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Abstract
The Physics Beyond Colliders initiative is an exploratory study aimed at
exploiting the full scienti�c potential of the CERN’s accelerator complex
and scienti�c infrastructures through projects complementary to the LHC
and other possible future colliders. These projects will target fundamental
physics questions in modern particle physics. This document presents the
status of the proposals presented in the framework of the Beyond Standard
Model physics working group, and explore their physics reach and the
impact that CERN could have in the next 10–20 years on the international
landscape.

Keywords: beyond standard Model, dark matter, dark sector, axions, particle
physics, accelerators

Executive summary

The main goal of this document follows very closely the mandate of the Physics Beyond
Colliders (PBC) study group and is ‘an exploratory study aimed at exploiting the full sci-
enti�c potential of CERN’s accelerator complex and its scienti�c infrastructure through
projects complementary to the LHC, HL-LHC and other possible future colliders. These
projects would target fundamental physics questions that are similar in spirit to those
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addressed by high-energy colliders, but that require different types of beams and
experiments’32.

Fundamental questions in modern particle physics such as the origin of the neutrino
masses and oscillations, the nature of dark matter and the explanation of the mechanism that
drives the baryogenesis are still open today and do require an answer.

So far an unambiguous signal of New Physics (NP) from direct searches at the Large
Hadron Collider (LHC), indirect searches in �avor physics and direct detection dark matter
experiments is absent. Moreover, theory provides no clear guidance on the NP scale. This
imposes today, more than ever, a broadening of the experimental effort in the quest for NP.
We need to explore different ranges of interaction strengths and masses with respect to what
is already covered by existing or planned initiatives.

Low-mass and very-weakly coupled particles represent an attractive possibility, theoretically
and phenomenologically well motivated, but currently poorly explored: a systematic investigation
should be pursued in the next decades both at accelerator-based experiments and with proposals
aiming at detecting axions and axion-like particles (ALPs) with terrestrial experiments.

Very high energy scales (�100 TeV) will not be reachable with colliders that exist now or in
the foreseeable future and can be explored only using extremely rare or forbidden decays as probe
to the NP in the multi-TeV range. Electric dipole moments (EDMs) are simultaneously probes of
NP in the extremely low (<10�15 eV) and in the very large (>100 TeV) mass scale range.

The CERN laboratory could offer an unprecendented variety of high-intensity, high-
energy beams and scienti�c infrastructures that could be exploited to this endeavor. This
effort would nicely complement and further broaden the already rich physics program
ongoing at the LHC and HL-LHC.

This document presents the status of the proposals presented in the framework of the PBC
beyond the standard model (BSM) physics working group, and explore their physics reach and
the impact that CERN could have in the next 10–20 years on the international landscape.

1. Introduction

The PBC BSM study group has considered about 18 different proposals aiming at exploiting
the CERN accelerator complex and scienti�c infrastructure. These proposals will be sensitive
to New Physics in a range of masses and couplings unaccessible to other existing or planned
initiatives in the world, as the experiments at the LHC or at a future circular collider (FCC),
dark matter (DM) direct detection experiments and �avor physics initiatives.

This document focusses on searches for Physics BSM also known as NP. It introduces
the physics motivations and the complementarity of the proposals presented within the PBC–
BSM activity with respect to the LHC and other initiatives in the world in the quest for NP.
NP is required to answer open questions in modern particle physics, as the origin of neutrinos
masses and oscillations, baryogenesis and the nature of DM. A viable possibility is so called
hidden sector physics, that comprises new particles with masses below the electro-weak (EW)
scale that couple very weakly to the Standard Model (SM) world via portals. Another viable
possibility is that NP is well above the EW scale (and therefore well beyond the direct reach
of the LHC and any other future high-energy collider), and can be only probed via indirect
effects in extremely rare or forbidden processes in the SM or by testing the presence of
electric dipole moments (EDMs) either in proton and deuteron or in more complex systems.

32 See https://pbc.web.cern.ch.
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Three main categories of experiments have been identi�ed, following the NP mass range
they are sensitive to:

(1) Experiments sensitive to NP with mass in the sub-eV range and very weakly coupled to
SM particles: these are mostly experiments searching for axions and ALPs using a large
variety of experimental techniques;

(2) Experiments sensitive to NP with mass in the MeV–GeV range and very weakly coupled
to SM particles: these are accelerator-based experiments that could exploit the large
variety of high-intensity high-energy beams currently available or proposed at CERN;

(3) Experiments sensitive to NP with mass in the multi-TeV range and strongly coupled to
SM particles: these are experiments searching for extremely rare or forbidden processes,
that could be produced via high-intensity beams.

The document is organized as follows. Section 2 presents a brief summary of the main
physics motivations. In particular section 2.1 discusses in detail portals to a hidden sector
along with a set of benchmark cases that have been identi�ed as theoretically and phenom-
enologically motivated target areas to explore the physics reach of the PBC proposals and put
them in the world-wide landscape. The proposals presented in the framework of the PBC–
BSM study group are brie�y described in section 3 and classi�ed in terms of their sensitivity
to a given mass range and to a set of benchmark cases. A more detailed description is then
given in sections 4–6 ordered along the identi�ed main mass ranges. The physics reach of the
PBC–BSM proposals is shown in sections 7–10 along with the current status of these searches
at ongoing and/or planned initiatives in the world that are or will be important players on the
same timescale of the PBC proposals. Brief conclusions are drawn in section 11.

2. Physics motivations

With the discovery at the LHC of the Higgs boson [1, 2], the last missing piece for the
experimental validation of the SM is now in place. An additional LHC result of great
importance is that a large new territory has been explored and no unambiguous signal of NP
has been found so far. These results, together with several constraints from �avor phenom-
enology and the absence of any charged lepton �avor violation process, indicate that there
might be no NP with a direct and sizeable coupling to SM particles up to energies �105 TeV
unless speci�c �avor structures/symmetries are postulated.

The possibility that the SM holds well beyond the electroweak (EW) scale must now be
seriously considered. The SM is renormalizable and predictive and the measured masses of the
Higgs boson and the top quark fall into a narrow region of parameters where consistency of the
SM does not require new particles up to a very high energy scale, possibly all the way up to the
Planck scale [3–5]. However, some yet unknown particles or interactions are required to explain a
number of observed phenomena in particle physics, astrophysics, and cosmology such as neutrino
masses and oscillations, baryon asymmetry of the Universe, DM and cosmological in�ation.

(1) Neutrino oscillations
Propagating neutrinos have been seen to oscillate between different �avors. This implies
the existence of a neutrino mass matrix which differentiates the �avor eigenstates from
the mass eigenstates. This is absent in the SM. It is, additionally, challenging to explain
why the observed neutrino masses are so much smaller than the masses of other leptons.
One common mechanism to generate such a mass matrix is the, so called, seesaw
mechanism, which introduces one or more heavy sterile neutrinos. This heavy mass
scale, combined with the SM scales, allows for the generation of very light mass
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eigenstates for the EW neutrinos. Estimates for the mass of these additional neutrinos
range from (10�9–1015)�GeV.

(2) Abundance of matter, absence of anti-matter
All of the structure that we see in the Universe is made of matter, and there is no
indication of the presence of signi�cant amounts of anti-matter.
The dominance of matter over anti-matter can be explained by out of equilibrium
processes in the early universe violating B-number conservation, as well as the C and CP
symmetries, and occuring out of equilibrium. These Sakharov conditions [6] are
necessary to generate the baryon asymmetry when assuming symmetric initial conditions
and CPT conservation. Neither the CP-violation nor the out-of-equilibrium condition can
be accomodated without extending the SM in some way. In particular our new
understanding of the Higgs mechanism means that we now know that the EW phase
transition is not a strong �rst order transition, and so cannot be the explanation for the
asymmetry between matter and antimatter that we see in the present universe33.

(3) Dark Matter
Evidence that the particles of the SM are not abundant enough to account for all of the
matter in the Universe comes from a multitude of galactic and cosmological
observations. Two key observations are galactic dynamics and the cosmic microwave
background (CMB). The stability of spiral galaxies, and their observed rotation curves
require an additional (cold) matter component to be clustered on galactic scale. This
additional component contains a signi�cant fraction of the total mass of the Galaxy and
has a greater spatial extent than the visible galactic matter. Observations of the CMB tell
us about the average properties of the Universe that these microwave photons have
passed through since the epoch of decoupling. Again this tells us that, on average, SM
matter can only account for approximately 5% of the Universe that we see, and that there
is an additional 25% of our current universe which appears to be cold and dark non-
relativistic matter.
There are many proposed models of DM which would be compatible with these
observations, ranging from ultra-light scalars with masses 10�31 GeV to a distribution of
black holes with masses up to 10�Msun, being Msun the mass of the Sun.

(4) Cosmological in�ation and dark energy
Additionally, observations of the CMB indicate that our universe began with a period of
exponential in�ation, and is currently undergoing a second period of accelerated
expansion. No explanation for either of these periods of the Universe’s evolution exists
within the SM. A widely accepted hypothesis to explain these observations is that the
space is permeated by an unknown form of energy (or dark energy) which tends to
accelerate the expansion of the Universe and accounts for the remaining 70% of the
existing Universe.

In addition to the evidence described above there are a number of other hints that physics
beyond the SM is required. These are typically unusually large �ne tunings of parameters
which are challenging to explain within the SM framework. These should not be taken to
have the same status, regarding motivating NP, as the observational evidence described
above, but rather as possible sign posts to parts of the model which are not yet fully
understood.

33 An alternative model assumes CPT and B-number violation. It could create a matter anti-matter asymmetry in
thermal equilibrium [7, 8]. An active �eld with a multitude of experimental searches for CPT violating processes
exists worldwide, among which leading activities are located at the CERN AD facility [9]. They have yielded many
tight bounds already on Lorentz and CPT violation.
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(1) Higgs mass �ne tuning
The Higgs boson is the only scalar �eld present in the SM. In contrast to the other
particles we observe, it is not understood how to protect the mass of the scalar Higgs �eld
from quantum corrections driving it to a much higher scale without a high degree of �ne
tuning. Possible solutions to this problem include low-scale supersymmetry, the
existence of extra spatial dimensions, and dynamical relaxation mechanisms.

(2) Strong CP problem
There is no reason to expect that the strong sector of the SM would respect CP symmetry.
Without a large degree of �ne tuning, this level of CP violation would produce an EDM
for the neutron at an observable level. Unlike the other �ne tuning problems we discuss
here, it is not even possible to make an anthropic argument for why the degree of CP
violation in the strong sector should be unobservably small.
The most common solution for this issue is the introduction of a pseudo scalar �eld, the
axion, which dynamically relaxes the degree of CP violation to small values. With an
appropriately chosen mass the axion may also make up all or part of the DM in our
universe.

(3) Cosmological constant and dark energy
As mentioned above, the CMB combined with other cosmological observations, in
particular of Type 1a supernovae, indicates that approximately 70% of the energy density
in our current universe is due to a cosmological constant, or something that behaves very
similarly. A cosmological constant term in the Einstein equations is naturally generated by
quantum �uctuations of the vacuum, but unfortunately this is many orders of magnitude
too large to be compatible with cosmological observations. Explaining why such a large
cosmological constant is not seen typically requires a signi�cant amount of �ne tuning.

There is a vast landscape of theoretical models to address some, or all, of the above-
mentioned motivations for NP. This often involves introducing new particles which can be
bosons or fermions, heavy or light, depending on the theory and the problems it addresses.
There are theories that aim to make the most minimal modi�cation possible to the SM, whilst
still addressing all of the motivations for new physics that we have described here, as well as
model independent approaches, which try to parametrize all of the possible ways certain types
of new physics could extend the SM. Here we will outline the most popular classes of current
theoretical ideas for BSM physics.

(1) New physics at the TeV scale and beyond
If there is an intermediate scale between the EW and the Planck scale, it is necessary to
introduce a mechanism to protect the Higgs mass from receiving large quantum
corrections. The most commonly studied possibility, by far, is the introduction of
supersymmetry. No compelling hints for supersymmetry have yet been seen at the LHC,
which suggests that, if this symmetry is realized in nature, it may only be restored at an
energy scale much higher than can currently be reached with collider experiments. We
will see that precision measurements, such as Kaon physics, B physics, and EDM
measurements, can indirectly search for NP at a much higher scale than can be directly
probed with the LHC or any future high-energy collider.

(2) Right-handed neutrinos
The introduction of right-handed neutrinos is motivated by explanations of neutrino masses,
in particular their smallness via the see-saw mechanism. However, it can also be a useful
ingredient for generating baryon asymmetry via leptogenesis. The introduction of such
right-handed neutrinos can generate CP violation, but as yet the scale at which this happens
is not constrained, if it lies near the EW scale it could lead to observable EDMs. The masses
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of the right-handed neutrinos can lie anywhere from the GUT scale down to �100 MeV. A
viable example including right-handed neutrinos is the Neutrino Minimal Standard Model
(�MSM) [10, 11] which accounts for neutrino masses and oscillations, for the evidence of
DM and for the baryon asymmetry of the Universe. This model adds to the SM only three
right-handed singlet sterile neutrinos or heavy neutral leptons (HNLs), one with a mass in
the keV range that acts as DM candidate and the other two with a mass in the GeV range
and Yukawa couplings in the range 10�11–10�6.

(3) WIMP dark matter models
The idea that the DM is a thermal relic from the hot early universe motivates non-
gravitational interactions between dark and ordinary matter. The canonical example
involves a heavy particle with mass between 100 and 1000 GeV interacting through the
weak force (WIMPs), but so far no WIMP has been observed. However a thermal origin
is equally compelling even if DM is not a WIMP: DM with any mass from a MeV to tens
of TeV can achieve the correct relic abundance by annihilating directly into SM matter.
Thermal DM in the MeV–GeV range with SM interactions is overproduced in the early
Universe so viable scenarios require additional SM neutral mediators to deplete the
overabundance [12–20]. The sub-GeV range for the DM mediators can additionally
provide a solution to some outstanding cosmological puzzles including an explanation of
why the mass distribution at the center of a galaxy is smoother than expected.

(4) Axion DM models
Axions are another well motivated DM candidate, that may simultaneously solve the CP
problems of QCD. Axion DM particles are suf�ciently light that they must be produced
non-thermally through a gravitational or misalignment production mechanism.
The minimal axion model relates the mass and coupling constant of the axion. If this
condition is relaxed the theory can be generalized to one of axion-like-particles (ALPs)
and such a generalization may also be motivated from string theory. The search for
axions and ALPs in the sub-eV mass range comprises a plethora of different experimental
techniques and experiments as haloscopes, solar helioscopes and pure laboratory
experiments among which, for example, regeneration or light-shining-through a wall
(LSW) experiments. ALPs with masses in the MeV–GeV range can be produced, and
possibly detected, at accelerator-based experiments.

So far most of the experimental efforts have been concentrated on the discovery of new
particles with masses at or above the EW scale with sizeable couplings with SM particles.
Another viable possibility, largely unexplored, is that particles responsible for the still unexplained
phenomena beyond the SM are below the EW scale and have not been detected because they
interact very feebly with the SM particles. Such particles are thought to be linked to a so called
hidden sector. Given the exceptionally low-couplings, a high intensity source is necessary to
produce them at a detectable rate: this can be astrophysical sources, or powerful lasers, or high-
intensity accelerator beams. The search for NP in the low-mass and very low coupling regime at
accelerator beams is what is currently called the intensity frontier.

Hidden Sector particles and mediators to the SM can be light and long-lived. They
interact very weakly with SM �elds that do not carry electromagnetic charge, like the Higgs
and the Z0 bosons, the photon and the neutrinos. They are singlet states under the SM gauge
interactions and the couplings between the SM and hidden-sector particles arise via mixing of
the hidden-sector �eld with a SM ‘portal’ operator. In the following section we will present
the generic framework for hidden sector portals along with a set of speci�c benchmark cases
that will be used in this document to compare the physics reach of a large fraction of
proposals presented within this study.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501 J Beacham et al

7





















complementary to all other initiatives in the �eld, with unparalleled sensitivity to highly motivated
parts of the axion parameter space that no other experimental technique can probe. The proposed
baseline con�guration of IAXO includes a large-scale superconducting multi-bore magnet,
speci�cally built for axion physics, together with the extensive use of x-ray focusing based on
cost-effective slumped glass optics and ultra-low background x-ray detectors. The unique physics
potential of IAXO can be summarized by the following statements:

(1) IAXO follows the only proposed technique able to probe a large fraction of QCD axion
models in the meV to eV mass band. This region is the only one where astrophysical,
cosmological (DM) and theoretical (strong CP problem) motivations overlap.

(2) IAXO will fully probe the ALP region invoked to solve the transparency anomaly, and
will largely probe the axion region invoked to solve observed stellar cooling anomalies.

(3) IAXO will partially explore viable QCD axion DM models, and largely explore a subset
of predictive ALP models (dubbed ALP miracle) recently studied to simultaneously solve
both DM and in�ation.

(4) The above sensitivity goals do not depend on the hypothesis of axion being the DM, i.e.
in case of non-detection, IAXO will robustly exclude the corresponding range of
parameters for the axion/ALP.

(5) IAXO relies on detection concepts that have been tested in the CAST experiment at
CERN. Risks associated with the scaling up of the different subsystems will be mitigated
by the realization of small scale prototype BabyIAXO.

(6) IAXO will also constitute a generic infrastructure for axion/ALP physics with potential
for additional search strategies (e.g. the option of implementing RF cavities to search for
DM axions).

Key requirements. The main element of IAXO is a new dedicated large-scale magnet, designed
to maximize the helioscope �gure of merit. The IAXO magnet will be a superconducting magnet
following a large multi-bore toroidal con�guration, to ef�ciently produce an intense magnetic �eld
over a large volume. The design is inspired by the ATLAS barrel and end-cap toroids, the largest
superconducting toroids ever built and presently in operation at CERN. Indeed the experience of
CERN in the design, construction and operation of large superconducting magnets is crucial for the
project. IAXO will also make extensive use of novel detection concepts pioneered at a small scale
in CAST. This includes x-ray focussing and low background detectors. The former relies on the
fact that, at grazing incident angles, it is possible to realize x-ray mirrors with high re�ectivity.
IAXO envisions newly-built optics similar to those used onboard NASA’s NuSTAR satellite
mission, but optimized for the energies of the solar axion spectrum. Each of the eight �60 cm
diameter magnet bores will be equipped with such optics. For BabyIAXO, using existing optics
from the ESA’s XMMmission is being considered. At the focal plane of each of the optics, IAXO
will have low-background x-ray detectors. Several technologies are under consideration, but the
most developed one are small gaseous chambers read by pixelised microbulk Micromegas planes.
They involve low-background techniques typically developed in underground laboratories, like the
use of radiopure detector components, appropriate shielding, and the use of of�ine discrimination
algorithms. Alternative or additional x-ray detection technologies are also considered for IAXO,
like GridPix detectors, magnetic metallic calorimeters, transition edge sensors, or silicon drift
detectors. All of them show promising prospects to outperform the baseline Micromegas detectors
in aspects like energy threshold or resolution, which are of interest, for example, to search for solar
axions via the axion-electron coupling, a process featuring both lower energies that the standard
Primakoff ones, and monochromatic peaks in the spectrum.
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Open questions, feasibility studies. As a �rst step the Collaboration pursues the construction
of BabyIAXO, an intermediate scale experimental infrastructure. BabyIAXO will test magnet,
optics and detectors at a technically representative scale for the full IAXO, and, at the same
time, it will be operated and will take data as a fully-�edged helioscope experiment, with
sensitivity beyond CAST and potential for discovery.

Status, plans and collaboration. After a few years of preparatory phase, project socialization
and interaction with funding bodies, the IAXO Collaboration was eventually formalized in
July 2017. A Collaboration agreement document (bylaws) was signed by 17 institutions from
Croatia, France, Germany, Italy, Russia, Spain, South Africa, USA, as well as CERN. They
include about �75 physicists at the moment. It is likely that this list will increase with new
members in the near future. A Collaboration management is already de�ned and actively
implementing steps towards the BabyIAXO design and construction. The experiment will
likely be sited at DESY, and it is expected to be built in 2–3 years, entering into data taking in
3–4 years.

The Collaboration already nicely encompasses all the know-how to cover BabyIAXO
needs, and therefore a distribution of responsibilities in the construction of the experiment
exists already. The magnet of (Baby)IAXO is of a size and �eld strength comparable to that of
large detector magnets typically built in high energy physics. For this IAXO relies on the
unique expertize of CERN in large superconducting magnets. The CERN magnet detector
group has led all magnet design work so far in the IAXO CDR. The technical design of the
BabyIAXO magnet, for which CERN has allocated one Applied Fellow, has started in
January 2018. Further CERN participation is expected in terms of, at the least, allocation of
expert personnel to oversee the construction of the magnet, as well as the use of existing
CERN infrastructure. Other groups with magnet expertize in the Collaboration are CEA-Irfu
and INR. The groups of LLNL, MIT and INAF are experts in the development and
construction of x-ray optics, in particular in the technology chosen for the IAXO optics.
Detector expertize exists in many of the Collaboration groups, encompassing the technologies
mentioned above. Experience in general engineering, large infrastructure operation and
management is present in several groups and in particular in centers like CERN or DESY.
Many of the groups have experience in axion phenomenology and the connection with
experiment, and more speci�cally experience with running the CAST experiment. Following
these guidelines the Collaboration board is in the process of de�ning a Collaboration
agreement (MoU) to organize the distribution of efforts and commitments among the
collaborating institutes.

IAXO has also submitted a separate document36 to be considered in the update of the
European Strategy for Particle Physics (ESPP).

4.2. Laboratory experiments: JURA

Brief presentation, unique features. The pioneer LSW experiment was conducted in
Brookhaven by the BFRT Collaboration [45], and the two most recent results are those of the
experiments ALPS [46] and OSQAR [47]. ALPS is DESY based and used a decommissioned
HERA magnet. ALPS is currently performing a major improvement to phase II, where a set of
10�+�10 HERA magnets will be coupled to two 100 m long Fabry–Perot cavities. ALPS�II
[48] will in fact take advantage of a resonant regeneration apparatus [49, 50], thus expecting a
major improvement of the current limit on LSW experiment given by OSQAR. ALPS�II will

36 The IAXO: case, status and plans. Input to the ESPP, https://indico.cern.ch/event/765096/contributions.
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represent the current state of the art LSW experiment, and for this reason its activities are
monitored with interest by the PBC since they will give key elements to judge the proposal
Joint Undertaking on the Research for ALPs (JURA).

ALPS�II aims to improve the sensitivity on ALP-photon couplings by three orders of
magnitude compared to existing exclusion limits from laboratory experiments in the sub-meV
mass region. ALPS�II will inject a 30W laser �eld into the 100 m long production cavity (PC)
which is immersed in a 5.3 T magnetic �eld. The circulating power inside the PC is expected
to reach 150 kW. The 100 m long regeneration cavity (RC) on the other side of the wall will
have a �nesse of 120 000. The RC is also placed inside a similar 5.3 T magnetic �eld. The
employed two different photon detection concepts are expected to be able to measure �elds
with a photon rate as low as �10�4 photons per second. A next generation experiment for a
LSW techniques will mainly rely on improved magnetic �eld structure, since from the optical
part only limited improvements seems to be feasible. The project JURA basically combines
the optics and detector development at ALPS II with dipole magnets for future accelerators
under development at CERN.

The sensitivity of ALPS II in the search for ALPs is mainly limited by the magnetic �eld
strength and the aperture (which limits the length of the cavities) of the HERA dipole
magnets. JURA assumes the usage of magnets under development for an energy upgrade of
LHC or a future FCC.

Key requirements. Several variants of these future magnets are of interest to the JURA
initiative. In one of them the inner high temperature superconductor part would be omitted, so
that magnets with a �eld of about 13 T and 100 mm aperture would be available (the modi�ed
HERA dipoles provide 5.3 T and 50 mm). In table 3 experimental parameters of ALPS II and
this option of JURA are compared. They follow from assuming the installation of optical
cavities inside the magnet bore in a (nearly) confocal con�guration.

Open questions, feasibility studies. The project JURA is a long term development, for which
the experiment ALPS II can be considered as a feasibility study, especially for the resonant
regeneration scheme. There are in fact some open questions: for example, the possibility of
running mutually resonant cavities of very high �nesses for distances of the order of several
hundreds meters is still open. The linewidth of such cavities is in fact of the order of a few Hz,
about one order of magnitude smaller than current state of the art. Another issue is the
detector noise, however recent developments using coherent detection schemes seem to be
very promising. Of course, the development of new magnets at CERN is not related to JURA,
and thus this project will just rely on other projects’ results.

JURA in the abovementioned con�guration would surpass IAXO by about a factor of 2
in the photon-ALP coupling. It would allow to determine the photon-coupling of a
lightweight ALP discovered by IAXO unambiguously and in a model-independent fashion or
probe a large fraction of the IAXO parameter space model independently in case IAXO does
not see anything new.

Status, plans and collaboration. ALPS II is currently being constructed at DESY in the
HERA tunnels. The tunnels and hall are currently being cleared and magnet installation will
begin in 2019. The optics installation will begin at the end of 2019 and �rst data run is
scheduled for 2020. About two years of operation is then expected. The time schedule for
JURA is foreseen to be for a 2024–2026 starting time by using a LHC dipole magnet in a �rst
phase. At the moment there is no real Collaboration and JURA might be considered an idea
for a possible experiment which should grow within the years to come.
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silicon-based tracking system in a 1.5�T dipole magnet to measure the momentum of the
incoming electrons, and to cleanly reconstruct electron recoils, thereby providing a measure
of missing momentum. A high-speed, high-granularity SiW calorimeter with MIP sensitivity
is used to reject potential high rate bremsstrahlung background at trigger level, and to work in
tandem with a scintillator-based hadron calorimeter to veto rare photo-nuclear reactions. The
design leverages new and existing calorimeter technology under development for the HL-
LHC, as well as existing tracking technology and experience from the HPS experiment [80].
The experiment is fairly small-scale for HEP standards. Thus it could be built, commissioned
and run over the course of a few years. A rendering of the proposed experimental design is
shown in �gure 5.

The scenario for a CERN SPS beam outlined below envisages a beam energy between
3.5 and 16 GeV [79]. Further requirements for the beam are a low current and large beam-spot
to ease the identi�cation of individual electrons, paired with a high duty factor for large
integrated luminosity.

All of this can be provided at CERN in three basic steps: a new LINAC providing
electrons with 3.5 GeV, injecting into the SPS where the electrons are accelerated to up to
16 GeV, followed by a slow extraction of electrons to be delivered to the experiment. The
bunch spacing can be any multiple of 5 ns up to 40 ns, the average number of electrons per
bunch can range from <1 up to anything that can be tolerated by the experiment, and there is
a high �exibility in the beam size, such that for example a beam spot of 2 cm�×�30 cm is
perfectly feasible. To achieve 1016 eot in one year would require approximately one third of
the time currently used by the SPS to accelerate protons.

The Collaboration anticipates the beamline could be available conservatively in 2025 (or
even a few years earlier depending on CERN priorities) and that this would accommodate
comfortably the time needed for the �nal design and construction of the detector. Hence, data
taking could start in 2025 (or earlier), and be completed within a few years, as little as
1–2 years for the most optimistic luminosity scenarios. In addition to the LDMX experiment
itself, the main construction needs are the electron linac as injector to the SPS, a 50 m tunnel
for last path of the extracted beam, and a small experimental hall. The potential of such a
primary electron beam facility goes beyond LDMX: (i) It also opens for a beam-dump search

Figure 5. The LDMX experiment layout.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501 J Beacham et al

30



https://indico.cern.ch/event/765096/contributions/
https://indico.cern.ch/event/765096/contributions/


https://indico.cern.ch/event/765096/contributions/3295624/
https://indico.cern.ch/event/765096/contributions/3295624/




CERN’s North Area has a large space next to the SPS beam transfer lines which is
largely free of structures and underground galleries, and is entirely located on the current
CERN territory. The proposed implementation is based on minimal modi�cation to the SPS
complex and maximum use of the existing beam lines. The design foresees space for future
extensions. SHiP pro�ts from the unique feature in the SPS of slow extraction of a de-
bunched beam over a timescale of around a second. It allows tight control of combinatorial
background, and allows diluting the large beam power deposited on the proton target both
spatially and temporally. Should an observation require consolidation, a second mode of
operation with slow extraction of bunched beam is also foreseen in order to further increase
the discrimination between the signature of a light dark matter object, by measuring their
different times of �ight, and background induced by neutrino interactions.

The schedule for the SHiP experiment and the experimental facility is largely driven by
the CERN long-term accelerator schedule. Accordingly, the schedule aims at pro�ting as
much as possible from data taking during Run 4 (currently 2027–2029). Most of the
experimental facility can be constructed in parallel to operating the North Area beam
facilities. The connection to the SPS has been linked to Long Shutdown 3 (i.e. for LHC
2024–2026) but requires that the stop of the North Area is extended by one year (2025–2026).
The schedule requires preparation of �nal prototypes and the TDRs for both the detector and
the facility by beginning 2022, and construction and installation between 2023 and
beginning 2027.

Background and feasibility studies. An extensive simulation campaign was performed to
optimize the design of the muon shield, detector setup as well as to develop a selection that
reduces all possible sources of background to <0.1 events over the experiment lifetime. The
backgrounds considered were: neutrinos produced through the initial collision that undergo
deep inelastic scattering anywhere in the SHiP facility producing V0s; muons de�ected by the
shield that undergo deep inelastic scattering in the experimental hall or anywhere within the
decay volume producing V0s; muons in coincidence from the same spill (combinatorial
muons) escaping the shield; cosmic muons interacting anywhere in the decay volume or with
experimental hall.

The rate and momentum spectrum of the muon halo obtained with the full simulation is
being calibrated using data from a dedicated 1 month long run performed in July 2018 where

Figure 7. Layout of the SHiP detector.
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collision axis, the �oor of TI12 should be lowered by 45 cm. This will not disrupt essential
services, and no other excavation is required. FASER will run concurrently with the LHC and
requires no beam modi�cations. Its interactions with existing experiments are limited only to
requiring bunch crossing timing and luminosity information from ATLAS.

If FASER is successful, a larger version, FASER2, with an active decay volume with
R�=�1 m and L�=�5 m, could be installed during LS3 and take data in the 14 TeV HL-LHC
era. FASER2 would require extending TI12 or widening the staging area UJ12 adjacent
to TI12.

Detector description, key requirements for detector. The layout of the FASER detector is
illustrated in �gure 9. At the entrance to the detector on the left is a double layer of
scintillators (gray) to veto charged particles coming through the cavern wall from the IP,
primarily high-energy muons. The veto layer is followed by a 1.5 m long, 0.6 T permanent
dipole magnet (red) with a 20 cm aperture. This serves as the decay volume for LLPs
decaying into a pair of charged particles, with the magnet separating these to a detectable
distance. Next is a spectrometer consisting of two 1 m long, 0.6 T dipole magnets with three
tracking stations (blue), each composed of layers of precision silicon strip detectors located at
either end and in between the magnets. Scintillator planes (gray) for triggering and precision
time measurements are located at the entrance and exit of the spectrometer. The �nal
component is an electromagnetic calorimeter (purple) to identify high energy electrons and
photons and measure the total electromagnetic energy.

Open questions, feasibility studies. The FASER signals are two extremely energetic (�TeV)
coincident tracks or photons that start at a common vertex and point back to the ATLAS IP.
Muons and neutrinos are the only known particles that can transport such energies through
100 m of rock and concrete between the IP and FASER. Preliminary estimates show that
muon-associated radiative processes and neutrino-induced backgrounds may be reduced to
negligible levels.

Recently a FLUKA study [93–95] from the CERN Sources, Targets and Interactions
group has been carried out to assess possible backgrounds and the radiation level in the
FASER location. The study shows that no high energy (>100 GeV) particles are expected to

Figure 8. View of FASER in tunnel TI12. The trench lowers the �oor by 45 cm at the
front of FASER to allow FASER to be centered on the beam collision axis. Credit:
CERN Site Management and Buildings Department.

J. Phys. G: Nucl. Part. Phys. 47 (2020) 010501 J Beacham et al

37



enter FASER from proton showers in the dispersion suppressor or from beam-gas
interactions. In addition, the radiation level expected at the FASER location is very low
due to the dispersion function in the LHC cell closest to FASER.

Emulsion detectors and battery-operated radiation monitors were installed in TI12 and
TI18 during Technical Stops in 2018. The results from these in situ measurements have
validated the FLUKA estimates, con�rming that the high-energy particle background is
highly suppressed and radiation levels are also very low and not expected to be problematic
for detector electronics. Additional work is ongoing to re�ne background estimates, evaluate
signal ef�ciencies, and optimize the detector.

Status of the collaboration. FASER submitted a Letter of Intent [96] to the LHCC in July
2018. At its September meeting, the LHCC reviewed the LoI favorably and encouraged the
FASER Collaboration to submit a Technical Proposal. This was submitted to the LHCC in
November 2018, and based on a positive review, the LHCC has approved FASER in March
2019. A working group has also been created within the PBC activities to study the interplay
between the detector, the civil engineering, the backgrounds and radiation levels at the
FASER installation point. Two private foundations contribute to support FASER’s
construction and operation costs.

The FASER group currently (December 2018) consists of 27 collaborators (22
experimentalists and 5 theorists) from 16 institutions in China, Germany, Israel, Japan,
Poland, Switzerland, the United Kingdom, and the United States. The list of institutes is the
following: Tsinghua University (China), University of Mainz (Germany), Technion (Israel),
Weizmann Institute (Israel), KEK (Japan), Kyushu University (Japan), Nagoya University
(Japan), National Centre for Nuclear Research (Poland), University of Bern (Switzerland),
CERN (Switzerland), University of Geneva (Switzerland), University of Shef�eld (United
Kingdom) Rutgers University (United States), University of California (United States),
University of Oregon (United States), University of Washington (United States).

Figure 9. Layout of the FASER detector. See text for description of the detector
components.
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