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Summary. — The Higgs boson discovery has been a major success of high energy
physics, yet it gives us little guidance on how to best invest for future research
facilities. It is however urgent to make important decisions soon to secure the
continuation of this line of research after the HL-LHC program has been completed.
We review physics and technology drivers that could suggest how to proceed in the
choice of the next big accelerator.

1. — Introduction

The current highest energy accelerator, the Large Hadron Collider (LHC), has been
successful in exploring the Standard Model (SM) of particle physics at levels of sensitivity
never achieved before. The discovery and then the study of the Higgs boson has been a
major achievement in the field of High Energy Physics (HEP). The LHC will continue
to increase its luminosity in the years to come and is foreseen to run until approximately
2035. The are several new accelerators that could become operational on that timescale
or later, however there is presently no clear plan on what the new big machine will be.

The main options for eTe™ collisions are: the International Linear Collider (ILC) in
Japan, a linear collider with 500 GeV center of mass energy (extendable to 1000 GeV),
the Compact LInear Collider (CLIC) at CERN, another linear collider with energy up to
3TeV, the Future Circular Collider (FCC-ee) at CERN, a circular collider inside a new
~100km tunnel with energies up to 350 GeV, and the similar Chinese electron-positron
Collider (CepC) in China, a circular collider inside a 100 km tunnel and maximum energy
currently planned for 250 GeV.

Both the FCC-ee and the CepC options foresee the use of the same tunnel for a proton-
proton machine of very high energy called FCC-hh and SppC, respectively. Whenever
adequate magnets will be successfully engineered, an energy as high as 100 TeV could be
reached.

Additional options assume that some critical technologies can become at some point
mature and available on an industrial scale. This of course pushes the time frame for
the implementation of such machines further out in the future. Important examples are
Plasma Wake Field Acceleration (PWFA) and muon colliders.
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In the following sections we discuss where physics motivations lead, analyze in more
detail the various possibilities and then report our conclusions.

2. — Current status

The SM is providing more than ever an excellent description of the experimental data.
This is true also for the most recent results obtained at the highest available energy
provided by the LHC. The discovery of the Higgs boson and preliminary measurements
of its properties, like mass, cross-section and quantum numbers, are confirming, although
with modest accuracy, the SM framework and its predictions.

Additional impressive confirmations come from measurements of quantities which are
sensitive to radiative corrections such as the W mass, where these corrections depend on
the measured mass of the top quark and of the Higgs boson, or the branching ratios of
very suppressed processes such as the decay of neutral B mesons into a pair of opposite
sign muons. Given the potential presence of new particles in virtual loops, the increased
accuracy of these measurements sets stronger limits on physics beyond the SM.

The direct searches do not show any indication of new physics in spite of the massive
efforts made by the LHC Collaborations, thus confirming a scenario where the mass scale
of new physics is at energies much higher than originally expected by many models.

This solid scenario is broken at times by small discrepancies that usually fade away
with additional data. Foremost, for the excitement it has generated, is the hint of a
di-photon invariant mass peak around 750 GeV, which has not been confirmed after
increasing the available statistics.

Some discrepancies are observed in the area of flavor physics, in particular with re-
spect to violations of lepton flavor universality. Deviations from the SM predictions have
been measured in the ratios of semi-leptonic branching fractions R(D™*)) = BR(B —
DWrp)/BR(B — D™Ip) by the BaBar [1], Belle [2] and LHCb [3] Collaborations.
When combined these deviations exceed the three sigma level, as shown in fig. 1. Ad-
ditional discrepancies at the ~2.5 sigma level are observed by LHCb by comparing the
relative rate of B — K]~ decays in muon and electron pairs [4].
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Fig. 1. — Combination of R(D) and R(D™) measurements [5].
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All in all, however, the SM appears to be still quite solid. If these “tensions” will
become serious discrepancies in the future, they will give us some guidelines, otherwise
we shall have to follow the directions described in the next section.

3. — Directions

In contrast with its success the SM fails to describe some very important phenomena
like gravitation, dark matter or baryonic asymmetry of the universe just to name a few.
A more complete theory must therefore exist, but we have only lower bounds on its
energy scale and do not know its typical signatures.

At a recent ECFA meeting a well-known theorist concluded that given the situation
“there is currently no experiment or facility, existing or conceivable, in the lab or in space,
accelerator or non-accelerator driven, that can guarantee discoveries beyond the SM, and
answers to the big questions in the field.” [6]. During that same meeting, however, some
very sensible guidelines for the evaluation of future facilities have emerged:

1) guaranteed important deliverables;

2) a wide exploration potential, targeting broad and well justified new physics
scenarios;

3) potential to provide conclusive answers to relevant questions.
We add to that some additional practical criteria:

a) the time scale for the construction must be consistent with the evolution of the
required technologies;

b) the expected construction and operation costs must be within an acceptable range.

We now explore in more detail how new machines can satisfy the proposed guide-
lines. Important deliverables come from high precision measurements, beyond what is
achievable at the LHC, even with its high luminosity upgrade [7-9]. A special case is the
detailed study of the properties the Higgs boson, which can provide crucial insights on
how the SM should be extended. Examples for effects of Supersymmetry or Higgs boson
compositness [9] are shown in fig. 2. Deviations of the Higgs couplings relative to SM
predictions range from few percent to sub-percent for new physics scales between 1 and
10 TeV. A new generation of high luminosity electron-positron colliders running above
the Higgs+7 boson associate production threshold could reach experimental accuracies
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Fig. 2. — Examples of how new physics models can change the pattern of Higgs boson cou-
plings [10].
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Fig. 3. — Comparison of relative accuracy in Higgs boson coupling measurements achievable with
different accelerators [8].

much higher than LHC. Comparisons of the reach of LHC, CepC and ILC are shown in
fig. 3 [8]. Higher luminosity and precision is foreseen for the FCC-ee and the more re-
cent design for CepC, where most couplings could be measured with sub-percent relative
errors [11].

Measurements of the Higgs self-coupling allow to study the shape of the Higgs po-
tential, which is seriously constrained by its mass within the SM. If the experimental
error could be reduced below the 10% level we would be sensitive to new physics ef-
fects [12]. This is an incredibly difficult measurement and needs a high Higgs boson
production cross-section that can be reached only at lepton colliders in the TeV region
or with proton-proton colliders near 100 TeV.

Additional precision measurements in the electro-weak sector can improve signifi-
cantly previous LEP results and provide guidelines for new theories through an Effective
Field Theory analysis of potential deviations from the SM [7,13]. The extreme luminosity
foreseen for future eTe~ colliders, orders of magnitude larger than LEP, could make this
line of research very fruitful.

The exploration potential of future accelerators depends somewhat on the class of
models we intend to explore. A good reference is SUSY since it is one of the most
widely studied scenarios of new physics. The sensitivity of LHC with 3000fb~! ranges
from masses of ~1.5TeV in the electro-weak sector to ~3TeV for gluino production.
Sensitivity improvements of about 30% are expected if the LHC energy is raised to
25 TeV, while factors of 5 or more could be reached with a 100 TeV pp collider. We
note that lepton colliders with energies of a few TeV can have comparable reach in the
electro-weak sector.

Finally we give an example of a potential conclusive answer to a major question of
the field. A study based on a simplified model where Dark Matter couples to ordinary
fermions via a mediator [14,15], shows that the parameter space allowed by the recent
Plank results [16] could be covered by a 100 TeV pp machine.

In conclusion there are several compelling physics motivations to build new accelera-
tors. In the following section we discuss what could actually be done.

4. — Options

Several options for new machines have been proposed and some of them have already
been on the table for quite some time. Some of them are based on well established
technologies and require only funding to be realized, while other projects either need
more R&D or even the demonstration of novel technical approaches.
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4°1. Accelerators based on known technology. — After more than 20 years of devel-
opments in the superconducting RF cavity technology the International Linear Collider
(ILC) is a very mature project [9]. A full TDR has been released in 2013 and after that
the project has gone through several successful reviews. A site where it could be built
has also been selected in Japan. An effort to reduce cost and identify realistic staging
scenarios is in progress, while Japan looks for financial partners to fund this expensive
accelerator. This process will take at least another two or three years.

While the ILC is planned to run ete™ collisions mostly at a center of mass energy
of 500GeV and can be extended up to 1000 GeV, large circular eTe™ colliders could
provide substantially higher luminosity in a lower energy range that could however cover
from Z production to H Z associated production and possibly even top pair production.
CERN launched in 2014 the idea of a future circular collider (FCC) to be placed in an
approximately 100 km long tunnel in the Geneva area [17]. The ultimate goal of this
machine would be proton-proton collisions at 100 TeV, but an intermediate stage as ete™
collider is also considered as a potential intermediate step. A CDR is planned in 2018 to
provide input to the next European Strategy update. A similar machine to be built in
China (CepC) [8] was also proposed at approximately the same time [18]. In this case a
Pre-CDR [8] was completed last year and a full CDR will be released in 2018. We note
that the CepC design has evolved significantly since the pre-CDR. The current version
of the machine is very similar to FCC with comparable performance.

We note that while all these proposed machines, at least in their ete™ version, are
based on known technologies, they are nonetheless pushing the luminosity to rather
extreme levels: two to five orders of magnitude higher than the maximum luminosity
reached at LEP as shown in fig. 4. Much attention is given to the power consumption
and the associated operating costs. The luminosities shown in the figure appear to be
consistent with acceptable power requirements.

4°2. Accelerators needing more RED. — The final energy of future proton-proton col-
liders will depend critically on the availability of a new generation of magnets capable
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of much higher fields. Indeed there are many practical limitations on the tunnel size, so
magnets become the main issue. Superconducting cables based on Nb3zSn have shown
critical currents 2-3 times higher than that of ordinary NbTi cables. They are however
very difficult to work with since they are very brittle and require the development of
complex construction techniques. The higher fields inside these magnets generate forces
several times larger than in NbTi magnets enhancing coil stability problems. Significant
R&D on NbsSn magnet technology has been started since many years mostly at CERN
and Fermilab, and a few magnets of this type are foreseen for the low beta triplets of the
high luminosity upgrade of LHC due to start in 2025. Still we are far from having indus-
trial production capability. CERN has setup an ambitious R&D program for FCC-hh
that could lead to the first dipole prototypes around the mid-2020s. Additional increase
of the magnetic field could be obtained with the use of High Temperature Superconduc-
tors (HTS). While the LHC dipoles are operated at a field value of 8 Tesla, 16 Tesla
are planned using the NbgSn technology and 20 Tesla could be possible with the HTS
inserts.

Additional R&D is also needed for the CERN multi TeV linear eTe™ collider,
CLIC [19]. This machine is based on the novel concept of using a high intensity low
energy beam as the source of RF power rather then the usual klystrons. The high fre-
quency accelerating structures operate at 12 GHz and room temperature reaching an
accelerating field of 100 MV /m. While several aspects of this very complex machine have
been demonstrated there are still many challenges to deal with, in particular the oper-
ating power and the RF breakdown issues. A plan for a staged implementation is being
prepared for consideration in the next European Strategy update [20].

4'3. New accelerator concepts. — Muon colliders could provide the most efficient way
to collide leptons in the several TeV region; indeed studies show [21] that above center of
mass energy of ~1.5TeV a muon collider is superior to all other lepton colliders both in
terms of luminosity and of wall power consumption. Muons however are hard to produce
and decay rapidly, thus making a muon collider an incredibly difficult machine. Two
basic approaches have been studied so far: the first one relies on producing a very large
number of muons by means of a proton beam with a power of several MW and then
cooling them very rapidly by means of a method called “ionization cooling” [22,23], the
second approach consists in producing muon pairs by colliding a 45 GeV positron beam
on a target [24], since muon pairs are created roughly at rest in their center of mass
frame there would be no need for significant cooling. Both techniques are incredibly
challenging, but certainly deserve pursuing given the many advantages that such a ma-
chine could bring. It is worth noting that future high energy ete™ circular colliders could
provide the intense 45 GeV positron beam needed for the generation of cold high energy
muons.

Another relatively new idea is to accelerate particles with the strong electric field
obtained by generating waves in a plasma, where fields as high as 100 GeV/m can be
reached. Plasma waves can be excited either with a strong laser pulse or with a particle
beam. Much progress has been made in this area of research over the last years. Re-
cent breakthroughs are the acceleration of positrons in a plasma [25] and the successful
synchronization of two laser plasma accelerator stages [26].

It will take still some time before plasma wake field acceleration can provide high
energy at the high luminosity needed by HEP experiments, but speculations are already
being made on how one could significantly enhance the ILC energy [27] up to 10 TeV by
replacing the RF cavities with plasma cells excited by the electron beam.



THE DAY AFTER LHC: PLANS AND PROSPECTS FOR FUTURE ACCELERATORS 7

5. — Conclusions

The current state of HEP is quite complex with no clear indication of where the
next major discovery will be found. There are however sensible guidelines that indicate
what is important to study in this field of research and which new facilities would be
necessary. The actual time sequence of these new facilities will depend strongly on the
speed at which new technologies develop, on their cost and, also, on geopolitical factors.

By the mid-2030s the LHC will have concluded its usefulness and it is critical that a
new machine starts operation before that happens. An ete™ collider is the most likely
next step: its physics goals are very clear; it needs well established technologies; the costs
are high but manageable and in any case comparable to those of LHC. It is probably
the only machine that could be built and become operational by the beginning of the
2030s. In a few years the situation in Asia for CepC and ILC should become clearer. At
approximately the same time Europe will update its strategy plan: we will know better
then about the real time scale for FCC and about potential cooperation with projects
in Japan and China. In the meantime it is important to keep investing on accelerator
related technologies and to get ready for the next big machine.
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