

PV5
q�µ�

5q
i

. (35)

In eq. (34) we have assumed that the scalar operators Oq
S scale with the fermion mass mq, as is often

the case. Despite its simplicity, this scenario leads to an interesting phenomenological picture. As far
as direct detection properties are concerned, a straightforward analysis of these operators in the non-
relativistic limit [454] reveals that the two operators in eq. (34) have, respectively, un-suppressed spin-
independent and spin-dependent interactions with nuclei. From the point of view of collider physics, on
the other hand, the operators in eq. (34) are usually unconstrained – at least considering DM production
via light quarks and typical O(1) couplings – because of the parametric suppression due to the small
value of the quark mass. In this case, therefore, collider physics can not compete with present and
future direct detection sensitivities. The two operators in eq. (35), on the contrary, feature opposite
properties. In particular, the vector-like interaction with SM quarks, q�µq, leads to suppressed spin-
independent (due to the small value of DM velocity) and spin-dependent (due to the small value of
transferred momentum) interactions with nuclei. Finally, the interaction with the pseudo-vector quark
current, q�µ�5q, has vanishing spin-independent interactions but unsuppressed spin-dependent ones.

All in all, the dimension-six operator in eq. (35) can not be constrained by the strong bound on the
spin-independent elastic cross-section on nuclei currently measured by the LUX [458] and XENON100
[459] experiments, and is expected to be out of the reach of forthcoming upgrades on sensitivities. As
a benchmark, we focus in more detail on the phenomenology of this effective operator in the context of
astroparticle and collider physics. The following discussion does not pretend to be exhaustive; on the con-
trary, its aim is solely to present a practical example in which collider searches at the LHC play the role
of a fundamental cross-channel in dark matter physics. Three observables define the phenomenological
scenario we are interested in: i) the dark matter relic density, ii) the spin-dependent dark matter-nucleon
cross-section, and iii) the mono-jet searches at the LHC.

The evolution of dark matter density, according to the standard freeze-out paradigm, is driven by
the expansion of the Universe and the interactions of dark matter with SM particles; in the presence of
weakly-interacting particles an annihilation rate of the order of h�vi ⇡ 3 ⇥ 10�26 cm3s�1 is required.
Considering the Taylor expansion in velocity h�vi = a+bv2+O(v4), the only contribution to the s-wave
a comes from the operator ( M�µ�5 M)(q�µq) but it features a mass suppression due to a chirality flip
in the final state [460]. In order to strengthen the connection with LHC physics, we consider in this
discussion only interactions with light quarks q = u, d, s; the s-wave contribution, as a consequence, can
be neglected and the relic abundance is entirely set by the p-wave term.

The pseudo-vector operator ( M�µ�5 M)(q�µ�5q) induces a dark matter-nucleon (either proton
or neutron) coupling proportional to the fraction of the spin carried by the quark q inside the nucleon,
thus resulting in a net spin-dependent dark matter-nucleon cross-section. In order to allow for a direct
comparison with the limit found in refs. [461, 462], we focus on this specific interaction and we set
c(q)
PV = 0 in eq. (35).
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At the LHC, both ATLAS and CMS are searching for dark matter particles using events containing
a jet plus missing transverse momentum [463, 464]. Good agreement is observed between the number
of events in data and the SM predictions; as a result, these searches are translated in terms of exclusion
limits on dark matter properties.
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Fig. 69: Prospective bounds on the effective pseudo-vector operator ( 
M

�µ�5 
M

)(q�µ�5q)/⇤2 in the case of
Majorana dark matter. In the blue region the effective operator reproduces the observed value of relic abundance.
The limits in red are extracted from ref. [465] for different values of luminosity. The dotted and dashed lines
correspond to the 95% C.L. limit with, respectively,

p
s = 8 TeV and 20 fb�1 of luminosity and

p
s = 14 TeV and

300 fb�1 of luminosity; these limits were obtained from the simulation in ref. [465] considering a signal region
defined by Emiss

T

> 800 GeV, and a total background systematic uncertainty equal to 5%. The red solid line
represents an optimistic limit with

p
s = 14 TeV, 3000 fb�1 of luminosity, a signal region defined by Emiss

T

> 800

GeV, and a total background systematic uncertainty equals to 1%. The region shaded in gray is the 90% C.L. limit
on the spin-dependent dark matter-proton elastic cross-section derived in ref. [461]; the dot-dashed line represents
the XENON1T prospective limit on the same observable.

In fig. 69, we show prospective ATLAS 95% exclusion limits for different values of luminosities
in the plane dark matter mass versus effective scale ⇤ (see also ref. [466] for a recent analysis in this
direction). We assume democratic interactions with light quarks, and we set for simplicity c(q=u,d,s)

PV5
= 1.

The blue region represents the 5-� region in which it is possible to correctly reproduce the value of
dark matter relic density observed by the Planck collaboration [467]. Remarkably, the model exhibits an
interesting interplay between relic density and collider prospects at the LHC. With 300 fb�1 of luminosity
it will be possible to completely cover the region of parameter space in which the model is able to
reproduce the correct value of abundance up to MDM ⇡ 400 GeV. More importantly, this region is out
of reach of present and future direct detection experiments. For definiteness, in fig. 69 we show the
90% C.L. exclusion limit on the spin-dependent dark matter-proton cross-section derived by the COUPP
experiment [461]. This bound is usually much weaker than the corresponding bound imposed on the
spin-independent dark matter-nucleon cross section since the total spin-dependent scattering amplitude is
determined only by the spins of the unpaired nucleons in a given nucleus. Future prospects of XENON1T
(dot-dashed gray line in fig. 69) will be able to test the region reproducing the correct dark matter relic
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abundance only for MDM . 100 GeV. As a final comment, we note that the toy scenario outlined in
this section can not be constrained by indirect dark matter detection (in particular using the antiproton
flux measured by the PAMELA experiment [468] and the gamma-ray observations of the Fermi-LAT
[469]) since the annihilation cross-section of dark matter particles into SM particles in today’s halos is
suppressed by the small value of the dark matter velocity.

5.5.2 Pseudo-Dirac dark matter
This scenario is for example realised by the almost pure Higgsino case considered in Section 5.3.8.
In order to study it in full generality, the starting point is the Lagrangian describing a generic four-
component fermion  with both Dirac and Majorana masses

L0 =  ̄(i/@ �MD) � mL

2

h
 C

L  L + L 
C
L

i
� mR

2

h
 C

R R + R 
C
R

i
, (36)

in which we consider the pseudo-Dirac limit of the mass matrix, MD � mL, mR and for simplicity
we assume all masses to be real. We denote the mass eigenstates as �1,2, with eigenvalues m1,2 =
MD ± (mL +mR)/2. From here, we can construct the Majorana fields M

1 ⌘ �1 +�C
1 , M

2 ⌘ �2 +�C
2 .

The lightest state,  M
2 , plays the role of DM. At dimension-six, we have the following effective vector

interactions with SM quarks [457]

Lf
int =

1

⇤2

⇥
 ̄�µ(cLPL + cRPR) 

⇤⇥
h
q̄�µ(c(q)

L PL + c(q)
R PR)q

i
, (37)

with PR,L = (1 ± �5)/2. In terms of the Majorana fields previously introduced, the interactions in
eq. (37) can be recast in the following effective operators involving  M
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(39)

where, as discussed in section 5.5.1, we highlighted the direct detection properties of each structures.
The only unsuppressed structure is the spin-dependent operator ( M

2 �
µ�5 M

2 )(q̄�µ�5q) in eq. (38). In
eq. (39), direct detection constraints can be evaded by having a large enough splitting. A further differ-
ence with respect to the Majorana case discussed in Section 5.5.1 is that the relic density is set by the co-
annihilation channel described by the effective operator proportional to the mixed structure  M

1 �
µ M

2 .
The first term in eq. (39), in fact, features an unsuppressed s-wave that – supposing a mass splitting not
too large – dominates, even at the freeze-out epoch, over the p-waves discussed in Section 5.5.1.
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5.6 Physics Beyond Standard Model: Summary and Outlook
The results of the LHC running at 8 TeV, including the discovery of a low mass scalar, and no sign of
new physics below the TeV scale have generated a tension on the naturalness principle.

In order to understand what is the present status of naturalness, and what are the perspectives for
exploring this issue with foreseeable accelerator-based experiments we have focused on two representa-
tive classes of model, which have constituted a benchmark for new physics in the past and will be in the
foreseeable future, Supersymmetry and Composite Higgs.

An alternative route is the study of minimal models, which concentrate on incorporating features
which would solve the outstanding problems of fundamental physics such as Dark Matter and Baryon
Asymmetry in the universe, ignoring the issue of Naturalness. To this class, to some extent, belong also
the so-called portal models which provide an interesting phenomenology which could be studied also in
fixed target experiments.

– Composite Higgs Models.
– Figures (21,25,26) quantify the LHC reach on CH models. With 100 or 300 fb�1 Top Part-

ners might be robustly bounded to be above around 1.4 TeV, corresponding to a level of
tuning � & 10. The tuning bound would almost double for large values, c ⇠ 1, of the
single production couplings, for which the mass limit is pushed above 2 TeV. From ⇠ < 0.1,
expected from Higgs coupling measurements, a comparable bound on the tuning could be
inferred at the end of the LHC program. On a time scale, Top Partner searches will be the
first one in testing the scenario, though in a more model-dependent way, as discussed above.

– The High–Luminosity LHC program will have a significant impact on the study of the CH
scenario. This is shown in Figs. (22,25,26), where the expected limits are shown on mass–
coupling planes. Paying attention to the fact that the g⇢ parameter for the vectors is actually
the inverse of the physical coupling to fermions which controls the production rate, the com-
mon message is that High–Luminosity is not very effective in pushing the reach to high
masses but it dramatically improves it in the weak–coupling direction.

– An 100 TeV collider could extend the reach on CH particles above 10 TeV, which means
exploring, through Top Partner searches, a level of tuning well above 2 orders of magni-
tude. Comparable performance is expected for precise leptonic machines. In Section 5.2.1
we considered CLIC, the best performing of such leptonic options, and compared its reach
with the one of 100 TeV direct searches. The result is that the 100 TeV reach overcomes
indirect CLIC limits for moderately small g⇢, below 4, while above that value the coupling
to fermions of the resonance is too small and the indirect limits dominate.

– Supersymmetry.
– The lack of NP signals at LHC put pressure on supersymmetric models. The amount of

pressure is highly model-dependent. Minimal SUGRA, for example, is under strong pressure
and can be considered disfavoured by data (barring unknown dynamical or environmental
selection mechanisms). On the other hand, models with low scale of mediation and minimal
extensions of the field content (our benchmark, on which the conclusions below are based)
feel a weaker pressure.

– The first LHC phase forces a fine-tuning of about 1/10. This is mild enough not to motivate
further searches. A qualitative indication of the reach of LHC14 with 300/fb and the high-
luminosity program both in terms of masses and fine-tuning is provided in Fig. 36. An
ultimate 100 TeV collider would increase the reach on colored sparticles by an order O(10)
and the reach in fine-tuning space by O(100), up to ⇠ 1/1000.

– In case of no discovery at a 100 TeV collider, a fine-tuning of order 1/1000 would be strong
evidence that a dramatic change of paradigm in the understanding of the Higgs mass in terms
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of higher scales would be necessary.
– The high luminosity LHC program would be most effective in probing “electrowinos” (charginos

and neutralinos) and the Higgs sector. The range of EWino masses probed depends on the
details of the spectrum, but can double the reach of LHC 14 by up to a factor of ⇠ 2. This
allows one to probe a significant part of the DM-relevant parameter space, but does not nec-
essarily cover all of it. A 100 TeV machine, on the other hand, would get closer to fully cover
the parameter space of a thermal relic. For an LSP DM candidate with mass below 250 GeV
an ILC should be able to cover the parameter space not accessible to a HL-LHC, or in case
of discovery, to perform measurements on the observed signal.

– As for the (NMSSM) Higgs sector, the high-luminosity run would allow to probe its struc-
ture both indirectly, through the measurement of deviations from the SM couplings, and in
direct searches in the h2 ! h1h1 channel. It would also allow one to probe potentially large
deviations (unlike in the MSSM) of the SM-like Higgs trilinear couplings. Direct searches
are more powerful at lower luminosities, with indirect searches catching up at higher lumi-
nosities.

– Naturalness independent scenarios
– The option of a minimal model, the ⌫MSM, has been examined in detail. The Heavy Majo-

rana neutrinos present in the theory can be detected in the decay of mesons or gauge bosons.
High statistics beam dump experiments, such as SHiP, can cover a part of the range of mixing
required by the model, but their mass reach is limited by the mass of the mesons of which
they study the decay. The very minimal version of the model is barely testable by the SHiP
experiment, as the relevant mass of the heavy neutrinos, although somewhat uncertain, goes
from ⇠2 GeV to a few tens of GeV. The most likely experimental venue is in this case the
observation of displaced decays of Z and W bosons: on the order of 1012-1013 W and Z
bosons are needed. For the Z decay this signal would provide a strong motivation for a high
luminosity FCC-ee machine. For the W decay HL-LHC and FCC-hh could cover part of the
parameter space through clean leptonic signatures, but the required number of decays is at
the limit of the present projections for high luminosity colliders.
Non minimal versions or additional cosmological mechanisms, on the other hand, are natural
and have a larger parameter space, whose lower mass, larger mixing can in part be tested by
the SHiP, HL-LHC and FCC-ee or -hh experiments.

– The Dark Sector, which assumes the presence of new BSM particles feebly coupled to the SM
model, has been considered as an additional benchmark, in particular the case with a vector
mediator, which gives rise to a Dark Photon (DP). Such a model has a large parameter space,
with couplings varying over more than 10 orders of magnitude, and masses ranging from
zero to multi-GeV. To cover such a large space different kinds of experimental approaches,
are required, including searches for the decay of the DP into SM particles inside the detectors
and disappearance searches, due because DP decays outside of the detector.
Collider and fixed target experiments cover complementary regions in the mass-coupling
parameter space determined by the number of DP decays and by the decay length interval to
which the detector is sensitive. It is conceivable that in the next 10–20 years the combination
of the proposed experiments will cover most of the space for a DP lighter than 1 GeV down
to couplings of 10�7 of the DP.
For models where the mediator is a scalar the main venue is the detection in the decay of the
discovered Higgs boson, but the possibility of low mass higgs-like particles gives a chance
to fixed target experiments, with a coverage similar to the one for Dark Photons.

– Collider friendly dark matter
– Direct and Indirect DM detection experiments place limits which in some cases are orders of
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magnitude above what is testable at colliders. Though not performed in a clean laboratory
environment and thus harder to interpret, they must be taken into account, leading sometimes
to pessimistic statements on the collider perspectives on DM searches.

– We outline that the situation can actually be reversed in certain classes of DM models where
collider searches are by far the most powerful, also in comparison with upgraded versions
of Direct detection limits which could be available in the near future. Interestingly enough,
the case of Majorana DM, which is a very well motivated and minimal possibility (being
DM an eminently neutral object), falls in this category. Notice however that we restricted
our analysis to vector operators, while scalar ones are also expected. Though suppressed
by quark masses they could still be considerably bounded by Direct searches because they
produce spin–independent cross–sections. An assessment of this latter point is currently in
progress.
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6 Flavour Physics
6.1 Introduction
The state of the art in particle physics can be very briefly summarized as follows. On one side the triumph
of the Higgs discovery and the absence of any clear signal of new physics at the LHC give strong support
to the Standard Model (SM) as it is now. On the opposite side the three weaknesses of the SM stand up
more than ever: i) its inability to account for Dark Matter or the B-asymmetry in the universe; ii) the
sensitivity of the Higgs mass to any short distance physics, including gravity, kept under control by an
unacceptable tuning of the Higgs mass parameter itself; iii) the plethora of parameters that account, in
one-to-one correspondence, for the observed masses and mixings of quarks and leptons. It is difficult to
overestimate the importance of the experimental program in particle physics to try to overcome this sort
of “unstable equilibrium” between two different ways of judging the status of the SM. In particular the
possible discovery of new particles at LHC in the first phase of its operation at higher energies, due to
start in 2015, would certainly give a decisive orientation. This may or may not happen. In either case,
however, the role of flavour physics experiments remains intact.

As customary, there are at least two different ways to try to assess the impact that flavour measure-
ments can have as a whole on the medium term future of particle physics. One way is to consider the
highest energies that flavour measurements can explore by assuming no structure of flavour physics. The
most important probes are well known: �F = 2 transitions, where F is S or C or B, µ! e transitions,
normally more sensitive than ⌧ ! µ, or the Electric Dipole Moments, either of the electron or of the
neutron. Although specific statements can be made in specific cases only, energies up to 104÷5 TeV can
be indirectly probed in this way, not easily achievable otherwise. Alternative or complementary to this
is the view that new flavour physics phenomena may be related to Beyond the Standard Model (BSM)
physics in the TeV range, if there is any, compatible with current or even achievable bounds from LHC.

As an example, carrying out a general analysis of �F = 2 processes [470–482] it is possible to
translate the experimental constraints into allowed ranges for the Wilson coefficients, parameterized as

Ci(⇤) =
FiLi

⇤2
, (40)

where Fi is a function of the new physics flavour couplings, Li is a loop factor, and ⇤ is the scale of
new physics [476]. Fig. 70 reports the lower bounds on new physics scale at 95% probability, assuming
strongly coupled new physics (FiLi ⇠ 1) with no flavour suppression, derived from mixing and CP
violation results in the neutral K, D, Bd and Bs meson systems. These bounds can then be translated
into (less stringent) constraints on the NP scale for models featuring weak interactions and/or some kind
of flavour suppression, until the extreme case of Minimal Flavour Violation (MFV) [483–485], which,
if combined with the absence of flavour-changing strong interactions, allows NP to be very close to the
weak scale.

To illustrate instead the view that new flavour physics phenomena may be related to NP in the TeV
range, we may follow Ref. [487], where it is recalled that current flavour measurements still allow BSM
contributions to the Cabibbo-Kobayashi-Maskawa (CKM) picture of flavour physics at about 20 to 30%
level 15. While this level of precision, attained through the last fifteen years of experiments, does not
compare with the standards in other areas of particle physics — and clearly motivates per se that one
keeps improving on it — it is nevertheless already significant enough to require that some mechanism
be active to keep any flavour violation at the TeV scale under control. Several such mechanisms can in
fact be conceived, relying on suitable dynamical assumptions, that cannot be recalled here for reasons of
brevity. Rather it is of interest to know what is possible to achieve in an effective picture close enough
to the CKM one, based on symmetries and on their possible breaking pattern only, i.e. without referring
to specific models or to appropriately chosen dynamical assumptions. This goal can be accomplished in
the quark sector in two different "effective" ways, based on either U(3)q ⇥ U(3)u ⇥ U(3)d ⌘ U(3)3,

15see also the discussion in Section 6.8
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Fig. 70: Lower bounds on new physics scale at 95% probability, assuming strongly coupled new physics, from
�F = 2 processes in the neutral K, D, Bd and Bs meson systems [486].

or U(2)q ⇥ U(2)u ⇥ U(2)d ⌘ U(2)3, with the symmetry-breaking pattern described in [487]. While
the origin of these patterns is unknown at a fundamental level, we may nevertheless take them as a low
energy property of some basic theory at an effective Lagrangian level.

Whatever extension of the SM, respecting either of these symmetries leads to a CKM-like picture
of flavour physics. From an effective field theory point of view this amounts to the dominance of the
same set of flavour breaking operators that operate in the SM, with a flavour dependence accounted for
by the same specific combinations of matrix elements ⇠ij = VtjV ⇤

ti of the CKM matrix V . U(2)3 relative
to U(3)3 allows more freedom in the relative weights of these operators and on their phases. Every other
symmetry and symmetry breaking inside U(3)3 either leads to one of these two patterns or deviates from
the CKM-like picture because of the occurrence of different operators and/or of operators with a flavour
dependence not controlled by the ⇠ij only.

As an example, Fig. 71 illustrates the current allowed regions by U(2)3 or U(3)3 on some of the
most constrained flavour observables at 65% or 95% C.L. Still as an example, these constraints in the
case of Natural Supersymmetry are both competitive with and complementary to the direct s-particle
searches at LHC.

The experimental progress of the last fifteen years has turned the flavour sector of the SM from
a hypothetical piece of theory into an empirically based description of flavour physics. Yet both the
still relatively moderate precision achieved so far, as already remarked, and the competitive character
of flavour measurements with searches of new physics in direct production experiments, current and
foreseeable in the medium term future, motivate on the same time scale a strong program of flavour
physics experiments.

Confining the attention to the quark sector, it is useful to make a few comments of a general
nature on the impact/limitation of QCD uncertainties on such program. There already exists a series of
relevant experimental observables not limited by theoretical uncertainties. A partial list of them includes:
B ! ⌧⌫/µ⌫, B ! K(⇤)⌫̄⌫, B ! Xsl+l� Bs,d ! l+l�, ��

s,d (CPV in �Bs,d = 2), the determination
of the angle � from tree level decays (like B ! DK, etc) and of the angle ↵ from the isospin analysis,
K+ ! ⇡⌫̄⌫, KL ! ⇡⌫̄⌫, CP violation in B ! Xs+d� and in D–D̄ mixing.
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Fig. 71: Allowed deviations from the SM of some �F = 2 observables in U(2)3 (the pancake shapes) or in
U(3)3/MFV (the thin shapes) at 68% and 95% probability.

The experimental status and progress expected in this sector in the next decade is discussed in
Sections 6.2 for kaon, 6.3 for charm, 6.4 and 6.5 for beauty hadrons, respectively. The resulting exper-
imental program, together with the foreseen reduction on the uncertainties of several QCD parameters,
to near the percent level by lattice QCD in a decade or so, as discussed in Section B.2, can lead, for
example, to a significant shrinkage of the pancake shapes in Figure 71 or to a test, at the 5% level, of
the CKM picture. At the same time, however, it would be wrong to neglect the possibility to reduce the
theoretical uncertainties in other areas, for example involving charm, by a cooperation of precision mea-
surements of several different decay channels, thus orienting the phenomenological/theoretical analyses
of the corresponding physical systems.

Similar considerations can be made in the lepton sector and for EDMs, which are discussed in
Sections 6.6 and 6.7, respectively.

Section 6.8 presents initial thoughts of an eXtreme Flavour eXperiment (XFX) aimed at exploiting
the full luminosity of the HL-LHC to increase the precision on flavour observables by at least one order
of magnitude with respect to the reach of the currently planned facilities.

In summary we can restate what was said at the beginning. The search for the production of new
particles, as expected in BSM at the TeV scale, is a primary task of the next LHC phase. The exploration
of most part of the sensitive region of parameter space in motivated theories is actually likely to take place
in the relatively early stage of the new LHC phase. After that, whatever the findings of this exploration
will be, precision measurements in flavour physics (and not only in flavour physics) will play a leading
role for a sufficiently long period of time. In the light of what has been said above, the potential of a
strong flavour program appears highly significant.

6.2 Kaon Physics
For the past 70 years, experimental studies of kaons have played a singular role in propelling the de-
velopment of the Standard Model. As in other branches of flavour physics, the continuing experimental
interest in the kaon sector derives from the possibility of conducting precision measurements, particularly
of suppressed or rare processes, that may reveal the effects of new physics with mass-scale sensitivity
exceeding that which can be explored directly, e.g., at the LHC, or even at a next-generation hadron
collider. The small number of kaon decay modes and simplicity of the final states, together with the pos-
sibility of producing intense kaon beams, make kaon decay experiments in many ways the quintessential
intensity-frontier experiments.

In the following Sections, we review the areas currently of interest in kaon physics. We then
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overview current experimental programs, and present perspectives on some initiatives for future experi-
ments.

6.2.1 Areas of interest in kaon physics
6.2.1.1 The KSKL system; CP and CPT observables
", �mK

The �S = 2 K0 $ K̄0 transition is a FCNC process that can be used to directly probe the Standard
Model (SM). In particular, the value of ", which parametrizes CP violation in K0 � K

0 mixing, can
be related to the CKM matrix elements, and together with the neutral kaon oscillation frequency �mK ,
provides constraints on new physics. From fits to experimental data on KL and KS decays, |"| =
2.228(11) ⇥ 10�3 [488], while in the SM, |"| = 1.81(28) ⇥ 10�3 [489]. Of the total uncertainty on
the SM value, the part due to the limited knowledge of external parameters accounts for 0.23 ⇥ 10�3,
and should decrease in the future. Uncertainties from higher-order corrections to the charm amplitudes
contribute 0.14 ⇥ 10�3, while the uncertainty arising from the hadronic matrix element B̂K contributes
less than 0.05 ⇥ 10�3. In fact, new lattice results have reduced the uncertainty on B̂K to 1.3% [490]
since the SM evaluation of |"| of Ref. [489], and there are prospects for reducing the uncertainty on B̂K

even further, perhaps to below 0.5%, as discussed in Section B.2. However, even with these improved
calculations of B̂K , the measured value of " will not provide a useful probe of the SM until further
progress can be made on the higher-order corrections for charm. This progress might be obtained on the
lattice, if certain theoretical and technical issues can be kept under control [491].
Re "0/"
The existence of direct CP violation was confirmed and the CKM paradigm for CP violation validated
by the measurement of Re "0/". The average of the final results from NA48 [492] and KTeV [493] gives
Re "0/" = 1.64(19) ⇥ 10�3 [81, 494]. Because of the delicate balance between the amplitudes for the
two isospin contributions, it is difficult to perform a reliable calculation of Re "0/" in the SM. It has
recently become possible to generate lattice ensembles at physical quark masses. Because of this and
other technical advances, it may be possible to evaluate Re "0/" on the lattice to within ⇠20% within
a few years [495]. In principle, the value of Re "0/" is sensitive to new physics in the same manner as
the exceptionally sensitive observable BR(KL ! ⇡0⌫⌫̄) discussed in Section 6.2.1.3. It is unlikely that
the experimental value of Re "0/" will be useful for precision tests in the near term, but it may provide
constraints on some models of NP before precise measurements of BR(KL ! ⇡0⌫⌫̄) become available.
CPT tests
The Bell-Steinberger relation [496] links the value of Re " to Im �, which parameterizes CPT violation,
via a unitarity sum of terms bilinear in the complex amplitudes for KL and KS decays to the same
final state. In the KSKL system, only a few final states give significant contributions to the sum, so the
Bell-Steinberger relation can provide a powerful CPT test. An analysis of this type in the Particle Data
Group review is regularly updated as new measurements become available [488]. At present, the results
of this analysis give the most stringent test of CPT : |mK0 �m

K
0 | < 4⇥ 10�19 GeV at 95% CL. The

dominant uncertainty is from the experimental value of �+�, the phase of the amplitude ratio for KL and
KS decays to ⇡+⇡�. The ⇡+⇡� channel is the largest contribution to the unitarity sum.
T violation
Kaon decays can also be used to probe the violation of T independently of CP or CPT . An example is
the transverse muon polarization in K+ ! ⇡0µ+⌫µ (K+

µ3) decays: finite polarization of the muon along
the axis orthogonal to the decay plane would violate T . In the SM, PT is expected to be on the order of
10�7; spurious effects from final-state interactions may give rise to values of PT < 10�5. The current
experimental limit is from the E246 experiment at KEK: PT < 0.0050 at 90% CL [497]. Time-reversal
violation has been observed in the neutral B meson system [498].

131



6.2.1.2 Precision observables in K`2 and K`3 decays
RK = �(K ! e⌫)/�(K ! µ⌫)
In the SM, K ! `⌫ decays are helicity suppressed, but BSM contributions (such as, e.g., scalar exchange
of an H+) would not be. In the R-parity conserving MSSM, the width for the decay K ! e⌫ may receive
a contribution from lepton-flavour violation in the effective coupling at one loop, leading to the presence
of a ⌫⌧ in the final state [499]. For large tan�, this could result in percent-level changes in the value of
RK . The SM prediction for the ratio, RK = �(K ! e⌫)/�(K ! µ⌫) = 2.477(1) ⇥ 10�5, involves
only radiative corrections and is known to better than 0.04% [500], making RK an interesting observable.
NA62 has obtained the result RK = 2.488(10)⇥ 10�5, i.e., with an uncertainty of 0.4% [501]. Further
progress is possible, although interest in the measurement has declined somewhat due to the failure to
observe other evidence of large-tan� supersymmetry at the LHC.
First-row CKM unitarity tests
The most precise test of CKM unitary comes from the first-row condition V 2

ud + V 2
us + V 2

ub = 1. From
nearly 200 measurements of 0+ ! 0+ nuclear beta decays, Vud = 0.97417(21) [502]. The most precise
measurements of Vus come from kaon decays. K`3 rates give Vus; K`2 and ⇡`2 decays give the ratio
Vus/Vud. Hadronic matrix elements are needed and can be obtained from the lattice: the form factor
f+(0) in the former case, and the ratio of decay constants fK/f⇡ in the latter. After ten years of progress
both in kaon decay measurements [503, 504] and in lattice evaluation of the hadronic quantities [490],
uncertainties on Vus and Vud now contribute about equally to the unitarity sum (V 2

ub is an insignificant
contribution). From experimental data on K`3 decays, Vus f+(0) = 0.2165(4). With the Nf = 2+1+1
lattice16 result f+(0) = 0.9704(32) [505], Vus = 0.2232(9) is obtained. Similarly, from experimental
data on Kµ2 decays, Vus/Vud ⇥ fK/f⇡ = 0.2760(4), which gives Vus/Vud = 0.2312(10) with the
Nf = 2 + 1 + 1 lattice result fK/f⇡ = 1.194(5) [490]. In either case, the dominating uncertainties
are from the lattice constants rather than experiment, but not by much (⇠0.3% vs ⇠0.2% in the case
of K`3). Combining all of the above information with a fit as in [504] gives Vud = 0.97416(21),
Vus = 0.2240(7), and �CKM = V 2

ud + V 2
us + V 2

ub � 1 = �0.0008(5) (�1.6�). The agreement is
somewhat better if Nf = 2 + 1 lattice results are used (�1.0�), but the facade of previously perfect
agreement with unitarity has developed some cracks, particularly for K`3 decays [504]. In the future,
alternative determinations of Vud may become competitive in precision to that from nuclear beta decays.
In particular, the determination of Vud from pion beta decay does not require nuclear-structure dependent
radiative or isospin-breaking corrections. However, the value of Vud from the current best result from
the PIBETA experiment has an uncertainty ten times larger than that from nuclear beta decays [506].
For Vus, the uncertainties on the lattice determinations of f+(0) and fK/f⇡ may be decreased to the
0.1% level within the next decade [507]. If this can be achieved, there will be a demand for BR and
lifetime measurements for KL, KS , and K± with matching precision. New evaluations of the radiative
corrections (and for K±, isospin-breaking effects) will also be needed [508].

6.2.1.3 FCNC decays as clean short-distance probes
Four rare kaon decays provide information on the unitarity triangle, as illustrated in Fig. 72. These are
flavour-changing neutral current processes that probe the s ! d⌫⌫̄ or s ! d`+`� transitions. They are
highly GIM suppressed and their Standard Model rates are very small. Complications from long-distance
physics affect the modes unevenly. The K ! ⇡⌫⌫̄ decays are the least affected and therefore provide
the cleanest probes of short-distance physics in the kaon sector.
KL ! ⇡0⌫⌫̄ and K+ ! ⇡+⌫⌫̄

The K ! ⇡⌫⌫̄ decays probe the s ! d⌫⌫̄ transition via the Z-penguin and box diagrams shown
16 As discussed in Section B.2, an important aspect of lattice simulations is the number of dynamical quark flavours. N

f

=
2+1 simulations include virtual quark loops for degenerate up and down quarks and for strange quarks, while N

f

= 2+1+1
simulations also include charm quarks.
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Fig. 72: Determination of the unitarity triangle with rare kaon decays.

in Figure 73. For several reasons, the SM calculation for their branching ratios (BRs) is particularly clean

Fig. 73: Diagrams contributing to the process K ! ⇡⌫⌫̄.

(see [509] for a recent review):

– The loop amplitudes are dominated by the top-quark contributions. The neutral decay violates
CP ; its amplitude involves the top-quark contribution only. In fact, BR(KL ! ⇡0⌫⌫̄) gives a
direct measurement of the height (and therefore twice the area, J) of the unitarity triangle. Small
corrections to the amplitudes from the lighter quarks come into play for the charged channel.

– The hadronic matrix elements for these decays can be obtained from the precise experimental
measurement of the Ke3 rate.

– There are no long-distance contributions from processes with intermediate photons. This point in
particular distinguishes the K ! ⇡⌫⌫̄ decays from the other modes appearing in Fig. 72.

In the SM [510],

BR(KL ! ⇡0⌫⌫̄) = 2.43(0.39)(0.06)⇥ 10�11; (41)

BR(K+ ! ⇡+⌫⌫̄) = 7.81(0.75)(0.29)⇥ 10�11. (42)

The uncertainties listed first derive from the input parameters. The smaller uncertainties listed second
demonstrate the size of the intrinsic theoretical uncertainties. Because of the corrections from lighter-
quark contributions, these are slightly larger for the charged channel.

Because the SM rates are small and predicted very precisely, the BRs for these decays are sensitive
probes for new physics. In evaluating the rates for the different FCNC kaon decays, the different terms of
the operator product expansion are differently sensitive to modifications from a given new-physics sce-
nario. If BR(KL ! ⇡0⌫⌫̄) and BR(K+ ! ⇡+⌫⌫̄) are ultimately both measured, and one or both BRs is
found to differ from its SM value, it may be possible to characterize the physical mechanism responsible,
e.g., a mechanism with minimal flavour violation [511], manifestations of supersymmetry [512], a fourth
generation of fermions [513], a realization of Higgs compositeness by spontaneous symmetry breaking,
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as in the littlest Higgs model [514], or an extra-dimensional mechanism such as in the Randall-Sundrum
model [515].

BR(KL ! ⇡0⌫⌫̄) has never been measured. BR(K+ ! ⇡+⌫⌫̄) was measured by Brookha-
ven experiment E787 and its successor, E949. The combined result from the two generations of the
experiment, obtained with seven candidate events, is BR(K+ ! ⇡+⌫⌫̄) = 1.73+1.15

�1.05 ⇥ 10�10 [516].
KL ! ⇡0`+`�

Like KL ! ⇡0⌫⌫̄, the short-distance part of this decay gives information on |V ⇤
tsVtd| and thus measures

the height of the unitarity triangle. To the extent that there is little constraint on the CP-violating phase
of the s ! d`+`� transition, measurement of the KL ! ⇡0`+`� BRs may reveal the effects of new
physics [517]. However, there are long-distance contributions of the same order of magnitude as the
short-distance component. First, there is an indirect-CP-violating contribution of the type KL ! KS !
⇡+`+`�, the magnitude of which can be obtained from the measured BR for the corresponding KS

decay. Second, for KL ! ⇡0µ+µ�, there is a CP-conserving long-distance contribution mediated by
KL ! ⇡0�� (this is helicity suppressed for the e+e� mode). In the SM, BR(KL ! ⇡0e+e�) =
3.2(+8

�9)⇥ 10�11 and BR(KL ! ⇡0µ+µ�) = 1.29(24)⇥ 10�11 [518]. The best experimental limits are
from KTeV: BR(KL ! ⇡0e+e�) < 28 ⇥ 10�11 [519] and BR(KL ! ⇡0µ+µ�) < 38 ⇥ 10�11 [520]
at 90% CL.

The indirect-CP-violating contribution to the total width for either decay is of the same order as
the short-distance contribution, so significant progress on the BR measurements for KS ! ⇡0e+e� and
KS ! ⇡0µ+µ� is required. Both have been measured by NA48 [521, 522]. For µ+µ�, NA48 has
BR = (2.9+1.5

�1.2 ± 0.2) ⇥ 10�9; for e+e� there are complications from photon-conversion background
from KS ! ⇡0⇡0, but the level of precision is similar to that for µ+µ�. The physics of the decay
K+ ! ⇡+`+`� is similar to that for KS ! ⇡0`+`�. For the K+ decay, interference with the long-
distance amplitude from K+ ! ⇡+�⇤ leads to a CP -violating charge asymmetry for the e+e� channel,
but the rate asymmetry in the SM is too small to be observed [523].
KL ! µ+µ�

Of the FCNC processes discussed here, KL ! µ+µ� is the one for which experimental knowledge of
the BR is most precise, but for which the SM calculation of the decay rate is most severely affected
by complications from long-distance physics [524, 525]. The dispersive short-distance amplitude arises
from processes analogous to the diagrams in Fig. 73, where the top-quark contribution is dominant and
there are small QCD corrections. There is also a dispersive long-distance contribution from KL !
�⇤�⇤, which is the dominant source of theoretical uncertainty. The long- and short-distance dispersive
amplitudes destructively interfere, and the vast majority of the width is from the absorptive amplitude
arising from KL ! �� (with real photons). Experimentally, BR(KL ! µ+µ�) = 6.84(11) ⇥ 10�9

[526], but this leads to only weak constraints on the short-distance component and hence ⇢.
In the case of KS ! µ+µ�, the short distance component is absorptive, while the dispersive long-

distance amplitude is determined unambiguously at lowest order in the chiral expansion. In the SM,
BR(KS ! µ+µ�) = (5.1± 0.2)⇥ 10�12 [527]; about one-third of this is from the short-distance com-
ponent. Since the CP -violating phase of the s ! d`+`� transition is poorly determined, there is room
for new physics to manifest itself in an unexpectedly high value of BR(KS ! µ+µ�). Contributions
to the BR of up to an order of magnitude above the SM expectation are allowed, while enhancements to
BR values above 10�10 are less likely [528]. In addition, limits on BR(KS ! µ+µ�) at the level of
10�11 would help to discriminate among new physics scenarios, if measurements of other modes were
to indicate an enhancement of the amplitude for the s! d`+`� transition [528]. The limit from LHCb,
BR(KS ! µ+µ�) < 9 ⇥ 10�9 at 90% CL [529], which improves upon the previous limit by a factor
30, demonstrates the potential of collider experiments in this field. About 1013 KS mesons are produced
per fb�1 at the LHC (see Section 6.2.3.2), so a future flavour experiment exploiting the full luminosity
of the HL-LHC (see Section 6.8) would have potential sensitivity to new physics in this channel.
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6.2.1.4 Kaon decays with explicit lepton flavour or number violation
Many SM extensions introduce new interactions that may give rise to violation of lepton flavour and/or
number conservation in specific processes. Experiments with neutral kaons have reached sensitivities to
LFNV branching ratios as low as 10�12, which, by simple dimensional arguments, can provide access
to mass scales upwards of 100 TeV in the search for new physics at tree level (e.g., a new gauge boson
mediating the tree-level s ! dµe transition) [530], while limits from experiments with charged kaons
are generally about an order of magnitude higher. Precisely because the results from searches for LFNV
kaon decays up through the ’90s posed such stringent constraints on models such as technicolor, for
the past decade or so, it appears to have been tacitly assumed that it would be difficult to make any
further progress with kaon decays [531]. However, interest in searches for LFNV in charged lepton
decays has remained robust, as witness the interest in experiments such as MEG and Mu2e as well as
in searches for ⌧ ! µ�, for example, at next-generation flavour factories [532]. In this context, next-
generation rare kaon decay experiments represent opportunities to push down the limits on decays such
as KS,L ! (⇡0)µe (LFV), K+ ! ⇡+µ±e⌥ (LFV), K+ ! ⇡�`+`+ (LNV), and K+ ! ⇡�µ+e+

(LFNV).

6.2.1.5 Searches for heavy neutral leptons and secluded-gauge bosons
Searches for heavy neutral leptons [533] and secluded-gauge bosons [534] require experiments featuring
intense beams and exclusive reconstruction of the decay products with high-efficiency particle identifica-
tion. These features are shared with experiments to search for rare kaon decays. Heavy neutral leptons of
mass up to mK may be observed directly in rare kaon decay experiments, either by exclusive reconstruc-
tion of the decays of these particles, or by the missing momentum they carry, e.g., as small peaks in the
tails of the missing-mass distribution for K ! µ⌫ decays. Secluded-gauge bosons can be searched for
exclusively, among the decays of kaons to final states with `+`� pairs, or inclusively, for decay channels
with an unreconstructed photon (virtual or real). It should be noted in this regard that rare K+ experi-
ments observe copious quantities of tagged ⇡0 decays, which are ideal for use in the search for a light
secluded-gauge boson.

Heavy neutral leptons and secluded-gauge bosons are discussed in Secs. 5.4.2 and 5.4.3, respec-
tively. Although these are not strictly speaking topics of interest in kaon physics, it should be kept in
mind that some rare kaon decay experiments may be able to perform sensitive searches in these areas
while carrying out their main programs.

6.2.2 Tests of chiral perturbation theory
Chiral perturbation theory (ChPT) [535, 536] is the effective theory of the Standard Model at the pion
and kaon mass scales, so naturally, there has been a close interplay in the kaon sector between advances
in experiment and the development of ChPT. There is an active ChPT community for which new mea-
surements, such as of the branching ratios and form factors for K`4, K`3, and radiative decays such as
Kµ3� , K⇡2� , and K ! ⇡��, provide valuable tests of ChPT, as well as inputs needed to refine the theory
further [509]. Virtually all of the experiments discussed here can perform important tests of ChPT as a
by-product of the programs for which they were designed.

6.2.3 Experimental programs: Present and near-future
6.2.3.1 KLOE-2
KLOE-2 continues the experimental program of the KLOE experiment at DA�NE, the Frascati � factory.
The KLOE experiment was based on the abundant production of � mesons in e+e� collisions at

p
s =

m�. More than 80% of the time, the � decays into a KK̄ pair (K+K� or KSKL) in a well-defined
quantum state with JPC = 1��. As a result, the observation of a KS can be used to tag the presence
of a KL and vice versa; the same is true of K+ and K� decays. This is particularly useful for the
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precision measurement of the principal charged and neutral kaon branching ratios. Moreover, because
for KSKL events, the KS and KL are produced in a coherent quantum state, interference patterns can
be observed in the differential decay-time distribution, allowing various phase differences and amplitude
ratios that describe the KSKL system to be measured. These measurements additionally provide tests of
the persistence of quantum coherence that can probe the basic tenets of quantum mechanics [537].

Due to issues with DA�NE performance, all KLOE-2 activity to date in the kaon sector has
focused on completing the analysis of the original KLOE data set. Upgrades to the KLOE detector
recently completed include a new GEM-based inner tracker and new small-angle calorimeters. If the
machine performance issues can be addressed, KLOE-2 should be able to obtain original results within
the next three years.

6.2.3.2 LHCb
While it may seem surprising to find LHCb among the list of kaon experiments, the new limit from
LHCb for KS ! µ+µ�, BR < 9 ⇥ 10�9 at 90% CL [529], evinces the potential of LHCb to compete
with dedicated kaon experiments, at least for the measurement of rare KS decays, in particular those
with µµ pairs. Only 1/3 of the available data has been analyzed, so this limit could be further decreased.
Moreover, estimates of the potential sensitivity after the LHCb upgrade taking into account the uncer-
tainty on the background estimate indicate that a limit in the 10�10 range could be obtained. Of the
other KS decays with dimuons that LHCb might be able to measure, KS ! ⇡0µ+µ� is particularly
interesting because of its importance in the understanding of KL ! ⇡0µ+µ�. Reconstruction of the ⇡0

is challenging for LHCb, but studies indicate that a few events may be found in the 3 fb�1 collected so
far. A measurement may be possible with Run 2 data, or in any event, after the upgrade [538].

Estimated SM BRs for the decays KS ! 4e, KS ! eeµµ, and KS ! 4µ are at the levels
of 10�10, 10�11, and 10�14, respectively [539]. LHCb may be able to observe the first two decays.
Measurement of these BRs could help in the evaluation of the long-distance contributions to KL ! µµ.

LHCb may also be able to use K+ decays to ⇡+µ+µ� final states with displaced vertices to search
for secluded-gauge bosons (µ+µ� displaced) or heavy neutral leptons (⇡+µ� displaced).

Other kaon physics topics that might be addressed with LHCb at an upgraded LHC with L > 1034

cm�2s�1 are discussed in Section 6.8.2.4.

6.2.3.3 NA62
The NA62 experiment at the CERN SPS will measure BR(K+ ! ⇡+⌫⌫̄) with a precision of about 10%
during the next few years. NA62 is the only experiment (planned, proposed, or running) pursuing this
measurement.

Observation of ⇠100 signal events will require a sample of 1013 K+ decays within the geomet-
rical acceptance of the experiment, for which the signal detection efficiency must be at least 10%. An
overall background rejection factor of 1012 is required against abundant decays such as K+ ! µ+⌫ and
K+ ! ⇡+⇡0 (together representing about 84% of the total K+ width). The experiment makes use of a
75-GeV unseparated positive secondary beam with a total rate of 750 MHz, of which about 6% is K+s.
About 10% of these decay in the fiducial volume of the experiment. The experimental signature is a K+

coming into the experiment and decaying to a ⇡+, with no other particles present. Precise reconstruction
of the primary and secondary tracks allows the abundant two-body decays to be rejected on the basis of
the missing mass. The remainder of the experiment’s rejection power (in particular, for decays without
closed kinematics) must come from redundant particle identification systems and highly-efficient, her-
metic photon veto detectors. The NA62 apparatus, schematically illustrated in Fig. 74, was designed
around these principles.

NA62’s first run started in October 2014. The detector has been fully commissioned and is ready
to take data in 2015. With 200 days of data taking at 50% uptime during the period 2015–2017 and a
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Fig. 74: Schematic diagram of the NA62 experiment.

signal acceptance of about 10%, NA62 will collect a sample of 1013 K+ decays in the FV, containing
about 100 K+ ! ⇡+⌫⌫̄ events.

The same characteristics necessary for NA62’s measurement of BR(K+ ! ⇡+⌫⌫̄) allow explo-
ration of a wide variety of topics in kaon physics, among which the following.
RK In 2007, the nascent NA62 collaboration used a subset of detectors from the unmodified NA48/2

experiment to measure RK [501]. With the precision tracking and redundant particle identification
of the new NA62 detector, as well as the abundant statistics of the expected data set, the uncertainty
on RK can be reduced from the present 0.4%, perhaps to 0.2%.

Measurements related to Vus NA48/2 has presented preliminary results on K+
e3 and K+

µ3 form-factor
parameters that are of higher precision than any other published measurements [540]. NA62 should
be able to improve on the NA48/2 results. NA62 could also provide precise new measurements of
the dominant BRs for K+ decays, providing new direct inputs for the evaluation of Vus.

Tests of chiral perturbation theory NA48/2 and NA62 (in the preliminary RK phase) have performed
various measurements that provide tests of ChPT, including kinematic distributions and BRs for
Ke4 [541] and K+ ! ⇡+�� [542, 543] decays. This slate of measurements will be extended and
improved when NA62 becomes fully operational with the new detector.

Decays violating lepton flavour or number Preliminary estimates of NA62’s single-event sensitivities17

(SES) for K+ decays to states such as ⇡+µ±e⌥ (LFV), ⇡�µ+e+ (LFNV), and ⇡�e+e+ or ⇡�µ+µ+

(LNV) give results at the level of 10�12 [544].

Rare ⇡0 decays The NA62 kaon data set will contain 2 ⇥ 1012 ⇡0 decays from K ! ⇡⇡0 (BR =
21%). The SES will be at the level of 10�11 for LFV ⇡0 decays such as ⇡0 ! µ±e⌥. Besides
the LFV processes, rare or forbidden ⇡0 decays to which NA62 has potential sensitivity include
⇡0 ! 3�, ⇡0 ! 4�, and ⇡0 ! e+e�e+e�. NA62 would have the potential to set a limit
on BR(⇡0 ! invisible) at the level of ⇠10�9, which is about 100 times better than present
limits [545].

Heavy neutral leptons NA62 can perform exclusive searches [546] for heavy neutral leptons N decay-
ing to channels such as e⇡ or µ⇡, where the Ns are produced either at the target in K or D decays,
as in the proposed SHiP experiment [547], or in K decays along the first 100 m of the beamline.
The latter possibility is unique to NA62. With 5 years of data at the nominal beam intensity, NA62
could confirm and extend existing limits [548] for Ns from K decays, and for mK < mN < mD,

17Single-event sensitivity is defined as the reciprocal of the number of decays in an experiment’s acceptance. It is the BR for
which a single detected event would be expected in the absence of background.
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begin to probe values of the N ’s coupling to the active neutrinos that lie in the range expected from
observations of the baryon asymmetry of the universe [549].

Secluded gauge bosons ⇡0 ! e+e�� decays can be used to search for a secluded-sector vector bo-
son (“dark photon”, or U -boson). A U boson with a mass of less than m⇡0/2 might be directly
observable in ⇡0 ! U� decays with U ! e+e� [550]

6.2.3.4 KOTO
The KOTO experiment at J-PARC is the only experiment (planned, proposed, or running) to pursue
the measurement of the decay KL ! ⇡0⌫⌫̄. KOTO continues in the tradition of the KEK experiment
E391a in technique. The primary challenge is the rejection of background from the decay KL ! ⇡0⇡0

in which two photons are lost. The salient features of KOTO are the use of a highly collimated, low-
energy “pencil” beam and very high performance hermetic calorimetry and photon vetoing. KLs in the
secondary beam have a mean momentum of 2.1 GeV, so the KOTO experiment is much more compact
than NA62: the decay chamber is 2 m in diameter and 5.5 m long. A schematic of the experiment is
shown in Fig. 75.

Fig. 75: Schematic diagram of the KOTO experiment.

The design intensity for the primary beam is 2 ⇥ 1014 p per 3.3 s spill, or 300 kW. In three years
of data taking at the design intensity (with 107 s/yr), KOTO’s SES is 8 ⇥ 10�12, corresponding to 3.5
SM events. The expected S/B ratio is 1.4, with the dominant background from KL ! ⇡0⇡0 decays.
With these parameters, KOTO would stand a good chance of being the first experiment to observe the
KL ! ⇡0⌫⌫̄ decay.

The experiment started taking data in May 2013 with a beam power of 25 kW, corresponding to
10% of the design intensity, but was halted due to a radiation accident in the J-PARC Hadron Hall after
about 100 hours of running. Preliminary results from the 100-hour run were presented in September
2014 [551]. An SES of 1.3 ⇥ 10�8 was reached. Signal candidates are defined by cuts on the FV (a
1.7-m region in z) and p?(⇡0) (the “⇡0” from KL ! ⇡0⇡0 events with two lost photons, for which the
photons may be incorrectly paired, is reconstructed with p? < 150 MeV). One event was observed in the
signal box, against an expected background of 0.36 ± 0.16 events. Data taking is expected to resume in
2015 at a beam power of 25 kW. There is an upgrade path to increase the beam power to 100 kW over the
course of the next few years. This is still considerably less than the original design intensity of 300 kW.
On the other hand, the KL component of the beam has been measured to be larger than expected by a
factor of 2.4, so there are prospects for approaching the planned sensitivity of the experiment.
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6.2.3.5 TREK
The TREK (E06) experiment at J-PARC is based on the upgrade of the E246 detector, which was used
at KEK in the ’90s to study T -violating muon polarization in Kµ3 decay [497]. The main goal of the
experiment is to extend limits on PT to 10�4 or below, with potential sensitivity to new physics. 270
kW of primary beam power (at 30 GeV) is required to produce the 2 MHz of K+ necessary for the
measurement. Since beam power of 100 kW or greater is not expected to become available at J-PARC
until 2018 or later, in early-stage running as the E36 experiment, the TREK upgrades will be put to
use for the precision measurement of RK , with an overall uncertainty of 0.25% [552]. E36 will also
perform an inclusive search for K+ ! µ+N decays, where N is a heavy neutrino, as well as a search
for secluded gauge bosons, by examining the e+e� invariant mass spectra in K+ ! µ+⌫e+e� decays.
These aspects of the E36 physics program can be carried out with the beam power expected in 2015.

6.2.4 Experimental programs: Longer-term future
6.2.4.1 J-PARC
The KOTO experiment was proposed as a continuation of the experimental program of E391a, and the
intention to upgrade KOTO to perform a 100-event measurement of BR(KL ! ⇡0⌫⌫̄) was part of the
multigenerational program set forth in the original proposal [553]. The basic elements of the Step-2
upgrade are as follows [554]:

– An increase in the primary intensity to 3⇥ 1014 p per spill (beam power ⇠450 kW).
– A new neutral beamline at 5� instead of 16�, with the mean KL momentum increased to 5.2 GeV.

The harder KL spectrum makes for easier photon vetoing. The beamline must be lengthened to
allow hyperons to decay before reaching the experiment.

– Lengthening of the vacuum tank from ⇠6 m to 15 m to provide lengthening of the FV from 2 m
to 11 m. The diameter of the vacuum tank and of the CsI calorimeter will also be increased from
2 m to 3 m.

Studies performed for the original proposal indicated that these upgrades could allow the experiment to
collect more than 100 events in three years of data taking (at 107 s/yr) with S/B ⇠ 5. The upgrade is
ambitious, in the sense that the detector must be almost entirely rebuilt; extension of the J-PARC Hadron
Hall will also be necessary to house the upgraded experiment. Ultimately, the primary beam intensity
may prove to be a significant limitation: it is expected to be difficult to increase the beam power beyond
100 kW. At 100 kW, the Step-2 sensitivity would be 10 SM events per 107-s year.

The KOTO Collaboration intends to gain experience with the Step-1 experiment before making a
formal proposal. If Step-2 construction were to begin in 2020, the experiment could be taking data by
2025, but this is merely a statement of possibility, not a schedule.

6.2.4.2 CERN
The schedule for fixed-target running at the SPS depends on the LHC schedule, Fixed-target runs cor-
responding to LHC runs 2, 3, and 4 are thus foreseen for the periods from fall 2014 to mid 2018, from
early 2020 to the end of 2023, and from early 2025 to the end of 2028.

NA62 has just started to take data, and although its initial request was for 200 days of data taking,
it seems likely that the experiment will run throughout Run 2. In terms of a standard data-taking year of
107 s, NA62’s sensitivity is about 100 SM events per year. Especially if the sensitivity of the experiment
were to be upgraded by a small factor (2–3), additional running in Run 3 could make possible a 5%
measurement of BR(K+ ! ⇡+⌫⌫̄). If that can be accomplished, interest will likely shift to the KL

decay, for which prospects for even a 10% measurement are considerably less certain.
A subset of the Italian NA62 groups have obtained a PRIN grant to conduct feasibility studies for

an experiment based on the NA62 infrastructure to measure BR(KL ! ⇡0⌫⌫̄) (KLEVER, PRIN call
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2010-2011). In contrast to KOTO, this experiment would use a high-energy beam. This makes photon
vetoing significantly easier, but increases considerably the size of the detector, and in particular, the
volume to be covered with photon vetoes.

The possibility of a neutral beam at NA62 was foreseen in the Technical Design Document [555].
A neutral beam extracted at 2.4 mrad (to reduce the neutron flux) would have a mean momentum of 97
GeV, with full width at half maximum spanning the range 40–140 GeV. However, a substantial increase
in the primary beam intensity would be required. The PRIN studies assume an increase from the current
3⇥ 1012 to to 2.4⇥ 1013 p per 16.8 s spill, providing 3⇥ 1012 KL decays per year in the FV.

The baseline design for the KL ! ⇡0⌫⌫̄ experiment uses roughly the same vacuum tank layout as
NA62. The FV starts about 100 m downstream of the target to allow short-lived components of the beam
to decay and is about 60 m long, since 80 m between the edge of the FV and the LKr calorimeter are
helpful for background rejection. The FV acceptance is 2.7%. The 140-m long vacuum tank is lined by
26 new, ring-shaped photon veto stations which provide hermetic coverage out to 100 mrad for photons
with energies down to 20 MeV. The existing lead-glass NA62 large-angle vetoes do not have sufficiently
high efficiency for photons with E < 100 MeV for use in a KL experiment, but scintillator/tile detectors
can provide the needed sensitivity [556]. The NA48 LKr calorimeter is used both to reconstruct ⇡0s and
to reject events with extra photons; its efficiency for the detection of photons with E > 1 GeV appears to
be sufficient. High-energy photons escaping down the beamline are intercepted by a new in-beam veto
(IBV), which must have excellent timing resolution and be relatively insensitive to hadronic interactions,
since the beam consists of ⇠800 MHz of neutrons. In order for this detector to work at all, upstream
filters made of a high-Z material must also reduce the ⇠2000 MHz of beam photons from the primary
interaction by an order of magnitude or more. Charged-particle vetoes will be needed but have yet to be
incorporated into the design.

The sensitivity estimates for the baseline experiment are preliminary. In particular, the only back-
ground source to have been seriously studied yet is KL ! ⇡0⇡0. Signal candidates are defined as having
two hits on the LKr and no activity elsewhere in the detector, with the z-coordinate of the ⇡0 decay vertex
reconstructed in the FV and p?(⇡0) < 100 MeV. At the beam intensity assumed, the experiment could
collect 10 SM signal events per data-taking year of 107 s, with a S/B ⇠ 1. This sensitivity is about the
same as for KOTO Step 2 at a beam power of 100 kW, although the background rejection needs further
improvement. However, for the long development time and significant costs of the project to be justified,
it would be desirable to have a sensitivity of at least 30 SM events/year, which would allow for a true
100-event measurement. A variety of modifications to the baseline experiment to increase the sensitivity
are under study, including varying the beam energy and solid angle acceptance and the dimensions of the
fiducial volume and replacing the NA48 LKr calorimeter with a larger device that is more efficient for
low energy photons (E ⇠ 1 GeV).

The most pressing limitation is from the beam intensity. To handle the assumed intensity of 2.4⇥
1013 p spill, major infrastructural upgrades to the primary beamline and cavern would be required; these
upgrades may turn out to be impractical for the existing cavern. However, preliminary design studies and
cost estimates for a high-intensity fixed target infrastructure for the SHiP experiment have been carried
out by the CERN EN division [557]. A flux of 4 ⇥ 1019 p on target per year could be delivered at this
facility, which is 4 times greater than the assumed flux for the PRIN project. Although the cost of such a
facility would be high (CHF 113M), the project demonstrates what fluxes can be obtained in the North
Area without upgrades to the PS-SPS complex. A next-generation KL experiment could be envisioned
as a centerpiece of a new high-intensity North Area facility.

While a KL ! ⇡0⌫⌫̄ experiment would require substantial modifications to the basic layout of
the NA62 experiment, measurements of the BRs for the KL ! ⇡0`+`� decays might be attempted with
relatively minor modifications to the existing NA62 apparatus. Some beamline elements, as well as the
CEDAR and Gigatracker detectors, would have to be removed, and other detectors, such as the straw
chambers and RICH would have to be modified to allow the neutral beam to pass without interception.
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Simulations to assess the sensitivity and background levels are underway as part of the PRIN project.
In the meantime, studies performed for NA48 [558] can be extrapolated on the basis of the KL flux
assumed. The results seem initially to be discouraging, with a few counts in each channel, ⇡0e+e�

and ⇡0µ+µ�, and predicted backgrounds several times more abundant than the signal, with a significant
complication for the KL ! ⇡0e+e� channel from background from KL ! e+e��� events (BR ⇠
10�7) [559]. However, these results do not account for improvements to the NA48 apparatus made for
NA62. Moreover, they are based on a simple cut-and-count analysis, whereas gains are expected from
kinematic fitting and other more refined analysis techniques. In any event, design and construction of a
KL ! ⇡0⌫⌫̄ experiment would take many years and require realistic testing of critical elements such
as the in-beam veto detector. As such, a KL ! ⇡0⌫⌫̄ experiment would likely run in Run 4. Run 3
data-taking with a neutral beam and a minimally modified NA62 apparatus would push down the limits
on the BRs for the KL ! ⇡0`+`� decays, and as well would provide a platform for detector R&D for the
KL ! ⇡0⌫⌫̄ measurement. Significant progress might also be made in the neutral-channel analogues for
many of the secondary topics in NA62’s physics program discussed above, and in particular, in searches
for heavy neutral leptons and KL decays with explicit LFV.

6.3 Charm physics
6.3.1 Introduction
The charm quark is the only up-type quark whose hadronization and subsequent weak decay can be
studied. Charm physics offers the unique possibility to probe for new physics in the up-type quark sector
and extends the search to an energy scale that goes beyond the LHC center-of-mass (CM) energy. The
study of charm physics provides other interesting opportunities, such as the test of non-perturbative QCD
and lattice QCD calculations and the study quarkonia and exotic states. It is also part of a wider flavour
physics program that requires precision measurements of charm decays, as for example the measurement
of the CKM angle � in B± ! DK± decays.

The discovery potential of charm physics has been discussed in a dedicated a workshop organized
in Milano [560]. Three main topics were identified as the most relevant for new physics searches:

1. D0�D
0 oscillations and CP violation in mixing: The relatively high rate of D0�D

0 oscillations
is intriguing and could be due to Standard Model (SM) or to new physics, though theoretical
calculations are affected by large uncertainties. Evidence of CP violation in mixing would be a
clear signature of new physics.

2. CP violation in the decay: CP violation in �C = 1 transitions is expected to be small, at most
at the level of O(VubV ⇤

cb/VusV ⇤
cs) ⇠ 10�3 in the SM. A CP -violating signal in excess of this

prediction can provide a smoking gun signature of new physics.
3. Rare decays: FCNC transitions directly probe new physics models. SM contributions are small

but long distance effects are usually dominant. The decay D0 ! µ+µ� is a very useful probe of
new physics, provided that the long distance contribution mediated by D0 ! �� is experimentally
determined. Among the charm rare decays we can include also the B+

c meson, the lightest particle
with two heavy quarks of different flavour.

The experimental facilities that have contributed (and continue to do so) to the study of charm physics can
be divided in three main categories. The first is represented by the fixed target experiments at Fermilab,
such as E687, E791 and FOCUS that pioneered the study of charm decays. Second are the experiments
at e+e� colliders such as CLEO, BaBar and Belle running at the ⌥(4S) resonance peak, where the
charm signal is produced from the e+e� ! cc̄ reactions, and CLEO-c and BES-III running on and
near the  (3770) peak. The first evidence of D0 �D

0 oscillations was obtained in 2007 by BaBar and
Belle [561, 562], and a wide range of CP violation measurements were accomplished. In this category,
CLEO-c and BESIII experiments are notable since running mostly at the  (3770) resonance peak can
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exploit the coherent production of D0 � D
0 pairs. In this case the environment is very clean with no

additional fragmentation particles produced. The third category can be identified by the experiments
at hadron colliders such as CDF at the Tevatron and LHCb at the LHC, where large charm production
cross-sections and efficient triggers give rise to enormous statistics. LHCb has recently produced the
world best measurements for D0 �D

0 mixing and CP violation [563, 564].
Intense experimental activity in the charm sector is foreseen for the future. In 2017 the BelleII

experiment will start the data taking and is expected to accumulate a data sample corresponding to an
integrated luminosity of 50 ab�1 at the CM energy of 10.58 GeV, corresponding to about 40 times
the statistics of the current B-factory dataset. The LHCb upgrade is foreseen in 2018 and will accu-
mulate an integrated luminosity of 50fb�1 in 10 years of data taking at a CM energy of 14 TeV, with
improved trigger efficiency and twice the cross-section with respect to the run at 7 TeV. Recently, an
interesting proposal for an High Intensity Electron Positron Accelerator (HIEPA) to be built in China
was advanced [565]. The facility would operate mainly at the CM energy of 4 GeV for charm and ⌧
physics, providing a peak luminosity of 1035 cm�2s�1 and aiming to collect a data sample of 1 ab�1. In
addition, a new fixed-target experiment (SHiP) at the CERN SPS accelerator has been proposed and will
use decays of charm mesons to search for heavy neutral leptons which are right-handed partners of the
SM neutrinos [430].

6.3.2 D0 � D
0 oscillations and CP violation in mixing

Flavour-changing neutral currents (FCNC) are much suppressed in the SM due to a very effective
Glashow-Iliopoulos-Maiani (GIM) mechanism for charm. However, a relatively large D0 � D

0 mix-
ing has been observed experimentally and the mixing parameters

x =
m1 �m2

�
, y =

�1 � �2

2�
, (43)

have been determined to be x = (0.41+0.14
�0.15)% and y = (0.63+0.07

�0.08)% [566], where m1,2 and �1,2 are the
masses and the widths of the Hamiltonian eigenstates, respectively, and � = (�1 +�2)/2. This is a quite
intriguing result that could be explained by the SM long-distance contributions or by new physics effects.
However long-distance contributions cannot be reliably computed at present, therefore SM predictions
for x and y are poorly known. Conversely, CP violation in the SM is expected to be well below the
future experimental sensitivity, so evidence for CP violation would point to New Physics. In Fig. 76
are reported the average results for mixing (x, y) and CP violation parameters (|q/p|, arg(q/p) = ')
obtained from the combination of the relevant experimental measurements [566]. From the relation that
holds between the mixing and CP violation parameters [567, 568],

tan' =
1� |q/p|2

(1 + |q/p|2)
x

y
⇠ (1� |q/p|)x

y
, (44)

and from the experimental results, i.e. x/y = O(1), we should expect 1 � |q/p| ⇠ '. As shown in
Fig. 70, a general analysis of �F = 2 processes in the case of strongly-coupled new physics with no
flavour suppression, demonstrates that the experimental results from the neutral D meson system provide
the best limits on the scale of new physics after the kaon system.

In Table 15, the expected sensitivites for the measurements of mixing and CP violation parameters
at LHCb and BelleII are compared with present results in the golden channels D0 ! K0

S⇡
+⇡�, D0 !

K+K�,⇡+⇡� and D0 ! K+⇡� wrong-sign decays. The estimates of the sensitivities for the D0 !
K0

S⇡
+⇡� decay assume a precise knowledge of the Dalitz plot amplitudes, or a model-independent

approach [569], in order to avoid amplitude-dependent systematic uncertainties. The analysis of BESIII
data would provide crucial information on the relative amplitudes and phases A(D

0 ! f)/A(D0 !
f) = �re�i�

f between D0 and D
0, by exploiting the coherent production of D0 �D

0 pairs [570]. The
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Fig. 76: Global fit results for D0�D
0

mixing with CP violation allowed: (left) contour plot for 1-5 � regions for
x and y mixing parameters; (right) contour plot for 1-5 � regions for |q/p| and arg (q/p) CP violation parameters.

mixing parameter yCP and the CP violation parameter A� can be measured from the lifetime ratio of
the CP -even decays D0 ! h+h� (h = K,⇡) with respect to the CP -mixed state D0 ! K+⇡�, and
from the lifetime difference of D0 ! h+h� and D

0 ! h+h� decays, respectively. The time-dependent
analysis of wrong-sign D0 ! K+⇡� decays allows the measurement of the mixing parameters x02, y0

and the CP violation parameters |q/p|, AD and '. In particular AD is sensitive to CP violation in the
decay while |q/p| and ' are sensitive to CP violation in mixing.

6.3.3 CP violation in decay
In general CP violation in charm decays is very small in the SM allowing for a significant null test of the
theory. However, asymmetries at a few times 10�3 within the SM cannot be excluded according to recent
calculations. In any case, at the level of few 10�4, one hits the largely uncalculable SM suppressed am-
plitudes which spoil the potential sensitivity to new contributions in strong penguin and chromomagnetic
dipole operators [571].

Nevertheless, it is important to search for CP violation in many decay modes since this may allow
for data-driven methods to estimate the SM uncertainty, such as SU(3)-flavour analyses [572]. Some
examples of interesting decay modes to study are D+ ! ⇡+⇡0 (no CP violation is expected in the
SM), D0 ! K0

SK0
S (possible CP violation enhancement due to the suppressed production rate), D0 !

V � (possible enhanced CP violation effects related to gluonic penguin contributions). In addition, the
study of 3-body and 4-body decays allows localised CP violation in different regions of phase space to
be probed. This approach enhances the sensitivity due to several interfering amplitudes with different
relative strong phases contributing to the decay. In 4-body decays it is relevant to note that the search for
CP violation using T -odd correlations, e.g. defined as the triple product of final state particle momenta
C± = sign[p1 · (p2 ⇥ p3)], is characterised by a different sensitivity to CP violation with respect to the
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Analysis Obs. LHCb (3 fb�1) LHCb (50 fb�1) Belle (1 ab�1) BelleII (50 ab�1)
K0

S⇡
+⇡� x 2⇥ 10�3 4⇥ 10�4 1.9⇥ 10�3 8⇥ 10�4

y 2⇥ 10�3 4⇥ 10�4 1.5⇥ 10�3 5⇥ 10�4

|q/p| 0.2 0.04 0.16 0.06
' 15� 3� 11� 4�

K+K�, yCP 3⇥ 10�4 2⇥ 10�5 2.2⇥ 10�3 4⇥ 10�4

⇡+⇡� A� 3⇥ 10�4 2⇥ 10�5 2.0⇥ 10�3 3⇥ 10�4

K+⇡� x02 5⇥ 10�5 1⇥ 10�5 2.2⇥ 10�4 3⇥ 10�5

y0 1⇥ 10�3 2⇥ 10�4 3.4⇥ 10�3 4⇥ 10�4

|q/p| 0.25 0.05 0.6 0.06
AD 0.02 4⇥ 10�3 - -
' - - 25� 2.3�

Table 15: Expected sensitivities to mixing and CP violation parameters foreseen at LHCb upgrade and BelleII
are compared with the present uncertainties. LHCb and BelleII use different variables in the fit for CP violation
parameters of wrong-sign D0 ! K+⇡� decays. See the text for a discussion of theoretical uncertainties.

rate asymmetry and is affected by very small systematic uncertainties [573]. Table 16 summarizes these
channels with their expected experimental sensitivities.

Decay LHCb (50 fb�1) BelleII (50 ab�1)
D0 ! K+K� 1.0⇥ 10�4 3⇥ 10�4

D0 ! ⇡+⇡� 1.5⇥ 10�4 5⇥ 10�4

D0 ! ⇡0⇡0 - 9⇥ 10�4

D+ ! K0
SK+ 1.0⇥ 10�4 5⇥ 10�4

D+ ! �⇡+ 8.0⇥ 10�5 4⇥ 10�4

D+ ! ⇡+⇡�⇡+ 8.0⇥ 10�5 -
D0 ! K+K�⇡+⇡� 2.5⇥ 10�4 -

Table 16: Expected sensitivities to CP -violating asymmetries for different charm decay modes. For the decay
D0 ! K+K�⇡+⇡� the reported sensitivity is relative to the CP -violating asymmetry based on T -odd correla-
tions. The - sign indicates that no sensitivity prediction is available. See the text for a discussion of theoretical
uncertainties.

6.3.4 Rare Decays
In the charm sector the GIM cancellation in loop processes is very effective. Branching ratios that are
mediated by FCNC are not expected to exceed O(10�10) in the SM. However, contributions from beyond
SM physics could enhance the values by several order of magnitudes with respect to SM expectations.
Among the most interesting signals, the rare decay D0 ! µ+µ� is dominated in the SM by long
distance contributions. The largest contribution comes from the two-photon unitarity component. In
particular, we can write the relation B(D0 ! µ+µ�) ' 2.7⇥ 10�5 · B(D0 ! ��) [574]. The expected
branching ratio for D0 ! �� is at the level of 10�8 in the SM, therefore we anticipate a branching ratio
B(D0 ! µ+µ�) ' 3 ⇥ 10�13. The values can be dramatically enhanced in R-parity violating SUSY,
which allows for branching ratios for (D0 ! µ+µ�) up to the level of 10�6 [574]. The present limit is
B(D0 ! µ+µ�) < 7.6⇥ 10�9 at 95% C.L. [575] — it is expected to improve by about a factor 10 with
the LHCb upgrade (50 fb�1). Other interesting rare decays include D+ ! ⇡+µ+µ�, D+

s ! ⇡+µ+µ�

and D0 ! ⇡+⇡�µ+µ�. The present upper limits at 95% C.L. from LHCb are at the level of 8.3⇥10�8,
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4.8 ⇥ 10�7, and 6.7 ⇥ 10�7, respectively [576, 577], and can improve by about a factor 10 with the
LHCb upgrade. It is almost certain that the long-distance contributions are often completely dominant,
and absolute values of branching ratios are not useful indicators of presence of new physics. The study
of kinematical variables such as the dilepton invariant mass, or the forward-backward asymmetry can
discriminate between SM and new physics.

6.3.5 The B±
c laboratory

The pseudoscalar B+
c meson, the ground state of the b̄c system, is the lightest particle containing two

heavy quarks of different flavours and thus represents a unique laboratory in which to study heavy-quark
dynamics. The investigation of the B±

c meson properties is of special interest compared to the flavour
symmetric heavy-quarkonium (bb̄, cc̄) states, and provides a new testing ground for predictions in the
context of effective models inspired by quantum chromodynamics [578]. The decay processes of the B±

c

meson can be generically divided into three classes: those involving the decay of the b quark, the decay
of the c quark, and the annihilation of the b and c quarks [578–580].

The advent of the CERN LHC has opened a new era for B±
c investigations; a rich program of

measurements involving new decay modes is being carried out mainly by the LHCb experiment with
some contributions from CMS and ATLAS as well.

New attention has emerged to this particle and it is natural to ask to what extent it is interesting
for testing the SM and, in particular, for the study of CP violation [581]. Pure tree decays B±

c ! D±
s D

are particularly well suited to extract the CKM angle � through amplitude relations. In contrast to
conceptually similar strategies using B± ! DK± or Bd ! DK⇤0 decays, the advantage of the B±

c

approach is that the corresponding triangles have three sides of comparable length and do not involve
small amplitudes. Decays of the type B±

c ! D±D, the U-spin counterparts of B±
c ! D±

s D, can
be added to the analysis, as well as channels where the D±

s and D± mesons are replaced by higher
resonances.

Statistics is still the main obstacle to pursue these studies, and thus, the topic is relevant in the
discussion for a possible Extreme Flavour project. Reliable measurements of the B±

c branching fractions
and cross-section are needed to quantify the luminosity required to perform CP studies. In general,
accurate investigation of the B±

c meson will allow to deepen our knowledge of the heavy flavour field
and carry out consistency checks in a system where b and c quark live together.

6.4 B Physics at hadron colliders
Flavour physics involving b-quark hadrons is extensively studied in two experimental environments:
e+e� B Factories, running on the ⌥(4S) mass, and proton colliders. The former offer the advantages of
an initial state with well defined energy-momentum and quantum numbers, and low multiplicity events.
The two B Factory experiments Babar and Belle showed that full event reconstruction is achievable, the
decay products of both B mesons from the⌥(4S) decay can be disentangled, particle identification is ex-
cellent, reconstruction of neutral hadrons is efficient, and neutrinos can be indirectly detected by missing
mass. Hadron colliders offer much higher production rates and the possibility to produce all flavoured
mesons and baryons. However, high background rates require selective triggers and the acceptance is
restricted. The LHCb experiment at the LHC exploits the long decay paths of B hadrons produced at
the LHC and, due to very precise charged particle tracking and identification, is able to discriminate B
decays from background and search for the rare decays most sensitive to new physics.

In the following sections, which are partly adapted from Refs. [582,583], key results on B physics
are briefly reviewed, and the continuation of these studies with upgraded LHC detectors is motivated,
together with the precision on key observables that would be obtained on a timescale of ten years. For
further details, the reader is encouraged to consult already existing extensive reports [584–586].

145



6.4.1 Introduction
The first run of the LHC machine demonstrated definitively that it is possible to impact significantly on
the flavour physics landscape by collecting unprecedented samples of heavy flavoured hadrons with the
LHCb detector.

The core of the LHCb physics programme in rare decays and CP violation will continue in the next
few years during the LHC Run2. In many channels, the LHCb results are already the world’s most pre-
cise, and begin to reach the sensitivity where small deviations from SM predictions may be observed. In
several areas hints of large anomalies from previous measurements have not been confirmed: the branch-
ing fraction of B0

s ! µ+µ� [587], the forward-backward lepton asymmetry of B0 ! K⇤0µ+µ� [588]
and the CP -violation phase in B0

s oscillations [589] are all found to be consistent with the SM, within
current uncertainties. Nevertheless, in all these cases more precise measurements are mandatory. In addi-
tion, other channels exhibit strengthened, or new, hints of unexpected effects: for example, the anomalous
isospin asymmetry in B ! Kµ+µ� decays [590], a local 3.7� effect in the distribution of an optimized
observable in B ! K⇤µ+µ� decays [591], a hint of lepton universality violation in B ! K+`+`�

decays [592]. Other anomalies still persist in data samples collected at the B Factories, for instance in
B ! D(⇤)⌧⌫ decays [593], in the discrepancy of the determination of the CKM matrix elements |Vub|
and |Vcb| with inclusive and exclusive decays [81].

All these effects demand to be followed up with more data, and with studies of complementary
decay channels. More generally speaking, the need to exploit fully the flavour physics potential of the
LHC motivates the upgrade of the LHCb experiment in light of the latest results. This upgrade will take
place during the second shut-down of the LHC in 2018-2019 (LS2), such that an upgraded detector can
accumulate in ten years an integrated luminosity one order of magnitude larger than that foreseen in
Run1+Run2.

6.4.2 Highlights of measurements and their implications
6.4.2.1 Rare decays
Among rare decays, both CMS and LHCb have established evidence for the decay B0

s ! µ+µ� [587,
594] , placing stringent limits on NP models that enhance the branching fraction. A recent combination of
the CMS and LHCb analyses [595] shown in Fig. 77, allows to establish a measurement of B0

s ! µ+µ�

well above 5�, as well as obtain evidence for the B ! µ+µ� decay:

B(B0
s ! µ+µ�) = (2.8+0.7

�0.6)⇥ 10�9 ,

B(B0 ! µ+µ�) = (3.9+1.6
�1.4)⇥ 10�10 .

The above branching fraction can be compared to the SM predictions: B(B0
s ! µ+µ�)SM = (3.65 ±

0.23) ⇥ 10�9, B(B0 ! µ+µ�)SM = (1.06 ± 0.09) ⇥ 10�10 [596]. This result puts severe constraints
on NP models [597].

A full analysis of the B0 ! K⇤0µ+µ� decays [598] allows the determination of numerous opti-
mized NP-sensitive observables (see, for example, Refs. [599, 600]). The measurements obtained from
such an analysis, as well as similar studies of related channels, such as B0

s ! �µ+µ� [601], allow
model-independent constraints on NP, manifested as limits on the operators of the effective Hamiltonian
(see, for example, Refs. [602,603]). LHCb has measured the zero crossing point of the forward-backward
asymmetry, finding it in agreement with the SM prediction [598]. Moreover, other optimized observables
have been measured [591]. General agreement with respect to the SM is found, except for a local 3.7�
discrepancy for one of the observables, as shown in Fig. 78. The significance of this deviation is un-
der debate as the SM prediction might have larger uncertainties than those shown in Fig. 78 [604–606].
Given the integrated luminosity collected at LHCb, it is now possible to perform the measurement of
the photon polarization in radiative decays, which is predominantly left-handed in the SM. The pho-
ton polarization is inferred by measuring the up-down asymmetry with respect to the hadronic decay
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plane in B+ ! Kres�, where Kres is an intermediate strange resonance decaying in K+⇡+⇡�. LHCb
measured [607] an up-down asymmetry, on a sample of 8000 decays into a mixture of K resonances,
Aud = 0.085 ± 0.019(stat) ± 0.004(syst), giving evidence for photon polarization in b ! s� decays.
However, due to multiple overlapping resonances, it is difficult to measure the photon polarization for
each single decay. More theoretical studies are needed in order to progress further. Similarly, studies
of observables such as isospin asymmetries [590] are important since they allow to pin down in which
operators the NP effects occur. A recent measurement of the relative ratio of decays involving electron
and muons in the final state is challenging lepton universality [592]. More data are needed in order to
clarify if this is the case.
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Fig. 78: Measured values (black points), compared with SM prediction, of P
0

5

, a theoretically clean observable in
B0 ! K⇤0µ+µ� decays. From Ref. [591].

6.4.2.2 CP violation in the B sector
Measurements of the neutral B meson mixing parameters provide an excellent method to search for NP
effects, due to the low theoretical uncertainties associated to several observables. The LHCb measure-
ments of the CP -violating phase, �s, and the width difference,��s, in the B0

s system [608] significantly
reduce the phase space for NP:

�s = 0.058 ± 0.049 (stat) ± 0.006 (syst) rad , ��s = 0.0805 ± 0.0091 (stat) ± 0.0032 (syst) ps�1 .
(45)
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Fig. 79 shows visually the agreement with the SM predictions. Deviations of O(0.1) are still possible,
and are typically due to some well-motivated NP models that survive the present experimental bounds
(such as in Ref. [609]).

The indirect determination of �s within the SM is very precise [610, 611], calling for an order-of-
magnitude improvement of the direct measurement. However, the theoretical uncertainty in the extraction
of �s from Bs ! J/ X decays has to be carefully controlled using data-driven methods. For such
methods, the theoretical uncertainty is expected to scale with the statistics, however detailed studies are
needed to show that the theoretical error remains negligible [612–615].

In addition, to understand the origin of the anomalous dimuon asymmetry seen by D0 [616],
improved measurements of semileptonic asymmetries in both B0

s and B0 systems are needed. LHCb
has released measurements of the B0

s and B0 asymmetries [617, 618], finding agreement with the SM
and demonstrating the potential to perform more precise measurements with increased statistics. The
semileptonic asymmetry for the B0 system has also been successfully measured at the B Factories, see
e.g. Ref. [619]; improved precision will be achieved at Belle-II.

Fig. 79: HFAG world combination of �s and ��s measurements. The green ellipse in the center represents
the LHCb result and the grey ellipse shows the world average. The result of the first �s measurement in the
B0

s ! D+

s D�
s decays �s = +0.02 ± 0.17 ± 0.02 rad is also included in the LHCb combination.

Among the B0 mixing parameters, improved measurements of both �d (i.e., sin 2�) and ��d

are needed. Reducing the uncertainty on the former will help to improve the global fits to the CKM
matrix [610, 611], and may clarify the current situation regarding the tension between various inputs to
the fits (see, for example, Ref. [620]).

Another crucial observable is the angle �, which, when measured in the tree-dominated B ! DK
processes, provides a benchmark measurement of CP violation. LHCb has made impressive progress on
the determination of �, by exploiting a large variety of decays modes and analysis techniques and com-
bining the resulting measurements [621]. The current knowledge of this CKM parameter is dominated
by LHCb, with the uncertainty foreseen to reach the 7� level after exploiting the full power of the Run 1
dataset.

Knowledge of � from tree-dominated processes is also essential to test the consistency with mea-
surements from loop-dominated processes. In particular, the study of B0

s ! K+K� and B0 ! ⇡+⇡�

decays [622], which are related by U-spin, allows a powerful test of the consistency of the observables
with the SM [623, 624]. Similarly, the U-spin partners B0

s ! K⇤0K⇤0 [622] and B0 ! K⇤0K⇤0 are
among the golden channels to search for NP contributions in b ! sqq̄ penguin amplitudes [625]. An-
other important channel in this respect is B0

s ! �� [626], for which the CP violating observables are
predicted with low theoretical uncertainty in the SM. Studies of CP violation in multibody b hadron
decays [627, 628] offer additional possibilities to search for both the existence and features of NP.
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6.4.3 Sensitivity of the upgraded LHCb experiment to key observables
Given the strong motivation to exploit fully the flavour physics potential of the LHC, the estimated sen-
sitivities for various key observables have been determined, based on the results to date. A detailed
description of the upgraded LHCb experiment can be found in the Letter of Intent (LoI) [586], comple-
mented by the framework technical design report (FTDR) [585], which sets out the timeline and costing
for the project, and by Technical Design Reports (TDR) for the individual subsystems [629–632]. The
upgrade is necessary to progress beyond the limitations imposed by the current hardware trigger that,
due to its maximum output rate of 1 MHz, restricts the instantaneous luminosity at which data can most
effectively be collected. To overcome this, the upgraded detector will be read out at the maximum LHC
bunch-crossing frequency of 40 MHz so that the trigger can be fully implemented in software. With
such a flexible trigger strategy, the upgraded LHCb experiment can be considered as a general purpose
detector in the forward region. The upgraded detector will be installed during the long shutdown of the
LHC planned for 2018-2019.

Several important improvements compared to the current detector performance can be expected
in the upgrade era, as detailed in the LoI and FTDR. However, the sensitivity studies that have been
performed assume detector performance as achieved during the Run 1 data taking. The exception is in
the trigger efficiency, where channels selected at hardware trigger level by hadron, photon or electron
triggers are expected to have their efficiencies doubled (channels selected by muon triggers are expected
to have marginal gains, that have not been included in the extrapolations). Several other assumptions are
made:

– LHC collisions will be at
p

s = 14 TeV, with heavy flavour production cross-sections scaling
linearly with

p
s;

– the instantaneous luminosity in LHCb will be Linst = 1033 cm�2 sec�1: this will be achieved with
25 ns bunch crossings and an average number of visible interactions per crossing µ = 2;

– LHCb will change the polarity of its dipole magnet with similar frequency as in 2011/12 data
taking, to approximately equalise the amount of data taken with each polarity for better control of
certain potential systematic biases;

– the integrated luminosity will be Lint = 5 fb�1 per year, and the experiment will run for 10 years
to give a total sample of 50 fb�1.

The sensitivity to various flavour observables is summarised in Table 17, which is taken from
Ref. [633] and represents an update of previous studies documented in the FTDR [585] and in the
LoI [586]. The measurements considered include CP -violating observables, rare decays and funda-
mental parameters of the CKM Unitarity Triangle. More details about these observables are given below.
The current precision, taken from LHCb measurements on Run 1 data, is given and compared to the esti-
mated sensitivity with the upgrade. As an intermediate step, the estimated precision that can be achieved
prior to the upgrade is also given for each observable. For this, a total integrated luminosity of 5.0 fb�1

at pp centre-of-mass collision energies
p

s = 13TeV recorded in 2015–17 is assumed. Another assump-
tion is that the current efficiency of the muon hardware trigger can be maintained at higher

p
s, but that

higher thresholds will be necessary for other triggers, reducing the efficiency for the relevant channels
by a factor of 2 at

p
s = 13TeV.

In LHCb measurements to date, the CP -violating phase in B0
s mixing, measured in both J/ �

and J/ f0(980) final states, has been denoted �s. In the upgrade era it will be necessary to remove some
of the assumptions that have been made in the analyses to date, related to possible penguin amplitude
contributions, and therefore the observables in b ! cc̄s transitions are denoted by 2�s = ��s, while in
b! qq̄s (q = u, d, s) transitions the notation 2�e↵

s is used. This parallels the established notation used in
the B0 system (↵,�, � convention for the CKM Unitarity Triangle angles is used). While penguin contri-
butions in b! cc̄s transitions are expected to be small, a detailed estimate of the theoretical uncertainty
can only be provided by data-driven methods which require channels still to be measured [615]. The
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flavour-specific asymmetry in the B0
s system, as

sl in Table 17, probes CP violating in mixing. The “sl”
subscript is used because the measurement uses semileptonic decays. The largest sources of systematic
uncertainty in the current result are all determined with data-driven techniques, providing confidence that
they can be controlled at better than 10�4. Detailed further studies will be necessary to ensure that the
measurement is sensitive to possible small deviations from the SM prediction, which is itself O(10�4).

Sensitivity to the emitted photon polarisation is encoded in the effective lifetime, ⌧ e↵ of B0
s ! ��

decays, together with the effective CP -violation parameter 2�e↵
s . Two of the most interesting of the full

set of angular observables in B0 ! K⇤0µ+µ� decays [642], are S3, which is related to the transverse
polarisation asymmetry [643], and the zero-crossing point (q2

0) of the forward-backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also of great interest.

In the charm sector, already discussed earlier, it is important to improve the precision of �ACP ,
described above, and related measurements of direct CP violation. One of the key observables related to
indirect CP violation is the difference in inverse effective lifetimes of D0 ! K+K� and D̄0 ! K+K�

decays, A�.
The extrapolations in Table 17 assume the central values of the current measurements, or the SM

where no measurement is available. While the sensitivities given include statistical uncertainties only,
preliminary studies of systematic effects suggest that these will not affect the conclusions significantly,
except in the most precise measurements, such as those of as

sl, A� and �ACP . Branching fraction
measurements of B0

s mesons require knowledge of the ratio of fragmentation fractions fs/fd for nor-
malisation [644]. The uncertainty on this quantity is limited by knowledge of the branching fraction of
D+

s ! K+K�⇡+, and improved measurements of this quantity will be necessary to avoid a limiting
uncertainty on, for example, B(B0

s ! µ+µ�). The systematic uncertainty in the current analysis of 2�s

from B0
s ! J/ � is at the level of 0.01 rad, and is expected to be reduced further as larger data samples

are accumulated.

6.4.4 Importance of LHC upgrades for flavour physics
Although other experiments will study flavour-physics observables in a similar timeframe to the LHCb
upgrade, the sample sizes in most exclusive B and D final states will be far larger than those that will
be collected elsewhere, for example at the upgraded e+e� B factories. The LHCb upgrade will have
no serious competition in most of its studies of B0

s decays, b-baryon decays, charm mixing and CP
violation. Similarly the yields in charmed-particle decays to final states consisting of only charged tracks
cannot be matched by any other experiment.

The general-purpose experiments at the LHC are also well-suited to study rare decays with muons
in the final states, e.g. B(s) ! µ+µ�. As an example, Section B.1 presents a case study of this decay
channel by using the graded Phase-1 and Phase-2 CMS detector. The expected yields, shown in Fig. 80,
would result in an expected precision on the ratio of branching fractions between B0 and B0

s decays with
two muons in the final state at the 20% level, about half of the expectation for the LHCb upgrade.

After the LHCb upgrade era, the only road to improve beyond the sensitivity expectations listed
in Table 17 will be a new specialized experiment (XFX) capable of exploiting the full luminosity of the
HL-LHC for flavour physics, yielding samples two orders of magnitude above the LHCb upgrade (see
Section 6.8).

In conclusion, the study of deviations from the SM in quark flavour physics provides key infor-
mation about any extension of the SM. Hopefully, ATLAS and CMS will detect new particles, but the
couplings of the theory and, in particular, its flavour structure, cannot be determined only using high-pT

data. Therefore, the LHCb upgrade and the possibility to perform studies in flavour physics in Phase 2
of the LHC, both with the existing general purpose detectors and new dedicated detectors, will play a
vital role in any of these new physics scenarios, including the possibility of covering phase space regions
which a priori cannot be exploited by high energy searches.
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Fig. 80: Projections of the mass fits of muon pairs expected in 300 fb�1 (left) and 3000 fb�1 (right) of integrated
luminosity, respectively assuming the expected performances of Phase-1 and Phase-2 CMS detector. Left plot is
for barrel plus endcaps, while right plot is for barrel only.

6.5 B Physics at e+e� colliders
The primary scientific goal of the Belle-II experiment will be to perform detailed and comprehensive
studies of flavour observables in B, and D mesons and ⌧ lepton decays, to detect a signal of New Physics
(NP). The detector will be installed at the interaction point of the electron and positron beams at the
SuperKEKB collider, under commissioning at the moment of writing this report. The beam centre-of-
mass energies are around the ⌥ resonances. Most of the data will be collected at the ⌥(4S) resonance,
which is just above threshold for B-meson pair production, so that exactly two mesons of opposite flavour
are produced. SuperKEKB has a design instantaneous luminosity of 8 ⇥ 1035cm�2s�1, about 40 times
larger than the luminosity of its predecessor KEKB. Data taking for physics analyses is expected to begin
in late 2017 and the total data sample of 5⇥ 1010 b, c and ⌧ pairs is anticipated to be analyzed by the end
of the experiment. The beam energies are asymmetric to provide a boost to the centre-of-mass system
and allow time-dependent CP violation measurements. To maximize luminosity, the boost is slightly less
than that at KEKB, which improves the hermeticity of the detector. The impact of smaller boost on time
dependent CP measurements is compensated by an improved vertex detector.

6.5.1 SuperKEKB and Belle II unique capabilities
Several key characteristics make SuperKEKB and Belle II a unique facility to perform a systematic
exploitation of the flavour physics discovery potential with B, D and ⌧ decays. B0B̄0 pairs in ⌥(4S)
decays are produced in a quantum correlated 1�� state, with no additional particles in the final state.
Therefore, detection of the decay products of one B allows the flavour of the other B to be tagged and
time dependent CP violation measurements to be performed. The clean sample of B pairs produced,
together with the low background environment, allow the reconstruction of final states with multiple
photons from the decays of ⇡0 and higher mass resonances. Among neutrals also the K0

L hadron can be
detected by its interaction in the electromagnetic calorimeter and in a dedicated muon and K0

L detector.
The e+e� environment permits precise luminosity measurement with Bhabha scattering, to be used for
absolute branching ratio measurements. Thanks to the fact that the initial state is known, missing mass
and inclusive analyses are possible. In particular, full event reconstruction, extensively used and refined
at the B-factory experiments BaBar and Belle, will be an extremely powerful tool to observe and study
rare decays with neutrinos in the final state or fully inclusive analyses with minimal model dependence.
Finally, in addition to producing large samples of B and D decays, an e+e� machine produces large
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samples of ⌧ leptons allowing for measurements of rare ⌧ decays and searches for lepton flavour and
lepton number violating ⌧ decays in a very low background environment.

6.5.2 NP-sensitivity at Belle II
Belle II will have unprecedented sensitivity to the presence of NP effects, being capable to cover a broad
set of measurements in B0(±) and B(⇤)

s meson decays, charm physics, ⌧ lepton physics, spectroscopy,
and electroweak measurements. A large number of planned measurements will over-constrain the SM
as well as its extensions and will shed light on the nature of NP. In the following, expectations on
the reachable accuracy on several golden modes are shown. Most of those expectations are based on
extrapolation of Belle results, estimating improvements on reducible systematic uncertainties that can
scale with the luminosity. There is an on-going initiative among theorists and experimentalists to build
the Belle II Physics Program, select golden observables and understand in detail the physics reach of the
experiment 18.

6.5.2.1 CKM matrix elements and UT measurements
Belle II can improve on all the measurements of the Unitarity Triangle (UT) angles, ↵, �, � to a precision
of about 1�, 0.3� and 1.5�, respectively. While the impact of theory uncertainties on the determinations
of � and � will be negligible, the measurement of ↵ will be theory limited and achieving high precision
requires a set of measurements to determine strong phases. Also the measurement of � will be performed
using a range of methods using B ! D(⇤)K(⇤) decays. The angle � and |Vub| determinations, being
driven by tree-level processes where NP is not expected, can play the particular role of setting the SM
baseline to detect discrepancies in UT fits due to NP processes. Analyses of the full dataset of BaBar and
Belle for determination of |Vub| from exclusive and inclusive decays show a tension that must resolved
for precision tests of the SM. To a lesser extent a similar puzzle also afflicts the |Vcb| determination. The
Belle II physics program on semileptonic B decays includes systematic measurements of rates and form
factors of many b! cl⌫ and b! ul⌫ exclusive modes and of inclusive analyses. Thanks to the expected
improvements on theory and on reducible experimental uncertainties, the total uncertainty on the |Vub|
determination from exclusive B ! ⇡`⌫ can be reduced to the 2% level, and on the determination from
inclusive B ! Xu`⌫ to the 3% level.

6.5.2.2 Leptonic B decays
The leptonic B decay B ! ⌧⌫, resulting in the SM from a W -exchange diagram with an expected
branching fraction of (0.74+0.09

�0.07) ⇥ 10�4 [610], is sensitive to models that predict the existence of a
charged Higgs (H+). The effect of a H+ on the partial leptonic decay width of B mesons is given by
�(B+ ! ⌧+⌫) = �SM(B+ ! ⌧+⌫)[1 � (m2

B/m2
H) tan2 �]2 , where tan� denotes the ratio of the

vacuum expectation values of the two Higgs fields. The final state contains multiple neutrinos and is
measurable only in an e+e� experiment. Experimentally, the leptonic branching fraction measurement
consists of reconstruction of the accompanying B meson in the event, called the tagging B meson (Btag).
The Btag can be fully reconstructed in a number of hadronic decays or partially reconstructed in semilep-
tonic decays. The remaining particles in the event are assigned to the signal B meson (Bsig); if they are
consistent with a possible ⌧ decay, the undetected part of the event consists of one or more neutrinos
from (semi-)leptonic decays. The signature of such event is thus a little or no residual energy detected
in the EM calorimeter, after removing the contributions from the particles used in the reconstruction
of Btag and the ⌧ from Bsig ! ⌧⌫. The current average branching fraction from Belle [645, 646] and
BaBar [647,648] is (1.14±0.22)⇥10�4, slightly higher than the SM expectation. Belle II should reduce
this uncertainty to around 3%. The related channel B ! µ⌫ will be measured to about 6% precision and
can be used to constrain lepton flavour universality.

18https://belle2.cc.kek.jp/ twiki/bin/view/Public/B2TIP
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6.5.2.3 Semileptonic decays with tau leptons
Semileptonic B decays with an electron or a muon in the final state were used at present B-factories to
determine the CKM parameters|Vub| and |Vcb|. The ⌧ lepton in the final state makes the process also very
sensitive to physics beyond the standard model (the large ⌧ mass, for example, allowing for coupling to
a charged Higgs). Analysis of the full data set of BaBar and Belle measured an excess with respect to
SM expectation of more than 3�. The statistics that will be accumulated with Belle II will permit an
early confirmation of the effect and an extensive study of b! q⌧⌫ decays to determine the details of NP
contributions.

6.5.2.4 Electroweak and radiative penguins
The clean environment at SuperKEKB will allow an exhaustive study of electroweak penguin b! s de-
cays in all the lepton species final states (e, µ ,⌧ and ⌫ pairs), performing both a sum-of-exclusive-states
analysis and a fully inclusive approach. Among those the B ! K(⇤)⌫⌫̄ decay is theoretically very clean,
and Belle II will be able to reach the level expected within the SM. Many interesting measurements
in b ! s� and b ! s`+`� will be possible exploiting the unique capability of full event reconstruc-
tion: exclusive and inclusive (with respect to the Xs hadronic system in the final state) analyses for the
measurement of rates, CP asymmetries, isospin asymmetries, angular distributions, triple product corre-
lations. Inclusive measurements will be possible only at Belle II, while in exclusive analyses Belle II can
complement measurements of muon modes at LHCb, by precise measurements of electron final states,
and search for the as-yet-unseen tau final state.

6.5.2.5 Bs physics at ⌥(5S)

Belle II is expected to collect data of order of 5 ab�1 at the ⌥(5S) resonance. While the largest data
sample of Bs will be studied at LHCb, there are key NP sensitive modes that can be observed only with
Belle II. These are Bs ! ��, thanks to the clean e+e� environment and the excellent electromagnetic
calorimeter, and Bs ! ⌧⌧ , possible only with a full reconstruction of the event. In addition, the analyses
of decay final states not covered at LHC will be performed.

6.5.2.6 Direct searches for NP
Direct searches of new particles at or below the GeV scale are possible at Belle II. Theory models pre-
dict a rich sector of particles that were hidden because of their small couplings with ordinary matter,
that includes Weakly (and non-Weakly) Interacting Massive Particles, dark matter candidates, dark pho-
tons and dark Higgs. Those candidates can be searched studying for example the decays of ⌥(3S) !
⇡+⇡�invisible, or ⌥ or B reactions that include lepton pairs.

6.5.3 Comparison with and LHC and LHCb
Table 18 summarizes the expected sensitivities of selected flavour observables at early (5 ab�1) and
nominal full dataset (50 ab�1). The physics goals are complementary to the ones at LHC, since if,
hopefully, NP is observed at LHC, precision measurements will reveal the structure the flavour structure
of the NP. In the unfortunate scenario of no evidence of NP, indirect measurements will provide a unique
tool to detect NP physics beyond the TeV scale. Belle II and LHCb share the same role and objective
described above, but they will be complementary. LHCb will collect the largest data sample of both
Bs and B mesons and clearly dominate in all-charged final states. Belle II, instead, will dominate
measurements of final states with missing energy and neutrals, and ⌧ lepton physics.
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Table 18: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and
50 ab�1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also
given. Items marked with a ‡ are estimates based on similar measurements.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

UT angles sin 2� 0.667 ± 0.023 ± 0.012 [649] 0.012 0.008
↵ [�] 85 ± 4 (Belle+BaBar) [610] 2 1
� [�] 68 ± 14 [650] 6 1.5

Gluon. peng. S(B ! �K0) 0.90+0.09
�0.19 [651] 0.053 0.018

S(B ! ⌘0K0) 0.68 ± 0.07 ± 0.03 [652] 0.028 0.011
S(B ! K0

SK0
SK0

S) 0.30 ± 0.32 ± 0.08 [653] 0.100 0.033
A(B ! K0⇡0) �0.05 ± 0.14 ± 0.05 [654] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 1.8%) [655] 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 4.0%) [656] 1.8% 1.4%
|Vub| incl. 4.47 · 10�3(1 ± 6.5%) [657] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 9.5%) [658] 4.4% 2.3%

Missing E B(B ! ⌧⌫) [10�6] 96(1 ± 27%) [646] 10% 5%
B(B ! µ⌫) [10�6] < 1.7 [659] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [593]† 5.2% 3.4%
R(B ! D⇤⌧⌫)† 0.332(1 ± 9.0%) [593]† 2.9% 2.1%
B(B ! K⇤+⌫⌫) [10�6] < 40 [660] < 15 20%
B(B ! K+⌫⌫) [10�6] < 55 [660] < 21 30%

Rad. & EW B(B ! Xs�) 3.45 · 10�4(1 ± 12.4%) 7% 6%
ACP (B ! Xs,d�) [10�2] 2.2 ± 4.0 ± 0.8 [661] 1 0.5
S(B ! K0

S⇡
0�) �0.10 ± 0.31 ± 0.07 [662] 0.11 0.035

S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 [663] 0.23 0.07
C7/C9 (B ! Xs``) ⇠20% [664] 10% 5%
B(Bs ! ��) [10�6] < 8.7 [665] 0.3 �
B(Bs ! ⌧⌧) [10�3] � < 2 [666]‡ �

6.6 Lepton Flavour Violation
6.6.1 Introduction
In the Standard Model hadronic flavour transitions arise from the misalignment between the kinetic
and the Yukawa terms in the Lagrangian, which give rise to the unitary CKM matrix whose elements
represent how likely a quark from a specific family is expected to turn into a different quark of a possibly
different family.

In the lepton sector, on the other hand, since SM neutrinos are massless, it is possible to rotate
independently the fields in the kinetic and in the Yukawa part of the Lagrangian without having to in-
troduce a CKM-like matrix. As a consequence, in this picture, transitions between charged and neutral
leptons preserve flavour, as is observed in Nature.

Flavour transitions between neutral leptons have nevertheless been observed in the phenomenon
of neutrino oscillations [81] which imply the non conservation of lepton flavour number. It is natural to
assume that lepton flavour is not conserved also in transitions involving charged leptons, even though the
SM contribution due to neutrino mixing is negligible. As can be seen from Fig. 81, to contribute to the
µ! e� amplitude the muon neutrino has to oscillate into an electron neutrino within a W’s lifetime, and
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Table 19: Expected sensitivities of key observables at Belle II. Continuation of Table 18.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

Charm Rare B(Ds ! µ⌫) 5.31 · 10�3(1 ± 6.5%) [667] 2.9% 0.9%
B(Ds ! ⌧⌫) 5.70 · 10�3(1 ± 6.5%) [667] 3.5% 3.6%
B(D0 ! ��) [10�6] < 1.5 [668] 30% 25%

Charm CP ACP (D0 ! K+K�) [10�2] �0.32 ± 0.21 ± 0.09 [669] 0.11 0.06
ACP (D0 ! ⇡0⇡0) [10�2] �0.03 ± 0.64 ± 0.10 [670] 0.29 0.09
ACP (D0 ! K0

S⇡
0) [10�2] �0.21 ± 0.16 ± 0.09 [670] 0.08 0.03

Charm Mix. x(D0 ! K0
S⇡

+⇡�) [10�2] 0.56 ± 0.19 ± 0.07
0.13 [671] 0.14 0.11

y(D0 ! K0
S⇡

+⇡�) [10�2] 0.30 ± 0.15 ± 0.05
0.08 [671] 0.08 0.05

|q/p|(D0 ! K0
S⇡

+⇡�) 0.90 ± 0.16
0.15 ± 0.08

0.06 [671] 0.10 0.07
�(D0 ! K0

S⇡
+⇡�) [�] �6 ± 11 ± 4

5 [671] 6 4
Tau ⌧ ! µ� [10�9] < 45 [672] < 14.7 < 4.7

⌧ ! e� [10�9] < 120 [672] < 39 < 12
⌧ ! µµµ [10�9] < 21.0 [673] < 3.0 < 0.3

µ eiµ ie

W

a

Fig. 81: Feynman diagram of the µ! e� decay induced by neutrino oscillations. Its amplitude is very extremely
tiny, since neutrinos have to oscillate within a W boson’s lifetime.

this results in a probability of the process at the 10�52 level [674].
Theories beyond the Standard Model predict additional particles and interactions that can enhance

such processes up to a measurable level (for a recent review of both theory and experiment see [675]).
Charged lepton flavour violation (CLFV) searches are of particular interest because of the possi-

bility to carry out clean measurements which are at the same time free of theoretical background. In the
case of observation they would give a clear piece of evidence of physics beyond the standard model, but
even in case of non observation they pose strong limits on the development of new theories.

On the other hand such searches are difficult to be carried out at general-purpose machines and
detectors, so dedicated detectors, and even dedicated accelerators or storage rings, have to be designed.

As we will see in the following, the search for lepton flavour violation is expected to make a
significant step forward in the next few years. An international program of CLFV searches exists, with
experiments recently completed, currently running, and soon to be constructed in the United States,
Japan, and Europe. These include the completion of the MEG experiment at PSI, its upgrade MEG-
II, the proposed Mu3e search at PSI, new searches of muon to electron conversion (Mu2e at Fermilab,
COMET at J-PARC), studies of ⌧ decay at SuperKEKB, and over the longer term, experiments exploiting
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megawatt proton sources such as PIP-2.

6.6.2 Theory and Phenomenology
Independently of the specific theory and model, CLFV transitions are related to new lepton-lepton cou-
plings and effective operators that give rise to processes like the ones depicted in Fig. 82. These processes

51
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µ µ

Ze

µ e
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µ ! eee

µ,τ
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e e

e
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NP NP NP NP NP
NP

Fig. 82: Schematic representation of vertices and interactions of some of CLFV processes in which new physics
(NP) contribution could be measurable.

can be divided in dipole amplitudes, described by dimension-5 operators, and four-fermion dimension-6
operators (compare the first four diagrams in Fig. 82 and the last two). It is customary to parametrize the
interplay between the two effects by means of two parameters [676]: ⇤, which sets the scale of the four
fermion amplitude, and , which governs the ratio of the four fermion amplitude to the dipole amplitude.

For  << 1(>> 1) the dipole-type (four-fermion) operator dominates CLFV phenomena. Fig. 83
summarizes the power of different searches to explore this parameter space. A scale ⇤ < 1000 TeV is
already excluded by present limits, posing serious constraints on Standard Model extensions, supersym-
metry especially. Nonetheless ⇤ is only an effective scale and is not immediately comparable to the mass
M of new particles accessible by direct search. For the magnetic moment type of interaction, M is re-
lated to ⇤ via a loop factor and the new BSM coupling gbsm as follows: 1/⇤2 ⇠ g2

bsme2/(16⇡2M2) . For
the four fermion operators, ⇤ is more directly related to the mass of new particles, 1/⇤2 ⇠ g2

bsm/M2. In
both cases, the real mass M tested by CLFV processes is significantly above that accessible at the LHC.

CLFV importance is therefore independent from what the LHC can find in the next several years
when the direct searches will keep testing the TeV scale.

On the other hand, the interpretation of a direct observation of new physics at LHC will have to
take into account precise measurements (or constraints) from MEG and Mu2e: the comparison between
these determinations will help pin down the underlying theory.

An example is shown for the Scalar Leptoquark searches. In Fig. 84a, the reach for the new
coupling �, as defined from eq. 14 of [677], is reported for a range of Scalar Leptoquark masses for both
MEG upgrade and conversion experiments. The compilation is extracted from the Mu2e TDR. It is clear
that while not excluding the Leptoquark existence at few TeV masses, the CLFV coverage extends up to
masses of O(100 TeV).

Another example is shown for the Left-Right symmetric models that is a BSM theory useful to
restore parity at short-distances. A recent study [678] predicts the CLFV rates in this environment assum-
ing a new mass breaking scale at around 5 TeV. The correlation between the BR for the MEG upgrade
and Rµe for the conversion experiments are shown in Fig. 84b. It is clear that the two experiments can
cover the expectations for the full phase space of this theory. The ratio of the two measurements will
help constrain it.

It is clear how CLFV searches complement the searches of new particles, and, among them, muon
measurements have the best sensitivity over the largest range of parameter space of many models of new
physics. We summarize in Table 20 the present and near future status of muon-based experiments.
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2.4 Charged leptons 17

parameters: ⇤, which sets the mass scale of the four fermion amplitude, and , which governs the ratio of
the four fermion amplitude and the dipole amplitude. ⇤ depends on both the mass and coupling strength
of new particles that may mediate mu to e transitions. For  ⌧ 1, the dipole-type operator dominates
CLFV phenomena, while for  � 1, the four-fermion operators are dominant. Figures 2-5 and 2-6 show
these relationships and the capability of new experimental searches which can extend our knowledge quite
dramatically in the next decade.

The pattern of violation that emerges yields quite specific information about new physics in the lepton sector.
Existing searches already place strong constraints on many models of physics beyond the Standard Model;
the contemplated improvements increase these constraints significantly, covering substantial regions of the
parameter space of many new physics models. These improvements are important regardless of the outcome
of new particle searches of the LHC. The next generation of CLFV searches is an essential component of the
particle physics road map going forward. If the LHC finds new physics, then CLFV searches will confront
the lepton sector in ways that are not possible at the LHC, while if the LHC uncovers no sign of new physics,
CLFV may provide the path to discovery.
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Figure 2: Sensitivity of a µ ! e conversion in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ ! e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤ as a function of �, as defined in Eq. (2). Also
depicted is the currently excluded region of this parameter space.

A model independent comparison between the reach of µ ! eee and µ ! e conversion in nuclei is
a lot less straight forward. If the new physics is such that the dipole-type operator is dominant (� ⌧ 1
in Figures 2 and 3), it is easy to see that near-future prospects for µ ! e conversion searches are
comparable to those for µ ! eee, assuming both can reach the 10�16 level. µ ! e conversion searches
will ultimately dominate, assuming these can reach beyond 10�17, and assuming µ ! eee searches
“saturate” at the 10�16 level. Under all other theoretical circumstances, keeping in mind that � and ⇤
in Eqs. (2,3) are not the same, it is impossible to unambiguously compare the two CLFV probes.

The discussions above also serve to illustrate another “feature” of searches for CLFV violation.
In the case of a positive signal, the amount of information regarding the new physics is limited. For
example, a positive signal in a µ ! e conversion experiment does not allow one to measure either ⇤ or
� but only a function of the two. In order to learn more about the new physics, one needs to combine
information involving the rate of a particular CLFV process with other observables. These include other
CLFV observables (e.g., a positive signal in µ ! e� and µ ! eee would allow one to measure both

7

Figure 2-5. Sensitivity of a µ ! e conversion
in 27Al experiment that can probe a normalized
capture rate of 10�16 and 10�18, and of a µ !
e� search that is sensitive to a branching ratio
of 10�13 and 10�14, to the new physics scale ⇤
as a function of �, as defined in the text. Also
depicted is the currently excluded region of this
parameter space. From [10].
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Figure 3: Sensitivity of a µ ! eee experiment that is sensitive to branching ratios 10�14

and 10�16, and of a µ ! e� search that is sensitive to a branching ratio of 10�13 and 10�14,
to the new physics scale ⇤ as a function of �, as defined in Eq. (3). Also depicted is the
currently excluded region of this parameter space.

� and ⇤ if Eq. (3) describes CLFV), studies of electromagnetic properties of charged leptons (g � 2,
electric dipole moments), precision studies of neutrino processes (including oscillations), and, of course,
“direct” searches for new, heavy degrees of freedom (Tevatron, LHC). Valuable information, including
the nature and chirality of the e�ective operators that mediate CLFV, can be obtained by observing
µ ! e conversion in di�erent nuclei [14, 29, 30] or by studying the kinematical distribution of the
final-state electrons in µ ! eee (see [14] and references therein).

Before moving on to specific new physics scenarios, it is illustrative to compare, as model-independently
as possible, new physics that mediates CLFV and the new physics that may have manifested itself in
precision measurements of the muon anomalous magnetic moment. In a nutshell, the world’s most
precise measurement of the g � 2 of the muon disagrees with the world’s best Standard Model estimate
for this observable at the 3.6� level (for an updated overview see [1], and references therein). New,
heavy physics contributions to the muon g � 2 are captured by the following e�ective Lagrangian:

Lg�2 � mµ

⇤2
µ̄R�µ⌫µLF µ⌫ + h.c. . (4)
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Figure 2-6. Sensitivity of a µ ! eee ex-
periment that is sensitive to branching ratios
10�14 and 10�16, and of a µ ! e� search that
is sensitive to a branching ratio of 10�13 and
10�14, to the new physics scale ⇤ as a function
of �, as defined in the text. Also depicted is
the currently excluded region of this parameter
space. From [10].

In general, muon measurements have the best sensitivity over the largest range of the parameter space of
many new physics models. There are, however, models in which rare tau decays could provide the discovery
channel. Tau flavor violation searches will have their sensitivity extended by around an order of magnitude at
new e+e� flavor factories. Polarized electron beams can provide an additional gain in sensitivity. All feasible

Community Planning Study: Snowmass 2013

Fig. 83: Sensitivity of µ ! e�, µ ! e transition and µ ! 3e to the scale of new physics ⇤ as described in the
text, as a function of the parameter  that defines the proportion of dipole versus four-fermion amplitude. Note
that µ ! e� is sensitive mainly in the dipole dominating region, while µ ! e and µ ! 3e receive contributions
also from the four-fermion interactions. The shaded areas are excluded by present limits. The left plot focuses on
the relation between µ! e� and µ! e conversion, the right one on the relation between µ! e� and µ! eee.

Table 20: Comparison of muon CLFV experiments.

Process µ+ ! e+� Muon Conversion µ+ ! e+e�e+

Kinematics 2-body decay Quasi 2-body decay 3-body decay
monoenergetic e+ and � monoenergetic e� invariant mass constraint
back-to-back single particle detected zero total momentum

Background Accidental background Decay in orbit Radiative decay with
beam-related ⇡ and p̄ internal conversion
Cosmics Accidental Background

Preferred beam Continuous Pulsed Continuous
Best limit 5.7 ⇥ 10�13 7 ⇥ 10�13 (Gold) 1 ⇥ 10�12

MEG 2013 [679] SINDRUM II 2006 [680] SINDRUM 1988 [681]
Planned experiments MEG-II at PSI [682] Mu2e at FERMILAB [683, 684] Mu3e at PSI [685]

DeeMe [686] and COMET [687]
at J-PARC

Planned single 2 ⇥ 10�14 Mu2e: 5.6 ⇥ 10�17 7 ⇥ 10�17

event sensitivity DeeMe: 1 ⇥ 10�14

COMET: 4 ⇥ 10�17
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(a) (b)

Fig. 84: (a) Reach achievable in the Scalar Leptoquark search for the MEG upgrade and Mu2e as a function of
the coupling � and the Scalar Leptoquark mass. (b) Expected BR and Rµe for Left-Right symmetric models for
the MEG upgrade and the muon conversion experiments.

6.6.3 Search for µ ! e�

The current limit on µ! e� comes from the MEG experiment at PSI [688], whose analysis of the 2009-
2011 data resulted in BR(µ! e�) < 5.7⇥10�13 at 90% confidence level [679]. The MEG experiment
has finished its data taking and the collaboration is finalizing the analysis of the data taken in the years
2012-2013, doubling the dataset, with the result expected at the beginning of 2015.

The sensitivity to the µ ! e� decay is given by the capability of the experimental apparatus to
distinguish two monochromatic, time coincident, back-to-back particles from the background composed
of (1) muon radiative decays or (2) accidental coincidences between a high-energy photon and a positron
from a normal muon decay. The regime in which the two kinds of background are dominant is different:
radiative decays emit four time coincident particles: e�⌫⌫̄ and mimic the two body decay at the very end
of the kinematic edge where the two neutrinos share almost zero energy. It can be shown [689] that the
number of radiative decays that emit a photon and a positron within 1% of the two-body decay energy
is of the order of 10�15 and therefore this background can be neglected for MEG whose sensitivity is
at the 10�13 level. In Fig. 85, taken from [689], we see the fraction of radiative decays mimicking a
µ! e� transition as a function of the experimental resolutions on positron and photon energies (�x and
�y respectively). The number of accidental coincidences is on the other hand dominant, scales with the
square of the muon rate Rµ and it is proportional to the energy, time and relative direction resolutions of
the experiment [689]:

Nacc / R2
µ ⇥ Totaltime⇥�te� ⇥�Ee ⇥�E2

� ⇥��2
e� (46)

It is for this reason that the optimum muon beam for a µ! e� decay search is a continuous beam, which
minimizes, for the same number of delivered muons, the number of accidental coincidences.

The sensitivity of MEG is limited by its resolutions on the kinematic variables of the two particles.
For this reason an upgrade is under way, called MEG-II [682], in which the positron tracker will be
completely replaced by a single-volume, homogeneous drift chamber coupled to a new highly-segmented
timing counter. The liquid xenon photon detector will be refurbished with new photosensors to improve
its energy and position reconstruction. In this way the expected improvement in detector resolutions (see
Table 21 for a comparison of the MEG and MEG-II resolutions) allows for a larger muon stopping rate.
The accidental background will still be the dominant one since the expected sensitivity is at the level of
5⇥ 10�14.

The MEG-II detector is presently under construction and it is expected to have its first engineering
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Fig. 85: Branching ratio of the physics background from the muon radiative decay as a function of the relative e+

(�x) and photon (�y) energy resolutions. After [689].

Table 21: Resolution and efficiencies of the MEG experiment vs. MEG-II

PDF parameters Present MEG Expected MEG-II
Positron Energy Resolution (keV) 380 110
Positron angular resolution (✓,�) (mrad) 9,11 5,5
Positron position resolution on target(y, z) (mm) 2.0/1.0 1.2/0.7
Photon energy resolution (%, deep events) 1.6 1.0
Photon position resolution (mm) 4 2
Positron-Photon relative timing (ps) 120 80
Efficiency (%)
trigger ⇡ 99 ⇡ 99
� reconstruction 60 60
e+ reconstruction 40 95
event selection 80 85

run in 2015 with data taking in the years 2016-2018.

6.6.3.1 Future developments
To reach sensitivities below the 10�14 level new approaches must be studied. Some strong points of
the previous experiments are thought to be mandatory (e.g. the need for a surface or sub-surface muon
beam19, which permits a sub-mm stopping target to minimize multiple scattering) but there are new ideas
that could help to overcome the present limitations induced by the accidental background to reach the
ultimate limit posed by the radiative decay.

As apparent from Equation 46 an increase of muon flux together with an improvement in experi-
19 Surface muon beams are muons decaying from pions at rest on the surface of the production target, having a well defined

momentum of ⇡ 29 MeV/c. Sub-surface muons are muons produced in the same way but in a skin of finite thickness just below
the target surface.
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mental resolutions is mandatory:

– To improve the energy resolution on the photon leg at the percent level one could follow the
approach to convert the photon and measure the resulting e+e� pair. The advantage of better
resolutions on the charged particles is partly spoiled by the addition of the converting material that
increases multiple scattering;

– The usage of conversion pairs allows to track the photon back to the target, permitting a vertex
constraint that is absent in present and planned experiments. A pointing calorimeter with a degree
resolution could play the same role;

– An active target pinpointing the parent muon decay position could also help in reducing the number
of accidentals, without the need to improve the energy resolutions;

– Spreading the muon beam decay points to several targets, and identifying the starting target of both
positron and photon, reduces the accidental rate linearly with the number of targets, without the
need of improving experimental resolutions.

These are just a few of the ideas discussed within the working group that could be the starting point for
a baseline design of an “ultimate” µ! e� decay search.

A factual application of the aforementioned ideas is carried out in the so-called CIRCE concep-
tual design [690] in which a significant increase in µ ! e� sensitivity can be obtained by turning the
calorimetric photon energy measurement into a momentum measurement, through the conversion of the
photon into an electron pair.

In this approach, a low mass cylindrical drift chamber occupying the volume of a large volume
solenoid magnet (e.g. the KLOE coil, 2.5 m radius, 3.8 m length, with a field of 0.6 T) may provide
more than 200 layers of tracking, utilizing small cells (of order 0.5 cm drift length) for a number of
sense wires approaching 105. Beyond the radius corresponding to the full containment of the 53 MeV/c
electron track (about 60 cm) the drift chamber volume is divided in several cylindrical shells, separated
by thin converter foils and having a sufficient number of measuring layers to precisely reconstruct the
electron pair momenta. Excellent photon mass resolution could be obtained, thanks also to the large
number of kinematical constraints available.

It has been estimated [690] that relative improvements with respect to the latest MEG results of
up to two orders of magnitude in sensitivity with a two orders of magnitude background reduction may
be within reach with this novel approach.

An inner detector made of a few layers of HV-MAPS, similar to the one proposed by the Mu3e
experiment, around the stopping target and layers of scintillating fibers placed next to the conversion
foils may provide the necessary redundancy and enhance the signal to background ratio.

6.6.4 Search for µ ! eee

The µ ! 3e decay is sensitive to new physics present both in the dipole term (with a tree-diagram
contribution which is roughly a factor ↵ with respect to the µ! e� term) and in the contact term through
the virtual loop (see Fig. 82). The current experimental limit dates back to the SINDRUM experiment at
PSI and is BR(µ+ ! e+e�e+) < 1⇥ 10�12 [681].

The kinematic of this decay is peculiar since one has to search for three charged particles coming
from a muon decay at rest, with the correct charges and lying on the same plane. The drawback is
that positron and electron of such a low energy (30 MeV on average) suffer very much from multiple
scattering. The possibility to track and constrain to a common vertex three charged particles is very
effective in reducing the accidental background. Nevertheless the fraction of normal decays µ ! 3e⌫⌫̄
for which the energy of the two neutrinos is less than 1 MeV is ⇡ 2 ⇥ 10�17 [691] which sets an upper
limit on the sensitivity achievable.
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Fig. 86: Schematic view of the mu3e experiment detector geometry as it should appear in the third stage, i.e. with
all tracking stations and tile timing counters in place. An initial stage is planned in which only the central portion
of the detector will be operating to reach a sensitivity of 10�14.

The Mu3e experiment [685] has been proposed at PSI to improve the present experimental bound
by four orders of magnitude in a three-stage approach. At present, there is no involvement of INFN
groups in the project. A beam of surface muons (29 MeV/c muons originating from pions decaying at
rest, the same as the MEG experiment) is stopped in a hollow double-cone target made of thin aluminum
(see Fig. 86). The experiment should be sensitive to positrons of transverse momentum > 12 MeV/c
and to reduce multiple scattering a tracker based on 50 µm high-voltage monolithic active pixel sensors
(HV-MAPS) is envisaged. A double set of timing counters, one based on 250 µm scintillating-fibers
in the central part followed by a 0.5 cm thick plastic scintillator, are placed in the so-called recurling
stations.

The experiment is thought to follow a three-stage approach: a first stage (called IA) making usage
of the central portion of the detector to reach 10�14 followed by a second stage (called IB) down to
10�15 in which the recurling stations (i.e. the outer detectors) are added. A third stage (called phase II)
to reach 10�16 sensitivity needs a new, higher intensity (2⇥ 109µ/s) continuous muon beam which was
originally planned at PSI but it is not clear now if it can be built. There are presently no other proposals
for a competing µ! 3e project.

6.6.5 Search for µ to e conversion
The measurement of the neutrinoless µ� to e� conversion rate, in presence of a nucleus, is defined
relatively to the ordinary capture of the muon on the nucleus as follows:

Rµe =
R(µ� + A(Z, N)! e� + A(Z, N))

R(µ� + A(Z, N)! ⌫µ + A(Z � 1, N)
. (47)

The best limit on Rµe is 7 ⇥10�13 as obtained by Sindrum-II [680] at PSI, where a negative muon beam
of 55 MeV/c momentum and intensity of 1.2 ⇥107 µ�/sec was stopped on a gold target.

The conversion signal, CE, consists of a monoenergetic electron close to the muon mass, once
corrected for binding energy and nuclear recoil, that has to be separated by means of high momentum
resolution from the spectrum of the electrons produced in the muon decay in orbit process, DIO. The
stopped muons have a large chance of decaying when orbiting around the nucleus and their spectrum is
substantially modified from the free decay by the presence of a large recoil tail that falls rapidly as the
energy approaches the kinematical endpoint.

However, in Sindrum-II additional background sources were dominating. In particular, after rejec-
tion of cosmics, a prompt background coming from radiative pion capture, RPC, ⇡+N ! �⇤ +N 0, was
found to be the most resistant background. In this process, the electron positron pair, produced either by
internal or external conversion, becomes a source of CE candidate when the e� momentum falls in the
right selection window.
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These observations have driven the design strategy of the new generation of experiments for muon
to electron conversion: Mu2e [683,684] at FNAL, USA and COMET [687] at JPARC, Japan. Their goal
is achieving a single CE event sensitivity of 2� 3⇥ 10�17 (or BR limit of 6� 7⇥ 10�17 at 90% C.L.),
which is four orders of magnitude better than the previous best limit.

There are four needed ingredients to do so:

1. An high intensity muon beam. The goal is to increase by at least four orders of magnitude to
1011/sec the muon intensity on target from today’s limit of 107/sec. This can be done at a dedicated
machine by means of muon production on targets and curved solenoidal systems to allow for
charge and momentum selection. The usage of solenoids allows to create a very selective muon
transport line that increases intensity while reducing the associated needs for beam power (compare
1 MW at PSI for Sindrum-II and 8 kW for Mu2e and 56 kW for COMET-phase 2).

2. The beam structure has to be pulsed in order to reject the prompt background. The target has to be
selected in a way that the muon lifetime, ⌧µ, in the bound system is smaller than the bunch period.
Both for Mu2e and COMET, the selected target is aluminum where ⌧µ is 864 ns that matches well
with the bunch period (1684 ns at FNAL, 1100 ns at JPARC). In both experiments, the plan is to
wait for the beam-flash of particles travelling with the transported beam to disappear as well as
waiting for the most relevant prompt backgrounds to decay. The data acquisition start is typically
set at ⇠ 700 ns after the bunch arrival time.

3. The out of time particles travelling with the beam have to be negligible. This is referred to as
the proton extinction requirement. Calculation by full simulation showed that to suppress prompt
backgrounds coming from beam electrons, muon and pion decays-in-flight and RPC requires a
pulsed beam where the ratio of beam between pulses to the beam contained in a pulse is less than
10�10.

4. A redundant high-precision detector has to analyze the capture products to separate CE and DIO
spectra and reduce to negligible contribution the additional background sources. A very similar
technique is used in both experiments, where a high precision low-mass straw tube tracker (with a
core momentum resolution of⇡ 200 keV) is followed by a crystal based calorimeter for triggering
and particle identification purposes.

6.6.5.1 Mu2e
The Mu2e experiment is shown in Fig. 87. An array of superconducting solenoids forms a graded
magnetic system constituted by a Production Solenoid, PS, a Transport Solenoid, TS, and a Detector
Solenoid, DS.

The PS contains the production target that intercepts an 8 GeV pulsed proton beam brought by
means of a dedicated beam-line coming from the delivery ring. The gradient field in the PS works as a
magnetic lens to focus low energy particles into the transport channel. The focused beam is comprised
of muons, pions and a small number of protons and antiprotons. The S-shaped Transport Solenoid effi-
ciently transfers low energy negatively charged particles to the end of the beam-line while allowing for
a large fraction of the pions to decay to muons. A collimator in the middle section attenuates nearly
all positively charged particles. The DS presents a graded field from 2 to 1 Tesla in the upstream re-
gion where the stopping target resides. This lens increases the acceptance for CE while helps rejecting
beam-related backgrounds. A uniform magnetic field of 1 Tesla resides in the region of the tracker and
calorimeter systems. The DS is covered externally by a Cosmic Ray Veto system.

When muons stop in the aluminum target, they are captured in an atomic excited state. They
promptly fall to the ground state. 39% decay in orbit while 61% are captured on the nucleus. Low energy
photons, neutrons and protons are emitted in the nuclear capture process and constitute an environmental
background that produces a ionization dose and a neutron fluence on the detection systems as well as an
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Fig. 87: Layout of the Mu2e experiment.

accidental occupancy for the reconstruction program. This background is fully simulated in overlap with
the signals coming from the apparatus.

The tracking detector, made from low mass straw tubes, constitutes the high resolution spectrom-
eter to separate DIO from CE events. After maximizing signal over background, selecting tracks with
momentum between 103.75 and 105 MeV/c corresponds to a DIO contribution of 0.22 events and a
CE S.E.S. of 2.6 ⇥10�17. The calorimeter system is composed of two BaF2 disks and provides pow-
erful Particle Identification, an independent trigger system and a seed for tracking in the complicated
reconstruction environment.

At the moment of writing, the Mu2e experiment has successfully completed the CD-2 review for
all systems and the CD-3 reviews for the superconducting cables, the civil construction and the Transport
Solenoids. Completion of CD-3 will start the construction for the apparatus and for the solenoids. This
is expected to happen in 2016. The schedule foresees a completion of the installation and a start of the
data taking with beam in autumn 2020.

Apart from the measurement of the muon conversion to electron, there is also the possibility to
measure the similar process with �L = 2: µ�A(Z, N) ! e+A(Z � 2, N). This decay violates both
the conservation of the total lepton number and the lepton flavour numbers, Le and Lµ and is closely
related to the neutrinoless double �-decay. Theoretical models find Rµe+ from 10�12 to 10�14. The
best existing limit is 3.6 ⇥ 10�11 and has been obtained by the Sindrum II collaboration in the process
µ� + Ti! e+ + Ca [692].

6.6.5.2 Mu2e-II and future planning
For the long term future (after 2023), we note that the sensitivity reach for conversion experiments is
not intrinsically limited. Their reach can be improved assuming to have higher beam intensity and to
control the accidental activity coming from muon capture. In this context, only the option to improve
by a factor of 10 the beam intensity [683] has been explored. This possibility has become more realistic
after the P5 panel decision to support the development phase of a proton driver at FNAL [693]. This new
accelerator, PIP-2, is no longer as flexible as the Project-X [694] but grants an increase by a factor of 10
of the muon beamline intensity using a 1 or 3 GeV proton beam on a production target while delivering
the neutrino beam to LBNF. In this environment, a Mu2e-II experiment that reuses a large fraction of the
Mu2e apparatus can provide a factor of 10 improved sensitivity.

Another relevant point is the dependence of the Rµe rate on the stopping target, especially for
high-Z nuclei, where the relative number of protons and neutrons plays a significant role since photons
couple predominantly to protons while Z bosons couple to neutrons. In Fig. 88, the dependence of the
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Figure 3.34. Target dependence of the µ → e conversion rate in different single-operator 
dominance models considered in [72].  The conversion rates are normalized to the rate in 
aluminum (Z = 13) versus the atomic number Z for the four theoretical models described therein: 
D (blue), S (red), V(γ) (magenta), V(Z) (green). The vertical lines correspond to Z = 13 (Al), Z = 
22 (Ti), and Z = 82 (Pb). See [72] for details. 
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Fig. 88: Target dependence of Rµe for different single operator dominance models.

Rµe as a function of the target Z is reported for different possible theories [695]. Assuming to have an
observation with the aluminum target a consistent program of running with different targets can allow to
discriminate among models.

6.6.5.3 COMET phase-1 and phase-2
The COMET (COherent Muon to Electron Transition) experiment is planned at JPARC and, differently
from Mu2e, follows a stage-based approach. The COMET solenoidal system has a C-shape geometry
instead of the Mu2e S-shape design as shown in Fig. 89. The first C-section constitutes the muon se-
lection and transport channel to the stopping target. The second C-section, electron spectrometer, not
present in Mu2e, allows to transport the produced electrons from the target to the detection system while
introducing a cut on their momentum (p > 60 MeV) that reduces the DIO rate and eliminates most of the
protons produced in the nuclear capture. It also eliminates a good fraction of low energy events (neutrons
and photons) coming from the target thus making the detection system relatively quiet from target noise.

The electron spectrometer constitutes the main difference from the Mu2e design and is obtained
at the price of a longer length of the solenoidal system (+10 meters) and a much larger beam power (56
kW). The related background improvements are reduced by a shorter microbunch structure (1.1 µsec),
which implies a smaller prompt beam rejection in the experiment. The detector concept is similar to
Mu2e.

Although the full experiment has not been approved, a COMET phase-1 has already been funded.
This staging consists on designing, constructing and running only ⇠ one half of the first C-section in
such a way that the number of muon/proton pulse will be identical to the final case. The intensity of the
proton beam is reduced to 3.2 kW power and a beam of 6 ⇥109 µ�/sec reaches the aluminum stopping
target. In 20 days of running (end of 2016) a sample of 1016 stopped muons will be collected to set
a limit on the BR of 7 ⇥ 10�15, i.e. one hundred times better than Sindrum-II. Two other interesting
features for the physics search are:

– In phase-1, they can detect both positive and negative particles and look also for the charge chang-
ing reaction for neutrinoless muon conversion process: µ�A(Z, N)! e+A(Z � 2, N). As stated
above Mu2e can do that for the full statistical sample.
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Fig. 89: COMET layouts: (left) Phase-1, (right) Phase-2.

– They can also search for µ�e� ! e�e�, which is a process very similar to µ! 3e. The advantage
is the clear two body kinematics. The disadvantage is the small probability of overlap between the
e� and µ� wave functions. For comparison, in the case of conversion on nucleus the rate is
proportional to Z3. No experimental measurement exists on this process.

6.6.5.4 The DeeMe experiment
DeeMe [686] is a single-target experiment to search for µ ! e conversion in nuclei to be conducted at
the H-line of J-PARC MLF facility, with a reduced sensitivity but a tighter time schedule when compared
to both Mu2e and COMET.

Its main difference is the presence of a single silicon carbide (SiC) target where muons are pro-
duced and captured. When the 3 GeV pulsed proton beam hits the target, pions will be produced. Though
negative pions stopping inside the target will be absorbed, pions in flight will decay into muons with a
lifetime of approximately 26 ns, and some of the negative muons will stop in the target to form muonic
atoms.

Electrons from possible µ ! e conversions may be emitted from muonic atoms formed at the
target surface with small momentum loss.

The experiment will start physics runs in 2015 and its sensitivity is expected to be 2 ⇥ 10�14

in two years of data taking, therefore starting to bridge the four orders-of-magnitude gap between the
Sindrum II result and the expected limits from Mu2e and COMET.
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Fig. 90: Summary of the B�factories searches for LFV ⌧ lepton decay modes.

6.6.6 LFV in the ⌧ sector
6.6.6.1 Present status from B-factories
Searches for lepton-flavour violating tau decays are among the cleanest probes of new physics at past,
present and future high luminosity flavour factories. Moreover the large ⌧ mass implies many possible
final states besides the natural ⌧ ! e�, µ� or ⌧ ! 3e, 3µ. The branching ratio for LFV ⌧ decays is
generally predicted to be larger (usually by a power of m⌧/mµ) compared to those of the muon. Con-
versely the number of produced taus and the experimental backgrounds partially spoils this advantage,
with the result that the experimental reach in both ⌧ and µ LFV decays probe comparable regions of the
parameter space of new theories.

The present best experimental limits on LFV ⌧ decays come from measurements at the B�factories
Belle and BaBar and are reported in Fig. 90. These experiments and their successor Belle II can probe
an entire range of decays. This is particularly interesting since different new physics scenarios predict
very different patterns of ⌧ LFV.

LFV tau decays are searched for by tagging one of the taus in the e+e� ! ⌧+⌧� event, dividing
the event in two hemispheres and considering each hemisphere as a possible candidate for the LFV decay
under consideration. Despite all cuts and kinematical constraints there remains generally a background
which is irreducible, as, for instance, the initial state radiation ⌧+⌧�� in the case of ⌧ ! µ� searches.

The results presented in Fig. 90 come from a sample of ⇡ 5⇥ 108 (BaBar) and ⇡ 9⇥ 108 (Belle)
⌧ ⌧̄ pairs.

6.6.6.2 Future facilities
With a data sample of 50 ab�1 accumulated at SuperKEKB, the number of ⌧+⌧� events will increase
to ⇡ 5 ⇥ 1010. Limits on background-free decay modes such as ⌧ ! µµµ should reach the 10�9 level,
while the presence of irreducible background in ⌧ ! e�, µ� should worsen this number by a factor of
5. By the end of Belle II in 2022 it is expected to collect a sample of about 50 billion ⌧ pairs to prove
branching ratios at the 10�9 level.

Further improvements, at least on a restricted sample of decays, could come from running at lower
center-of-mass energy (such as envisaged for ⌧ /charm factories) since the initial state radiation photon
spectrum is suppressed for the typical photon energies of the LFV processes [696]. Further gains are
possible by exploiting beam polarization effects in the case of polarized factories: e.g. the helicity angles
of the ⌧ pair decay products can be used to significantly suppress the background when one ⌧ decays to
µ� and the other one to ⇡⌫ [697].
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6.6.7 LFV at high energy colliders
LFV signatures might be observed at the LHC if e.g. supersymmetric particles are discovered, which
naturally generate LFV couplings in slepton mass mixing. Consequently, if sleptons are light enough
to be produced in pairs, different lepton flavours might show up in decay chains such as: ˜̀+ ˜̀� !
`+`�0�0�0.

Known and new scalar or vector particles could also have lepton violating tree couplings and
might be directly reconstructed from resonance peaks: H ! ``0 or Z 0 ! ``0. Due to the existing
bounds on flavour changing processes, these LFV decays are small and difficult to detect above the large
background from WW -production with subsequent leptonic decays. It seems however that with high
enough luminosities, the LHC can e.g. go beyond the LEP bounds [698–701] on LFV Z decays [702],
while waiting for ultimate limits from the ⇡ 1013Z bosons expected at future e+e� circular colliders.

If new particles exist at the TeV mass scale, i.e. in the discovery reach of the LHC, it is very
likely that precision experiments will discover lepton flavour violation via radiative loops. Dedicated
LFV search experiments like the proposed µ! e experiments would then allow one to measure the LFV
couplings of the new particles, complementary to the ⇠TeV scale experiments at the LHC.

Conversely, in the case that no new physics were discovered at the LHC, the discovery of CLFV
in precision experiments is not excluded as e.g. rare muon decays are testing mass scales that are much
higher than LHC energy.

6.7 Search for the electron EDM in an electrostatic storage ring
6.7.1 Introduction
This section presents new ideas on a search for the electric dipole moments of the electron in an electro-
static storage ring. A comprehensive overview of the theoretical and experimental developments in the
search for lepton EDMs can be found in Ref. [703].

Permanent EDMs (Electric Dipole Moments) of fundamental particles violate both time invariance
and parity and, assuming the CPT theorem, this implies CP violation. This feature inserts EDMs among
the most sensitive probes of CP violation. The standard model predicts non vanishing EDMs; however,
their magnitudes are expected to be unobservably small. Hence, the discovery of a non-zero EDM would
be a direct signal for “new physics” [704]. Until now, EDM searches have been limited to trapped
neutral systems. Searches for EDMs of charged fundamental particles have hitherto been impossible
because of the absence of the required new class of primarily electrostatic storage rings. Presently, two
Collaborations are proposing the search for EDM of hadrons in a Storage Ring at BNL or FNAL [705]
and at FZJ [706]. Interest for the measurement of the EDM of the electron has been expressed at Cornell
University [707].

In supersymmetric theories, the radiative corrections due to heavy states could leave their foot-
prints in the flavour structure of the supersymmetry breaking masses. Present and future searches for the
muon and electron EDMs could be sensitive to the CP violation and flavour misalignment induced on
slepton masses by the radiative corrections due to the right-handed neutrinos of the seesaw model and to
the heavy Higgs triplets of SU(5) GUT. In particular, the experimental limit on the electron electric dipole
moment strongly constrains the pattern of supersymmetric grand-unified theories with right-handed neu-
trinos: such constraints are already competing with the well-known ones derived by the limit on the
proton lifetime [708]. Table 22 displays current and anticipated limits on the EDMs of fundamental
particles.

6.7.2 Technique
The method for identifying an electric dipole moment (EDM) in these searches is to observe the rotation
of the spin axis or polarization under the influence of a strong electric field. The best procedure begins
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Particle Adopted System Current Limit Future goal SM prediction
Baryons
Neutron – 3.0⇥ 10�26 10�28 10�32

Proton 199Hg 7.9⇥ 1025 10�29 10�32

Deuteron – – – 10�29

Leptons
Electron ThO 8.9⇥ 10�29 10�29 10�38

Muon – 1.9⇥ 10�19 – 10�38

Tau e+e� ! ⌧+⌧� 1.0⇥ 10�16

Table 22: Present status of EDM of various particles. No direct measurements on charged hadrons have ever been
performed yet. The only direct measurements on leptons refers to the muon, its improvement is limited by the
finite lifetime of the muon itself. At this stage of the development, the future goal for the limit on the electron
EDM is purely speculative and in line with the other EDM searches in storage rings. A precise evaluation will be
possible once the polarimeter issue, mentioned in the text, is addressed.

with the alignment of the beam polarization along the velocity of the beam, followed by the observation
of any slow rotation of that polarization into the vertical direction caused by the torque induced on the
EDM by a strong radial electric field. This imposes several feasibility requirements. First of all, the ring
must utilize a special combination of electric (and possibly magnetic) fields in order to ensure that the
usually unstable polarization along the direction of the velocity remains stable for long enough times
(up to 1000 s) to allow any EDM effect to accumulate to a measurable level (frozen-spin condition).
In addition, a dedicated polarimeter system has to be conceived and developed capable of detecting the
emerging component of vertical polarization. It is estimated that an EDM at the 10�29e⇥ cm causes an
overall precession of the polarization of the order of 10�5 rad during the imposed observation time.

6.7.3 Statistical precision
An educated guess for the achievable statistical error is around 10�27e⇥cm for one month of data taking
depending on the reachable Spin-Coherence Time (defined in the following Section). As mentioned
before, a reasonable estimation is conditional on the polarimeter development. It should also be pointed
out that an estimate of the statistical error on a real lattice has not been performed yet and should be the
subject of a detailed investigation.

6.7.4 Design and realization of a magic ring for electrons
The energy corresponding to the frozen-spin condition for an electron storage ring (“magic-energy”) is
E = 14.5 MeV (� =29.4). A state-of-the-art electric field of 6 MV/m acting on an electron of this energy
determines a bending of R = 2.5 m, corresponding to a total perimeter of 20 m. There is no necessity
to push the electric gradients at the mentioned level. Relaxing the demand, and adopting an electric
field gradient of 2 MV/m, a machine with a total length of 50 m can be considered. Such a compactness,
makes an electron-EDM experiment appealing, besides for its physics potential, also for its technological
impact in the field of accelerator research and development. An electron EDM ring constitutes an ideal
pioneering machine for a new generation of electrostatic storage rings and represents a first step towards
a novel research line of physics beyond the SM by means of precision measurements in accelerators.

The design, commissioning and operation of a storage ring EDM experiment poses a series of
experimental challenges and demands for innovative technological developments, some of which are
briefly outlined in the following
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6.7.4.1 Design of the electrostatic lattice
All-electric accelerator rings are rare. The ring most nearly resembling the one required for the elec-
tron (and proton) EDM experiment is the “Electron Analogue” ring successfully built and operated in
Brookhaven in 1955 in connection with the AGS proton ring, mainly to investigate particle loss in pass-
ing through transition. The lattice design has to be supported by full beam-dynamics and spin-tracking
simulations. The study of subtle effects and the simulation the particle and spin-dynamics during the
build-up of the EDM signal, requires fast trackers capable of following up to several 109 turns samples
of up to 107 particles. The addition of the spin-degree of freedom substantially enhances the required
computing power.

6.7.4.2 Production of high electric fields
In the last twenty years there has been tremendous progress towards the development of the highest
possible E-field strength on metallic surfaces. It was mainly driven by the linear collider R&D as well
as work on energy recovery LINACs. As the experiment will make use of large area surfaces with high
electric fields, dedicated competence will be demanded to investigate and control parameters like electric
field strength applicable between the plates and induced dark current.

6.7.4.3 Control of systematic uncertainties
Most of the sources of systematic error can be identified by changing the polarization direction and
storing beams in both clock-wise (CW) and counter-clock-wise (CCW) directions. There is a source of
error that persists despite this procedure: a possible spurious net radial B-field around the ring. This field,
acting on the electron magnetic moment, mimics the effect of the EDM. Besides the implementation of
both passive and active shielding, monitoring and controlling the radial B-field at the required level (0.3
pG) will be one of the main challenges of the experiment.

6.7.4.4 Spin-coherence time
One of the problems connected with the requirement of maintaining a large horizontal polarization for
the 20 minutes needed for the EDM effect to accumulate, arises from spin-decoherence effects. Nor-
mally, momentum spread among the beam particles leads to differences in the precession rates and the
particle spins will decohere by spreading in the horizontal plane. The linear part of this effect may be
canceled by using an RF cavity to bunch the beam, thereby imposing the same average cyclotron fre-
quency on each particle. However, a lengthening of the orbital path that depends quadratically on the size
of horizontal and vertical betatron oscillations while maintaining the cyclotron frequency will generate
a smaller spread in spin precession rates that will lead to decoherence over a longer time. One of the
goals of the EDM ring development program is to understand how to reduce or correct for such quadratic
or higher order effects by, for example, adjusting the ring sextupole field components or by cooling the
beam. Dedicated studies performed at COSY to examine the use of higher-order (6-pole) fields in the
storage ring confirm that in the design of the ring, space has to be allocated for the installation of 6-pole
fields [709].

6.7.4.5 Polarimetry
Polarimetry represents at this stage a not yet solved issue for an electron-EDM experiment. The estab-
lishment of a dedicated study group to define a working concept deserves high-priority for the project
development. From the principle point of view, not neglecting the promising developments in scattering
polarimetry [710], other options can be investigated as the use of resonators [707], or the exploitation of
frequency measurements using SQUIDS [711].
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6.7.4.6 Magnetic shielding
The whole ring needs to be shielded from magnetic fields: e.g. the earth’s magnetic field must be reduced
by a factor of 3 ⇥ 108. Being common to all of EDM projects, this problem can be addressed with a
coordinated effort among the different Collaborations. Dedicated experience in magnetic shielding exists
e.g. at PTB in Berlin [712], where highly sensitive magnetometers are adopted to measure the magnetic
fields produced by a patient’s inner organs (i.e. heart, brain, etc). In that environment the shielding is
realized by means of an active outer shield, and a passive shield. The scheme adopted in the proton EDM
project foresees the introduction, in addition, of an inner active shield, which, of course, cannot be used
in the medical application [705].

6.7.5 Timeline and perspectives
The design and realization of the storage ring will take about 5 years (2 years for the design, and 3
years for the construction). It should be noticed the project has to be considered at the level of one of a
kind project, but that after the realization of this first prototype ring, updated versions of the experiment
are to be foreseen. As an example, in a second stage the possible implementation in the ring of also
vertical magnetic-fields can be investigated. In the reference system of the moving particle such fields
are effectively seen as radial electric fields much more intense than the ones practically achievable.

6.8 Extreme Flavour
A study of the possibility to exploit the full luminosity which will be provided by the HL-LHC for flavour
physics studies has started very recently. The following summarizes the status of this study, as resulting
from several “brainstorming” meetings which were attended by theorists and experimentalists. After a
review of the theoretical motivations behind these studies, early thoughts on the design of a possible
dedicated detector, with emphasis on trigger and data acquisition, are presented.

6.8.1 Introduction and Scope
The Large Hadron Collider (LHC) is an enormous source of heavy-flavoured hadrons, that will continue
for many years in the future with growing intensity. In the High-Luminosity phase planned for 2025
and beyond, at instantaneous luminosities of about 1035/cm2/s, the LHC will produce of order of 1014

beauty hadrons and 1015 charm hadrons per year, within comfortably accessible acceptance regions (two
units of rapidity).

In spite of the recommendation of the European strategy group to perform "full exploitation of
the LHC", no plans currently exist to take full advantage of this potential. This is not without a good
reason, as processing and storing of order of 1014 LHC collisions is a huge technological challenge, even
if projected a decade into the future. This would require an improvement of a factor 104 � 105 both
in permanent storage capacity and computing power with respect to the current state of the art, while
Moore’s law improvements might give us only a factor of 100 in the most optimistic view.

However, the physics opportunities offered by such unprecedented samples call for a serious study
of the feasibility of such an "extreme" flavour experiment. The purpose of this Section is to discuss
some preliminary ideas on how such an experiment could be performed, what the physics returns could
be, and which feasibility studies need to be performed. Given the above-mentioned limitations on data-
processing, the key to an extreme-flavour experiment (XFX) seems to be to perform the data analysis in
real time, rather than off-line.

Beam crossings at the LHC will occur at a frequency of 40 MHz, for each beam crossing many
elementary p-p collisions occur (typically around 150-200 at the HL-LHC), for each collision tens of
charged particles are produced resulting in thousands of tracks traversing tracking detectors for each
beam crossing (every 25 ns). However, not all the collisions in a crossing are interesting for the processes
we want to study, and, more importantly not all the tracks in a collision event. If we can identify the

171



heavy-flavour decays of interest in real time and record only what is relevant to the study of that particular
process, we will achieve a large reduction in the amount of data to be transmitted and stored permanently.
If we can do that, we will gain several orders of magnitude in the number of decays collected per unit
time with respect to what could be done with a traditional approach and we will alleviate the size of the
data storage and the amount of computing power required for the final analysis to a point to make the
experiment feasible.

In view of the future development of a FCC collider, the technologies developed in this context
will become even more crucial to the performing of experiments in that context, where even the heaviest
known quark, the top, will reach an impressive production rate of 3 kHz.

In rest of this Section, we will discuss in order the physics potential, and the technological ingre-
dients needed for the design of an XFX.

6.8.2 Physics Targets
6.8.2.1 Unitarity Triangle Analysis in the SM and beyond
At present, the Unitarity Triangle Analysis (UTA) allows to determine the CKM parameters with an er-
ror of few percent (see Table 23) [610, 611]. The redundancy of the SM UTA also allows to constrain
NP contributions to �F = 2 amplitudes. This is achieved by generalizing the UTA to allow for NP
loop-mediated contributions, determining simultaneously the CKM parameters and the possible NP con-
tributions in all loop-mediated processes [470–482]. Obviously, the generalized UTA determines the
CKM parameters less accurately than the SM one, leaving at present room for NP contributions in the
�F = 2 sector at the level of 20 � 30% of the SM one (at 95% probability, see Table 24). In this
sense, we can say that we are presently testing the CKM paradigm at the 20 � 30% level. This already
corresponds to very stringent bounds on the scale of NP (see Figure 70), unless the flavour structure of
NP is identical (or very similar) to the SM one, which is the case of MFV [483–485].

Parameter Output Parameter Output
� 0.22534 ± 0.00065 A 0.821 ± 0.012
⇢ 0.132 ± 0.023 ⌘ 0.352 ± 0.014
↵[�] 88.6 ± 3.3 �[�] 22.03 ± 0.86
�[�] 69.2 ± 3.4 �s[

�] 1.071 ± 0.0041

Table 23: Determination of CKM parameters from the SM UTA (from ref. [611]).

Parameter Output Parameter Output
CB

d

1.07 ± 0.17 �B
d

[�] �2.0 ± 3.2
CB

s

1.052 ± 0.084 �B
s

[�] 0.7 ± 2.1
C✏

K

1.05 ± 0.16

� 0.22535 ± 0.00065 A 0.802 ± 0.020
⇢ 0.159 ± 0.045 ⌘ 0.363 ± 0.049

Table 24: Determination of UT and NP parameters from the UT fit. See ref. [611] for details.

As discussed in Section 6.1, improving the accuracy of the generalized UTA is of crucial impor-
tance to i) indirectly probe higher scales of NP and ii) to test the flavour structure of any NP within the
reach of direct searches at present and future hadron colliders. A first, major step forward in this direc-
tion is represented by Belle II and the LHCb upgrade, which will considerably improve the experimental
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accuracy on a large number of UTA-related and/or NP-sensitive observables in the quark sector. The NP
reach however depends not only on experimental improvements, but also on the theoretical accuracy in
the estimation of the relevant observables, both in the SM and beyond. Thus, assessing the impact of
future experimental facilities is a nontrivial task, which requires dedicated studies, including an extrap-
olation of the accuracy of Lattice QCD. Detailed analyses of the impact of SuperB, Belle II and LHCb
upgrade have been performed, leading to the conclusion that the UTA accuracy can be improved by a
factor of 5–10, both for the SM and the generalized analysis, including the bounds on NP contributions
(see for example ref. [713]).

While a detailed study of the impact of XFX on the UTA is beyond the scope of this work, a rough
estimate can be provided on the basis of the expected experimental and Lattice QCD improvements de-
scribed in the remainder of this Section. A first, preliminary and incomplete list of foreseen uncertainties
in the inputs to the UTA is reported in Table 25. Based on these uncertainties, a preliminary extrapolation
of the UTA indicates that present errors can be improved by up to two orders of magnitude. However,
more detailed estimates of a few crucial inputs, such as semileptonic B decays or CP asymmetries in
Bd,s ! J/ P (V ) decays, are needed before a these indications can be put on firm ground. Never-
theless, this very preliminary estimate displays the huge potential impact of XFX on testing the CKM
picture of flavour and CP violation.

Parameter Error Comments
↵s(MZ) 2 · 10�4

mt 250 MeV theory limited
mb 10 MeV ⇥3 better
Vus 1 · 10�4 ⇥10 better
Vcb 1% Belle II / XFX
Vub 1% XFX
✏K 5% long distance + dim. 8
Bi

K ⇥10 better
FB

s

1 MeV
FB

s

/FB
d

0.5%
BB

s

6%
BB

s

/BB
d

0.5%
�Md 0.06%
�Ms 0.01%
sin 2� 0.06% (see caption)
� 0.09�

�B
s

0.0004� (see caption)

Table 25: Foreseen uncertainties for the generalized UTA. For sin 2� and �Bs
, we assume that a sufficient number

of SU(3)-related control channels can be measured (see refs. [612–615] for details).

6.8.2.2 Rare decays of beauty hadrons
We mainly focus on exclusive B and Bs rare decay modes with charged leptons and light hadrons (in-
cluding ⌘ and ⌘0) in the final state. Other interesting processes involve b�baryons. The Bc meson can
allow us to access other important rare transitions.

The FCNC modes Bs,d ! µ+µ� are among the theoretically cleanest and most NP-sensitive rare
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B decays. For Bs ! µ+µ�, the effective weak Hamiltonian reads:

Heff = �4GFp
2

VtbV
⇤
ts

X

i=10,P,S

⇥
CiOi + C 0

iO
0
i

⇤
, (48)

where O10 = e2

16⇡2 (s̄L↵�µbL↵) µ̄�µ�5µ, the scalar and pseudoscalar operators OS,P can be neglected in
the SM, and the primed operators involve right-handed fermions, and are zero in the SM. The current
measurement BR(Bs ! µ+µ�)|exp = (2.8+0.7

�0.6)⇥ 10�9 [714] must be compared to the SM prediction
BR(Bs ! µ+µ�)|SM = (3.66 ± 0.23) ⇥ 10�9 [596]; this excludes NP models predicting a large
enhancement of contributions from OS,P .

For the mode Bd ! µ+µ� the current experimental result BR(Bd ! µ+µ�)|exp = (3.9+1.6
�1.4)⇥

10�10 [714] must be compared to the SM expectation BR(Bd ! µ+µ�)|SM = (1.06 ± 0.09) ⇥
10�10 [596]. It is clear that much more statistics is needed to measure with any precision the ratio
BR(Bd ! µ+µ�)/BR(Bs ! µ+µ�) which is of paramount importance as a probe of NP. Indeed,
many theoretical uncertainties drop in the ratio, leaving us with (fB

d

/fB
s

⇥ |Vtd/Vts|)2. From the
extrapolated uncertainties of the UTA and of Lattice QCD, we expect to be able to predict this ratio at
the percent level. From Table 17 [633] it is apparent that even at the end of the LHCb upgrade run,
the expected resolution is no better than 40%, while CMS expects to measure the ratio to 20% at the
HL-LHC (see Appendix B.1). The only way to measure precisely this quantity, for as far as we can see
in the future, appears to be a flavour experiment at the HL-LHC as discussed in this Section, where a
resolution comparable with the current theory uncertainty of 5% can be expected.

Other observables can also be considered besides branching fractions, in particular the mixing-
induced CP asymmetry Sµ+µ� , and the quantity Aµ+µ�

�� that enters in the expression of the time-
dependent CP asymmetry when the width difference �� between the CP-conjugate states is sizable,
as for Bs � B̄s.

Another very interesting class of rare B decays is represented by b ! (s, d)`+`� transitions.
The theoretical calculation of the exclusive decay Bd ! K⇤µ+µ� is however much more challenging,
since factorization only holds in the infinite mass limit and power corrections can play an important
role [715, 716]. Thus, improvements in the predictions require both a more precise knowledge of the
hadronic form factors in the full range of the dilepton mass squared, and a better control of the neglected
operators and of the non-factorizable contributions. The variety of experimental observables, on the other
hand, provides a large amount of information to be used to identify deviations from the SM.

An important role is played by the angular distributions. Starting from these quantities, several
observables can be introduced, namely:

– the lepton forward-backward asymmetry AFB;
– the longitudinal K⇤ polarization fraction FL;
– binned observables, with their numerators and denominators separately integrated over q2 bins.

The position of the zero of the forward-backward asymmetry has a high discriminating power among
the SM and several NP scenarios. Other observables [717] are also modified with respect to the SM
predictions if the weak Hamiltonian gets additional contributions from NP phenomena. Moreover, it is
worth pointing out that: (i) ⌧+⌧� final state leptons provide new observables connected to the lepton
polarization; (ii) the measurement of Bs vs Bd modes can be used to reduce the hadronic uncertainties;
(iii) the separate measurement of µ and e final states gives access to the issue of lepton universality;
(iv) the measurements of both CKM favoured and suppressed modes provide the ratio |Vtd/Vts|. An
overview is presented in Table 26.

The main CKM suppressed rare semileptonic modes to investigate are B ! (⇡, ⇢)`+`� and
Bs ! K⇤0(! K⇡)`+`�, for which only BR(B+ ! ⇡+µ+µ�) has been measured. Although in
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b ! s`+`� observable PDG 2014 [81] SM
B ! K⇤(! K⇡)`+`� BR (9.9+1.2

�1.1) ⇥ 10�7 (n) (1.34 ± 0.62) ⇥ 10�7|
q

22[16, 19]GeV2

(` = e, µ) (12.9 ± 2.1) ⇥ 10�7 (c)
d�/dq2 X ?
F

L

(q2) X ?
A

FB

(q2) X ?
angular distributions X ?

scalar K⇡ contribution ?
e � µ universality

B ! K⇤(! K⇡)⌧+⌧� BR [0.4 � 1.2] ⇥ 10�7

⌧ pol. asymmetries ?
B

s

! �(! KK̄)`+`� BR (7.6 ± 1.5) ⇥ 10�7(µ) [14.5 � 19.2] ⇥ 10�7

d�/dq2 X ?
F

L

(q2)
A

FB

(q2) ?
angular distributions
e � µ universality

B
s

! �(! KK̄)⌧+⌧� BR
⌧ pol. asymmetries

B ! K`+`� BR (3.1+0.8
�0.7) ⇥ 10�7 (n) (0.86 ± 0.20) ⇥ 10�7|

q

22[16, 22.9]GeV2

(` = e, µ) (4.51 ± 0.23) ⇥ 10�7 (c)
d�/dq2 X ?

e � µ universality X
B ! K⌧+⌧� BR [0.6 � 1.6] ⇥ 10�7

⇤
b

! ⇤(! N⇡)`+`� BR (10.8 ± 2.8) ⇥ 10�7(µ) (4.5 ± 1.2) ⇥ 10�7|
q

22[15, 20.28]GeV2

d�/dq2 X ?
A

FB

(q2) ?
angular distributions ?

⇤, ⇤
b

polarization asym.
e � µ universality

⇤
b

! ⇤⌧+⌧� BR ?
B

s

! (⌘, ⌘0)`+`� BR (2.6 ± 0.7) ⇥ 10�7 (⌘) [718]
(2.2 ± 0.6) ⇥ 10�7 (⌘0)

d�/dq2 ?
e � µ universality

B
s

! (⌘, ⌘0)⌧+⌧� BR (8 ± 1.5) ⇥ 10�8 (⌘)
BR (3.9 ± 0.8) ⇥ 10�8 (⌘0)

B
s

! f0(980)`+`� BR (9.5 ± 3.1) ⇥ 10�8 [719]
d�/dq2

e � µ universality
B

s

! f0(980)⌧+⌧� BR (1.1 ± 0.4) ⇥ 10�8

b ! d`+`� observable exp [638] SM
B ! ⇡`+`� BR (2.3 ± 0.6 ± 0.1) ⇥ 10�8 (c) (1.88+0.32

�0.21) ⇥ 10�8 [720]
d�/dq2 ?

e � µ universality
B ! ⇡⌧+⌧� BR

Table 26: FCNC semileptonic decays: main observables, 2014 status (c=charged mode, n=neutral), predictions (the quoted
ranges are mainly due to the form factor uncertainties). The symbol X indicates measured observables or ongoing experimental
analyses (end of 2014). The symbol ? indicates observables with updated theoretical analyses in the literature. The predicted
branching fractions of B ! K(⇤)`+`� [721] and ⇤

b

! ⇤`+`� [722] are quoted for selected ranges of q2.

the SM the rates are suppressed by a factor |Vtd/Vts|2 with respect to the CKM favoured modes, with
|Vtd/Vts| = 0.261 ± 0.011 [81], such processes are accessible at the hadron facility under discussion,
with the variety of their observables.
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6.8.2.3 Charm Physics
The very large statistics available at an Extreme Flavour Experiment would allow for use of high-purity
selections that would be beneficial for rare decays and for precision measurements. A factor 10 improve-
ment is foreseen in sensitivities to physics observables and between a factor 10 and 100 for upper limits
on rare decays, depending on the level of irreducible background affecting the specific decay modes.

From a naive extrapolation obtained by scaling LHCb upgrade estimates for the D0 ! K0
S⇡

+⇡�

decay mode, we obtain sensitivities for the mixing parameters x and y at the level of 10�5, and for
the CP -violating parameters |q/p| and ', at the level of 10�3 and 0.3�, respectively. We could reach
statistical precision at the level of 10�5 or below in searches for CP violation in singly-Cabibbo sup-
pressed charm meson decays. The search for D0 ! µ+µ� could improve by a factor 10 with respect
to the LHCb upgrade, assuming no separation from the peaking background of D0 ! ⇡+⇡� with ⇡
decaying in flight, reaching a level of sensitivity for the upper limit of about 10�11. The reconstructed
D0 ! ⇡+⇡� peak actually appears shifted from the D0 ! µ+µ� by about 10 MeV, due the incorrect
muon mass assignment to the decay products. This means that this background can actually be separated
out, and the ultimate sensitivity to D0 ! µ+µ� be pushed towards 10�12, provided a mass resolution
of the experiment below ⇡ 5 MeV can be attained (for reference, the resolution of the current LHCb
detector for this decay is ⇡ 9 MeV).

Given the extremely large sample of D decays available, the impact on lepton flavour violating
interactions and on Majorana neutrino mass bounds from D decays should also be investigated. The
initial studies of the possible experimental ways to search for sterile neutrinos (discussed at length in
Section 5.4.2 of this document) determined that there were two main pathways: "The search of singlet
fermions in the mass interval 2-5 GeV would require a considerable increase of the intensity of proton
accelerators or the detailed analysis of kinematics of more than 1010 B-meson decays" [418]. The same
argument can be made in reference to charm decays, as well. The second possibility, of collecting enor-
mous samples of heavy quark decays was dismissed at the time (2007) as technologically unfeasible—in
this Section we are revisiting that possibility with more modern eyes, and we are considering as realistic
the possibility of even larger samples. In this approach, it is not necessary to see the decay of the ster-
ile neutrino itself, but its presence is inferred by the distortion of the D or B decay kinematics (which
is significant, due to the expected mass being around a GeV). From Fig. 91 showing the production
cross-section as a function of the mass, one can see that the production rates would be significant at the
proposed experiment.

These are strong motivations for the “Extreme Flavour” project and also calls for a theoretical
reassessment of the SM contributions in charm decays.

Certainly, it would be an experimental challenge for the understanding of the systematic uncertain-
ties at that level of precision. However, most of the systematic uncertainties can be estimated by using
dedicated data control samples. The interpretation of the results for distinguishing new physics effects
from the SM would be very challenging and would require a major advancement of the theory. Lattice
developments that are foreseen in the near future and the large variety of available measurements might
help in this respect (see Section B.2).

6.8.2.4 Kaon physics
An incomplete list of important Kaon decays that could be addressed by a high-intensity flavour experi-
ment is given in Table 27.

This Section addresses the case for kaon physics studies at an XFX. We discuss first the decays
KS,L ! µ+µ�, then we turn the attention to K ! ⇡⇡l+l�, charge asymmetry in K+ ! ⇡+l+l� and
forward backward asymmetry.

– KS,L ! l+l�, KS,L ! l+l�l+l� [81, 528, 723] The recent LHCb limit on KS ! µ+µ� [81]
is testament to the potential of collider experiments in this field (see table). A high precision
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MN , GeV MN , GeV MN , GeV

a) b) c)

FIG. 16: Inclusive heavy lepton production by strange (black lines), charm (dark gray lines) and

beauty (light gray lines) hadrons in models: a) I, b) II and c) III; within ⌫MSM the interesting

rates are between corresponding thin and thick lines which show upper and lower limits on U2

from Fig. 4b, respectively.

with �H
N being a relative contribution of a given hadron H to total neutrino production,

�H
N =

NH(E) · Br (H ! N . . .)

NN(E)
,

where the number of produced hadrons of a type H is estimated as

NH(E) = NPOT (E) · Mpp(E) · �Q(E) · Br (Q ! H) .

Finally we obtain for the total number of neutrino decays inside the detector

Ndecays
N = NPOT · Mpp · �l

�N

·
X

Q,H

�Q · �Q,H · MN

hpN
L iH

.

For the four available beams with parameters presented in Table I and �l = 5m the

quantitative predictions are given in Fig. 17 for the three benchmark models with account of

all experimental and theoretical constraints; both lower and upper bounds scale with mixing

35

Fig. 91: Inclusive heavy neutral lepton production by strange (black lines), charm (dark gray lines) and beauty
(light gray lines) hadrons in various models within ⌫MSM (from ref. [418], Fig. 16). The interesting rates are
between corresponding thin and thick lines which show upper and lower limits on couplings.

Table 27: Selected kaon decays for study at an Extreme Flavour experiment. The KL mode is not expected to
be studied at hadron colliders, however the interpretation of its measurement made elsewhere is affected by KS

studies. See text for more detail.

PDG Prospects
KS ! µµ < 9⇥ 10�9 at 90% CL (LD)(5.0 ± 1.5)⇥ 10�12 NP < 10�11

KL ! µµ (6.84 ± 0.11)⇥ 10�9 difficult: SD⌧ LD
KS ! µµµµ – SM LD ⇠ 2⇥ 10�14

KS ! eeµµ – ⇠ 10�11

KS ! eeee – ⇠ 10�10

KS ! ⇡+⇡�µ+µ� – SM LD ⇠ 10�14

measurement can test the short distance (SD) SM contribution provided the long distance (LD)
prediction [528, 724] is improved with auxiliary channels [723]. A Flavour experiment at the HL-
LHC is the only foreseeable possibility to measure the B(KS ! µ+µ�) in the interesting physics
range (< 10�10, as extrapolated from the LHCb result with 1 fb�1). Additional opportunities
for reducing the background further are offered by the huge charm production that will be avail-
able (O(1015)/year)—this could allow performing some measurements on clean "D-tagged" kaon
samples, e.g. kaons from D+ ! Ks⇡+ decays.
In the decay KL ! µµ, the smallness of the ratio SD/LD ⇠ 1

30 may obscure an experimental
improvement on the measurement of the branching fraction made at dedicated kaon experiments
[528]. The situation would be a bit ameliorated if the sign of A(KL ! ��) were known. Informa-
tion on this sign ambiguity could come from the experimental study of KS,L ! l+l�l+l� [723].
As seen in the table, the KS channel is within reach of a high-intensity hadronic experiment, and
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it may also yield the LD distance info needed for a better control of KL ! µµ. These four body
decays have a peculiar feature: similarly to KS,L ! ⇡+⇡�e+e�, the two different helicity am-
plitudes interfere; then one can measure the sign of KL !! �⇤�⇤ ! l+l�l+l� by studying the
time interference of KS KL which has a decay length 2�S [723].

– KS ! ⇡+⇡�l+l�

Only K+ ! ⇡+⇡0e+e� has been studied so far [725]; KS ! ⇡+⇡�µ+µ� appears more feasible
experimentally even if it has less than 10 MeV phase space; from table I in Ref. [725] we can
extract also that the expected branching fraction is O(10�14) and that the novel purely electric and
magnetic contribution are enhanced with respect to the less interesting bremsstrahlung component.

– K+ ! ⇡+µ+µ� charge asymmetry NA48 has measured this asymmetry to be less than 2.1 ·10�2

at 90% CL (e) and 2.9 · 10�2 (µ) [81], SM is ⇠ 10�6 [726] but in some regions of the phase space
⇠ 10�4; NP models may reach ⇠ 10�3

– The K+ ! ⇡+µ+µ� forward-backward asymmetry At the moment AFB < 2.3 · 10�2 at 90% CL
[81], limiting NP contributions generated by scalar tensor coupling [727] while SM contributions
are ⇠ 10�3 [728]. AFB should be improved.

– Lepton Flavour Violation A tight constraint from BR(KL ! µe) < 5⇥10�12 implies BR(KS !
µe) < 10�14 [81] so this channel is difficult to improve

– KL,S ! ⇡0ll These interesting channels (latest Refs [729, 730]) are discussed in Section 6.2.

In conclusion, all channels reported in the table appear interesting for this program of extreme
flavour, particularly the four body decays, and also K+ ! ⇡+µ+µ� asymmetries.

6.8.3 Detector Geometry
The best detector geometry for an XFX experiment cannot determined without a detailed study. Some
initial considerations are however possible.

– A strong tracking capability seems to be the most important need, and at the same time the greatest
challenge in the envisioned operating conditions. The next priorities are, in order: muon identifi-
cation, hadron PID, calorimetry.

– The detector does not need to be hermetic. Since it is anticipated that the experiment will work
only on a part of the collision data, it is not expected that global event variables, like the missing
ET , could play a useful role in this experiment, or be usefully determined.

– A tracking volume sufficient for good containment of KS decays is considered by many a very
desirable feature.

– Both "forward" and "central" configurations are possible. It seems that both a geometry "a la
LHCb" or General-Purpose-like are in principle feasible for this experiment. There are however
some clear trade-offs that should be worked out with a targeted study. A forward configuration
has the advantage of an easier access to the detector, easier cabling etc. and allows room for
large detectors, like those that may be required for PID purposes (see later). It is likely to require
a smaller number of channels and be therefore less expensive. It may however suffer from larger
radiation-resistance issues, and the high track density may be a hurdle to pattern recognition. Also,
resolving tracks originating from separate primary vertexes along the Z-direction requires better
impact parameter resolution than in the central configuration.

– Following the approach of ignoring the reconstruction of individual primary collisions, there is no
need to separate primary vertexes from each other. It is assumed that the mode of operation will be
to identify a few tracks of interest, and then analyze all remaining tracks that have a value of the
z-intercept compatible with having originated from a common vertex. It is therefore advantageous
to have a longer luminous region. If necessary, time-dependent measurements could be performed
in the transverse plane.
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– The readout can be conveniently organized according to the z0 (z-position at closest approach to
the z-axis) of the track. It is in fact envisioned that the tracks will be locally reconstructed "on-
detector", and presented to the readout system sorted in separate channels, each representing a
separate z0 range.

6.8.4 Tracking
6.8.4.1 Radiation tolerance of future inner tracking detectors
Radiation damage in silicon detectors has been extensively studied and detailed parameterizations such
as the so-called “Hamburg Model” describe quite well the behavior of silicon detectors at LHC. The
damage is understood in terms of the creation of new energy levels between the valence and conduction
bands, globally called defects, which have strong impact on the device performance after irradiation.

Assuming that LHC is going to accumulate 3000 fb�1, the requirement on radiation damage for
the inner pixel layers of the general-purpose detectors is 2� 3⇥ 1016neq/cm2, while for the inner strip
layers it is ⇡ 1015neq/cm2. The VELO system of the upgraded LHCb detector is expected to accumu-
late, after 50 fb�1 of integrated luminosity, a maximum integrated flux of up to ⇡ 8 ⇥ 1015neq/cm2.
Silicon remains the only material that has the capability of reaching this goal within the timescale of the
LHC upgrade, with the possible exception of diamond for the innermost pixel layer and/or specialized
detectors. For very irradiated silicon its impossible to reach full depletion voltage, so only a part of the
sensor is active. The key parameters are therefore the amount of trapping and the drift voltage extension
at a given bias voltage. A beneficial effect that counterbalances charge trapping in heavily irradiated
detectors is the onset of charge multiplication, due to the presence of localized, very high electric fields.

Fig. 92: Signal charge collected in various devices as a function of fluence.

Figure 92 shows the collected signal charge from a MIP as a function of fluence for values up to
2 � 3 ⇥ 1016neq/cm2. The decrease in signal amplitude is quite dramatic for thick sensors, while it’s
less pronounced for thinner one, as the drift path is shorter. The expected fluence at an extreme flavour
experiment will depend on the detailed detector geometry and configuration. Naively, in the case of a
forward spectrometer, one can extrapolate the expected flux for the LHCb VELO upgrade by a couple of
orders of magnitudes. At these much higher fluences, 1017 � 1018neq/cm2, the signal charge decreases
further: the silicon bulk becomes heavily doped and it can be depleted only for a small part, making
the number of initial e/h pairs very small. Moreover trapping will prevent charges from drifting any
reasonable distance. These fundamental problems can be overcome only with the introduction of new
technologies that will be able to work with small signals and short drift paths. HVCMOS, or a similar
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Fig. 93: Schematic of a traditional silicon diode (left) and of a Low-Gain Avalanche Diode (right).

technology where the readout electronics is embedded in the sensor itself, might compensate for these
effects.

6.8.4.2 On line momentum determination
The online measurement of charged particle momenta could be performed using the so-called pt-modules [731],
employed for the upgrade of the CMS detector Silicon Tracker. These modules consist of two silicon
sensors (either strips or macro-pixels), separated by a few mm, which measure the local flight direction
of the particle, by correlating the cluster positions in both sensors. The sensor spacing and the strip/pixel
pitch determine the accuracy of the direction measurement: for 4 mm spacing and 80 µm pitch the angu-
lar resolution is about 8 mrad. These modules can measure the momenta of the particles outside of the
dipole magnet with an accuracy of about �pT /p2

T ⇡ 3%.

6.8.4.3 On line impact parameter determination
A useful extension of the concept could be realized with a triplet of sensors which find all combinations
of triplets in a single chip, similar to the concept of the Tiny Triplet Finder (TTF) of the BTeV experi-
ment [732]. The idea is to form a sandwich of three pixelated sensors: the logic should sit in the middle
sensor together with the one that performs the triplet finder. Studies need to be performed to see whether
this triplet readout could be realized in custom ASIC, for instance in 65 nm technology.

Alternatively, this trigger could be implemented by taking pairs of doublets that are then matched
in special boards in the collision hall.

6.8.4.4 Design Optimization of Ultra-Fast Silicon Detectors
The design of ultra-fast silicon detectors [733] (UFSD) exploits the effect of charge multiplication in
silicon to obtain detectors that can concurrently measure with high accuracy time and space. Figure 93
shows on the left a schematic of a traditional silicon diode, while on the right the n++ � p+ � p �
p++ structure of a UFSD. The extra deep p+ layer creates a strong electric field that generates charge
multiplication.

The time resolution �t can be expressed as the sum of three terms [734]: (i) Time Walk, (ii) Jitter,
and (iii) TDC binning:

�2
t = ([

Vth

S/tr
]RMS)2 + (

N

S/tr
)2 + (

TDCbinp
12

)2, (49)

where S is the signal amplitude, tr the signal rise time, N the noise, and Vth is the comparator threshold
used to set the time of arrival of the particle (Vth ⇠ 10 ⇤ N ). Equation (49) shows the main set of
requirements to obtain excellent timing resolution: (i) low noise, (ii) large signals and (iii) a short rise
time. These requirements are complemented by the additional requirement of having signals that are
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very uniform: if the signal shape varies significantly on an event-to event basis, then the timing accuracy
is severely degraded.

The ultimate performance of UFSD depends critically on the combination of the sensors with the
read-out electronics. A highly pixelated UFSD requires a full custom ASIC read-out, bump bonded to
the sensor. The design of UFSD requires the optimization of many intertwined parameters. We are
considering two distinct options for the realization of a highly pixelated UFSD system, Figure 94: (i)
Left: a single read-out chip, able to measure position and time, or (ii) Right: a split design, where we
use double-sided readout to separate the position measurement from the time determination. This second
design is mechanically more challenging, however reduces the complexity of each read-out chip. Both
designs assure (i) excellent timing capability, due to the enhanced signal and reduced collection time,
and (ii) accurate position determination, due to the pixelated electrodes.

Fig. 94: Sketch of a UFSD sensor and associated VLSI electronics. Left side: single read-out chip, right side: split
read-out.

Our simulations and laboratory results indicates that thin sensors of small capacitance will give
the best results. A resolution of 10-20 ps seems to be reachable with dedicated VLSI electronics.

6.8.5 Particle Identification
6.8.5.1 Muon identification
The performance of muon identification in an XFX depends crucially on the hit rates expected in the
different muon detector regions and on the detector geometry. As an example, a naive extrapolation
of the rates foreseen in the LHCb upgraded detector gives rates of the order of a few tens of MHz per
cm2 in the most busy regions, rapidly decreasing in the MHz/cm2 range and less in the outer regions.
These very high rates could be mitigated by e.g. adding more passive material and shielding, and/or
reducing the detector coverage in the very forward region. Clearly, the impact of these choices on the
efficiency in key signal modes should be carefully studied. Regarding detector technology, micro-pattern
gaseous detectors offer excellent timing and spatial resolution, and tracking and triggering efficiencies.
High-rate capability of Gas Electron Multipliers (GEMs) has also been demonstrated, while resistive
micro-megas might achieve comparable rates in the future. Due to the high currents expected, power
distribution needs to be carefully studied. Finely segmented scintillators would also be suitable as the
active material, with scintillation light collected by fibers, which guide the light to photodetectors, such
as Silicon Photomultipliers, which in case of a forward spectrometer could be properly shielded and
housed in a region of reasonably low background radiation. Aging effects might be more severe for
plastic scintillators with respect to gaseous detectors. In any case, the effects due to radiation damage
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of all the sensitive detector components and associated electronics remains a critical issue and must be
studied in a detailed R& D program.

6.8.5.2 Hadronic PID
The issue of the PID capabilities needed for an XFX have been discussed. The ability to distinguish
hadrons in this environment is hard to achieve, but, according to some, it is not really crucial to the
experiment’s mission, and it may be given up in favor of concentrating on other issues. Anyhow, there is
a wide consensus that the topic deserves a sizeable investment of resources in feasibility studies.

The track density seem to represent a big hurdle to solutions based on the Cherenkov effect. An
alternative possibility is the use of thick (2-3 meters) Transition-Radiation Detectors. These detectors
allow separation of hadrons up to very high momenta, and a thick prototype of this kind has actually
been designed, built and tested many years ago ([FERMILAB-CONF-89-170E]). It seems possible to
have good threshold discrimination of pions from kaons/protons, up to energies of several hundred GeV.
It is also possible to integrate tracking capabilities within the TRD detector. The subject needs to be
studied anew, considering the implementation possibilities allowed by newer materials, and the issues of
signal timing, pileup, and synchronization.

6.8.6 Data acquisition
In the following we assume that the detector will produce an aggregate output data of the order of 0.5
PB/s. This estimate comes from scaling the foreseen 40 Tb/s output of the upgraded LHCb detectors
(taken as a reasonable example of the detector size needed for meaningful coverage of interesting physics
volume) by a factor of 100 for luminosity.

A first challenge arises from the fact that, with current technologies, the resulting number of serial
data links needed to read out of the whole detector would be prohibitively huge. The fastest radiation-
hard serialiser/deserialiser devices are the GigaBit Transceivers (GBTs), which are designed and built by
the CERN micro-electronics team for the upgrades of the LHC experiments. These GBT devices operate
at a transmission rate of 4.8 Gb/s20. Thus the number of GBT links that would be required to read out
the whole detector if running at 1 PB/s would be of order of 2 ⇥ 106. Just for comparison, the readout
system foreseen for the LHCb upgrade will require something like 9⇥ 103 optical data links, whose cost
is estimated to be about 1.5 MCHF.

This highlights the fact that this experiments needs real-time processing of the raw data at the low-
est possible level ("on-detector") in order to reduce the data flow, based on more complex data primitives
than simple zero-suppressed hits. Also, a new radiation-hard serialiser chip featuring higher bandwidth
than the GBT would be needed for data readout from the detector. The serialiser could be driven by a
dedicated redundant logic circuitry, implemented on a suitable radiation-hard FPGA. The GBTs could
be used to distribute clock signals and fast commands to all sub-detectors. The feasibility of such a new
generation of high-speed radiation-hard devices for data transmission needs to be investigated.

Assuming one were able to reduce the aggregate output rate by an order of magnitude, e.g. by
means of dedicated on-detector processing, down to, say, 1 Pb/s, the number of data links would still
be as high as 2.5 ⇥ 105, assuming the same speed of the GBT in reading the data output from the
on-detector reconstruction system. Present state-of-the-art FPGAs provide serial I/O link components
covering a range between 10 Gb/s to 40 Gb/s. However, commercial-grade FPGAs cannot be exploited
for transmission purposes from the detector, considering the failure rates due to both single event effects
and total absorption dose. The radiation-hardened FPGAs, which could be used for the implementation
of the control logic, are generally equipped with transceivers of limited bandwidth (of the order of few
Gb/s). The importance of this issue depends on how far from the detector it will be possible to position

20The GBT transmits a 120-bit frame, with 32 bits reserved for the FEC code and 4 for a header. The link efficiency is
therefore about 70%.
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the real-time reconstruction electronics.
Assuming a device providing a transfer rate of 25 Gb/s per channel could be made available to

work in these conditions, then the scale of the DAQ system would be manageable. For an output rate of
1 Pb/s, for the read out it would require order of 4⇥ 104 data links.

These data streams must enter the real-time analyzer, which identifies the presence of secondary
decays of interest, and isolates the specific region in Z along the beam, and the associated tracks of
relevance (see next Sections for more details). It is envisioned that the "event size" associated to this
partial sampling, will not exceed 10 kB (for comparison, the full raw event size of LHCb is of order 100
kB). This leads to a rate of less than 10 Tb/s, to be transferred to permanent storage, which is less than
that envisioned for the LHCb upgrade in 2020. It will therefore be possible to handle it with the same
architecture, but with a more modest cost due to Moore’s Law gains in the extra 5 years of lead time.

The data streams could be downloaded by plugging the data links directly into a computing farm
built of commercial PCs, similarly to what is planned for the LHCb upgrade. The interface to each event-
building server (the readout board) would transfer data to the PC’s RAM using DMA over PCI express
bus. The scale of the event-builder farm can be estimated by knowing the sustainable I/O through a single
server. It has been recently demonstrated that a modern PC can safely sustain an input rate of about 100
Gb/s, corresponding to an aggregate I/O data rate of 400 Gb/s, by using two FDR InfiniBand network
cards with 4x link aggregation, operating in full duplex mode21.

The first EDR InfiniBand network cards and switches, with doubled data rates with respect to FDR
cards, are now starting to appear on the market. According to the roadmap provided by the InfiniBand
Trade Association, the data rate is expected to double again in a few years, with HDR cards, and grow
further in the course of 2020’s with the NDR cards.

6.8.7 Real-time track and vertex reconstruction at L = 1035

The reconstruction of tracks in real time has been a distinctive feature of the more advanced trigger
systems of the pre-LHC generation of experiments. However, the challenges to be overcome for the
first LHC run have forced the experiments to concentrate on other aspects of the TDAQ system, most
notably increase in dimensions and standardization, and specialized track reconstruction systems have
disappeared. Track-based trigger selections in LHC run I have indeed been in use, and in some cases
very important, but only after a full offline-like reconstruction of the entire event, occurring at the HLT
level.

The development of an experiment capable of flavour data processing in the future high-luminosity
LHC runs requires a sophisticated tracking capability at the earliest possible processing level. This trend
is already apparent in GP-experiments, and indeed both CMS and ATLAS are performing studies for
bringing the track reconstruction from the HLT down to the L1 in the phase-2 upgrade, aimed at LHC
phase-2 (from year 2025 on). A vigorous R&D program based on updated and improved Associative
Memory ASICs is ongoing already in the INFN CSN1 (within "RD_FASE2") for this purpose, and its
results will certainly be an important input in the design of the XFX.

It must however be noted that the requirements of XFX are even harsher than those of the GP
experiments. First, a reconstruction of the majority of tracks is required, down to the lowest pT of
interest, and including all charged tracks, not just leptons or pre-determined regions of interest. Second,
the reconstruction must be of sufficient quality to allow it to be used for full physics analysis, allowing
the raw data to be discarded.

These elements require some additional developments.
A promising line of development is the R&D for a tracking (and vertexing) "vision-like" algorithm

21Note that an incoming flux from the detector of 100 Gb/s corresponds to 400 Gb/s, since the event-building implies four
data fluxes through a single server.
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that is very strongly parallel, and connectivity-based. It relies heavily on the availability of a high internal
bandwidth in the new generation of electronic devices developed for the needs of telecommunication
industry. and can be implemented in commercial programmable electronics, without the need for custom
silicon structures. This new methodology has been demonstrated to provide offline-like performance
with very low latency and high throughput, albeit in the specific geometry configuration of LHCb, and is
being targeted by a specific R&D in CSN5 ("RETINA").

By extrapolating current studies to 2025, it appears that a combination of the results of the above
two lines of research, together with an appropriately designed detector geometry, will be able to provide
the necessary performance for the XFX both in terms of throughput and track quality, provided sufficient
resources are devoted to this specific goal.

The recent arrival on the market of more advanced, 3D silicon structures, is likely to positively
affect the above lines of development, strongly increasing the potential performance that can be obtained.

Regarding vertexing, a second level of processing based on the same parallel processing ap-
proaches is expected to be doable, and less resource-demanding than the tracking process. Following
the approach outlined above, the reconstructed tracks will be sorted according to the Z-position of clos-
est approach to the beam, and delivered to identical, but independent parallel processors, each dedicated
to a specific Z-slice. In this way, secondary vertex finding can be performed in parallel in each slice,
decays of interest identified, and only the selected slice of information transmitted to the further levels of
processing/storage. Each slice will therefore have a manageable rate, and produce independent "partial
events" of about 10 kB size.

6.8.8 Analysis Model
The huge size of data samples involved and the required level of precision mean that an extreme flavour
experiment requires a different model of data analysis from the traditional paradigm in use in HEP.

It will likely still be possible to use the traditional method for rare processes, and in any case
it will be necessary for the initial stage, and for some "control and calibration samples" that will be
necessary to support the measurements made on the main samples. But the high-statistics samples at
regime will require a different methodology from the usual sequence of "trigger, storage, calibration,
offline analysis".

First of all, there is no way to store the entire event information for so many events—and it is
not even necessary. Most of the event information is about other primary vertexes, and has no relevance
for the interaction being selected—most of the time, just a single secondary weak vertex is the relevant
information. While identifying a single vertex may be complicated, the strategy outlined in the previous
Section, selecting only a specific Z region, is an easy way to identify a small sub-sample of relevant
information within the collision data. In this way, a quantity of data of O(10kB) can be extracted from
each event, containing the relevant information for the decay of interest. Even so, for the highest statistic
samples, this may imply something of the order of 1 EB of data to be stored (and analyzed) each year.

It will be important to explore the possibility of performing analysis via data summaries, that is,
data structures that do not scale linearly with the number of candidates, such as simple histograms, or
more sophisticated data structures.

Another important issue is how to perform the necessary detector calibrations. In this experiment,
there is no way to redo the calibrations from the main data sample off-line, so there is a need for a different
approach that can still guarantee the needed high precision. This can in principle be achieved in two ways:
1) by dedicated calibration samples, collected in parallel with physics data; 2) by building a real-time
calibration system inside the DAQ system itself. The second way is possibly harder, but certainly more
in line with the general philosophy of the approach, more general, and promises a much higher level
of precision because it has access to many orders of magnitudes more data than what is permanently
stored. The availability of detector-embedded track reconstruction, and the continuing improvement in
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CPU computing power per unit cost, are crucial assets for this purpose.
In order to advance the design of an extreme flavour experiment, it will be crucial to perform the

studies needed to demonstrate that a system for high-precision calibration in real time is indeed possible,
and has the reliability required of a system for which there is no way to perform a second pass. If the
calibration for a certain quantity of data is diagnosed to be defective, there is probably no way to recover,
and that data will simply have to be discarded.

A natural handle to help achieve this goal comes from having built an on-detector reconstruction
system, that will naturally have a strongly parallel architecture and large distributed computing power.
This opens the door to designing an embedded calibration system, that makes extensive use of local
information to determine the needed constants, and performs corrections on the fly.

A substantial development effort will be needed to produce a detailed design. The availability of
large samples of data from past LHC data taking runs may be of great help in this process, allowing to
perform extensive realistic tests.

Finally, we will have to discuss systematics control, and evaluation.
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6.9 Flavour Physics: Summary and Outlook
Flavour physics has played a key role in the development of our knowledge of fundamental interactions,
leading to several remarkable “New Physics” predictions, ranging from the existence of the charm quark
to the presence of a third generation of quarks, as well as to very stringent constraints on new interactions,
at the level of 105 TeV for O(1) New Physics (NP) flavour couplings. It is therefore of fundamental
importance for the future development of the field of elementary particle physics to continue improving
the theoretical and experimental tools needed to study flavour physics. These improvements should
guarantee the achievement of a twofold goal: on one hand, increasing the reach of indirect searches for
new physics, in order to be able to probe higher scales in the event that no NP is discovered by direct
detection; on the other hand, providing a precise determination of the NP Lagrangian if any new particle
is produced in direct search experiments.

From a theoretical point of view, particle physics is confronted with what can be called the “flavour
paradox”. On one side, the Higgs discovery and the related measurements are showing the physical
reality of the relation mi = �iv between the fermion masses and their couplings to the Higgs boson. On
the other side we have no clue whatsoever on the pattern of the �i themselves. The consideration of this
“paradox” makes the program of testing BSM contributions to the CKM picture from the 20�30% level,
as it is now, down to 1 � 0.1% precision a fundamental goal of all particle physics. This goal might be
achieved in the next 10-15 years if appropriate steps are taken to put together a comprehensive program
of flavour physics experiments and theory.

Considering the goals outlined above, the flavour physics What Next GdL has investigated future
theoretical and experimental prospects, with particular emphasis on new experimental ideas that could
represent a breakthrough in the development of this field, and in which INFN could play a key role.

– Kaon Physics In the very near future, the NA62 and KOTO experiments are expected to probe
NP through the K+ ! ⇡+⌫⌫̄ and KL ! ⇡0⌫⌫̄ decays respectively. The expected data samples
for the two experiments correspond to ⇠ 100 events for the charged kaon decay and to a few
events for the neutral kaon. While these results will already considerably improve our knowledge
of the effective s̄d⌫⌫̄ interaction, the ultimate experimental goal should be a precise measurement
of BR(KL ! ⇡0⌫⌫̄), since the theoretical uncertainty in this mode is much smaller than the
one for the charged kaon decay. This goal might be achieved either by an upgrade of the KOTO
experiment or by a KL experiment based on the NA62 infrastructure at CERN. In both cases, one
aims at obtaining a sample of ⇠ 100 SM events. It is worth mentioning that even LHCb or an
extreme flavour experiment (see below) could contribute to experimental progress in K physics by
providing precise measurements of rare KS decays.

– Charm physics Given the very small rate of CP violation in charm mixing expected in the SM, the
recent experimental improvements in the measurement of mixing-related observables has lead the
NP-constraining power of charm physics very close to the one of kaon physics. Belle II and LHCb
upgrade will provide more precise data, probing CP violation in charm mixing to the degree level.
SM theoretical uncertainties might start playing a role at this level of accuracy, and new ideas are
being put forward on how to reduce them with data-driven methods. More precise experimental
data, as well as data-driven theoretical improvements, will shed light on the amount of CP vio-
lation in singly Cabibbo-suppressed D decays and on its compatibility with the SM. Improved
data on very rare decays will probe NP contributions that might produce large enhancements of
the very suppressed SM short-distance contributions. A further order-of-magnitude experimen-
tal improvement of several key observables might come from an extreme flavour experiment (see
below).

– B physics, CP violation and the Unitarity triangle The next decade will witness substantial
improvements in the study of B physics, both from the experimental point of view (with Belle-
II and the LHCb upgrade) and from the theoretical one (with the expected progress in Lattice
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calculations of matrix elements and with the calculation of higher-order corrections to several
interesting observables). With these improvements, a determination of the CKM parameters with
1% accuracy will become feasible, as well as an improvement of the bounds on NP contributions
and a clarification of a few tensions between theory and experiment, in particular in rare B(s)

decays.
– flavour and CP violation in the lepton sector Searching for flavour- and CP-violating processes

involving charged leptons is an excellent probe of NP, since an observation of these processes
would constitute a clean signal of NP. The complementarity of measurements of ⌧ and µ FCNC
transitions in decays to different final states and in conversions calls for an experimental improve-
ment in all sectors. While Belle II, the MEG upgrade, Mu2e and COMET will be the players in
the next decade, it is certainly worth exploring the possibility of further improvements by new
techniques. Concerning CP violation, the feasibility study of a magic ring for electrons could open
up the interesting possibility of performing electron EDM measurements at accelerators.

– an extreme flavour experiment In order to push to the extreme the intensity frontier, the very
interesting possibility of exploiting the full luminosity provided by the HL-LHC (or by any fu-
ture hadron collider) for flavour physics has been considered. This poses severe experimental and
theoretical challenges: can a sample of 1014 bottom and 1015 charm mesons be fully exploited?
Can theoretical uncertainties be kept below the projected experimental ones for a large number
of interesting observables? While a full answer to these questions requires a much more detailed
study than what was possibly achievable in the What Next WG, at present the necessary tech-
nical developments do not seem unfeasible. From the experimental point of view, storing and
processing such data samples is a huge technological challenge, even if projected a decade into the
future, thus requiring a paradigm shift by which data analysis will be performed in real time, rather
than off-line. A detector with strong tracking capability at high luminosity seems technologically
within reach, while a readout at 40MHz will be doable thanks to the foreseen progress of telecom
technology. Specialized processors are needed to perform real-time event reconstruction and get
tracks and other complex primitives straight out of the detector. The expected progress in CPU
processing power would allow offline-grade reconstruction and calibration in real-time. Physics
analysis in real time requires the ability to do precision measurements from reduced-size stored
samples, the need to overcome the event concept by saving statistical summaries only, the usage
of well-chosen control samples and special methods to control systematic effects. The resulting
physics potential is impressive, leading to a determination of the angles of the unitarity triangle
at the 0.1� level and of the CKM parameters at the 0.1% level, corresponding for example to a
theoretical uncertainty on BR(Bd ! µ+µ�)/BR(Bs ! µ+µ�) below 2%, to be compared with
the expected experimental uncertainty of ⇠ 4%; CP violation in charm mixing will be probed at
the 0.1� level, comparable to the expected SM uncertainty. These are just a few examples of an
extremely rich physics program that is still under investigation.
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7 Hadron Physics and non-perturbative QCD
7.1 Introduction
There is overwhelming theoretical and experimental evidence that QCD is the theory of strong inter-
actions. Yet, QCD is to a large extent unsolved. In particular, standard perturbation theory becomes
completely unreliable in the infrared regime, where QCD is strongly coupled. Experimentally, there is a
large number of facts that lack a detailed qualitative and quantitative explanation.

The most spectacular manifestation of our lack of theoretical understanding of QCD is the failure
to observe the elementary degrees of freedom, quarks and gluons, as free asymptotic states (color con-
finement) and the occurrence, instead, of families of massive mesons and baryons (hadrons) that form
approximately linear Regge trajectories in the mass squared. The internal, partonic structure of hadrons,
and nucleons in particular, is still largely mysterious. Since protons and neutrons form almost all the
visible matter of the Universe, it is of basic importance to explore their static and dynamical properties in
terms of quarks and gluons interacting according to QCD dynamics. All issues discussed in this Chapter
share this common motivation.

Several theoretical models have been developed through the years to describe the hadronic inter-
actions starting from very basic principles. QCD has a remarkable success in describing the high energy
and large momentum transfer processes, where the quarks in the hadrons behave, to some extent, as free
particles and a perturbative approach can therefore be used. In this simple approach a fast moving nu-
cleon is essentially considered as a collection of free partons, all moving parallel to the parent nucleon
(collinear configuration). Nevertheless, the largest fraction of hadronic interactions involve low momen-
tum transfer processes in which the effective strong coupling constant is large and a description with a
perturbative approach is not adequate. Even at large momentum transfer, the simple collinear picture is
not supported by experiments and fails badly in explaining many spin-dependent effects.

In most interactions involving hadrons, the dynamical properties and degrees of freedom of quarks
and gluons combine with some non-perturbative QCD aspects, to give measured physical quantities. The
description of the attempts to understand such processes is the purpose of the “Hadron physics and non-
perturbative QCD" Chapter, which is then structured into several main issues, according to the following
scheme.

In Section 7.2 a concise description of the theoretical framework underlying the non-perturbative
approach to QCD is presented. Some of the issues are mentioned for consistency, although they will not
be further discussed in the following Sections.

In Section 7.3 the most recent progress on the study, both theoretical and experimental, of the
nucleon partonic structure is presented. Particular emphasis is given to the 3-dimensional structure,
both in momentum and coordinate space: it represents a new phase in our image of the nucleon, which
goes beyond the traditional and simple 1-dimensional picture of a fast moving nucleon as a bunch of
collinearly moving partons.

Section 7.4 reports on hadron spectroscopy, which looks at the total quantum numbers of bound
states of quarks and gluons. It shows that more and more precise experimental data are not yet well
understood, while more unconventional, although possible, bound states are still not observed.

Section 7.5 deals with the study of the proton–proton total and elastic cross sections, and of the
diffractive dissociation processes; these are of fundamental importance to understand the mechanisms
of hadronic interactions and their evolution with respect to the center of mass energy and momentum
transfer. The dynamical QCD properties of partons become crucial when processes involving hadrons
at large energies take place and the role of multi parton interactions, rather than a single elementary
interaction, has to be explored and understood. The latter issue is discussed in Section 7.6.

A precise knowledge of the cross sections and of the properties of particle production in hadronic
collisions is crucial in order to reduce the systematic errors in several measurements of great astrophysical
interest. This issue is discussed in Section 7.7.
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For each of the above topics the prospects for new measurements at existing and future experi-
mental facilities are considered and discussed. Emphasis is given to the phenomenological aspects of
QCD and its application, to the understanding of the hadronic structure and its non-perturbative features
and to the related experiments. An executive summary is given in Section 7.8.

7.2 Confinement and non-perturbative QCD
The first challenge for any theoretical understanding of QCD is to describe the mechanism underlying
color confinement and to reproduce qualitatively and quantitatively the spectrum of mesons and baryons,
as opposed to the spectrum of quarks and of massless gluons that occur in perturbation theory. One would
also like to take properly into account non-perturbative contributions to various Standard Model ampli-
tudes and to predict the properties of strong interactions in extreme conditions, such as high temperature
and density, i.e. to map the QCD phase diagram.

In absence of a systematic perturbative approach, a theoretical tool based on first principles is
provided by lattice QCD simulations [735]. The theory, in its path integral formulation, is discretised
on a space-time lattice and then computed numerically via Monte-Carlo algorithms. Nowadays, thanks
to technological and theoretical advancements, lattice QCD is a mature field, which, however, requires a
continuous effort to sustain the computational requirements and the algorithmic developments.

Another promising theoretical tool is large-N QCD [736], that allows us to describe QCD as a
theory of an infinite number of mesons and glueballs weakly-coupled at all energy scales, as opposed to
quarks and gluons that occur in perturbation theory.

Both large-N and lattice QCD predict the existence of glueballs, experimentally not clearly iden-
tified yet. Spectral properties are particularly accessible to lattice simulations: the accuracy for glueball
and meson masses in QCD with physical quark masses [737] or in large-N computations [738–740] are
not presently satisfactory yet, but it is conceivable that the accuracy will improve over the next 10 years.
The systematic search for glueballs, and more generally of mesons and baryons, is one of the experi-
mental challenges in the near future, in the reach of dedicated experiments such as BESIII (Beijing) and
JLab (Newport News). Other experimental facilities able to explore the glueball and hadron spectrum
are COMPASS, J-PARC (Japan), LHCb (CERN), and FAIR (Darmstadt) (to start in 2018).

On the theoretical side, recent developments go in the direction of the computation of the large-N
QCD S-matrix [741], which is likely to remain inaccessible to Lattice QCD except for some interesting
special cases [742]. This opens the way to a direct comparison with data provided by past (BaBar) and
future experiments, such as FAIR (Darmstadt 2018) and JLab about meson form factors.

Moreover, glueball production, together with other interesting non-perturbative aspects of QCD
are in the experimental reach of diffractive phenomenology, like high-energy p-p exclusive forward scat-
tering, that allows to get a very accurate measure of the much smaller energy and momentum of the res-
onances produced in the central region (see Section 7.5.3). It is indubitable that this is a field where high
precision experimental measurements can meet theoretical predictions from the lattice or from large-N
QCD and possibly lead to a better understanding of strong interactions.

Another interesting experimental direction is the exploration of the QCD phase diagram by heavy-
ion collision experiments, in particular regarding the detection of the transition to a Quark-Gluon Plasma
phase, that may allow a comparison with lattice measurements. One should stress the investigation
of collective and transport properties of the strongly coupled medium produced in such collisions, the
search for a possible critical endpoint in the phase diagram at high baryon density and the possible rich
phenomenology of strong interactions in the presence of strong magnetic fields [743], which are expected
in the early stages of non-central heavy ion collisions. All that is relevant to many experiments at LHC
(ALICE, ATLAS, CMS), at RHIC and FAIR. Lattice simulations are already providing precision results
regarding QCD thermodynamics with and without external background fields, while new algorithms are
needed to properly deal with the complex nature of the path integral measure in the presence of a finite
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baryon density. The achievement of accurate results on transport properties is less trivial, since lattice
simulations deal intrinsically with equilibrium physics.

There is one final issue, somehow at the intersection between the understanding of QCD and the
search for new physics, that involves the computation of the QCD corrections to the muon anomalous
magnetic moment, that is likely to be affected both by theoretical developments in computation of light-
by-light scattering [741, 744] and by direct experimental measures of the relevant form factors [744].

7.3 The nucleon structure
From the perspective of hadron physics the main new recent interest in the nucleon structure is focused
on its 3-dimensional partonic configuration, describing the spatial distribution and the intrinsic motion
of quarks and gluons inside protons and neutrons. However, the usual integrated partonic distributions,
depending only on the longitudinal momentum fraction of the parent nucleon carried by the parton, play
a crucial role in many high energy processes and still have large uncertainties which affect the theoretical
calculations. A short assessment of the actual situation is given as a starting point.

7.3.1 Parton distribution functions
Parton distribution functions, henceforth referred to as PDFs, are an essential ingredient of any computa-
tion of cross sections at hadron colliders, based on QCD [745]. According to the collinear factorisation
of the cross section into short- and long-distance components, delimited by a factorization scale µF , the
cross section for the production of a final state X in the hard scattering initiated by two hadrons h and
h0, with four-momenta P and P 0 and squared center-of-mass energy s = (P +P 0)2, can be expressed as
the convolution of PDFs and parton cross sections:

�hh0!X =
X

i,j

Z 1

0
dx1 dx2 fh

i (x1, µ
2
F ) fh0

j (x2, µ
2
F )⇥ �̂ij!X(x1, x2, s,↵s(µ

2
R)) (50)

where fh
i are the PDFs for the hadron h, the indices i, j run over all parton types, �̂ij!X is the parton

cross section for incoming partons with momenta p1 = x1P and p2 = x2P 0, and ↵s(µ2
R) is the strong-

coupling constant evaluated at the renormalisation scale µR.
Once the functional form of a PDF at a given starting scale Q2

0 is fixed, its evolution at any given
scale Q2 > Q2

0 can be described in perturbative QCD with the Dokshitzer, Gribov, Lipatov, Altarelli and
Parisi (DGLAP) equations [746–748]. The PDF at the starting scale Q2

0 needs to be determined from fits
to experimental data. In the current determination of PDFs from the global QCD analysis of experimental
data [749–753], measurements of deep inelastic scattering (DIS, `N ! `X) at lepton-nucleon colliders
provide crucial information. Additional constraints are provided by fixed target experiments, neutrino
data, and data from proton-antiproton and proton-proton collisions.

A precise knowledge of the PDFs is a fundamental prerequisite for the physics program at hadron
colliders, including the measurement of cross sections, the determination of the fundamental parameters
of the SM, and the search for physics beyond the SM. In Run II of the LHC collider, several funda-
mental measurements, including Higgs boson production via gluon-fusion processes, the measurement
of the mass of the W boson, and the extraction of the weak-mixing angle from the Z boson forward-
backward asymmetry, are likely to be dominated by the PDFs uncertainty, as discussed in Section 4.2.1
and Appendix A.1. Therefore, it is of fundamental importance to invest effort on both experimental and
theoretical aspects of the PDFs determination.

Moderate discrepancies, at the level of one to two standard deviations, are observed in the com-
parison of predicted cross sections for the production of Higgs bosons at the LHC, based on different
PDF sets [754, 755]. Since the origin of such differences in the Higgs prediction between the various
PDF sets is not yet understood, it should be considered as an additional PDF uncertainty, according to the
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PDF4LHC convention [756]. The total PDF uncertainty on gluon-fusion Higgs production cross section
in proton-proton collisions at a center-of-mass energy of 8 TeV and 14 TeV is estimated at the level of
5%; if such a PDF uncertainty is not reduced, it will be one of the limiting factors in the accuracy for the
determination of the Higgs boson couplings from the LHC data.

The QCD analysis of the full LHC data set collected in Run I, and of the future Run II measure-
ments, will provide further constraints on the extraction of the PDFs, and significant reduction of the PDF
uncertainties. However, a much improved determination of the PDFs can be achieved by measurements
of DIS in e p collisions at higher energies and higher luminosities, as those achievable by the LHeC
collider [97].

7.3.2 The 3-dimensional picture of the nucleon: theory
For sufficiently inclusive processes, at leading order, the PDFs describe a fast-moving hadron as a col-
lection of fast-moving collinear partons, each one sharing a fraction x of the parent hadron momen-
tum. Many past experiments on DIS of lepton beams off nucleons exposed how partons share this
momentum [749–753]. However, this one-dimensional view provides only limited information on the
nucleon structure. For example, it does not answer the question of how partons share the nucleon’s spin.
Worldwide experimental measurements in the last two decades have shown that the spin of quarks and
antiquarks contribute about 30% to the nucleon spin, and that the total spin carried by the gluons is non-
zero but not sufficient to account for the missing 70% [757]. Therefore, the orbital angular momentum
(OAM) of partons needs also to be addressed; understanding (and estimating) this contribution requires
a description of the nucleon structure that goes beyond a simple one-dimensional view [758–760].

The most direct generalisation of PDFs is a new class of objects denoted as Transverse Momentum
Dependent PDFs (TMD PDFs; for brevity, TMDs), that describe the joint distributions in x and in the
parton transverse momentum k? (transverse with respect to the parent nucleon’s momentum) [761–765].
A similar generalisation holds for the fragmentation functions (TMD FFs). The TMDs are encoded in
the cross section for semi-inclusive DIS (SIDIS, `N ! `hX) [765]. SIDIS has two natural scales: the
lepton large momentum transfer, Q, and the transverse momentum, PT , of the final hadron. If PT ⌧ Q,
a suitable factorisation theorem allows to isolate TMDs in the SIDIS cross section [766–768], which can
be expressed as a convolutions of TMDs and perturbative elementary interactions: thus, measuring the
P T distribution reveals details of the transverse motion of the initial parton inside the target.

At leading twist, eight independent TMDs can be defined, each one appearing in a specific SIDIS
(spin) asymmetry with its own peculiar dependence on the nucleon transverse spin and final hadron an-
gles [765]. Three of them survive after integrating upon the parton k?, recovering the three collinear
PDFs that are needed to describe the spin structure of a fast-moving nucleon in the collinear framework:
the unpolarised, the helicity, and the transverse polarisation (transversity) distributions. The transversity
distribution is the least known of the three, although it has been shown to be different from zero in a
series of SIDIS measurements by HERMES [769] and COMPASS [770–772]. It is related to the tensor
charge of the nucleon and its difference from the helicity distribution quantifies the relativistic effects
in the hadronic structure. Among the other five TMDs, two of them have received particular attention
since they depend on fundamental properties of QCD such as its color gauge invariance. For example,
the so-called Sivers function [773] describes how the k? distribution of an unpolarised quark is distorted
by the transverse polarisation, ST , of its parent nucleon. As a consequence, in a SIDIS process off a
transversely polarised nucleon, the P T distribution of the final detected hadron is asymmetric with re-
spect to flipping ST . The Sivers effect is thought to arise due to the residual color interactions between
the struck parton and the target remnants [774–776]. It can happen also in Drell-Yan processes with
a transversely polarised nucleon. In this case, however, the color gauge invariance is realised through
initial state interactions between the nucleon’s annihilating quark and the remnants of the other collid-
ing hadron [777]. The net result is that the Sivers effect would have an opposite sign in Drell-Yan with
respect to SIDIS [778,779]. This process dependence (or non-universality) of the Sivers function is a fun-
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damental prediction based on the color gauge invariance of QCD. Therefore, an experimental verification
of this sign change is of crucial importance in hadronic spin physics and is currently under investigation
by the COMPASS collaboration, using for the first time a high energy beam of pions scattering off a
transversely polarised fixed nucleon target [780].

Experimental evidence of the Sivers effect in SIDIS, and of different “QCD spin-orbit" effects
involving other TMDs, will be described in the next subsection, together with an account of running and
planned dedicated future experiments.

In this new scenario, multi-dimensional imaging of hadrons can be alternatively approached through
hard exclusive processes like Deeply-Virtual Compton Scattering (DVCS, `N ! `N �) [781]. For a
lepton momentum transfer Q2 much larger than the squared change in the nucleon target momentum
[Q2 � �t = �(P � P 0)2], the so called Generalised Parton Distributions (GPDs) can be factorised
in the cross section [781, 782]. They depend on t, x, and on the change ⇠ in the longitudinal parton
momentum. For ⇠ = 0, the two-dimensional Fourier transform of the t dependence converts the GPDs
into a spatial distribution of partons in the transverse plane at a given x [783,784]. This may be regarded
as a tomography of the nucleon, where two-dimensional spatial images are taken for different “slices" of
the parton momentum x. Thus, the GPDs encompass in a unique framework the information on spatial
densities (form factors) and on longitudinal momentum densities (PDFs).

For DVCS on a transversely polarised nucleon, the nucleon helicity-flip GPD E describes a dis-
torted spatial distribution. It is the analogue in position space of the Sivers effect [785]. Indeed, a
dynamical connection between the two phenomena can be formulated, although in a model dependent
way since it is based on the non-perturbative description of color interactions between struck and spec-
tator partons [786]. The GPD E is linked to the problem of calculating the parton OAM [787]. In fact,
both the GPD E and its nucleon helicity-non-flipping partner H enter the so-called Ji’s sum rule [788],
where in the forward limit (⇠ = 0, t = 0) the sum of their second Mellin moments gives the total angular
momentum carried by partons. However, separating for each flavour the orbital contribution from the he-
licity is still a matter of debate, because it involves several conceptual aspects at the core of non-abelian
gauge theories (for a recent review, see Ref. [789] and references therein).

A direct experimental access to the whole kinematic dependence of GPDs is not possible: the x
dependence is integrated over in the scattering amplitude. To unravel GPDs requires dedicated, long-
term measurements of a variety of observables like cross sections, beam and target spin asymmetries
for both longitudinally and transversely polarised targets, as well as using different channels [790, 791].
Factorisation theorems for GPDs exist not only for DVCS but also, e.g., for Deeply-Virtual Meson Pro-
duction (DVMP, `N ! `N M ) [792]. While DVCS or DVMP for neutral vector mesons involve GPDs
of gluons or of sea quarks in particular flavour combinations [793], the DVMP for pseudoscalar mesons
provides access to different flavour combinations of GPDs for longitudinally polarised quarks and anti-
quarks [794].

We remark that TMDs and GPDs give independent and complementary information on the dy-
namics of partons confined inside hadrons. In fact, the spatial distributions obtained from GPDs are not
correlated to the momentum distributions from TMDs [764]. While from GPDs we get “spatial" tomo-
graphies of the nucleon, from TMDs we can get independent “momentum" tomographies. Combining
the two pictures will represent a new landmark in the process of understanding QCD confinement.

7.3.3 The 3-dimensional picture of the nucleon: experiments
As described in the previous subsections Deep Inelastic Scattering experiments provide the standard tool
to investigate the structure of the nucleon. More recently, the importance of semi-inclusive DIS (SIDIS)
experiments, that is DIS experiments in which at least one hadron from the current jet is detected, has
increased considerably, in particular to obtain information on the new Transverse Momentum Dependent
partonic distributions (TMD PDFs). In SIDIS the investigations of TMDs cannot be decoupled from the
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measurements of the fragmentation functions, which also may depend on the transverse motion of the
final hadron with respect to the fragmenting parton (TMD FFs). Then, complementary information must
be gathered from e+e� and p p colliders.

DIS and SIDIS experiments are being performed at CERN (COMPASS) and at JLab (CLAS);
e+e� data have been collected at SLAC (BaBar) and KEK (Belle), while polarised p p processes are
studied at BNL (RHIC). Several important conclusions may be drawn from a huge amount of activities
over the past 20 years:

– The decomposition of the spin of the nucleon in terms of its constituent partons is a highly non-
trivial theoretical problem, still unsettled to-day

– The spin of the constituent partons cannot account for the whole nucleon spin; there must be a
sizeable contribution from the orbital angular momentum (OAM) of the partons, still unmeasured
and still incalculable.

– The standard (collinear) QCD description of a nucleon in terms of two PDFs, f1(x) and g1(x), has
to be complemented by a third function, the so-called transversity distributions, h1(x) [795]. The
measurements of HERMES and COMPASSS [769–772] have shown that h1 is different from zero.
First extractions of transversity from SIDIS and e+e� data have already been performed [796–
801].

– The discovery of h1 is not the only consequence of a renewed attention to transverse spin effects:
the description of the nucleon in terms of 1-D PDFs has been generalised to include two more
dimensions, defined either by the parton intrinsic momentum k? (in momentum space) or by the
impact parameter bT (in coordinate space). In the first case one talks of TMDs, in the second of
Generalized Parton Distributions (GPDs).

– The TMDs and the GPDs give a 3-D image of the nucleon which is much more detailed than the
1-D image given by the three collinear PDFs. Most important, they provide tools to access the
missing contribution to the nucleon spin, namely the parton OAMs.

As described above, to access information on the TMDs one needs to perform SIDIS experiments;
a complete 3-D description of the nucleon requires, at leading-twist, the knowledge of 8 TMD PDFs.
So far the most important results have been obtained by the HERMES and COMPASS Collaborations
by scattering high energy leptons off transversely polarised nucleons; such results regard essentially
the Sivers function which has definitely been shown to be different from zero [802–804]. This TMD
is particularly important because it quantifies a correlation between the intrinsic quark momentum and
the spin of a transversely polarised nucleon and, due to parity invariance, must be related to the parton
orbital angular momentum. The P T dependence of the final hadron, as measured in the unpolarised
cross sections or multiplicities [805, 806], has given information on the unpolarised TMD and demands
the presence of the quark intrinsic motion, with a k? dependence which seems to be well described by
Gaussian distributions [807].

So far, some knowledge has been obtained on the unpolarised distribution f1(x,k?), the helicity
distribution g1(x,k?), the transversity distribution h1(x,k?) and the Sivers distribution f?

1 (x,k?),
while the other four are essentially unknown. In particular very little is known on the so-called Boer-
Mulders TMD, which gives the interesting correlation between the quark’s transverse motion and its
spin, which, again, must involve the quark orbital angular momentum. A non-vanishing Boer-Mulders
function would allow subtle spin effects even in processes involving unpolarised protons, which seems
to be the case with the azimuthal dependence measured in Drell-Yan processes.

In the TMD sector basically all the existing information has come from the HERMES and COM-
PASS Collaborations, but HERMES has now stopped operating and in the near future of COMPASS
only SIDIS measurements on a liquid hydrogen target [780] are foreseen, in the years 2016 and 2017,
which hopefully will provide information on the Boer-Mulders function. On the contrary, JLab experi-
ments at the upgraded energy of 12 GeV (JLab 12) should provide a wealth of SIDIS data on transversely
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polarised targets, albeit at lower energy, i.e. mainly at large x values [808].
It should be added that the investigation of transverse spin effects and the introduction of TMDs

has finally allowed an understanding of the huge and mysterious single spin effects known for decades
and measured in proton-proton interactions over a very large energy range [809].

Turning to the 3-D picture of the nucleon in coordinate space, as stated above, the GPDs encode
such information. The GPDs can be extracted from measurements of exclusive reactions, like deeply
virtual Compton scattering (DVCS) or deeply virtual meson production (DVMP), in which a high en-
ergy lepton scatters off a nucleon and the final state consists of only the scattered lepton, the nucleon
and a photon or a produced meson. The extraction of GPDs from experimental results needs a large
amount of data on hard exclusive processes over a broad kinematic range. So far information in the
high energy regime at low x was provided by H1 [810, 811] and ZEUS [812] at DESY and, in the low
energy regime at high x by HERMES [813] and JLab [814]. The COMPASS measurements will provide
a connection between these measurements by covering the kinematic regime of x ' 0.1, where both sea
and valence quarks are equally important. Some DVMP measurements have already been performed by
COMPASS [815] on a transversely polarised proton target, in parallel to the transverse single spin effects
in SIDIS, and future measurements of DVCS and DVMP on a liquid hydrogen target [780] are already
planned for the years 2016 and 2017. On a longer time scale, measurements of DVCS on a transversely
polarised proton target are also planned, to access the GPD E and possibly exploit Ji’s sum rule to get
the total angular momentum of a quark inside a polarised nucleon. Very much as for the SIDIS measure-
ment, JLab 12 will be a major player in this field in the next decade, in the complementary large x-value
range.

On the horizon, the best facility to pursue the investigation of the spin structure of the nucleon
is a polarised electron–polarised proton (or ion) collider (EIC). An international study group has been
working for at least 10 years on two parallel projects [816]; one to be realised at Brookhaven National
Laboratory (BNL), which would exploit the existing high energy (up to 250 GeV) polarised proton beam
of RHIC, adding an electron machine, and one to be realised at JLab, which would exploit the 12 GeV
polarised electron beam, adding a polarised proton machine. Both proposals are attractive, in both cases
there are several options with different values of the center of mass energy (

p
s = 45–175 GeV for BNL,

12–140 GeV for JLab), and most likely the decision of which one (if any) to choose will be a political
one. The scientific programme is impressive and one indeed expects that a 3-D imaging of the nucleon
could be achieved. The spin program will not be the only goal of the project: the exploration of the gluon
content of the nucleon, the assessment of the conditions which lead to the saturation of the gluon density
and the modifications induced by the nuclear environment are also very important goals. A European
team has tried to see whether a polarized electron-proton collider could be built at FAIR [817], possibly
using for the proton ring the antiproton storage ring HESR foreseen for the PANDA experiment, but the
chances of such a project being pushed forward are probably very small. Most recently, a proposal for
a similar EIC project in China has been presented [818], which seems to have reached some level of
approval and clearly deserves full attention.

From a different perspective, one finds another project of interest for the QCD structure of the
nucleon, namely a Large Hadron Electron Collider at CERN (LHeC@CERN) [97]. The project sits
at the high energy frontier (

p
s = 800–1300 GeV), and utilises a high energy proton beam from LHC,

colliding with a newly built electron beam of 60 GeV (or possibly 140 GeV). The physics programme
complements the LHC and its discovery potential for physics beyond the Standard Model with high
precision deep inelastic scattering measurements. The LHeC would continue the path of deep inelastic
scattering (DIS) into unknown areas of physics and kinematics. With a design luminosity of 1033 cm�2

s�1 the LHeC is projected to exceed the integrated HERA luminosity by two orders of magnitude, which
means that the parton distributions can be determined with unprecedented accuracy. No polarisation
of the proton beam is envisaged, thus the issues of the QCD spin structure of the nucleon cannot be
addressed by this machine, whose scopes are clearly different.
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7.4 Hadron spectroscopy
Until the end of the previous century, all known hadrons could be described by Quantum Chromodynam-
ics (QCD) as bound states of either a quark and an antiquark (integer spin particles known as "mesons"),
or three quarks (half integer spin objects called baryons). In principle, QCD can predict the existence of
a larger variety of hadrons, made of two quarks and two antiquarks (tetraquarks or meson molecules),
or four quarks and an antiquark (pentaquarks), six quarks (exaquarks), or even no quarks (glueballs).
For more than forty years such exotic states have been searched for without success. A notable excep-
tion is represented by the long-standing problem of identification of the light scalar mesons, which are
hardly explainable as simple qq̄ systems, but are more successfully accommodated to form a nonet with
inverted mass hierarchy, as suggested in references [819], using the tetraquark model. With the advent of
B-factories [820], together with the discovery of many missing pieces of the standard spectra, a plethora
of ‘exotic’ candidates have been claimed by the experiments. Heavy-light diquark-antidiquark mesons
have been proposed for the first time in [821] where, together with the interpretation of the X(3872)
as a compact tetraquark meson, a complete scheme for the description of similar expected states was
proposed. The picture was updated in [822] in view of the most recent experimental findings.

This review will first focus on the relatively simple pattern describing all heavy-light pseudoscalar
and vector mesons, and the heavy baryons, whose spectroscopy have benefited not just from B-factories,
but also from the Tevatron and LHC in the recent past. Then we will review the recent progress in heavy
quarkonium spectroscopy [823], which has experienced a second renaissance [824] in the last decade,
with the unexpected discoveries of states above or across open flavour thresholds, which have opened
new pathways to the missing narrow states, solving old puzzles, but raising intriguing new questions.

7.4.1 Heavy Mesons and Baryons
In spite of the recent achievements of lattice QCD (summarised in Fig.95) we are still lacking a full
understanding of the spectroscopy of light hadrons starting from the QCD Lagrangian [825]. Only 1.2
percent of the nucleon mass (and therefore of the visible mass of the Universe) is due to the Higgs
coupling: the hadron masses are mostly due to the dynamics of the strong force.

.

Fig. 95: Summary of most recent lattice results on u,d,s mesons and baryons, from Ref. [826]

The bare masses of the u and d quarks are approximately 3 and 5 MeV, and all the rest comes from
the gluonic field which binds together the three quarks in the nucleon, in relativistic motion around the
common center of mass. It must be noticed that the mass difference between the down and up quarks
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has a crucial role in determining the mass difference between the neutron and the proton: if only QED
effects were present, protons would decay to neutrons.

In order to decouple the mass effects from the dynamics of relativistic, non-perturbative QCD,
we can study systems with one or more heavy quarks (strange, charm, bottom), and compare them with
systems made only of light quarks.

A large contribution to baryon and meson masses comes from spin-dependent forces, which are
inversely proportional to quark masses. The large mass difference between the ⇡ (135 MeV, quark spin
antiparallel to the spin of the antiquark) and the ⇢ meson (770 MeV, parallel spins), progressively gets
smaller when we replace the u, d quarks with s, c, b quarks.

The mass of ground state hadrons can be described quite well by the following formula:

M(qq̄; qqq) = ⌃i mi + ⌃i>j
~�i · ~�j

mi mj
vhyp
ij (51)

where mi are the so called constituent quark masses, larger than the bare masses, and vhyp
ij is a hyperfine

interaction with different strengths, but the same flavour dependence. The success of the constituent
quark model is not fully understood by theory [827].
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Fig. 96: S-wave meson and baryon mass splittings

Figure 96 summarises the current understanding of most S-wave mesons and baryons. For these
hadrons, the measured mass depends only on the mass of the valence quarks and their spin alignment. For
baryons, we can sort them assuming that the two lighter quarks are either in a spin singlet state (scalar
diquark) or in a spin triplet state (vector diquark). In this second case, the diquark spin can either be
antiparallel (J = 1/2+) or parallel (J = 3/2+) to the quark spin. Figure 96 shows baryon-meson mass
splittings, calculated relative to the spin-weighted average of the S-wave mesons. A remarkable scale
invariance can be observed after averaging out spin effects. HQET predicts that the hyperfine splittings
in mesons scale with 1/mQ. The same happens with baryons, and the ratio is constant within 10 percent,
as we span from strange to bottom [828].

If we average out spin effects, all baryons can be modeled within a few percent as diquark-quark
systems. The exchange of a ū, d̄ antiquark with an antisymmetric ud diquark shifts the energy up by
about 315 MeV, independent of the heavy quark (s, c, b). This shift is about 75 MeV higher if the light
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antiquark is replaced by an antisymmetric sq diquark. If the light antiquark is replaced by a vector
diquark, the shift is 520 MeV (547 for a vector qs diquark). The scale independence is even more
impressive when a s̄ is replaced by a ss diquark: the spin averaged splitting is 668 MeV when the third
quark is a u, d type, and 666 when it is a charm quark. In the bottom strange system, the JP = 3/2+

partner of⌦0
b has not yet been observed, while the ⌅0

b doublet has recently been observed by LHCb [829].
The doubly heavy baryons ccq, bbq have not been observed yet. An early claim by experiment SELEX at
Fermilab [830, 831] has not been confirmed by the B factories [832, 833] or hadron [834] colliders. But
the search is not over, as suggested by the unexpectedly large rate of production of double charmonium
at Belle [835] and Babar [836]. In the coming years, LHCb and Belle-II are likely to discover the doubly
heavy baryons.

Both for mesons and baryons, the analysis of P -wave excitation spectra is made difficult by the
large width of many states, both in the light and heavy-light systems. The quantum numbers of spin triplet
(singlet) P -wave qq̄ states are 0, 1, 2++(1+�). The identification of the multiplet of scalar mesons that
can be formed by u, d, s quarks has been a problem for theory since a long time: a recent paper [837]
confirms the resonant nature of the broad � and  states, that can form a nonet with inverted mass
hierarchy, with the a0(980) and f0(980) states, as suggested in reference [821], using the tetraquark
model.

P -wave D mesons can be modelled by grouping the four state in two doublets, the lightest (heav-
iest) with the u, d type quark with total angular momentum jq = s + lq = 1/2 (3/2). We expect then
two broad states with quantum numbers JP = 0+, 1+, and two narrow states with quantum numbers
JP = 1+, 2+, whose single pion decay to D⇤ is suppressed by the angular momentum barrier, as the
pion is emitted in d-wave. This pattern is observed in the D mesons, but is not observed in the Ds

mesons, as the 0+ and 1+ members, discovered by Babar [838] and CLEO [839], are below the DK
and DK⇤ thresholds, and their hadronic decay is therefore forbidden. We have then a set of four narrow
states. A similar pattern should be observed with Bs mesons.

7.4.2 Heavy Quarkonium: Charmonium, Bottomonium and Bc

In the literature, heavy quarkonia are described as mesons with a cc̄, a bc̄, or a bb̄ pair . While charmonium
was discovered in 1974 (the November revolution), and bottomonium in 1977, the discovery of the
ground state Bc is quite recent [840], and the study of the spectroscopy of its excited states has just
started. Among all mesons, charmonium and bottomonium have the richest spectrum of states.

The known spectrum of charmonium and bottomonium is shown in Fig. 97, in comparison with
the Ds and Bs meson spectra. While all S and P -wave states below the open charm threshold have been
discovered, the D-wave states are now a very active field of research. The most recent progress in the
spectrum of narrow charmonia is the discovery of the long sought  (13D2), the J = 2 partner of the
 (3770) in the D-wave triplet, which decays into � �c, observed by Belle in B decays [841]. This state
is very narrow even if it is above the DD̄ threshold, as its quantum numbers (2��) forbid its decay to
DD̄.

The two D-wave states with quantum numbers 2�+ and 3�� are the last missing pieces of the cc̄
spectrum below the open charm threshold.

Besides many states with total widths below 1 MeV, it is quite noticeable to observe that the
broadest charmonium state below threshold is actually the ⌘c(1S), i.e. the ground state of the whole
system, which has a total width of (32.2 ± 0.9) MeV [81].

The bottomonium spectrum is shown in Fig. 97: we expect to have 3 S-wave and 3 P -wave
multiplets below the open flavour threshold. A major breakthrough in our understanding of bottomonium
spectrum occurred in the last decade: all spin singlet states were discovered after 2007, starting from the
⌘b(1S), found by BaBar [842, 843]. In 2010, the simultaneous observation by Belle of ⌘b(1, 2S) [844]
and hb(1, 2P ) [845] was made possible only by the experimental observation of a new pathway from
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Fig. 97: Spectra of charmonium and bottomonium (S, P, D-wave), compared with Ds and Bs mesons (S, P -wave)

the ⌥(5S) state, via two charged bottomonia, which will be described in the next subsection. More
recently, Belle discovered that the largest transition from the ⌥(4S) to narrow bottomonia is actually an
⌘ transition to hb(1P ): this is the first ever observed S-wave ⌘ transition, and is by far much stronger
than the ⌘⌥(1S) and the ⇡⇡⌥(1S) transitions. The quantitative understanding of the strength of these
transitions remains a challenge for theorists.

After this series of discoveries, we can calculate the hyperfine splittings in bottomonium for 1S, 2S
and 1P, 2P states: the results are summarised in Table 28.

�Mhf n=1 n=2
S-wave: M(⌥)�M(⌘b) 62.3 ± 3.2 24 ± 4
P-wave: M(�cog)�M(hb) 0.7 ± 1.1 0.2 ± 1.3

Table 28: Hyperfine splittings in bottomonium (MeV).

The P -wave splittings are calculated using M(�cog), the spin weighted average of the �b states,
and are consistent with zero, as we expect from the one gluon exchange potential. The S-wave splitting
is quite a challenge for theorists. For the ground state, the experimental result is consistent with lattice
predictions [846], and in slight tension with the pNRQCD prediction [847].

The hyperfine splitting ratio rhf = �Mhf (2S)/�Mhf (1S) is 0.412 ± 0.012 in charmonium and
0.38 ± 0.07 in bottomonium. A lattice prediction of rhf (bb̄) is consistent with the existing result. We
can then compare the spin averaged 1P � 1S splitting for cc̄ and bb̄ and we obtain 457.5 ± 0.3 for
charmonium and 453.3 ± 1.3 for bottomonium. Remarkably, also these splittings are independent of the
hard scale.

Also in bottomonium the D-wave multiplet is still unresolved, and the spin singlet state ⌘b2(1D)
has not yet been found. CLEO discovered a mixture of spin triplet ⌥(1D) states in 2003 [848], and
further confirmations came from Babar and Belle. ⌥(1D) can be reached from both 3S and 4, 5S states.
The �b(3P ) multiplet was discovered recently by ATLAS [849] and is also being studied by its LHC
competitors, CMS and LHCb [850]; the production of �b(3P ) in radiative or hadronic transitions from
the ⌥(4, 5S) is currently being studied by Belle at KEKB.

198



Many missing states are close to the open bottom thresholds: ⌘b(3S), hb(3P ), all ⌥(2D) states,
and even the ⌥(1F ) multiplet, expected around 10350 MeV/c2.

The last frontier of heavy quarkonium studies is the spectrum of Bc mesons, discovered in 1998 by
CDF [840]. More recently, thorough studies on these states are being performed by LHC experiments:

– ATLAS observed a combination of the two S wave radial excitations. In the meantime, the vector
B⇤

c state, which is dominantly expected to decay to Bc and one M1 photon, is still unobserved.
– LHCb has performed state-of-the-art measurements of the mass of the ground state, using a variety

of new channels.

The spectrum of excitations of the Bc meson is completely unexplored and it will be a challenging
task for the collider experiments at LHC.

7.4.3 Multiquark systems
The discovery of X(3872) in B decays at Belle [851] came quite unexpectedly, and its confirmation by
CDF in prompt production at the Tevatron attracted a large amount of theoretical interest on this state.
Some authors believe that strong interaction analogs of Van der Waals forces could generate potentials
binding hadron molecules. However, several issues about their production mechanism at hadron colliders
have been studied [852,853]. After more than a decade from this discovery, we know that the X(3872) has
quantum numbers JPC = 1++, and its width is narrower than 1.2 MeV, but its nature is still uncertain.
It could either be a mixture of a charmonium state (the �c1(2P ) ) and a DD̄⇤ molecule, or a tetraquark.

One year after, Babar observed another exotic state [854] with vector quantum numbers, the
Y (4260), decaying to J/ ⇡⇡ in exact correspondence with a steep drop of the cc̄ cross section. Soon
after, Belle discovered two more vectors at Ecm = 4.36 and 4.66 GeV, decaying to  0⇡⇡. Recently,
BES-III has reported the observation of radiative transitions between the Y (4260) and the X(3872), a
discovery that may hint at a common nature of these two states.

After the discovery of the Y (4260), Belle started a massive campaign of studies to search for
the bottomonium counterpart of this state, triggered by the observation of very large yields of dipion
transitions to ⌥(1, 2, 3S) from the proximity of the peak of the ⌥(5S) resonance. This study yielded
the discovery of the two spin singlet P wave states, hb(1, 2P ) described in the previous chapter, but,
most important, it also represented the first observation of two charged bottomonium states, dubbed
Zb(10610) and Zb(10650), in close proximity to the BB̄⇤ and B⇤B̄⇤ thresholds. Charged states were
explicitly predicted by compact tetraquark models [855] and have a clear role in the picture proposed
in [822]. The discovery of heavy charged multiquark systems has further ignited a renewed theoretical
interest in the field of hadron spectroscopy [856, 857].

Soon after, Belle and BES-III discovered the charged charmonium states Zc(3900) and Zc(4020),
in the proximity of the DD̄⇤ and D⇤D̄⇤ thresholds. As in the case of the Zb states, which are reachable
via single pion transitions from the ⌥(5S), the Zc states can be reached via single pion transitions from
the Y (4260) and the Y (4360). A difference between Zc’s and Zb’s can be found in the decay patterns:
While both Zb’s decay with comparable BR’s to all 1�� and 1+� narrow bottomonia, the Zc(3900)
decays preferentially to ⇡J/ and the Zc(4020) prefers hc⇡.

A thorough program of studies is underway at BES-III to investigate the nature of the charged
charmonia, and the exotic charmonium-like states. Future prospects of studies at Belle-II will include
the search for the doubly charmed meson Tcc, with quark content ccūd.

7.4.4 Hybrids
Hybrids, i.e states containing both quark and gluon excitations, have been studied in various mod-
els [858–863], but recent lattice simulations [864–869] have generated greater expectations [869]. More-
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over, on the experimental side, in recent years (see the previous subsection) several new states, in partic-
ular in the charmonium spectrum, have been discovered. These probably include a hybrid resonance, the
Y (4260), discovered by Babar [854].

Conventional heavy quarkonia are well described by non-relativistic QCD, so that one can expect
that hybrids containing heavy quarks could be treated in a similar way, i.e. by considering gluon exci-
tations in the presence of slow quarks. Moreover, in the physical gauge, the dynamical gluons can be
separated from the instantaneous Coulomb-type forces that act between color charges; thus, while the
non-abelian Coulomb potential is expected to be responsible for binding and confinement, the remain-
ing, transverse gluon excitations could contribute to the spectrum. In non-relativistic, physical gauge
QCD, the lowest mass charmonium hybrid multiplet has been predicted to be composed by the states
with quantum numbers JPC = 1��; (0; 1; 2)�+ [870]. This four-state hybrid multiplet identified in
physical gauge calculations, has been recently identified also in lattice simulations [867–869], both in the
heavy [867, 868] and light quark sectors [869]; moreover, it includes an exotic state (a state with exotic
quantum numbers) with JPC = 1�+.

In the non-relativistic, physical gauge QCD the lowest mass charmonium hybrid multiplet can be
explained as due to a color-octet cc̄ pair with Jq

P
q

C
q = 0�+ or 1�� corresponding to the total quark-

antiquark spin with Sq = 0 and Sq = 1, respectively, coupled to a single physical, transverse gluon with
predicted quantum numbers J

P
g

C
g

g = 1+� [870, 871]; the unusual positive parity of the physical gluon
originates from the non-abelian nature of the Coulomb interactions as explained in Refs. [870, 871]. It
will be important to study both experimentally and theoretically all their possible decays that distinguish
them from ordinary quark antiquark states [872].

Meson Spectroscopy is a powerful tool to answer fundamental questions in QCD, like the origin
of color confinement and the role of gluons inside hadrons. Mesons are the simplest quark bound system
and, therefore, the ideal laboratory to study the strong force at the non-perturbative energy scale of a
few GeV. In particular, unconventional mesons would be the best experimental evidence of the active
role of gluons in hadron dynamics. In this respect, from an experimental side there will be dedicated
experiments at CERN, as well as at Jlab, FAIR, BES and Belle. New high-statistics and precise data
need an adequate analysis [872,873]. Beyond providing a deeper understanding of the inner workings of
non-perturbative QCD, theoretical control over hadronic final-state interactions is also essential for the
hunt of physics beyond the Standard Model.

7.5 Total, elastic and diffractive cross sections
When two hadrons collide, inelastic processes contribute to around 50% of the cross section. The re-
maining almost-half of the total cross section is due to elastic (around 25%) and (mainly soft) diffractive
processes. The latter ones are characterised by the exchange of a color-singlet object (historically known
as Pomeron) resulting in the dissociation of one (single diffraction) or both (double diffraction) of the
incoming hadrons, which are scattered at very small angles and carry most of the initial energy. Investi-
gating the region very close to the outgoing beams is therefore mandatory for a measurement of the total
cross section and complementary to studying the central region surrounding the collision point.

Because it involves the detection of the elastically or diffractively scattered protons, measurements
of the total and of the elastic cross sections, as well as that of diffractive processes, require full rapidity
coverage and special engineering solutions to access the primary vacuum of the machine. For the first
issue, trackers and calorimeters have to be placed in the “forward” regions surrounding the beam pipe;
for the second one, special insertions of the beam pipe (roman pots) are utilised to host detectors to track
the scattered protons. At the LHC, only TOTEM and ATLAS-ALFA are at the moment equipped with
detectors insertable with roman pots.

In the case of elastic and inelastic interactions, since the cross sections of the involved processes
are large, the statistics is usually not a problem. The main uncertainties originate from systematic ef-
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fects. For the measurements which require a precise knowledge of the luminosity, the uncertainty on the
luminosity itself is the largest error source. It has in fact been proven difficult for the experiments to
keep this uncertainty at the level of one percent. Another systematics is related to the incomplete rapidity
coverage in the forward region. Usually the experiments are not instrumented at rapidities higher (lower)
than about +5 (�5), losing the possibility of catching diffractive events at low masses, whose amount
has to be extrapolated, introducing therefore a sizeable systematic error. Other systematic effects in the
measurement of the elastic and diffractive scattering are related to the machine optics. The kinematics
of the scattered protons must in fact be reconstructed from the angle and position of protons which have
passed through several machine elements and which are eventually detected in the roman pots, hundreds
of meters away from the IP.

7.5.1 Total cross section in pp collisions
The first experimental results on cross sections at hadron colliders date back to the early 1970’s with
the CERN Intersecting Storage Rings (ISR) which provided p̄p and pp collisions with a center of mass
energy of 20 to 50 GeV. During the 1980’s and 1990’s the experiments at the new accelerators SPS at
CERN and Tevatron at Fermilab accumulated data on p̄p scattering at energies from 0.5 to 1.8 TeV. The
start of the LHC and its operations at

p
s = 7 and 8 TeV have provided plenty of data which are still being

thoroughly analysed. In terms of proton-proton cross sections, the results extend to an unprecedented
energy domain. Moreover, the LHC energies begin to overlap with the range of cosmic ray showers, as
discussed in Section 7.7.

The measurement of the total cross section can be achieved by measuring the inelastic and elastic
rate or, exploiting the optical theorem, the elastic scattering only, provided that the differential distribu-
tion is measured at angles small enough (at the LHC it means four-momentum transfer |t| < 0.5 GeV2).
It has to be noted that the former measurement can be luminosity independent, while for the second one
a measurement of the luminosity is mandatory. All the available measurements of the total, elastic and
inelastic cross sections are summarised in Fig. 98.

Concerning the total cross section, the rise with the centre of mass energy has been confirmed by
the LHC data. This evidence can be interpreted as a proton becoming larger and blacker as the energy
increases. Moreover the data, fitted by several authors, favor a ln�s behavior, with � compatible with 2,
which can be seen as a qualitative saturation of the Froissart-Martin bound, since it corresponds to the
maximum rate of rise with energy which is allowed by analiticity and unitarity; numerically, the actual
data lie well below the bound itself. In particular, the measurements of the total cross section at

p
s = 7

and 8 TeV definitely indicate consistency with a ln2s dependence, as predicted several years ago by the
COMPETE Collaboration [874].

Several theoretical models have been developed during the last decades to interpret the experimen-
tal results. Unfortunately, the perturbative QCD approach cannot be used in this context since most of
the processes contributing to the total cross section are characterised by low momentum transfer. Some
of the models are still based on Regge theory, while others prefer using optical or eikonal approaches.
Moreover, so-called QCD-inspired models are trying to connect the concepts of Pomeron trajectories
and proton opacity to the QCD description of elementary interactions between quarks and gluons. At
the moment, no model manages to describe qualitatively and quantitatively the large amount of data
available; they all have merits and shortcomings. Typically, they successfully describe the experimental
results in a certain kinematic range but completely fail in other ones.

7.5.2 Elastic scattering
The distribution of the four momentum transfer t in elastic scattering (Fig. 99) exhibits a pronounced
forward peak which is well described, at first approximation, by an exponential of the form e�B(s)t.
In general, the overall forward peak (|t| . 0.5 GeV2) does not follow a simple exponential shape,
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Fig. 98: The dependence of total, inelastic and elastic cross sections on the center of mass energy
p

s. The
continuous black lines (lower for pp, upper for p̄p) represent the best fits of the total cross section data by the
COMPETE collaboration [874]. The dashed line results from a fit of the elastic scattering data. The dash-dotted
curves correspond to the inelastic cross section and have been obtained as the difference between the continuous
and dashed fits.

which has important implications in the understanding of the hadronic interactions and of the interference
between the hadronic and electromagnetic ones. This aspect is being investigated by TOTEM, whose
latest measurements allowed to access the kinematical region where the Coulomb interaction becomes
visible.

At larger momentum transfers a diffraction-like structure is observed, followed by a smooth be-
haviour. The dip appears to recede towards zero with increasing energy at a value of t roughly propor-
tional to ��1

tot , as suggested by the geometrical picture. Data from pp and p̄p scattering differ considerably
in the region where the diffractive structure appears: the former shows a pronounced dip, while the latter
actually shows more of a shoulder than a dip.

7.5.3 Diffraction
In diffractive processes in proton-proton collisions, the final state contains one (pp! pX) or both (pp!
pXp) of the incoming proton(s) and a hadronic system X . Because no quantum numbers are exchanged
between X and p, one (two) region(s) in rapidity devoid of particles (large rapidity gap, LRG) is (are)
the signature of such processes in addition to the scattered proton(s). Diffraction is also observed in the
interaction of point-like probes with hadrons, and it has been extensively studied in Deep-Inelastic ep
Scattering (DIS) at the HERA collider [875], where, by changing the virtuality of the photon, the size
of the probe can be varied at will, spanning the transition from the soft regime, typical of diffractive
reactions in hadron physics, to the hard regime, where pQCD becomes applicable. This is the reason
why the understanding of diffraction in QCD has received a great boost from the HERA results.

In the pre-LHC era, at HERA, Tevatron (and also at RHIC), tagging the LRG or the outgoing
proton(s) provided complementary results (high statistics with the LRG technique, conversely well un-
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B = 19.89±0.03(stat)±0.27 (syst) GeV-2
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Fig. 99: A summary of the TOTEM results for the single differential elastic cross section, d�el/dt, at
p

s = 7

TeV.

derstood systematics with the proton taggers). At the LHC, and notably in the case of ATLAS and CMS,
the presence of pileup spoils the rapidity gap signature. This made the LRG technique already a chal-
lenge with the Run I data (see e.g. [876–878]). LRG measurements will be possible with the forthcoming
Run II data in special running conditions [879] or with the LHCb detector, which operates in low-pileup
scenario due to special settings and offset leveling techniques. Conversely, measuring diffractive in-
teractions at high luminosity with ATLAS and CMS will be possible only with proton taggers. Both
experiments have a program for instrumenting the forward region. In the CMS case, the TOTEM de-
tector, conceptually designed for forward physics as illustrated above, shares the same interaction point.
Exploiting the synergy between the two experiments, which started already in 2012 when CMS and
TOTEM successfully took common data (the runs were synchronised and the data merged offline), is the
heart of the CMS-TOTEM Precision Proton Spectrometer (CT-PPS) project [880], recently approved by
the LHCC. It consists of a pixel silicon tracking system to measure the position and direction of the pro-
tons, and a set of timing Cherenkov quartz counters to measure their arrival time. The ATLAS Forward
Proton (AFP) detector [881] consists of similar devices. They will allow the reconstruction of the mass
and momentum of the system X resulting in central exclusive production (CEP) processes, pp ! pXp.
The mass of the system X depends on the longitudinal momentum losses, ⇠, of the scattered protons;
the acceptance in ⇠ of the proton taggers in turn depends on the machine optics: protons with any ⇠ can
be detected in TOTEM and ATLAS-ALFA roman pots in special low-luminosity runs (betatron function
at the interaction point �⇤=90 m)22 in which the mass coverage in CEP reactions extends to any MX

as long as |t| of both scattered protons is larger than 0.04 GeV2. This is complementary to the range
MX � 300 GeV in normal high-luminosity runs. Furthermore, the CEP via a double diffractive channel,
with constrained kinematics, provides a unique method to access a variety of physics topics at the LHC,
such as new physics via anomalous production of W and Z boson pairs, high�pT jet production, and
possibly the production of new resonances, including a thorough spin analysis and a study of the decay

22In terms of the accelerator optics, the value of the betatron function � at a point is the distance from this point to the one at
which the beam is twice as wide. The lower is the value of �⇤, the smaller is the beam size and thus the larger is the luminosity.
In standard LHC runs �⇤ = 0.5 m
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modes of glueball candidates, like the f0(1710), in high-�⇤ runs [879].
A key physics issue in diffractive processes is whether the Diffractive Parton Distributions Func-

tions (DPDFs), introduced as a class of parton distribution functions or fracture functions [882–884]—
describing the usual proton PDFs conditional to having a diffractive scattering—are or are not universal,
i.e. whether collinear factorisation [885] holds. DPDFs were extracted from high-precision HERA data
by performing perturbative QCD fits at next-to-leading order accuracy and including full experimental
and theoretical error estimations [875, 886–888]. Support of factorisation was provided by analyses of
diffractive di-jet cross sections in DIS which, despite large theoretical errors, are well described by next-
to-leading order predictions based on DPDFs extracted from the inclusive diffractive DIS data [889].
However, hard scattering factorisation was proven to fail in pp̄ collisions at the Tevatron [890, 891],
where single diffractive production cross sections of di-jet and electro-weak bosons are overestimated by
an order of magnitude by predictions based on HERA DPDFs.

The factorisation theorem is at the heart of modern QCD phenomenology at hadron colliders. It
provides crucial predictivity to the theory and, so far, has been tested and verified by all phenomeno-
logical analyses. Understanding the mechanism, still unknown, responsible for the striking breaking of
factorisation in hard diffraction would unveil the non-perturbative phenomena behind it. There are other
processes at the LHC which may substantially improve our knowledge, namely the single diffractive
Drell-Yan process. A measurement of the dependence of the cross section on the invariant mass of the
di-lepton pair would be very informative. This analysis would reveal if the factorisation breaking mech-
anism depends on Q2, and appropriate ratios to the inclusive Drell-Yan cross sections could spot this
eventual dependence in a model independent way. In the simplest scenario in which the single diffractive
cross section is scaled by a common factor, independent of Q2, it would be extremely interesting to esti-
mate to what extent the partonic structure of the diffractive exchange (encoded in the DPDFs) is altered
in hadronic collisions with respect to diffractive DIS. For this purpose, it will be mandatory to select
kinematic ranges of the proton energy loss ⇠ and of the lepton-pair rapidity (and therefore of the DPDFs
fractional momentum �) corresponding to regions in which the DPDFs have been determined in diffrac-
tive DIS with sufficient precision. Since the Drell-Yan process is essentially a quark-dominated process,
this measurement should be complemented by the study of other processes sensitive to the (dominant)
gluon DPDF, such as single diffractive prompt photon and di-jet production.

High transverse momentum production of jets and/or photons in photon-Pomeron interactions can
be measured if the full kinematics of final state protons can be reconstructed, since photon and Pomeron
emissions from protons are expected to populate different regions of the t spectrum. If this measurement
turns out to be feasible, the LHC machine could possibly offer the answer to the unsolved question
raised in diffractive di-jet photo-production at HERA. To conclude, the hard diffraction program at LHC
can address fundamental issues in our understanding of non-perturbative phenomena in high energy
hadron interactions and investigate in detail the only case in which factorisation, at the heart of QCD
phenomenology, is strikingly broken.

7.6 Multi-parton interactions
In collisions with large momentum transfer exchange, the interaction between hadronic constituents is
localised in regions in transverse space much smaller than the hadronic dimension. On the other hand, at
high energies and relatively low pt, hard collisions contribute to a finite fraction of the total inelastic cross
section. In such a regime, the hard component of the interaction may be disconnected in transverse space.
The process is thus given by the incoherent sum of weakly correlated hard and semi-hard subprocesses
and is called Multiple Parton Interaction (MPI).

When the hard component of the interaction is disconnected, the hard process is initiated by several
pairs of partons. The cross section is hence characterised by a much stronger dependence on the incoming
parton flux, as compared with the familiar case of hard processes originated by just a single pair of
partons. MPI become therefore more and more important when increasing the centre of mass energy of
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the colliding hadrons, where partons with smaller and smaller fractional momenta play an active role.
Another general feature is that MPI are characterised by at least one non-perturbative scale, related to
the typical transverse distance between the hard interaction regions. A direct consequence is that MPI
cross sections decrease much faster, as a function of transverse energy, as compared with usual large pt

single scattering parton interactions. MPI are further characterized by peculiar correlations. Final state
partons generated by a connected hard interaction are in fact highly correlated in transverse momenta
and rapidities. Disconnected hard interactions produce various groups of highly correlated partons in the
final state, while correlations between partons belonging to different groups are weak.

All state-of-the-art Monte Carlo event generators need in fact to include MPI in order to be able
to reproduce the global features of inelastic events (final state multiplicities, energy densities, etc.). In
almost all cases MPI are implemented by assuming a Poissonian distribution of elementary partonic
interactions, with average number depending on the impact parameter of the hadronic collision [892].
Specific conjectures, concerning in particular the actual distribution of initial state partons in transverse
space, the regularisation of the elementary partonic interaction at low transverse momenta and hadro-
nisation, depend on the specific assumptions in the different Monte Carlo codes. The non-perturbative
component of MPI combined with the contribution to the final state due to soft radiation and to the frag-
mentation of initial state remnants, cannot be completely separated from each other, in such a way that the
resulting quantitative information on MPI is unavoidably rather uncertain even if several decompositions
have been attempted based on topological constraints and specific selections of final states [893–895].

In this respect, a cleaner understanding of the different dynamical mechanisms, taking place in the
relatively low pt region, can be obtained by direct observation of MPI processes. In the simplest case,
Double Parton Interaction (DPI), the general features characterising MPI are summarized in the ‘pocket
formula’ of the corresponding inclusive cross section [896]:

�(A,B)
double =

m

2

�A�B

�eff
, (52)

where A and B label the two elementary partonic processes, localised in two different disconnected
regions, m is a symmetry factor (m = 1 if A and B are identical processes and m = 2 if A and B
are different), �A and �B are the two cross sections to observe inclusively either the process A or the
process B in the same hadronic collision. All unknowns in the process converge into the value of a
single quantity with the dimensions of a cross section, �eff . Actually, when hard interactions are rare,
the probability to have the process B in an inelastic interaction is given by the ratio �B/�inel. Once the
process A takes place, the probability to have the process B in the same inelastic interaction is different.
It can anyway be always written as �B/�eff , where �eff plays effectively the role, which was of the
inelastic cross section in the unbiased case.

Double-PDFs encode information on the correlations between two partons inside a target and
represent the non-perturbative contribution to the hadron structure, not accessible in a single-scattering
large-pt interaction [897]. One may thus expect �eff to depend on all the different observables charac-
terising the process. Conversely, it is remarkable that, although more precise measurements are expected
to reveal some dependence of �eff on the reaction channel and on the kinematical regime, Eq.(52) has
shown to be able to describe the experimental results of the direct search for DPI in rather different kine-
matical regimes [898–902] with a value of �eff compatible with a universal constant (see Fig. 52). Even
though the value of �eff is still rather uncertain, the actual experimental evidence is that its value is much
smaller than �inel (roughly by a factor 4), which represents a rather clear indication of the presence of
important correlations in the hadronic structure. On the other hand, the experimental study of DPI in pp
collisions can only provide limited information. In particular it cannot provide a suitable understanding
of the small observed value of �eff .

A handle to obtain additional information is provided by DPI in pA collisions [903]. The dynam-
ics of DPI is in fact different in pp and in pA collisions. In addition to the process where DPIs take place
between the projectile proton and a given target nucleon, in pA DPIs can in fact also occur between the
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Fig. 100: Different experimental results on the value of �eff

projectile and two different target nucleons. While the first contribution to the cross section is propor-
tional to A and is very similar to DPI in a pp collision, the second contribution is proportional to 1/R2,
where R is the nuclear radius, and grows with A as A4/3. The second contribution therefore introduces
a rather strong anti-shadowing correction to the first one, which may be of the order of 200-300% in the
case of p�Pb collisions. Moreover, while the first contribution, linear with A, is proportional to 1/�eff

and it is therefore related to the typical transverse region, where the two elementary hard interactions
take place, the second contribution, being proportional to the inverse nuclear radius squared, is practi-
cally independent, in the case of heavy nuclei, of the distance between partons in transverse space. Its
contribution to the cross section is therefore directly proportional to the multiplicity of pairs of partons
in the projectile, which can thus be estimated by measuring the amount of anti-shadowing in DPI in pA
collisions. DPI in pA collisions can therefore provide valuable indications on the multiplicities of parton
pairs in the hadron at different fractional momenta. By comparing with the measured value of �eff in
pp collisions one therefore obtains indications on the corresponding typical transverse distances between
the interacting parton pairs. One should also emphasise that, in this way, one has access to unprecedented
information on the three dimensional partonic structure of the hadron.

Reducing substantially the experimental errors in the measurement of �eff is required as well as
measuring the dependence of �eff on Q2 and on fractional momenta in different reaction channels and
different kinematics, while quantifying the amount of anti-shadowing in DPI in pA collisions in the same
reaction channels and regimes. Both high luminosities, in order to significantly increase statistics, and
high centre of mass collisions energies, to increase the parton flux and thus the relative rate of MPI,
are key issues. From the theory side further efforts are needed to unravel features of DPI, which are
still a matter of debate (the relevance of the contribution of the interplay region between connected and
disconnected hard interactions [904], the role of spin and color [905]).

A clear indication on the dependence of �eff on transverse momenta will provide valuable in-
dications on the deviations from the Poissonian distribution of elementary partonic interactions to be
included in the Monte Carlo event generators, improving in this way the physics content and reducing
the space to phenomenological assumptions, affecting in particular the relative importance of radiation
with respect to MPI in the description of the inelastic event.

A relevant point is finally that an accurate determination of the value of �eff , for different pro-
cesses and kinematics, will allow accurate estimates of the backgrounds due to DPI in various processes
of interest in the search for new physics. The contribution of MPI is in fact expected to become signifi-
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cant, when looking at various processes that are absent, at leading order, in the Standard Model [906].

7.7 Cosmic rays and the impact of collider experiments
A precise modeling of the properties of hadronic interactions is mandatory to understand and interpret
correctly the showers generated by cosmic rays in the Earth’s atmosphere and in other astrophysical
environments related to dark matter searches or neutrino physics. Uncertainties on cross sections and on
the properties of particle production in hadronic collisions are indeed in several cases the main source
of systematic error in measurements of great interest. An appropriate program of measurements with
accelerators beams could provide the information to reduce the systematic errors to a level that would
significantly enhance the scientific value of existing and future observation programs.

7.7.1 High Energy Cosmic Rays
The energy spectrum of cosmic rays (CR) covers a very broad energy range, at least up to E ' 1020 eV,
with an intensity that decreases rapidly with energy, approximately as a power law (�(E) / E�↵) with
an exponent ↵ between 2.7 and 3.3. CR direct observations with detectors placed above the Earth’s
atmosphere on balloons or satellites are only possible in the low energy region, where sufficient statistics
can be collected. Above an energy of order E ' 1014–1015 eV, the CR spectrum and mass composition
can only be estimated by indirect methods, from the observation of the extensive air showers generated
in the atmosphere by the primary particles (most of the high energy particles are protons of fully ionised
nuclei).

The reconstruction of the energy and identity (mass number) of the primary particle from the
shower observables requires a sufficiently precise description of the relevant properties of hadronic inter-
actions, and uncertainties in their modeling are the main source of systematic error. An example is given
in Fig. 101, where data obtained by the Auger detector [907] on Xmax (the column density of air where
the longitudinal development of a shower has its maximum) are shown. The different lines in the figure
illustrate, as a function of energy, the theoretical predictions on hXmax(E)ip,Fe for proton and iron show-
ers, obtained with different Monte Carlo models. The spread among the lines gives a rough indication of
the present uncertainties on the modeling of the shower development, and of their impact in the interpre-
tation of the data. The reduction of such theoretical systematics would allow a better determination of the
CR average mass (as a function of energy), with important consequences on the understanding of their
origin and propagation. Similar considerations apply also to the low energy range (E ' 1015–1018 eV),
where the energy spectrum shows features (the most prominent being the so called “knee”) that should
be better described and understood.

The laboratory-frame energy range 1015–1020 eV corresponds, for a proton primary particle, to
nucleon–nucleon interactions with centre-of-mass energy in the interval

p
s = 1.4–430 TeV, that extends

far beyond the maximum energy available at LHC. The study of the highest energy CR requires therefore
an extrapolation of the results obtained in accelerator experiments. Detailed studies performed at the
highest energy available at LHC play a crucial role in reducing the uncertainties associated with this
extrapolation.

CR showers develop in air, where the target is formed by nuclei (Nitrogen, Oxygen and Argon)
with mass numbers A = 14–18, while the primary cosmic rays consist of protons and fully ionized nu-
clei, with a mass number distribution that extends up to elements in the iron group (A . 56). The shower
modeling therefore requires a good understanding of hadron-nucleus and nucleus-nucleus collisions with
the mass number of the target and projectile nucleus in the quoted intervals.

One infers from the discussion above that measuring hadronic interaction properties in pp and p̄p
collisions is fundamental. The recent results on the total and elastic cross sections by TOTEM, ALICE,
ATLAS and CMS at

p
s = 7 and 8 TeV, discussed in Section 7.5, are very informative as they cover an

unprecedented energy range, and even more so will be the future Run II measurements. With the caveat
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Fig. 101: Average Xmax measured by the Auger experiment [907] compared with air shower simulations using different
hadronic interaction models.

that to use such results for the modeling of CR showers one needs to apply corrections based on a good
understanding of nuclear effects. Obtaining measurements for p-nucleus and nucleus-nucleus scattering
would be highly desirable. The properties of meson-nucleus collisions are also important because high
energy ⇡± and kaons produced in the cascades have a small decay probability, and interact.

The development of CR air showers is driven by the interaction lengths of the particles and by
average properties of particle production, such as inclusive energy spectra and multiplicity distributions.
Therefore, in most CR studies the rare, hard processes that are the main interest and motivation in accel-
erator experiments are of little importance. The secondary particles generated in the collisions that are
most important for the shower development are those carrying large energy in the laboratory frame and
control the energy flow. These particles correspond to the projectile fragmentation region (xF & 0.1),
and are unfortunately very difficult to measure in collider experiments because they emerge at very small
angle with respect to the beam direction. At LHC the beam fragmentation regions, i.e. those at large
pseudorapidity |⌘|, are studied by detectors such as TOTEM, CASTOR and LHCf. The LHCf experiment
has a short-medium term plan which foresees to repeat at 13 TeV the Run I measurements on neutral-
particle (neutral pions, gammas and nucleons) production cross sections in the very forward region of
proton-proton and nucleus-nucleus interactions. A plan has been presented to perform similar studies at
RHIC with 500 GeV pp collisions [908] and with proton-nucleus collisions [909].

The study of collisions using the extracted LHC beam on a fixed target could also be very valu-
able. A possible scheme for beam extraction is the technique of crystal channeling [910], proposed in
the CRYSBEAM project (ERC CoG, funded), where the strategy is to direct the LHC beam on an instru-
mented absorber made of light materials (carbon, nitrogen, oxygen,..) emulating the Earth atmosphere
composition. Also studies at lower energy (for example with a beam extracted from the SPS accelerator)
would allow measurements useful for a reduction of the systematic uncertainties on shower development.
In this context it seems very interesting to have an experimental program associated to an extraction of
the LHC proton beam [911] (using perhaps techniques such as those discussed in [912]).

7.7.2 Galactic cosmic rays and cosmic antimatter
As discussed in the previous subsection the galactic cosmic rays observed with direct measurements
span an energy range from about tens of MeV up to hundreds of TeV, and include protons, iron and
nickel nuclei, antiprotons, leptons and �-rays. The interpretation of galactic cosmic ray data requires,
as well as the correct modeling of their sources and of the turbulence spectrum of the galactic magnetic

208



field, also the knowledge of the cross sections that regulate the production and destruction of cosmic
rays interacting with the interstellar medium. For many production and inelastic cross sections, data are
scarce or completely missing.

In particular, the antiprotons in the Galaxy are of secondary origin and are produced by the scat-
tering of cosmic protons and helium nuclei off the hydrogen and helium in the interstellar medium. The
only measured production cross section is the proton-proton one, while all the reactions involving helium
have no laboratory data in the useful antiproton energy range (⇠ 0.1-100 GeV) [913, 914]. The empiri-
cal modeling of those cross sections induces an uncertainty in the antiproton flux of about 30-40%. This
should be compared with the⇠ 10% accuracy expected for the forthcoming AMS-02 data on the antipro-
ton flux. The interpretation of the data collected in space will be likely limited by the lack of laboratory
measurements!

Accurate knowledge of the cosmic antiproton flux is not only useful to the understanding of the
origin and propagation of galactic cosmic rays, but also to the indirect dark matter searches, as will be
discussed in the next subsection. The secondary antiproton flux acts as a background when looking for a
dark matter signal in the observed antiproton flux.

We emphasise here the need for a dedicated experiment aimed at measuring the exclusive cross
section p+He, with particular interest for the channel p+He! p̄+X . This measure would also reduce
the uncertainties in the predictions of cosmic antideuterons. Having the higher signal-to-background
ratio, antideuterons are considered at present the most favoured indirect dark matter channel.

As for the scattering p + He, we stress the importance of the measurement of the exclusive cross
section. We notice that the knowledge of the cross section for � � rays from the neutral pions produced
in p + He scattering is of relevance for the modeling of the galactic emission [915] and therefore the
interpretation of the plethora of data taken by the Large Area Telescope (LAT) on the Fermi Gamma-ray
Space Telescope (Fermi). A better modeling of the �-rays from hadronic reactions, and in particular
the ones involving scattering on helium, would improve the power of the indirect dark matter searches
through �-rays and the study of the origin of cosmic rays.

A dedicated experiment with a beam of protons accelerated at CERN to energies of a few GeVs
and scattering off a helium target would therefore be of the utmost importance in the effort to understand
the mystery of dark matter in the Universe and the origin and propagation of cosmic rays in the Milky
Way. More generally, an extensive laboratory campaign aimed at measuring the missing production and
destruction cross sections is envisaged for a large number of nuclei, isotopes, anti-nuclei and positrons,
in the perspective of a reliable interpretation of the direct measurements on galactic cosmic rays.

7.7.3 Dark Matter searches
Dark Matter (DM) in the form of Weakly Interactive Massive Particles (WIMPs) can be detected ob-
serving the particles produced in the annihilation (or in some models in the decay) of the DM particles
forming the invisible halo of our galaxy. The charged particles produced in the annihilations or decay re-
main partially confined by the galactic magnetic field and can be observed as an excess over the expected
fluxes generated by known mechanisms. The best sensitivity is obtained measuring the flux of anti–
particles such as positrons and anti–protons, which have a smaller background from known processes.
The dominant known source of anti–protons in cosmic radiation is due to the interactions of cosmic rays
with the interstellar medium gas (in reactions such as pp ! pppp̄ + X). Uncertainty in the production
of anti–nucleons in pp and pHe interactions in the interesting energy range E . M (with M ⇠ 10–
1000 GeV the mass of the DM particles) can be as large as 50% at the highest energies. This energy
range is accessible with accelerator experiments. The interest of these studies is discussed in [913].
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7.7.4 Atmospheric neutrinos
Another field of research where a program of measurements of hadronic interaction properties could
reduce systematic errors is the study of neutrino oscillations using atmospheric neutrinos. New large
mass Cherenkov neutrino telescopes (PINGU [916] and ORCA [917]) have been proposed with the
main goal to determine the neutrino mass hierarchy (normal or inverted) from a precision measurement
of the energy and zenith angle distributions of atmospheric neutrinos. Extensions of this program could
also be sensitive to the phase � in the PMNS neutrino mixing matrix. Precision measurements of proton
interactions on an air target would allow a more precise prediction of the no-oscillation flux.
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7.8 Hadron Physics and non-perturbative QCD: Summary and Outlook
The internal, partonic structure of nucleons, and hadrons in general, is still largely mysterious. As protons
and neutrons form almost all of the visible matter of the Universe, it is certainly worth exploring their
content in terms of quarks and gluons interacting according to QCD dynamics. All issues discussed in
the “Hadron physics and non-perturbative QCD" Chapter share this motivation.

The 3-dimensional nucleon structure, both in momentum and coordinate space, represents a new
phase in our imaging of the nucleon, which goes beyond the traditional and simple 1-dimensional picture
of a fast moving nucleon as a bunch of co-linearly moving partons. Hadron spectroscopy, dealing with
the total quantum numbers of bound states of quarks and gluons, shows that more and more precise
experimental data are not well understood, while unconventional, although possible, bound states are
still not observed. The dynamical QCD properties of partons should be able to explain diffractive and
elastic cross sections in proton nucleon interactions at high energies; the role of multi-parton interactions,
rather than a single elementary interaction, has to be explored and understood. A precise knowledge of
the cross sections and of the properties of particle production in hadronic collisions is crucial in order to
reduce the systematic errors in several measurements of great astrophysical interest. For each of these
themes the prospects for new measurements at existing and future experimental facilities have been
considered.

– Confinement and large distance QCD.
The first challenge towards a complete understanding of QCD is to describe the confinement mech-
anism and the spectrum of mesons and baryons. Both large-N and lattice QCD predict the exis-
tence of glueballs of any integer spin, experimentally not clearly identified yet.
In particular, the slope of glueball Regge trajectories with respect to the meson trajectories has a
fundamental theoretical meaning. Experimentally, there are presently no candidates for the odd-
spin glueballs. The measurement of their slope in relation to the slope of even-spin glueballs is
even more important theoretically.
The systematic search for glueballs is one of the experimental challenges in the next 10 years, in
the reach of dedicated experiments such as BESIII, JLab, FAIR, J-PARK and LHCb. Glueball
production, together with other interesting non-perturbative aspects of QCD, are in the reach of
diffractive phenomenology, like high-energy p-p exclusive forward scattering. A most interesting
experiment at CERN along this line is the joint collaboration TOTEM+CMS at LHC.
Another interesting experimental direction is the exploration of the QCD phase diagram by heavy-
ion collision experiments, in particular regarding the detection of the transition to a Quark-Gluon
Plasma phase, which may allow a comparison with lattice QCD simulations. All that is relevant to
many experiments at LHC (ALICE, ATLAS, CMS), at RHIC and FAIR.

– 3-dimensional nucleon structure
The quarks and gluons inside a proton (which is a gigantic object, compared to their size) must
have some intrinsic motion and space distribution. In particular, one expects partons to have some
orbital angular momentum, which contributes to the total nucleon spin. This 3-dimensional infor-
mation on the nucleon structure has been encoded in the so-called Transverse Momentum Depen-
dent partonic distributions (TMDs, concerning the momentum distribution) and the Generalised
Partonic Distributions (GPDs, concerning the spatial distribution).
Information on TMDs can be obtained in semi-inclusive processes, like SIDIS (`N ! `hX)
and Drell-Yan (D-Y, h N ! `+`�X); information on GPDs come from exclusive processes like
` p ! ` p � or ` p ! ` p⇡. So far, data on TMDs and GPDs have been collected by the HER-
MES and COMPASS Collaborations and at RHIC-BNL. Some related information on the trans-
verse momentum dependent fragmentation functions have been obtained by the Belle and BaBar
Collaborations. A genuine 3-dimensional imaging of the proton is emerging, but more data are
necessary. These will be available from COMPASS and JLab (at 12 GeV) experiments. Great
expectations are related to the planned Electron Ion Collider (EIC).
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Of very special interest is the measurement of one of the spin-dependent TMDs, the so-called
Sivers function. This is known from SIDIS data, but the current QCD understanding of its origin
predicts that this same function, when observed in D-Y processes, should have the opposite sign.
Such a measurement will be soon performed by COMPASS at CERN, in the D-Y process ⇡ p !
`+`�X .

– Spectroscopy
Hadron spectroscopy has been living a second renaissance since the advent of the B-factories.
Spectra of heavy quarkonia, heavy light mesons, and heavy baryons allow precise tests of QCD at
various scales, from the perturbative domain to the confinement region. In addition to the discov-
ery of known and long sought states (e.g. parabottomonia), many new and unexpectedly narrow
states (such as Ds0 and Ds1 mesons, the X(3872), Y(4260), Z(4430) and so on) are challenging
phenomenologists. A large fraction of these states are close to thresholds, and their dynamics is
significantly affected by light quark degrees of freedom. Most future efforts will focus on casting
light on this abundance of new states.
In the meantime, the overall pattern of narrow quarkonia is approaching completion, and precise
experimental mass measurements show that, after having averaged out spin effects, the mass split-
tings are independent of the mass scale, in spite of the large variation of ↵s in the 1 to 10 GeV
energy range. A similar scale independence is emerging, when we compare heavy baryons with
heavy mesons. For the color interaction, an antiquark is equivalent to a diquark: can we use di-
quarks as building blocks of this new spectroscopy? In addition, hyperfine and fine splittings can
be explained with a relatively naive constituent quark model. An explanation of this success start-
ing from the first principles of QCD is still missing. Are we overlooking some deeper symmetries?
What are the actual degrees of freedom of hadronic bound states?

– Total pp cross section, elastic scattering, diffraction
One way of studying the inner properties of protons is to observe how they interact with each other,
i.e. to measure the total proton-proton cross section. Run I TOTEM, ATLAS, CMS and ALICE
data have confirmed that the proton behaves as if it becomes larger at the unprecedented energies
of 7 and 8 TeV.
Among the several theoretical models developed during the last decades, a global and quantitative
description of the experimental results has not yet emerged. Perturbative QCD techniques cannot
be applied since most of the processes contributing to the total cross section are characterised by
low momentum transfer. The new data at 13 TeV not only will take the energy domain to new
territory, but also will begin to overlap with the energy range of cosmic ray showers, therefore
providing input to the understanding of shower developments in the atmosphere and of the cosmic
ray energy spectrum and particle composition.
Elastic and diffractive processes, in which one or both of the incoming hadrons are scattered elas-
tically or carry most of the initial energy and scatter at very small angles, contributes roughly
half of the total proton-proton cross section; investigating the region very close to the outgoing
beams is therefore complementary to studying the central region surrounding the interaction point.
It requires as much rapidity coverage as possible and possibly appropriate detectors capable of
operating in close proximity to the beams.
In addition to TOTEM, which was designed for elastic and diffractive physics, LHCb, ATLAS,
ALICE and CMS have made an effort during the present shutdown to reinforce their forward
physics programs. A key physics issue in diffractive processes is whether the diffractive Parton
Distributions Functions (the usual proton PDFs conditional to having a diffractive scattering) are
or are not universal, i.e. whether the (Collins) collinear factorisation holds. It was proven to
be broken when going from diffractive ep scattering at HERA to pp̄ collisions at the Tevatron,
but the mechanism and its onset are not yet understood. Single-diffractive production processes
(Drell-Yan, W and Z, di-jet) have the potential to shed light on the underlying non-perturbative
phenomena. Experimentally, one critical point of diffractive measurements at high luminosity is
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that the large number of pileup interactions in a bunch crossing spoils the diffractive rapidity gap
signature, leaving proton tagging as the only possible strategy. It is being pursued by both CMS
and ATLAS. In the former case, TOTEM proton taggers will be used in 2015 in conjunction with
the CMS central detector (already at the end of Run I the two experiments took data jointly).
This is a first step towards the realisation of the CMS-TOTEM Precision Proton Spectrometer,
consisting in new precision tracking and timing stations allocated in TOTEM roman pots. This
device will allow studying central exclusive production, pp ! pXp, a unique method (also pur-
sued by ATLAS, LHCb and RHIC experiments) to access a variety of physics topics, such as new
physics via anomalous production of W and Z boson pairs, high-pT jet production, and possibly
the production of new resonances.

– MPI and underlying events
Multi-Parton Interactions play an increasingly important role in hadronic interactions at high en-
ergies. A deeper understanding of the phenomenon is thus necessary to improve the actual imple-
mentations of MPI in Monte Carlo event generators and for a correct evaluation of the backgrounds
of various processes of interest for the search for new physics. MPI represent also a research topic
of interest by itself, since the non-perturbative input to MPI contains information on correlations
between partons, not accessible in single-scattering large-pt experiments.
The simplest case of MPI, Double Parton Interaction, was successfully observed and studied by
most high energy experiments at hadron colliders. The available experimental information on
DPI is however still limited and the experimental errors rather large. Higher luminosities at LHC
will produced increased statistics and higher c.m. collision energies will boost the parton flux and
thus the relative rate of MPI. Present experimental errors in the measured DPI cross sections can
thus be reduced, while differential measurements of the cross section, as a function of the incoming
fractional momenta and of the produced transverse energy, may become feasible. Differential mea-
surements together with experimental studies of correlations in rapidities, at different azimuthal
configurations of the produced states, would increase significantly the efficiency in disentangling
the contribution of DPI from background processes, providing also indications on possible corre-
lations between initial state partons. Information on the dependence of correlations on flavour can
be obtained by comparing DPI in different reaction channels.
Additional information can be gained by measuring DPI in pp and in pA collisions, in the same
kinematical conditions. The DPI mechanism is in fact different in pp and in pA. Actually, in the
case of heavy nuclei, DPI are dominated by the contribution where two different target nucleons
take part in the process. By comparing the effects of the two different DPI mechanisms, one will
be able to learn on correlations in the transverse distances and in the distributions in multiplicity
of parton pairs of the incoming proton.

– Hadronic interactions and cosmic ray studies
The precise modeling of the properties of hadronic interactions is needed for a sufficiently accurate
description of the showers generated by cosmic rays in the Earth’s atmosphere and in astrophys-
ical environments. Observed air showers must be interpreted to estimate the energy and mass of
the primary particles. Showers in astrophysical environments generate secondaries such as anti–
protons, positrons and photons that can be used to study the properties of the sites of cosmic ray
acceleration and propagation, and constitute the background for the indirect search for Dark Matter
in the form of Weakly Interacting Massive Particles.
Measurements at LHC and at lower energy accelerators with appropriate coverage of phase space
(with the very forward fragmentation region playing a crucial role) can significantly reduce the
existing uncertainties and enhance the science reach of existing and future programs in these lines
of research. Of particular interest appears to be an accurate measurement of the cross section for
the production of antiprotons in p + He interactions.
Experimental studies of the total and elastic cross sections and of the properties of particle produc-
tion over the entire phase space would also help and stimulate the extension of theoretical QCD
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studies toward bridging the gap between between hard and soft hadronic physics.
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8 Conclusions and recommendations
This report describes in detail the huge potential for physics achievable with current and future accel-
erators. First and foremost it shows the importance of a detailed understanding of the EW symmetry
breaking sector of the SM and of direct searches for new physics covering a broad range of possible the-
ories. This is complemented by precision measurements and searches for highly suppressed processes
which test the structure of the SM and provide tight constraints on models of new phenomena. Moreover,
current and future experiments at accelerators complement direct dark matter searches and provide key
measurements needed to unfold results in neighboring fields, such as astrophysics.

The strategy to pursue the physics drivers mentioned above will be influenced by the evolution of
present and future machines, the available acceleration and detection technologies, the level of financial
support and the human resources available. Our current understanding of the major trends of these
constraints is key to the formulation of a realistic strategy for INFN.

• Present and future accelerators
The most important accelerators, where HEP experiments involving INFN researchers are either
running or in preparation, are as follows. In the area of hadron colliders LHC at CERN (Switzer-
land) explores the energy frontier with proton-proton collisions at the highest available energy,
while SuperKEKB in Tsukuba (Japan), BEPC in Beijing (China), DAFNE in Frascati (Italy) pro-
vide electron-positron collisions in the 1 to 10 GeV range. Extracted beams for fixed target experi-
ments are provided by the SPS at CERN, featuring high energy hadron and meson beams, and PSI
in Zurich (Switzerland), Fermilab and JLAB in the USA, J-PARC in Tokai (Japan), featuring high
intensity proton beams mostly used to produce secondary neutrino or muon beams. More details
can be found in Section 2.
The lifespan of these machines is approximately the next five to ten years, then they lose much of
their usefulness unless substantial upgrades are implemented. Currently, significant improvements
in beam intensity are planned for LHC, Fermilab and J-PARC on these time scales; CERN is
also considering the implementation of extracted beams of much higher intensity from the SPS.
The technology and basic infrastructure needed for these upgrades are all essentially available at
affordable costs. We expect therefore that their implementation will actually occur according to
plans, thus extending their usefulness for an additional ⇠ 10 years taking us to around the mid
2030’s.
New major accelerators might become operational on that time scale: a superconducting electron-
positron linear collider (ILC) with the potential to deliver e+e� collisions from 250 up to 1000
GeV with successive upgrades, and/or an enlarged version of the LHC with about 100 km cir-
cumference (FCC-hh in Europe or SppC in China) and high field magnets capable of 100 TeV
proton-proton collisions; an e+e� version (FCC-ee in Europe or CEPC in China) could be built in
the same tunnel with less demanding magnets.

• Technology context
Completely new acceleration techniques, such as those based on plasma wake-field acceleration
for instance (see discussion in Section 2.3), are unlikely to become capable to produce the high
energy and high intensity beams needed for HEP on the time scale of twenty years from now, so
the new machines will need to be based on more conventional technologies.
The superconducting cavity technology developed for the ILC in the last twenty years has reached
a high level of maturity. It is already operational at the FLASH facility in DESY and a much larger
implementation is already under construction for the XFEL in Germany. Assuming availability of
funds and a clear commitment to its construction, a 250 GeV Linear Collider can most likely be
built within ten years of the decision to start the project.
The high field magnet technology based on Nb3Sn and/or high temperature superconductors has
been developing for many years and a few magnets of the Nb3Sn type are planned for installation
in the new LHC interaction regions scheduled for the mid-2020’s. The development of cost ef-

215



fective methods to mass produce such magnets by industry, as needed for a future proton-proton
collider, will likely take additional time after this very limited production. The actual speed at
which this technology develops has a strong impact on the choice of potential future accelerators.
For instance, increasing the LHC energy to ⇠30 TeV by replacing the existing magnets with high
field ones is likely to become a viable option only after the completion of the HL-LHC program.
If additional time is needed for the magnet technology to mature, it will affect the decisions on
the construction of the FCC’s and the choice between hadron and electron beams for its initial
operation.

Recommendation #1:
CSN1 urges INFN to continue and strengthen its support of R&D for the development of new high
field magnets and conventional or un-conventional accelerator structures.

Currently available detector technologies can mostly cope with the needs of the future experiments
with fairly straightforward improvements, although significant engineering efforts must be made
to make the existing technologies cheaper and easier to produce to prepare for the needs of fu-
ture large experiments. Further detector developments can significantly improve performance and
physics reach, or open new experimental scenarios, for example with some specific technologies:
pico-second timing in counters and tracking devices, extremely radiation resistant trackers, high jet
energy resolution calorimeters, DAQ/trigger systems capable of handling huge data flows, smart
detectors with distributed processing capabilities.

Recommendation #2:
CSN1 recommends a closer cooperation with CSN5 to boost the development of the most needed
technologies.

We note that computing needs for the experiments at HL-LHC are estimated to be significantly
larger than the expected technology will be able to provide at a constant cost from now. While
ways to increase the computing power are currently under study, there is still no obvious solution.

Recommendation #3:
We urge the experiments planned for HL-LHC to develop plans to deal with the computing issue.
In particular efficient ways to reduce the data flow to storage should be studied by means of
appropriate enhancements of their trigger and DAQ systems.

• Financial context
It is very difficult to reliably predict the future funding situation of INFN and more specifically
CSN1 over the next ten years. We assume a scenario of constant funding with no inflation adjust-
ments. We note that since the future new projects have not yet defined a clear funding profile, the
effect of variations of the baseline scenario is hard to assess at this moment.
While all currently approved programs can be completed in this assumption, major new programs
will not be possible without additional project specific funding from within INFN and/or other
external sources such as EU or Italian Education and Research Ministry grants.
We note that even small variations of the baseline funding of CSN1 have considerable impact on
its activities; for instance a 5% overall increase has a ⇠25% effect on the funds that can be used
for the construction of new detector components. Consequently even a small budget increase can
significantly expand the potential for new projects.

8.1 Future new projects
Before addressing the potential future projects, it is worth remarking that CSN1 is currently supporting a
strong program, including several experiments, addressing all the physics drivers described in this report
and extending until approximately the middle of the next decade.
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Recommendation #4:
It is a top priority of the CSN1 to continue funding of all approved experiments and their approved
upgrades until their planned completion.

We note that for most of them construction funding will be complete by the end of 2017 with only
the LHCb upgrade and possibly Mu2E continuing constructions until the end of 2019.

In the next few years the LHC will deliver data at twice the energy of the previous run, thus in-
creasing significantly the reach for new physics. Two very different scientific scenarios will develop
depending on whether evidence of new phenomena is or is not observed. As a result our recommen-
dations may need to be revised a few years from now. We note however that the implications of these
different scenarios mainly affect the future large machines.

In the following we give a list potential future new programs with our comments and recommen-
dations. All of them have yet to consolidate a funding plan and to complete significant R&D.

Recommendation #5:
It is of great importance that well defined proposals be ready by mid-2017 to allow a realistic plan of
how experiments at HL-LHC and other new CSN1 activities can coexist.

1. ATLAS and CMS upgrades for HL-LHC
There is a compelling physics case for precision studies of the EW breaking sector of the Stan-
dard model (see Section 4), and to search for new physics (see Section 5) or study it if observed.
Additional precision measurements provide additional constraints (or details) on models of new
physics. Calibration of the PDF’s and Montecarlo programs set the groundwork for physics at
future accelerators.
The high luminosity upgrade of LHC is already part of the CERN program and can be funded
within its standard budget. There are no major technical hurdles to overcome in order to have
HL-LHC operating in 2025 as scheduled.

Recommendation #6:
The ATLAS an CMS detector upgrades for HL-LHC are the highest priority of CSN1.

We note, however, that the costs currently estimated by the ATLAS and CMS collaborations are
quite large. Even assuming realistic reductions of scope and a very strong compression of all other
activities, an adequate funding of these upgrades will require a substantial additional contribution
to the CSN1 budget to supplement the standard baseline.

2. Future Colliders
The case for future circular colliders in the leptonic and hadronic flavours has been made very
strongly both in Europe and China during 2014 and global collaborations to study these machines
are forming. The case for ILC has been on the table for some time. Japan has offered to host
the project and is working on getting international partners. Apart from the technical issues pre-
viously discussed, these machines represent an enormous investment and require time and strong
motivations to secure funding. In any case the final strategy for the next particle accelerator will
appear more clearly when results from the 13 TeV pp collision data from LHC is available. In the
absence of new physics observations at LHC (including its high-luminosity upgrade), it will be
crucial to develop first a detailed examination of the electroweak sector, in particular for precision
measurements of the recently discovered Higgs boson; this could be achieved with a new electron-
positron machine, possibly complemented at a later stage with a very high-energy hadron collider,
for direct searches for new physics. On the other hand if LHC provides solid indications of new
physics, a specific strategy has to be developed, depending on the nature of the new phenomena.

Recommendation #7:

217



CSN1 supports INFN participation in studies and R&D related to the future colliders. Our com-
munity must be part of the planning of the future.

We note that, at this stage, this work involves mostly human resources. While no significant
funds are involved here, manpower can become a problem in case of conflicts with the many other
ongoing projects. Adequate priorities must be assigned in these cases. Additional R&D work on
magnet and cavity technology is currently supported by INFN outside of CSN1.

3. Other direct searches for new physics
New physics can appear in a wide range of possible models, as discussed in Section 5. While
experiments at the energy frontier colliders explore a broad spectrum of models and parameter
space, in some cases dedicated experiments with specialized detectors at lower energy can provide
complementary sensitivity. If no new phenomena are observed at LHC, the case for these experi-
ments gets even stronger as we will want to explore new physics models more broadly. Potential
new experiments of this type are being considered for high intensity electron or proton beams.
We note that, if extracted beams from the LHC become available at some point in the future, the
possibilities in the area could be even richer.

Recommendation #8:
CSN1 supports the development of experimental proposals for new physics searches with fixed
target experiments covering signatures not easily accessible by colliders. The priority of these
experiments will depend on the theoretical relevance and parameter space coverage for the models
being addressed, and the LHC indications from Run2.

4. Flavour physics
Flavour physics measurements are sensitive indirect probes of new physics. They are of great
importance to understand the flavour structure of the SM and of new phenomena, if observed, as
described in Section 6. A substantial program of flavour physics is ongoing and is well supported
by CSN1 at CERN with the NA62 and LHCb experiments, at KEK with Belle II, at BEPC with
BES III and at DAFNE with KLOE. Other experiments in the charged lepton sector are in various
stages of preparation for new data taking periods both in Europe at PSI and at Fermilab in the US.
In about ten years from now, final results from all of these experiments will be available, improving
the precision of key measurements on CP violation and rare decays in the quark flavour sector by
an order of magnitude, and extending the searches for charged lepton-number-violating processes
by one to four orders of magnitude, depending on the channel. Owing to these achievements,
significantly larger mass scales will be probed, depending on new physics models, than those
explored by direct searches. If new physics is observed in direct searches, clear indications on the
structure of the interactions can be obtained from flavour physics.
In order to achieve significant improvements in the reach of flavour physics, some relevant chal-
lenges must be tackled, as the required sensitivities often scale with the inverse of the fourth power
of the mass scale probed. For this reason, a gain of orders of magnitude in statistics will be needed
to make a real difference. Such large data samples could be obtained by exploiting the full HL-
LHC luminosity and/or extracted beams of very high intensity that will be available worldwide.
These explorations require new developments in detector design; some ideas are outlined in Sec-
tion 6.8.

Recommendation #9:
CSN1 encourages further studies and R&D for a new generation of flavour physics experiments,
which can provide notable improvements over current and forthcoming programs.

5. Non-perturbative phenomena
The major challenge for QCD, as described in Section 7, is the explanation of processes that
cannot be treated with perturbation theory. Unfortunately many very common phenomena fall
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in this category, in particular the internal structure of the hadron, elastic and diffractive proton
interactions, and hadron spectroscopy. In addition many cross-sections important to interpret astro-
particle experiment results are also poorly known. Present and future work at LHC will improve
our knowledge of the PDF’s, hadron spectroscopy, global proton properties and cross-sections for
astro-particle. Additional detailed spectroscopy results are coming or will come from studies at
BES III and Belle II.
The three dimensional structure of the proton is currently studied mainly at CERN by the COM-
PASS experiment and at J-Lab in the US. With the increase of the instantaneous luminosity at LHC
multiple parton interactions could provide an additional probe. We note that additional facilities
like FAIR and maybe EIC in the US or China may come into play at some point in time to address
this area of work.

Recommendation #10:
A common plan from all the INFN communities currently working on the 3D structure of the
nucleon should be prepared on the time scale of a year.

This report will be updated by mid-2017. By then it will be clear if new physics is observed at
LHC and most potential new experiments will have consolidated their proposals. This timing will also
allow us to give our input to the update of the European strategy on particle physics planned for 2018.
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A Standard Model Physics: in-depth analyses and additional contributions
A.1 Prospects for a precise W mass measurement at LHC
A.1.1 Introduction
A.1.1.1 The experimental method
At hadron colliders, the W boson mass is extracted from the study of the charged-current (CC) Drell-Yan
(DY) process, pp

(�) ! l+⌫l + X (and also pp
(�) ! l�⌫̄l + X). In the leptonic final state the neutrino is

not measured, so that the invariant mass of the lepton pair can not be reconstructed. The value of m
W

is
determined from the study of the lepton transverse momentum, of the missing transverse energy and of
the lepton-pair transverse mass distributions. These observables have an enhanced sensitivity to m

W

be-
cause of their jacobian peak at the W resonance. More precisely, it is the study of their shape, rather than
the study of their absolute value, which provides information about m

W

These observables are defined
in terms of the components of the lepton momenta in the transverse plane. The main experimental uncer-
tainties are related to the determination of the charged lepton energy and momentum on one side, and,
on the other side, to the reconstruction of the missing transverse energy distribution, so that the neutrino
transverse momentum can be inferred in an accurate way. The modeling of the lepton-pair transverse
momentum distribution also plays a major role in the determination of the neutrino components. A sys-
tematic description of the size of the experimental uncertainties affecting the measurement and of their
impact on the m

W

measurement can be found in [918–921].

A.1.1.2 Sensitivity to m
W

of different observables
The sensitivity of the observables to the precise m

W

value can be assessed with a numerical study of their
variation under a given shift of this input parameter. In Fig. A.1 we show the ratio of two distributions
obtained with m

W0 = 80.398 GeV and with m
W ,i = m

W0 + �m
W

. The distortion of the shapes
amounts to one to few parts per mill, depending if one considers the lepton transverse momentum or
the lepton-pair transverse mass. We can rephrase this remark by saying that a measurement of m

W

at
the 10 MeV level requires the control of the shape of the relevant distributions at the per mill level.
The codes used to derive the results in Fig. A.1 do not include the detector simulation; the conclusions
about the sensitivity to m

W

should be considered as an upper value, which can be reduced by additional
experimental smearing effects.
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Fig. A.1: Ratio of lepton-pair transverse mass (left) and lepton transverse momentum (right) distributions which
have been generated with different W boson masses.

The W boson mass is measured by means of a template fit approach: the distributions are com-
puted with Montecarlo simulation codes for different values of m

W

and are compared with the corre-
sponding data; the value which maximizes the agreement is chosen as the preferred value. The templates
are theoretical objects, computed with some assumptions about input parameters, proton PDF choices
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and perturbative accuracy. The uncertainties affecting the templates, missing higher orders, PDF and in-
put parameters uncertainties, have an impact on the result of the fit and should be treated as a theoretical
systematic error.

A.1.2 Available tools and sources of uncertainty
The DY reaction in LO is a purely EW process, which receives perturbative corrections due to the EW
and to the QCD interactions; in higher orders also mixed QCDxEW contributions appear and are of
phenomenological relevance. The observables under study have a different behaviour with respect to the
perturbative corrections, so that in some cases a fixed-order prediction is not sufficient and the resumma-
tion to all orders of logarithmically enhanced contributions becomes necessary. With the resummation,
three different kinds of entangled ambiguities appear in the preparation of the templates: 1) missing
higher-order logarithmically enhanced terms in the resummed expression, 2) ambiguities of the match-
ing between fixed-order and all-order results, 3) the interplay, in the region of low lepton-pair transverse
momenta, of perturbative and non-perturbative QCD corrections. This latter source of uncertainty is also
related to the non-perturbative effects parametrized, in the collinear limit, in the proton PDFs.

The m
W

value follows from the precise study of the shape of the observables; for this reason, the
use of distributions normalized to their respective integrated cross sections removes an important class
of uncertainties associated to the DY total rate determination.

A.1.2.1 EW radiative corrections
EW radiative corrections to CC and neutral-current (NC) DY are available with NLO-EW accuracy and
are implemented in several public codes: WZGRAD [922,923], RADY [924], SANC [925], HORACE [926,927].
The effect of multiple photon emissions is accounted for in HORACE by a QED Parton Shower (PS),
properly matched with the fixed-order calculation; higher-order universal effects, that can be reabsorbed
in a redefinition of the tree-level couplings, are also available in the above codes and play an important
role in the description of the NC invariant mass distribution.

Real-photon emissions from the final state leptons greatly modify the value of the measured lepton
energies and momenta. The distortion of the jacobian peak is at the level of 5-18%, depending on the
observable, on the kind of lepton and on the procedure that recombines QED radiation that surrounds
the lepton into an effective calorimetric object. The impact at O(↵) of this radiation can be estimated to
yield a shift of m

W

of O(150 MeV) [918]. Additional radiation induces a further change in the result of
O(10%) of the O(↵) effect.

Subleading terms, i.e. not enhanced by a final state lepton mass logarithm, are exactly available
as part of the O(↵) calculation and are partially available at O(↵2) thanks to the matching procedure
between QED PS and exact O(↵) matrix elements. Their impact amounts to a few contributions, each
yielding a shift of O(5 MeV). The residual uncertainty due to missing higher orders has been estimated
to be smaller than 5 MeV, in the framework of a purely EW analysis; it should be however kept in mind
that the interplay of EW and QCD corrections leads, for some observables like e.g. the lepton transverse
momentum distribution, to an increase of the purely EW estimate.

A.1.2.2 QCD radiative corrections
QCD corrections to lepton-pair production are available at fully differential level through O(↵2

s) and are
implemented in the Montecarlo integrators FEWZ [928], DYNNLO [929] and SHERPA [222]. The gauge bo-
son transverse momentum distribution is known with NNLL+NLO accuracy (and with NNLO accuracy
on the total cross section) and is implemented in the Montecarlo integrator DYqT [930], without the de-
scription of the decay into leptons 23. The NNLL resummation, without the NNLO accuracy on the total

23The �-version of the code that includes the gauge boson decay is available from the authors of the code.
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cross section, is available in the integrator ResBos [931, 932]. The effects on the total cross section and
on the gauge boson rapidity distribution of the logarithmic threshold corrections have been included up
to N3LO+NNLL accuracy [933, 934]. Standard tools of the experimental analyses are the Shower Mon-
tecarlo (SMC) event generators with NLO-QCD accuracy, like MC@NLO [169] or POWHEG [935] (more
recently HERWIG [936] or SHERPA [937]). They have NLO-QCD accuracy on the total cross section,
but only LO-QCD accuracy in the description of the lepton-pair transverse momentum. Recently, pro-
gresses have been made in the direction of a merging of NNLO-QCD matrix elements with a QCD PS,
in SHERPA [222] or in NNLOPS [221] or in GENEVA [216].

The QCD corrections have important effects on the DY observables in terms of absolute normal-
ization and in terms of shapes. The former can be mitigated by considering normalized distributions,
while the latter are the most critical ingredient in the theoretical framework. Among the observables rel-
evant for the m

W

measurement, the lepton transverse momentum distribution is a paradigmatic example:
its prediction in fixed order is affected by the very large logarithmic corrections for small lepton-pair
transverse momenta and only after their resummation a sensible description becomes possible. In this
case, the evaluation of the QCD uncertainty on m

W

is possible with a joint systematic study of matching
ambiguities, renormalization/factorization scale variations, of the effect of subleading logarithmic terms
and of the modeling of the non-perturbative effects at very low transverse momenta [930, 938]. A very
naive estimate of the combination of all these effects, in a simplified setup, might be translated into a
shift of the measured m

W

by O(50 � 100) MeV, which would clearly be a dramatic conclusion of the
uncertainty analysis. It has been proposed in [939] to consider ratios of W and Z observables, with an
evident reduction of the scale uncertainties both in size and in shape. A study of the residual uncer-
tainty on m

W

in this approach is in progress [940]. The published Tevatron results [918, 919] do not
quote a comprehensive QCD uncertainty that includes perturbative effects; they rather use the generator
ResBos with a fixed choice of the perturbative scales and of the proton PDF to describe the Z boson
transverse momentum distribution; this analysis allows to fit the parameters of a model describing the
non-perturbative low-transverse-momentum components of QCD radiation, which are then used to sim-
ulate the CC DY process; this approach assumes universality of these parameters and their independence
on the process energy scale. In the Tevatron analyses the error assigned to the pW

? modeling is due to a
variation only of the non-perturbative parameters in the range allowed by the fit of the Z boson data.

The impact of the different QCD uncertainties mentioned above is milder in the case of the lepton-
pair transverse mass, because this observable is more stable with respect to the inclusion of higher-
order QCD corrections. The shape distortion observed when comparing its NLO- and NNLO-QCD
determinations is minimal; the scale variations do not significantly modify the shape around the jacobian
peak, and so the impact on the m

W

determination is limited.

A.1.2.3 Proton PDF uncertainty
The proton PDFs enter in the m

W

determination because they are needed to compute the templates used
in the fit of the data. Different PDF set choices, or different replica choices within the same set, imply a
change of the templates shape and in turn of the preferred m

W

value. The propagation of the PDF error
is computed according to the prescription of each PDF collaboration, and eventually the different results
can be combined with the PDF4LHC recipe [756].

Neglecting all detector effects, which have an important impact on the acceptance determination,
the PDF uncertainty on the m

W

extracted from the study of the normalized lepton-pair transverse mass
distribution remains below the 10 MeV level [85, 941], whereas the spread in the case of the lepton
transverse momentum distribution, again estimated at generator level, ranges between 6 and 18 MeV,
depending on the chosen PDF set, collider energy and final state [942], as shown in Fig. A.2. A crucial
role is played by the acceptance cuts, on the leptons but also an the lepton pair. At higher collider
energies, the PDF uncertainty associated to the lepton-pair transverse mass remains stable, whereas the
one on m

W

extracted from the lepton transverse momentum distribution increases for proton-proton

223



collider energies between 8 and 100 TeV (cfr. table A.1); the application of a cut pW
? < 15 GeV

on the lepton-pair transverse momentum keeps the estimated uncertainty to remain below the 15 MeV
level [942].
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Fig. A.2: Summary of PDF uncertainty on mW computed with different PDF sets, colliders and final states, for
a measurement based on the lepton transverse momentum. A cut pW

? < 15 GeV on the lepton-pair transverse
momentum has been applied.

A.1.2.4 Mixed QCDxEW radiative corrections
QCD corrections, via initial state radiation, modify the kinematics of the DY events, whereas the leading
EW effects are due to a variation of the leptonic spectra due to final state radiation. The interplay
between these two groups of corrections is not trivial and strongly depends on the observable under
study. The first perturbative order at which these mixed corrections appear is O(↵↵s), but there is not
an exact calculation available, so that one has to rely on some approximations. The NLO-QCD and
NLO-EW exact matrix elements have been implemented in POWHEG and have been consistently matched
with both QCD-PS and QED-PS for CC [185, 943] and NC [184] DY. In this approach all the QCD-
LL (initial state collinear logarithms) and all the QED-LL (final state mass logarithms) corrections, in
all possible combinations, are taken into account, including the leading O(↵↵s) terms. The first terms
that are beyond the accuracy of the code are of O(↵↵s) and subleading in the expansion with respect
to the EW logarithms. The role of the mixed corrections is particularly relevant in the prediction of
the lepton transverse momentum distribution [184, 185]. For this quantity, as discussed in [944, 945], a
naive factorization recipe to combine QCD and EW corrections, fails. The POWHEG implementation of
the QCDxEW combination misses, on one hand, subleading effects of O(↵↵s); it provides, on the other
hand, an exact treatment of the kinematics of each radiated parton and thus gives the correct convolution
of QCD and EW corrections including those effect that break the factorization Ansatz. The study of
the impact of different combinations of QCD and EW effects, with and without NLO accuracy, is in
progress [946].

A.1.3 Prospects of improvement
Let us briefly discuss the prospects for a high-precision measurement of m

W

at a high- energy/luminosity
proton-proton collider in the next 10-20 years, under the assumption that progresses that today can be
wished, or expected in the long term, will be available.

A.1.3.1 Montecarlo generators
1. Definition of a matching procedure that allows a Montecarlo event generator to reach NNLO-

QCD accuracy on the DY total cross section and NNLL-QCD accuracy in the resummation of
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the logarithms of the lepton-pair transverse momentum (partial results are already available, by
different groups).

2. Evaluation of the N3LO-QCD corrections to the DY processes, as the first step towards the con-
struction of an integrator code that reaches N3LO accuracy on the total cross section and N3LL
accuracy in the resummation of the logarithms of the lepton-pair transverse momentum (the results
in the soft limit are already available, by different groups).
The formulation of an integrator with this accuracy on the lepton-pair transverse momentum is
intertwined with the consistent definition of the non-perturbative contributions to the same observ-
able. With a similar tool, and with the event generator of item 1), the evaluation of the ratio of W
to Z observables should be sufficiently stable from the QCD point of view and the residual corre-
sponding uncertainty on m

W

could fall down to the 5 MeV level; this estimate is, at the moment, a
guess that can become more sound after the estimate with the presently available tools of the QCD
uncertainty on m

W

extracted from ratios of W over Z observables.
3. Completion of the full calculation of the corrections at O(↵↵s) to the DY processes, to fix the

ambiguity affecting the combination of QCDxEW corrections at the first non trivial order (partial
results in the W pole approximation are already available, matrix elements for different subpro-
cesses that contribute at this order are available). The analysis of the purely EW effects on the
m

W

determination indicates a residual uncertainty at the 5 MeV level, but suffers from being a
LO-QCD study; the inclusion of the O(↵↵s) corrections will make the conclusion more stable
against QCD-scale variations.

4. Determination of proton PDFs which can be consistently matched with an O(↵↵s) calculation
(NLO accuracy mixed QCDxEW).

5. Completion of the calculation of the full set of O(↵2) corrections, to reduce the uncertainties in the
calibration phase (Z mass determination and precise understanding of the absolute lepton energy
scale).

A.1.3.2 Error reduction with higher energy/luminosity
We compare the perspective at future colliders for a measurement of m

W

from the lepton transverse mo-
mentum and from the lepton-pair transverse mass. With the high luminosity projected at a high-energy
(13, 33 or 100 TeV) hadron collider, and in particular with the high-luminosity programs planned at 13
TeV, the number of events useful for an accurate m

W

measurement will be extremely large, making the
error of statistical nature negligible, compared to those of systematic origin (theoretical and experimen-
tal).

Higher energy and PDFs. The energy scale of the DY processes, relevant for the W mass mea-
surement, is given by the masses of the W and Z gauge bosons. An increase of the center-of-mass
energy of a hadron collider reduces the values of the partonic-x, the fraction of the hadron momenta
carried by the colliding partons, relevant to produce a final state of given invariant mass, and modifies
the so called parton-parton luminosity, i.e. the effective number of colliding partons, and eventually the
cross section. The change of collider energies has thus an impact on the PDF uncertainty, because of the
different partonic-x range probed. The PDF uncertainty on m

W

measured from the lepton-pair transverse
mass distribution is already today at the 10 MeV level and is improving as long as LHC data become
available, with some realistic chances that a contribution to the error on m

W

will become soon of the
order of 5 MeV [84, 941]. A preliminary estimate, at generator level, of the PDF uncertainty associated
to the lepton transverse momentum distribution, using only the PDF set NNPDF3.0, can be found in Table
A.1. These results assume the possibility of a cut on the lepton-pair transverse momentum; in the case
that such an assumption could not be verified, a steeper growth of the uncertainty, up to O(25) MeV at
100 TeV, would be observed.

It will require a global effort to reduce the present O(20) MeV uncertainty down below the 10
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MeV level, because of the contribution to the error of all the parton densities in a wide range of partonic
x. The use of ratios of W over Z observables should partially reduce the PDF uncertainty, especially the
one associated to gluon-induced subprocesses.

normalized distribution, additional cut pW
? < 15 GeV

8 TeV 13 TeV 33 TeV 100 TeV
W+ 80.395 ± 0.009 80.400 ± 0.010 80.402 ± 0.010 80.404 ± 0.013

W� 80.398 ± 0.007 80.391 ± 0.006 80.385 ± 0.007 80.398 ± 0.011

Table A.1: Estimate of the central values and of the PDF uncertainty on mW , extracted from the normalized
lepton transverse momentum distributions simulated with the NNPDF3.0_nlo_as_0118 PDF set and with the
POWHEG NLO-QCD event generator matched with the PYTHIA 6.4.26 QCD Parton Shower. The fit interval is
pl

? 2 [29, 49] GeV.

Higher luminosity and neutrino momentum determination. The very large number of colli-
sions occurring at each bunch crossing in the collider will make the so called pile-up phenomenon more
and more pronounced with higher collider luminosity: the latter increases the hadronic activity in the
transverse plane, making the reconstruction of the missing transverse momentum (and eventually of the
neutrino transverse momentum) problematic. As a consequence, the uncertainty on the shape of the
lepton-pair transverse mass will limit the possibility of a high-precision measurement.

A.1.4 Conclusions
– The progress in the calculation of higher order QCD and EW corrections seems to offer some

chances that adequate theoretical tools will become available to perform a m
W

measurement at the
10 MeV level.

– The lepton transverse momentum distribution has a very clean experimental definition and does
not suffer of the pile-up problems that show-up with high-luminosity conditions. On the other
hand it is extremely sensitive to any detail of the QCD description, both in the perturbative regime
and for what concerns the PDF uncertainties, which could forbid any hope of measuring m

W

at the
10 MeV level. The definition of W over Z ratios could be the clue to sensibly reduce all common
theoretical systematics, as it has been demonstrated in [939]; this same approach could also help
to mitigate the PDF problem. The availability of predictions with N3LO+N3LL accuracy should
make it possible to reduce the QCD systematic error below the 10 MeV level.

– The lepton-pair transverse mass distribution has a very mild dependence on the details of QCD
corrections, so that it should be possible to make its theoretical prediction accurate enough, to
contribute with a systematic error at the 10 MeV level. The PDF uncertainty on this observable
is moderate and will benefit of the inclusion of more LHC data in the global PDF fit. On the
other hand, the accuracy of the measurement will deteriorate in presence of higher luminosity
conditions, mostly because of increasing pile-up effects that disturb the identification of the hard
scattering process.

A.2 Monte Carlo tools for electroweak physics
In this section we give a brief overview on the state of the art of the tools for precision electroweak
physics, in view of the forthcoming experiments at the LHC run-II and the prospects of developments for
future experiments at very high energy colliders, like the FCC-hh and FCC-ee. Some emphasis will be
put on codes for hadronic collisions, while for e+e� colliders we will refer to the state of the art at the end
of the LEP data analysis, discussing some issues and prospects relevant for future high luminosity/energy
machines.
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A.2.1 Hadron colliders
As already noted in Section 4.4, the experimental precision foreseen for LHC run-II will require the
inclusion of the complete SM, both the QCD and the electroweak part, in the evaluation of quantum
corrections for reliable simulations. The most accurately measured processes, where the inclusion of
electroweak radiative corrections is already mandatory, are charged and neutral Drell-Yan, in addition
to Higgs channels for the precise determination of its properties. In the past, i.e. at Tevatron and LHC
run-I, the simulations and analysis have been performed by exploiting the dominance of QED LL pho-
tonic emission from external leptons and the relative suppression of QED radiation from quarks with
respect to gluon radiation. In practice this was achieved by describing final state leptonic QED radia-
tion by means of process-independent codes such as PHOTOS [947] or internal algorithms provided by
the shower MC itself, as for instance in HERWIG++ [175, 948–950], PYTHIA(8) [172, 173, 951] and
SHERPA [182, 952] . With the ultimate precision reached at Tevatron measurements, in particular the
combined CDF and D0 W -boson mass measurements [953], a more precise theoretical description of
Drell-Yan processes became necessary, at least for the estimate of the systematic uncertainties induced
by the approximate factorized QCD⌦QEDPS approach of the simulation tools. In fact, several com-
plete fully differential electroweak NLO calculations are available in the literature and implemented in
corresponding simulation codes, such as HORACE [926,927], RADY [924,954,955] SANC [925,956],
WGRAD [922], WINHAC [957, 958] and ZGRAD [923]. These codes share the common feature of LO
QCD and NLO electroweak accuracy. Several detailed comparisons exist in the literature [959–962],
which allow to understand the level of technical as well as physical precision reached on the electroweak
side of the calculations. Among the fixed order codes, it is worth mentioning that SANC can calculate
the NLO contributions of O(↵s) and O(↵), while the code FEWZ [963] adds up the EW NLO correc-
tions to the QCD NNLO corrections for the neutral Drell-Yan process. The HORACE generator includes
also the effect of all order photonic effects, consistently matched to the NLO calculation without double
counting, in analogy with the QCD NLOPS codes such as MC@NLO and POWHEG. Only recently a
consistent merging of NLO EW and QCD NLO corrections within a single event generator, matched with
higher order QED and QCD emissions has been achieved within the POWHEG framework [185,964] 24.
In this way also terms of O(↵↵s) are included. In particular, terms of O(↵) dressed with soft/collinear
QCD radiation and terms of O(↵s) dressed with soft/collinear QED radiation are correctly accounted
for. The remaining O(↵↵s) terms are source of theoretical uncertainty which can be fixed by compari-
son with a complete two-loop O(↵↵s) calculation. At present such a calculation has been carried out in
pole approximation for the charged and neutral Drell-Yan processes [944]. A solid estimate of these and
NNLO EW perturbative contributions will be crucial for future precision measurements of the W -boson
mass at the LHC A.1. The complete NNLO calculation, beyond pole approximation, will be a challenge
for future theoretical advances.

Besides the Drell-Yan processes, exact NLO EW calculations exist for a limited number of final
states, such as dijets, V + 1 jet, tt̄, single-top, V (= W, Z, �) + 3 jets, V + H . The recent progress in the
automation of NLO QCD calculations, described in section 4.4 is being extended to include also the cal-
culation of NLO EW corrections. There are in principle no obstacles to this, even if the EW corrections
are more involved due to the presence of different mass scales circulating in the loops, together with
the presence of unstable particles and chiral interactions. Several groups are working in this direction:
GoSaM [177,965], HELAC-NLO [966], MadLoop [176,967], OpenLoops [179] and Recola [178]. First
complete results obtained with automated tools appeared in Refs. [968–971]. During the 2013 edition
of the Les Houches Workshop on Physics at TeV Colliders a “High Precision Wish List” has been pro-
posed [754], which can be considered as the goal of the high precision calculations for the next coming
years. By inspection of Tables [1-3] of Ref. [754], we can see that the NLO EW corrections, consistently
added to the (N)NLO QCD ones and matched with higher order QCD/QED PS contributions are required

24An independent implementation has been presented in Ref. [943], where the higher order shower corrections are given by
the QCD shower only.
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for all the processes in the tables. This list of processes will allow to fully exploit the LHC data at 14
TeV in understanding the Standard Model to such an extent that any possible evidence for new physics
will be unambiguous. It is worth noticing that, in addition to the already discussed Drell-Yan processes,
the consistent matching of NLO EW corrections with higher order QED PS is only available for Higgs
decay to four leptons [972].

Usually the size of the “genuine” EW corrections (i.e. excluding the leading terms of electro-
magnetic origin) is moderate, at the few % level. However, when the scales involved in the considered
scattering process become large with respect to MW , the NLO EW corrections can be particularly en-
hanced, because of the presence of logarithmic terms of the form ↵ ln2(Q2/M2

W ) and ↵ ln(Q2/M2
W ),

where Q2 is a typical energy scale of the process. These terms are known as Sudakov logarithms and
correspond to the soft and collinear singularities of QCD and QED, induced by the presence of massless
particles. In the case of the EW corrections, however, the W boson mass acts as a physical cutoff so that
the virtual corrections can be considered separately from the real contributions 25, giving rise to large neg-
ative corrections in the phase space regions where Q2 � M2

W . Moreover, on pure theoretical grounds,
the cancellation of Sudakov logarithms in the EW sector can only be partial, due to the incomplete sum-
mation of the contribution of SU(2) doublets in the initial state. The Sudakov logarithmic structure of
the electroweak corrections has been studied in detail in the literature [973–975, 975–979] and a general
algorithm able to extract, in a process-independent way, the coefficients of the double and single loga-
rithms has been presented in Refs. [980, 981]. Such an algorithm has been recently implemented in the
ALPGEN event generator, with first phenomenological results for the processes Z/�+ multi-jets [982],
particularly important backgrounds for the search of New physics in the extreme kinematical regime at
the LHC. Further studies at the energies of 33 TeV and 100 TeV, typical reference energies for future
hadronic colliders, have been carried out within the 2013 Snowmass Community Summer Study. For
example, for few selected processes, as dijet production, inclusive vector boson production, V + jets,
vector boson pair production, it has been shown that, in the extreme regions probed at the LHC withp

s = 8 TeV, the electroweak effects on the tails of some distributions become of the same order of
magnitude of the experimental accuracy. This means that with the future run-II of the LHC we will
enter the Sudakov zone, where the EW corrections are relevant for data analysis and will be even more
important for higher energies, as shown in Table A.2, where the size of the corrections can reach several
tens of percent. With such large effects also the issue of the resummation of EW corrections should be
addressed, as suggested in Refs. [978, 983–986].

Process
p

s = 8 TeV
p

s = 14 TeV
p

s = 33, 100 TeV
Inclusive jet, dijet Yes Yes Yes
Inclusive W/Z tail ⇠ Yes Yes Yes
W�, Z� tail (`⌫�, ``�) No ⇠ Yes Yes
W/Z+jets tail ⇠ Yes Yes Yes
WW leptonic Close ⇠ Yes Yes
WZ, ZZ leptonic No No Yes
WW, WZ, ZZ semileptonic ⇠ Yes Yes Yes

Table A.2: Are we in the Sudakov zone yet? Taken from Ref. [987].

A.2.2 Lepton colliders
The simulation tools for lepton colliders can be grouped in two different classes, according to the physics
purpose: generators for the precision luminosity determination on the one side and programs for the

25The real corrections produce different final states, which usually in the experimental analysis are considered as different
processes with respect to the one under consideration.
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analysis of the large angle data. These two kinds of theoretical tools allow for the completion of the high
precision physics program of an e+e� collider.

A.2.2.1 Event generators for luminosity
The luminosity can be determined through a counting measurement of a process which has a large cross
section and is theoretically precisely known, such as the small angle Bhabha scattering. This process
is in fact largely dominated by QED t-channel photon exchange and its cross section can be calculated
perturbatively with a high level of precision. During LEP1 and LEP2 era the reference generator for
small angle Bhabha scattering was BHLUMI [988, 989], which was based on QED NLO corrections
to t-channel scattering supplemented with higher order corrections in the Yennie-Frautschi-Suura ex-
ponentiation approach. The physical precision of BHLUMI was scrutinized by means of independent
calculations, such as for instance SABSPV [990], mainly based on QED NLO precision plus higher
orders photonic corrections in the QED structure function approach. The final theoretical accuracy on
Bhabha scattering at LEP1 was at the level of 0.05%.

The experience gained at LEP has been fruitful for the development of Monte Carlo tools for the
luminosity determination at the low-energy flavour factories by means of large angle Bhabha scattering,
cross-checked with e+e� ! ��. In this context the first QED parton shower matched to the NLO fixed
order calculation for the QED processes e+e� ! e+e�, e+e� ! µ+µ� and e+e� ! �� has been
realized [991–993]. In parallel, an impressive effort has been devoted to the calculation of the exact
NNLO QED corrections to Bhabha scattering (see for example Ref. [994] and references therein). A
future consistent inclusion of these results into Monte Carlo generators could push the accuracy at the
level of a few 0.01%, at least as far as QED corrections are concerned.

A source of theoretical uncertainty (driven by experimental errors) is the hadronic contribution
to the vacuum polarisation �↵had(MZ), which is derived from low energy data through dispersion
relations. In this context, the present measurements at low energy machines are extremely important to
reduce one of the uncertainties which were dominant at LEP.

It is worth mentioning that an alternative process to Bhabha scattering for luminometry is e+e� !
��, which is not affected, at least up to NNLO order, by the error on �↵had and thus, in principle, it
could be calculated with higher theoretical precision.

A.2.2.2 Simulation tools for Z and W bosons at FCC-ee
Given the available statistics at LEP1, a 0.1% precision level was reached for most of the observables.
With such a level of precision, the necessary ingredients for the simulation tools (event generators and
semi-analytical programs, such as for instance KORALZ [995, 996], TOPAZ0 [997–1000] and ZFIT-
TER [1001–1004]) were the exact NLO EW corrections to the e+e� ! ff̄ hard scattering, convoluted
with QED final and initial state radiation. Since around the Z resonance the latter contribution is very
large, of the order of 30%, higher order effects were included through the Yennie-Frautschi-Suura for-
malism or the QED structure function approach. In order to match the target accuracy, also higher order
effects of weak and QCD origin, contributing for instance to the ⇢ and�r parameters, had to be included
in the computational tools. It is clear that a future GigaZ run of an e+e� collider will require complete
EW NNLO calculations, supplemented with improved higher order QED corrections. While the theoret-
ical framework of the Standard Model two-loop renormalization has been set in Refs. [1005–1007], the
calculation of observables at NNLO accuracy for the processes e+e� ! ff̄ is still a challenge for the
future.

The high luminosity run of a future e+e� collider at energies close and above the WW , ZZ
and ZH thresholds will be very challenging for the development of Monte Carlo codes able to provide
precise theoretical predictions. In fact, at LEP2 most of the tree-level predictions for four-fermion final
states were based on tree-level matrix element, supplemented with convolution with initial state radiation
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effects and leading electroweak corrections in the form of running couplings, together with a scheme
for the treatment of the unstable virtual bosons (see Ref. [1008–1010] for a review). Complete NLO
predictions for e+e� ! 4 fermions final states appeared only after the end of LEP2 operations [1011–
1014]. Most probably the required theoretical precision at FCC-ee will be NNLO EW corrections to
e+e� ! 4 fermion final states, interfaced with algorithms for the treatment of QED higher order initial
state radiation, a very challenging task for the present available theoretical knowledge.

B Flavour Physics: in-depth analyses and additional contributions
B.1 A case study at CMS
The excellent B physics performance of the current CMS detector shows that it is possible to produce
competitive results in this field also for a non-dedicated hadron collider experiment. The LHC luminos-
ity upgrade will open new possibilities for B physics measurements, especially for what concerns the
observation and study of rare processes like the B0

(s) ! µ+µ� decays. On the other hand, the high in-
stantaneous luminosity and increased pileup will create demanding conditions for the trigger and offline
reconstruction of B production and decay.

In this paragraph, the B-physics potential of the upgraded CMS detector is illustrated by presenting
a study of the B0 ! µ+µ� and Bs ! µ+µ� decays. This work is based on the B(Bs ! µ+µ�)
measurement published by the CMS collaboration with the LHC Run 1 data [1015], and focuses on the
implementation of a prototype L1-trigger algorithm and on the estimate of the final analysis sensitivity.
The only way to build a Level 1 trigger for the B0 and Bs signal at the HL-LHC is exploiting the Track
Trigger architecture of the upgraded CMS detector, as the Muon chambers information only has no
sufficient resolution and could not distinguish muons coming from the huge (about 140) pileup events.

The Level 1 B candidate is built from two muons, which satisfy selection criteria based on trans-
verse momentum, pseudorapidity, invariant mass and origin from a common primary vertex, and is re-
quired to have pµµ

T > 4 GeV, |⌘µµ| < 2, and 3.9 < Mµµ < 6.9 GeV.
The invariant mass distributions of the Level 1 B candidates for B0 ! µ+µ� and Bs ! µ+µ�

signal events are shown in Fig. B.1 for an integrated luminosity of 3000 fb�1. The invariant mass
resolution at L1 is about 70 MeV for both resonances. The rate of the L1 trigger on Minimum Bias
events is a few hundreds Hz, which is only a small fraction of the total di-muon L1 trigger rate.

The offline signal reconstruction is performed by requiring two opposite-charge muons, each hav-
ing pµ

T > 4 GeV. The B candidate is built from the two muons and is required to have pµµ
T > 5 GeV and

4.9 < Mµµ < 5.9 GeV.
Three different scenarios have been considered: the 2019 Phase-1 detector with no aging and with

an aging corresponding to 1000 fb�1 of integrated luminosity, and the Phase-2 upgraded detector. For
the first two scenarios, both barrel and endcaps are taken into account (|⌘µ| < 2.5), while for the Phase-2
scenario only barrel is considered (|⌘µ| < 1.4), trading the loss in efficiency with an increase in overall
resolution. All the resolutions do not show significant changes between the two aging conditions of the
2019 detector, thus only the latter is used in the following.

The invariant mass resolutions measured in the barrel, extracted from the widths of Gaussian fits to
the mass peaks found with the full detector simulation, are 42 MeV for the Phase-1 scenario and 27 MeV
for the Phase-2 scenario. The Phase-1 resolutions are comparable to those of the Run 1 measurement,
while the Phase-2 gives an improvement of a factor 1.5. In general, no significant differences between
the resolutions of the two peaks are seen.

Figure 80 shows toy-MonteCarlo projections of the B0 and Bs analysis results for the two different
scenarios. Left plot corresponds to barrel events and a total integrated luminosity of 300 fb�1, while
right plot corresponds to barrel events and a total integrated luminosity of 3000 fb�1. In both cases,
the � ⇥ B predicted by the SM is assumed for B0 and Bs. The background models are taken from
the B(Bs ! µ+µ�) measurement published by CMS with the LHC Run 1 data. Conservatively, a
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Fig. B.1: The di-muon invariant mass distributions at Level 1 trigger for B0 ! µ+µ� (purple) and Bs ! µ+µ�

(red) events for a total integrated luminosity of 3000 fb�1. The red dashed line shows the expected background
level.

loss of efficiency equal to 35% for the signal and 30% for the backgrounds is assumed for the Phase-2
projections with respect to the Run 1 results. More details on the model used in the toy-MC estimates
can be found in [1016]. These results show that while in the 2019 scenario the B0 peak is covered by the
long resolution tail of the Bs resonance, in the 2023 scenario the two peaks can be resolved due to the
improved invariant mass resolution.

The analysis performance is estimated for the Phase-2 scenario under the assumptions outlined
above for a total integrated luminosity of 3000 fb�1. The expected number of B0 ! µ+µ� and Bs !
µ+µ� events after all the analysis cuts is respectively ⇠ 260 and ⇠ 2200. The sensitivity for the
observation of the B0 ! µ+µ� decay is expected to be ⇡ 6.8�, while the branching fractions B(B0 !
µ+µ�) and B(Bs ! µ+µ�) can be measured with a precision of 18% and 11% respectively. Their ratio
B(B0!µ+µ�)
B(B

s

!µ+µ�)
can be measured with a 21% uncertainty, to be compared with the 40% expected in LHCb

with 50 fb�1.

B.2 Predicting the accuracy of Flavour Lattice QCD
B.2.1 Recent progresses in Lattice QCD
A significant progress in the search for New Physics (NP) requires a combined improvement of the exper-
imental and theoretical accuracies. A crucial ingredient from the theory side is the capability to determine
the hadronic matrix elements with the same level of accuracy of the experimental measurements.

Lattice QCD has a primary role in the computation of long-distance QCD contributions and thus
of the hadronic matrix elements. Lattice QCD is a non-perturbative approach based on first principles,
as it does not introduce additional free parameters besides the QCD fundamental couplings. Moreover,
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all systematic uncertainties affecting the results of lattice QCD calculations can be reduced with the
increasing availability of computational power.

Lattice QCD has witnessed a very important progress in the last ten-fifteen years, mainly for
two reasons. The first one is the increase of the computational power that has allowed the overtaking
of quenched simulations by unquenched simulations, i.e. the inclusion of the contribution of loops of
quarks. Nowadays essentially all lattice Collaborations perform unquenched simulations with either
Nf = 2 (up and down), 2 + 1 (up, down and strange) or 2 + 1 + 1 (up, down, strange and charm)
dynamical fermions. The second important reason is the algorithmic improvement that has led to lattice
simulations with light quark masses close to the physical value. This has been possible thanks to new
algorithms that have enormously reduced the dependence of the computational cost on the simulated
quark mass.

A sketch of the progress achieved in the last decade by lattice QCD is provided in Table B.1
where, for some hadronic parameters of interest for Flavour Physics, the 2002 and 2013 lattice accuracies
are compared. The progress achieved in lattice QCD in the last decade makes us optimistic on the
improvement that we can expect in the next decade.

Hadronic Parameter 2002 [1017] 2013 [1018]
fK⇡
+ (0) - 0.4%
BK 17% 1.3%
fB

s

13% 2%
fB

s

/fB 6% 1.7%
BB

s

9% 7%
BB

s

/BB 3% 10%
FD⇤(1) 3% 2%
B ! ⇡ 20% 10%

Table B.1: Accuracy on some hadronic parameters (decay constants, form factors and bag-parameters) of interest
for Flavour Physics.

B.2.2 Basic idea of the predicting analysis
In the following we tempt to predict the accuracy that we can expect in 2025 (in the What Next Era) from
lattice QCD for the hadronic parameters of interest for Flavour Physics, in particular for the parameters
collected in Table B.1. We closely follow the study performed by Vittorio Lubicz in the appendix of
the SuperB-factory conceptual design report [713], where the extrapolation in time was from 2007 to
2015. Predictions of this kind are necessarily based on somehow educated guesses and their reliability
decreases the more one attempts to go further in time.

The last decade teaches us that important progresses can come from a theoretical breakthrough, as
for the recent algorithmic improvements, which is difficult or impossible to be predicted. In this study
of the expected increase of precision in lattice QCD only the increase of computational power is taken
into account. We are not able, in fact, to account for the unpredictable impact of possible algorithmic
improvements and developments of new theoretical techniques. For these reasons, the predictions we are
going to quote have to be taken with caution.

In order to predict the precision expected from lattice QCD we proceed in the following way. We
consider three benchmark levels of accuracy, namely 1%, 0.5% and 0.1% and we estimate the values of
the parameters (number of configurations Nconf , lattice spacing a, light quark mass m`, size L) of the
lattice simulation that allows to achieve that level of accuracy. For each of these simulations we estimate
the computational cost. Finally we compare the required computational cost with the computational
power expected in 2025. Such a comparison tells us what level of accuracy we should achieve in 2025.
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Fig. B.2: Performance development of the most powerful computer systems in the world as a function of the
year [1019]. The top (violet) points correspond to the sum of the 500 fastest computer systems, the middle (light
blue) points to the fastest in the world, the bottom (yellow) points to the number 500 in the list.

This study will distinguish between light (⇡ and K), charm and beauty sectors, because they are affected
in a different way by systematic uncertainties. Moreover, one has to take into account that some hadronic
parameters present additional difficulties w.r.t to others.

B.2.3 Expected increase of the computational power
Let’s first discuss the expected increase with time of the available computational power. At variance
with other ingredients in the present analysis, the computational power can be predicted with rather
good reliability, since it is found to follow a simple scaling law. This is the Moore’s Law, formulated
by Gordon Moore in 1965 from the observation that the number of transistors on integrated circuits
doubles approximately every two years, thanks to miniaturization. It turns out out into a performance
improvement of O(103) every 10 years.

This is illustrated in Fig. B.2, which shows the performance of the 500 most powerful computer
systems in the world as a function of the year [1019]. The top (violet) points correspond to the sum of
the 500 fastest computer systems, the middle (light blue) points to the fastest in the world, the bottom
(yellow) points to the number 500 in the list. At present the most powerful computer system in the world
is the National Super Computer Center in Guangzhou (China) with a sustained speed of 33.86 PFlops,
while the 500th in the list has a speed of about 0.13 PFlops. Typical computer systems that are available
today for lattice QCD simulations have performances in the range 0.1 � 0.5 PFlops, that is within the
lower part of the top-500 list. By extrapolating the bottom (yellow) points one can estimate the available
computer power for 2025 lattice QCD simulations to be in the range 100� 500 PFlops, i.e. three orders
of magnitude faster than what we have today.

In performing predictions one may worry about the ultimate limits of the Moore’s Law. Already in
2005 Gordon Moore himself said in an interview: In terms of size you can see that we are approaching
the size of atoms, which is a fundamental barrier, but it’ll be two or there generations before we get
that...We have another 10 to 20 years before we reach a fundamental limit. The same concern was raised
several times and every time it was concluded that the Moore’s law would have lasted at least another
decade. Nowadays there exist different estimates for the ultimate limit of the Moore’s law. For the
present study, we just observe that there is general consensus on the fact that 2025 will be in the validity
range of the Moore’s law.
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B.2.4 Lattice parameters for benchmark simulations
We now want to estimate the parameter values that have to be required in a lattice simulation in order
to achieve the benchmark levels of accuracy of 1%, 0.5%, 0.1%. To this purpose we will ask all the
statistical and systematic uncertainties to be under control at the considered level of accuracy.

In typical lattice computations the dominant systematic uncertainties are due to: discretization
effects, heavy quark extrapolation, chiral extrapolation, finite size effects, renormalization. The latter
source of uncertainty is, at present, already well under control, at the level of 1% or better and is expected
to further improve in the future, without representing a limiting factor in improving the future precision
of lattice results. We briefly discuss the other sources of uncertainty in order to estimate the values for
the simulation parameters that allow to achieve the desired accuracy.

Statistical error
As the statistical error scales as 1/

p
Nconf , it can be reduced by increasing the number of con-

figurations Nconf . Lattice studies based on O(102) independent configurations have typically a
⇠ 1% statistical error. It follows that reducing it to 0.5% or 0.1% would be possible by generating
⇠ 400 and O(104) independent configurations, respectively.
Discretization effects
Numerical simulations are performed on lattices with finite lattice spacing a, and a continuum
extrapolation (a ! 0) is required to get the physical result. The control of this extrapolation
strongly depends on the values of the simulated lattice spacing, which should be as fine as possible.
In order to estimate the value of the minimum simulated lattice spacing required to reduce the
discretization error at the 1, 0.5 or 0.1% level, we will consider an heuristic argument [713,1020],
which is simple and expected to provide a conservative estimate.
The argument assumes that lattice simulations are performed at two values of the lattice spac-
ing, namely amin and

p
2amin and the lattice data (Qlatt) are extrapolated linearly in a2 to get a

determination of the physical observable (Qcont).26

The relation between Qlatt and Qcont, however, also contains higher order terms in the a-expansion.
It can be schematically written as

Qlatt = Qcont

⇥
1 + (a⇤2)

2 + (a⇤n)n + . . .
⇤

, (B.1)

where the parameters ⇤2,⇤n, . . . are of the order of ⇤QCD for observables involving only light
quark, and of order of the heavy quark mass mH in the presence of heavy quarks. The power n
of the sub-leading correction in Eq. (B.1) depends on the action. For instance, it is n = 3 for
O(a)-improved Wilson quarks and n = 4 for maximally twisted, staggered and Ginsparg-Wilson
fermions.
The performed continuum extrapolation including only the O(a2) term introduces an error, "discr,
that can be easily estimated comparing the so obtained result to the result that one would obtain
for Qcont from Eq. (B.1), that is

"discr ⌘ �Qcont/Qcont ' (2n/2 � 2)(amin⇤n)n . (B.2)

By taking "discr = {1, 0.5, 0.1}% one can extract the three values to be chosen in the benchmark
simulations for the minimum lattice spacing amin .
For observables involving the quark beauty, we consider simulations performed with the heavy
quark mass at the physical point (mH ' mb) or closer to the charm quark mass mc, for instance in
the range mc ÷ 2mc. In the first case ⇤n = mb in Eq. (B.2), while in the second case ⇤n = 2mc

and an extrapolation in the heavy quark mass is needed to get the physical result. The latter
extrapolation introduces a systematic error that has to be taken into account.

26We have assumed that the fermionic action chosen in the simulation is O(a)-improved, implying the absence of the leading
discretization effect of O(a) in the expansion.
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Heavy quark mass extrapolation
In order to estimate the systematic error due to the heavy quark mass extrapolation we compare
the approximated result of a linear fit in 1/mH with the result including the sub-leading term
of O(1/m2

H). The argument assumes that lattice simulations are performed at two values of the
heavy quark mass, namely mmax

H and mmax
H /

p
2. As mentioned before, this kind of procedure

produces a conservative estimate. This is particularly true for the heavy quark mass extrapolation
since we are not considering nor quantifying the impact of already existing smart methods to treat
the beauty quark on the lattice (like effective actions, ratio methods,...), which play a crucial role
in keeping the systematic uncertainty under control.
Chiral extrapolation
In order to estimate the light quark mass value to be adopted in the benchmark simulations we
follow a procedure similar to the estimate of the minimum value for the lattice spacing. The
dependence of physical quantities on light quark masses, in QCD, is predicted by Chiral perturba-
tion theory (ChPT). ChPT expansions involve both analytic (local) and non-analytic (due to pion
loops) terms. For simplicity we estimate the uncertainty due to the chiral extrapolation neglecting
the non-analytic contribution, i.e. assuming a ChPT expansion of the following form

Qlatt = Qphys

⇥
1 + c1(mPS/mV )2 + c2(mPS/mV )4 + . . .

⇤
, (B.3)

where mPS and mV are the simulated pseudoscalar and vector meson masses (at the physical point
mPS = m⇡ and mV = m⇢) and the coefficients c1 and c2 are expected to be of O(1). We observe
that m2

PS is proportional to the light quark masses and that mV ⇠ m⇢ provides the typical scale
entering the chiral expansion.
By assuming that lattice simulations are performed at two values of the light quark masses, cor-
responding to (mPS/mV )min and

p
2(mPS/mV )min, and that the lattice data are extrapolated

linearly in (mPS/mV )2, according to Eq. (B.3) the error in determination of the physical result is
given by

"chir ⌘ �Qphys/Qphys ' 2c2(mPS/mV )4min . (B.4)

By taking "chir = {1, 0.5, 0.1}% one can extract the three benchmark values for (mPS/mV )min

or, equivalently by using the ChPT relation between the two ratios, for (ml/ms)min .
Finite size effects
Finite size effects (FSE) are related to the infrared behavior of the theory and in QCD they can
be estimated by using ChPT. They turn out to be exponentially suppressed for correlation func-
tions that are free of physical singularities (thus, in particular, for all matrix elements involving
at most one stable state in the initial and final states). The dominant contribution comes from the
propagation of virtual pions and can be expressed as

"FSE ⌘ �Qphys/Qphys ⇠ CQ(m⇡, L) exp (�m⇡L) , (B.5)

where L is the one-dimensional size of the lattice and the function CQ, which depends on the
observable Q, can be computed in ChPT and it is typically of O(1). By taking CQ = 1 and
requiring "FSE = {1, 0.5, 0.1}%, on can estimate the values for the product m⇡L to be adopted in
the benchmark simulations. By simultaneously requiring the same level of accuracy in the chiral
extrapolation, which implies a value for the simulated (ml/ms)min or equivalently for (m⇡)min,
one gets the lattice extension for the benchmark simulations.

Following the procedure outlined above we get for the benchmark simulation parameters the val-
ues collected in Tables B.2-B.5.

Looking at Table B.2 we observe that the two blank spaces in correspondence of ⇤n = 2mc and
of the 0.5 and 0.1% accuracies mean that the uncertainty due to the heavy quark mass extrapolation
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⇤n "discr = 1% "discr = 0.5% "discr = 0.1%
⇤QCD ⇠ 0.8 GeV 0.065 0.055 0.037

mc ⇠ 1.5 GeV 0.035 0.029 0.020
2mc ⇠ 3.0 GeV 0.018 - -
mb ⇠ 4.5 GeV 0.012 0.010 0.005

Table B.2: Benchmark simulated values for the lattice spacing (amin), in fermi units.

"chir = 1% "chir = 0.5% "chir = 0.1%
0.08 0.05 0.02

Table B.3: Benchmark simulated values for the quark mass ratio (ml/ms)min.

"FSE = 1% "FSE = 0.5% "FSE = 0.1%
4.6 5.3 6.9

Table B.4: Benchmark simulated values for the product m⇡L.

"FSE = 1% "FSE = 0.5% "FSE = 0.1%
6.5 7.5 9.7

Table B.5: Benchmark simulated values for the lattice size, in fermi units, in a simulation at the light physical
point m⇡ = mphys

⇡ .

dominates over the discretization error, so that the target levels of 0.5 and 0.1% cannot be achieved by
simulating heavy quark masses in the physical charm region. We notice that in present ⇡/K (i.e. with
⇤n = ⇤QCD) simulations the typical finest lattice spacing is ⇠ 0.05 fm, allowing for a level of accuracy
of about 0.5%.

It is interesting to observe that in Table B.3 the value (ml/ms)min = 0.05 corresponding to the
0.5% accuracy is very close to the physical value (ml/ms)

phys = 0.04. This means that in order to
reduce the chiral uncertainty to the 0.5% level or better, simulations at light physical point are needed
and, indeed, some collaborations have already performed them and other collaborations are working in
that direction (see [1018] for a recent review).

In order to compare the values of the product m⇡L in Table B.4 with the state of the art of present
simulations we notice that the FLAG13 [1018] color code for FSE is such that the green star is assigned
if m⇡L > 4.

Finally, Table B.5 shows the benchmark values of the lattice size for light physics simulations
performed at the physical point, that is with m⇡ = mphys

⇡ .

B.2.5 Computational cost of the benchmark simulations
Having determined the parameter values of the benchmark simulations we want to estimate the corre-
sponding computational cost and to compare it to the computational power expected in 2025.

There is an empirical formula that expresses the computational cost of a numerical simulation
with present algorithms as a function of the parameters: number of independent gauge configurations
(Nconf ), space-time extension of the lattice (L3 ⇥ T ), value of the average up/down quark mass (ml)
or equivalently value of the ratio ml/ms, and value of the lattice spacing (a). For Wilson-like fermions

236



Fig. B.3: Plot taken from [1022] for the computational cost to generate 1000 independent gauge configurations for
some different fermionic actions and algorithms as a function of the ratio mPS/mV . The cost estimate presented
by Ukawa at the Lattice 2001 conference (Berlin wall) is also shown.

with Nf = 2 flavours of dynamical quarks, this formula reads [1021]27

TF lops� years ' 0.03

✓
Nconf

100

◆✓
L

3fm

◆5✓ T

2L

◆✓
0.2

ml/ms

◆✓
0.1fm

a

◆6

, (B.6)

where the cost is expressed in TFlops-years, representing the number of years of run required to perform
the simulation on a 1-TFlop machine.

The linear dependence on the inverse light quark mass is an important example of how unpre-
dictable theoretical and algorithmic developments can have a significant impact in the progress of nu-
merical simulations. Until about ten years ago, in fact, that dependence was cubic that is much steeper,
as shown in Fig. B.3. The latter steep dependence was named the Berlin wall at the Lattice 2001 confer-
ence in Berlin, meaning that simulations at the physical point seemed to be forbidden with the available
algorithms.

The factor 0.03 in Eq. (B.6) turns out to be increased by a factor 3 for simulations with Nf =
2 + 1 instead of Nf = 2 and by a factor 1.5 in case of O(a)-improved actions. Moreover, one has
to take into account an overhead that can be estimated as a multiplicative factor 2 � 3, to include the
cost of simulations at coarsest lattice spacings to perform the continuum extrapolation. Therefore, we
multiply the estimate of the computational cost provided by Eq. (B.6) by a factor ten. We observe that
we are not considering simulations with Ginsparg-Wilson fermions, which are significantly (one order
of magnitude) more expensive.

We collect in Table B.6 the estimates of the computational cost, in PFlops-years, of the benchmark
simulations. They are given separately for the ⇡/K, D, Ds, B and Bs sectors, which are affected in a
different way by systematic uncertainties, thus requiring different values for the simulation parameters.

We recall that from the Moore’s law the available computational power in 2025 should be of about
100-500 PFlops-years. Therefore, Table B.6 tells us that the accuracy in lattice calculations is expected
to achieve the 0.1% level for Ds observables, the 0.5% level for ⇡/K, D and Bs and the 1% level for
B-physics.

27Eq. (B.6) is based on the study of the domain-decomposition-Hybrid-Monte-Carlo (DD-HMC) algorithm. Other recent
algorithms provide similar performances.
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Sector " = 1% " = 0.5% " = 0.1%
⇡/K 0.5 15 4 · 104

D 20 7 · 102 2 · 106

Ds 0.2 2 5 · 102

B 103 - -
Bs 20 4 · 102 3 · 105

Table B.6: Estimated computational cost, in PFlops-years, of the benchmark simulations. Two predictions for the
B-sector, that in the present analysis could be estimated only in a very naif way, are omitted.

As mentioned before, for B and Bs lattice studies we are not taking into account the important
role of approaches like effective actions and ratio methods in reducing the discretization and heavy quark
extrapolation errors. For these sectors the computational cost quoted in Table B.6 represents a pessimistic
estimate.

B.2.6 Predicted accuracy for Flavour Lattice QCD in 2025
Before providing the predictions for the lattice accuracy in 2025, we wish to advise the reader to take
with caution estimates below 1%.

At that level of precision, in fact, small effects that are typically negligible have to be considered.
This is true for isospin breaking and electromagnetic effects. They are of O((md �mu)/⇤QCD and of
O(↵e.m.), respectively, and thus at the 1% level. First lattice studies of isospin breaking and electromag-
netic effects have been performed in the last years leading to very promising results [1023–1029].

Other small effects that are at present well under control and can start contributing to the uncer-
tainty in the future are, for instance, related to the suppression of the excited states and to the differences
between determinations of the lattice spacing from different observables.

Finally, in providing the lattice predictions that are collected in Table B.7, we have considered that
different hadronic quantities for a given sector present a different degree of complexity. The computa-
tional costs in Table B.6 essentially refer to the simplest hadronic matrix elements like decay constants
and bag-parameters, which are determined from two-point correlators and ratios of correlators, respec-
tively. Lattice calculations of form factors, which are extracted from more noisy three-point correlators
and imply an extrapolation in the transferred momentum, are more expensive. For the semileptonic de-
cays K ! ⇡`⌫ and B ! D/D⇤`⌫, however, one measures on the lattice the difference of the form
factor from unity (that is the SU(3) or heavy quark symmetric limit), so that the uncertainty on the form
factor itself turns out to be smaller.

Hadronic Parameter What Next Era (2025)
fK⇡
+ (0) 0.1%
BK 0.1� 0.5%
fB

s

0.5%
fB

s

/fB 0.5%
BB

s

0.5� 1%
BB

s

/BB 0.5� 1%
FD⇤(1) 0.5%
B ! ⇡ � 1%

Table B.7: Expectations for the Lattice accuracy in the What Next Era (2025).
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