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Abstract

The Compact Linear Collider (CLIC) is a TeV-scale high-luminosity linear e"e~ collider studied by the
international CLIC and CLICdp collaborations hosted by CERN. CLIC uses a two-beam acceleration scheme,
in which normal-conducting high-gradient 12 GHz accelerating structures are powered via a high-current
drive beam. For an optimal exploitation of its physics potential, CLIC is foreseen to be built and operated
in stages. The initial stage will have a centre-of-mass energy of 380 GeV, with a site length of 11 km. The
380 GeV stage optimally combines the exploration of Higgs and top-quark physics, including a top threshold
scan near 350 GeV. A higher-energy stage, still using the initial single drive-beam complex, can be optimised
for any energy up to 2 TeV. Parameters are presented in detail for a 1.5 TeV stage, with a site length of 29 km.
Since the 2018 ESPPU reporting, significant effort was invested in CLIC accelerator optimisation, technology
developments and system tests, including collaboration with and gaining experience from new-generation
light sources and free-electron lasers. CLIC implementation aspects at CERN have covered detailed studies
of civil engineering, electrical networks, cooling and ventilation, scheduhng and costing. The CLIC baseline
at 380 GeV is now 100 Hz operation, with a luminosity of 4.5x 10** cm "and a power consumption of
166 MW. Compared to the 2018 design, this gives three times higher luminosity-per-power. The new baseline
has two beam-delivery systems, allowing for two detectors operating in parallel, sharing the luminosity. The
cost estimate of the 380 GeV baseline is approximately 7.17 billion CHF. The construction of the first CLIC
energy stage could start as early as 2033 and first beams would be available by 2041, marking the beginning
of a physics programme spanning 20-30 years and providing excellent sensitivity to Beyond Standard Model
physics, through direct searches and via a broad set of precision measurements of Standard Model processes,
particularly in the Higgs and top-quark sectors. This report summarises the CLIC project, its implementation
and running scenarios, with emphasis on new developments and recent progress. It concludes with an update
on the CLIC detector studies and on the physics potential in light of the improved accelerator performance.
The physics potential includes results from the 3 TeV energy stage, which was studied in detail for the CLIC
CDR in 2012 and the CLIC Project Implementation Plan of 2018.
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1. Introduction

The Compact Linear Collider (CLIC) is a mature and detailed proposal for a multi-TeV high-luminosity linear ete”
collider, developed by the CLIC accelerator collaboration [1]. CLIC uses a novel two-beam acceleration technique,
with normal-conducting accelerating structures operating in the range of 72—100 MV=m. Detailed studies of the physics
potential and detector for CLIC, and R&D on detector technologies, have been carried out by the CLIC detector and
physics (CLICdp) collaboration [2].

The CLIC Conceptual Design Report (CDR) was published in 2012 [3-5]. The main focus of the CDR was to
demonstrate the feasibility of the CLIC accelerator at 3 TeV, and to confirm that high-precision physics measurements
can be performed in the presence of particles from beam-induced backgrounds. Following the completion of the CDR,
detailed studies on Higgs and top-quark physics, with particular focus on the first energy stage, concluded that the optimal
centre-of-mass energy for the first stage of CLIC is /s = 380GeV. The 2018 ESPP Update [6, 7] presented the accelerator
design for a staged scenario, with operation at 380 GeV, 1.5 TeV, and 3 TeV [8].

Since 2018, important technical progress related to X-band technology and klystron design has been achieved. Integ-
rated beam simulations have concluded on a 50% increase in luminosity at 380 GeV, with respect to previous evaluations.
New power estimates for the 380 GeV and 1.5 TeV collider result in significant energy savings, allowing CLIC to operate
at a factor of two increased bunch-train repetition rate of 100 Hz, at a power of 166 MW at 380 GeV. Compared to the
2018 values, this represents a total factor of three increase in luminosity at equal power for the initial stage.

An interaction region with two beam delivery systems

hosting two detectors has been designed. Taking the Table 1: Baseline CLIC energy stages and integrated lu-
380GeV and 1.5 TeV stages as an example, CLIC pro- minosities, .7, for the initial stage and a high-
poses a scenario with a running period of 10 years energy stage at 1.5 TeV [10].

each, which results in the integrated luminosities listed 1

in Table 1 for the two experiments combined, including Stage V5 [TeV] Lin [ab_]
luminosity ramp-up time at each stage. CLIC provides é (l)gg (and 0.35) 3(3)

+80% longitudinal electron polarisation and proposes a
sharing between the two polarisation states at each en-
ergy stage for optimal physics reach [9].

This document summarises the current progress of the CLIC studies. There have been many updates in accelerator
design, technology development, and system tests, described in detail in [11]. Further experience has been gained from
the expanding field of Free Electron Laser (FEL) linacs and new-generation light sources. The CLIC design parameters
are well understood and achieved in beam tests, confirming that the performance goals are realistic. The implementation
of CLIC at CERN has been updated and detailed since its 2018 description [6, 7], including civil engineering, electrical
networks, cooling and ventilation, and scheduling. Systematic studies have put emphasis on optimising cost and energy
efficiency.

A related strategy submission, the Linear Collider Facility @ CERN [12], discusses options for a future linear ete”
collider, using various acceleration technologies that are under development. These options are all compatible with the
CLIC underground civil engineering footprint presented here.

Section 2 provides an overview of the CLIC accelerator design and performance at 380 GeV, describes the path to
higher energies, and gives an overview of the developments. Section 2 also outlines key achievements from beam exper-
iments and hardware tests, providing evidence that the performance goals can be met. The present plans for the CLIC
implementation, with emphasis on the 380 GeV stage, are given, as well as estimates of the energy consumption and
of the cost for construction and operation. Further details on the accelerator design and performance are given in [11].
In Section 3 the CLIC detector performance requirements and the CLIC detector design are described [13, 14], with
reference to relevant advances in detector technology development. Section 4 presents a summary of the CLIC physics
potential in the context of the updated CLIC accelerator performance. A summary and outlook are presented in Section 5.

2. CLIC Accelerator

The design luminosity at 380 GeV is .£ = 4.5 x 10**em™%s™!; a factor of three improvement with respect to 2018 [6].

The increase comes from reduced power consumption, and subsequent doubling of the repetition rate to 100 Hz; as
well as updated studies on the luminosity performance, detailed below. A double beam delivery system that allows
two interaction regions has been designed. The 2025 baseline configuration is to operate with two detectors, sharing
the luminosity between them. The CLIC detector concept is compatible with the 2025 updated baseline. A schematic
overview of the accelerator configuration for the initial 380 GeV stage is shown in Figure 1.
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Figure 1: Schematic layout of the CLIC complex at 380 GeV, with a double beam-delivery system operating with two

detectors. (image credit: CLIC)

A design for a high-energy stage at 1.5 TeV, running at 50 Hz with a single drive beam, has also been worked out in

detail. Parameters for the inital stage and the high-energy stage are given in Table 2.

Table 2: Key parameters for 380 GeV and 1.5 TeV stages of CLIC. Parameters for energy options at 250 GeV and 550 GeV
are also given; for these options the power and luminosity are scalings, based on the 380 GeV and 1.5 TeV designs.
*The luminosity for the 1.5 TeV machine has not been updated to reflect recent alignment studies [15]. If the
same method is applied, the luminosity at 1.5 TeV is expected to reach 5.610**cm 257!

Parameter Unit 380GeV 1.5TeV 250GeV  550GeV
Centre-of-mass energy GeV 380 1500 250 550
Repetition frequency Hz 100 50 100 100

Nb. of bunches per train 352 312 352 352
Bunch separation ns 0.5 0.5 0.5 0.5
Pulse length ns 244 244 244 244
Accelerating gradient MV=m 72 72/100 72 72

Total luminosity 10*em s~ 45 3.7 ~3.0 ~6.5
Lum. above 99% of /s 10**ecm™2s™! 2.7 1.4 ~2.1 ~3.2
Total int. lum. per year o 540 444 ~350 ~780
Power consumption MW 166 287 ~130 ~210
Main linac tunnel length km 11.4 29.0 11.4 ~15

Nb. of particles per bunch 10° 5.2 3.7 5.2 5.2
Bunch length um 70 44 70 70

IP beam size nm 149/2.0  60/1.5 ~184/2.5 ~124/1.7

Design and performance at 380 GeV and extension to higher energies The location of the CLIC 380 GeV machine
has been optimised while still considering the requirements for a higher energy stage. This optimisation took into account
the availability of existing CERN sites, and the regional geology and local environment. Previous experience from the
construction of LEP and the LHC has shown that the sedimentary rock in the Geneva basin, known as molasse, provides
suitable conditions for tunneling. Therefore, boundary conditions were established so as to avoid the karstic limestone
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of the Jura mountain range and to avoid siting the tunnels below Lake Geneva (see Figure 2(a)) whilst maximising the
portion of tunnel located in the molasse.

Based on the regional, geological and surface data, and using a decision-support web application for future accelerator
localisation study (Geopro ler), a 380 GeV solution has been found that can be upgraded to the higher energy stage
of 1.5TeV. The 380 GeV stage is located entirely in molasse rock and avoids the complex Allondon depression. This
solution is optimised for 380 GeV and provides an excellent upgrade possibility to the 1.5 TeV stage. A key advantage of
this solution is that the interaction point and injection complex are located on the CERN Prévessin site. With the exclusion
of the 3 TeV stage, the Gland depression is no longer a geological concern. Thus there is scope at these lower energy
stages of 380 GeV and 1.5 TeV to reduce shaft depths, still being housed in good Molasse rock.

The main electron beam is produced in a conventional radio frequency (RF) injector, which allows polarisation. The
beam emittance is then reduced in a damping ring. To create the positron beam, an electron beam is accelerated to 2.86
GeV and sent into a conventional tungsten target generating photons that produce electron—positron pairs. The positrons
are captured and accelerated to 2.86 GeV. Their beam emittance is reduced, rst in a pre-damping ring and then in a
damping ring. The ring to main linac system accelerates both beams to 9 GeV, compresses their bunch length, and
delivers the beams to the main linacs. The main linacs accelerate the beams to the collision energy of 190 GeV. The beam
delivery system removes transverse tails and off-energy particles with collimators, and compresses the beam to the small
size required at the interaction point (IP). After collision, the beams are transported by the post-collision lines to their
respective beam dumps.

To reach multi-TeV collision energies in an acceptable site length and at affordable cost, the main linacs use normal-
conducting X-band accelerating structures; these achieve a high accelerating gradient of=x00Rdvthe rst energy
stage, a lower gradient of 72 M¥h is the optimum to achieve the luminosity goal, which requires a larger beam current
than at higher energies.

In order to produce and support high gradients, the accelerating structures are required to be fed by short, very high-
power RF pulses, which are dif cult to generate at acceptable cost and ef ciency using conventional klystrons. In order to
provide the necessary high peak power, the novel drive-beam scheme uses low-frequency klystrons to ef ciently generate
long RF pulses and to store their energy in a long, high-current drive-beam pulse. This beam pulse is used to generate
many short, even higher intensity pulses that are distributed alongside the main linac, where they release the stored energy
in power extraction and transfer structures (PETS) in the form of short RF power pulses, transferred via waveguides into
the accelerating structures. This concept strongly reduces the cost and power consumption compared with powering the
structures directly by klystrons.

The upgrade to higher energies involves lengthening the main linacs: connecting new tunnels to the existing tunnels,
moving the existing modules to the beginning of the new tunnels, and adding new, higher-gradient modules. When
upgrading to 1.5TeV, the length of the beam delivery system (BDS) needs to be increased and new magnets installed.
The central main-beam production complex needs only minor modi cations, to adjust to the smaller number of bunches
and smaller bunch charge. The central drive-beam complex needs to be slightly extended to increase the drive-beam
energy. This staged collider can be implemented at CERN, as shown in Figure 2(a). The main-beam and drive-beam
production facilities are located at the CERN Prévessin site. The main linac tunnel cross section is shown in Figure 2(b).

(a) (b)

Figure 2: (a) The CLIC main linac footprint near CERN, showing the inital 380 GeV and a 1.5 TeV high-energy stage. (b)
The CLIC main linac tunnel cross section. The internal tunnel diameter is 5.6 m. (image credit: CLIC)
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Energy options A 250 GeV option could be implemented using the 380 GeV design as basis, removing 35% of the
two-beam modules in each sector, and reducing the drive beam energy correspondingly. The lower number of modules
and the lower-energy drive beam linac give signi cant cost savings if 250 GeV were to be run as a rst stage. The upgrade
to 380 GeV would then be straight-forward; installing the missing modules, and extending the drive beam accelerator.

With a single drive beam and running at 100 Hz, the 380 GeV machine could be upgraded to 550 GeV. With a single
drive beam and running at 50 Hz, the machine can be upgraded to approximately 2 TeV. A detailed description of a 3 TeV
stage is documented in the CLIC CDR [3].

Table 2 also contains numbers for a 250 GeV and 550 GeV CLIC, for which the power and luminosity are scalings,
based on the 380 GeV and 1.5 TeV designs.

The CLIC beam energy can be adjusted to meet different physics requirements. In particular, during the 380 GeV
running, a period of operation around 350 GeV is foreseen to scan the top-quark pair-production threshold. Operation at
much lower energies can also be considered. At the Z-pole, between 7 &0 135fb * can be achieved per year for
an unmodi ed and a modi ed collider, respectively.

Operation with two detectors The 2025 CLIC baseline is to operate two detectors simultaneously, at an average
repetition rate of 50 Hz. This provides each detector with an average luminosity of aboat®*zm %s 1. The doubling

of machine total repetition rate from 50 Hz to 100 Hz, with respect to the previous baseline [6] is achieved without major
design changes, and with increases in the overall power consumption by about 60%. The luminosity delivery can be
exible: if desired, 100% of the luminosity can be provided to a single detector for any given period of time.

The operation of two detectors is achieved with the concept of a dual Beam Delivery System (BDS) serving two
interaction regions (IRs) simultaneously [16]. The dual BDS introduces separate paths for the electron and positron
beams to accommodate two detectors with distinct crossing angles. The 380 GeV stage of CLIC features a dual BDS
design achieved by extending the diagnostics section of the baseline BDS. Eight additional FODO cells, each with a
phase advance of 45and with a total additional length of 300 m, were added to separate the two IRs longitudinally and
transversely. The two BDS paths (BDS1 and BDS2) are optimized for their respective IRs: the crossing angle of IR1
is 18 mrad and the crossing angle of IR2 is 27 mrad, which is also compatible with potential gamma-gamma collision
con gurations. A full schematic of the layout is shown in Figure 3.

To minimize synchrotron radiation effects, the bending angles and magnet strengths in the BDS have been carefully
optimized. The transverse separation between IRs is approximately 10 m, with a longitudinal offset of 40 m to ensure
suf cient space for detector placement.

Figure 3: Schematic layout of CLIC operating with two detectors. From [16].

Updated power consumption The CLIC power consumption is very signi cantly reduced due to optimisation of the
injectors and accelerating structures for 380 GeV, a re-design of the damping ring RF systems, higher ef ciency L-band
klystrons as discussed in [11] and generally improving the RF ef ciencies, and consistently using the expected operational
values instead of the full equipment capacity in the estimates.

The nominal power consumption has been estimated based on the detailed CLIC work breakdown structure. This
yields, for the 380 GeV 100 Hz baseline option, with two interaction regions, a total of 166 MW for all accelerator systems
and services, taking into account network losses for transformation and distribution on site. For the 50 Hz reduced power
machine, the total is 105 MW, assuming a single interaction region. The breakdown per domain in the CLIC complex
(including experimental area and detector) and per technical system is shown in Figure 4. Most of the power is used in
the drive-beam and main-beam injector complexes; comparatively little in the main linacs. Among the technical systems,
the RF represents the major consumer. The reductions have also been applied to the 1.5 TeV stage, resulting in a power
consumption of 287 MW, see details in [11].
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