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The Large Hadron Collider (LHC) stands as one of the most 
remarkable achievements in the realm of particle physics. 
Situated 100 m beneath the Swiss-French border, LHC ex-
periments are collecting massive volumes of data to scruti-
nize the Standard Model, the reigning theoretical framework 
that describes the fundamental particles of matter and their 
interactions. The Standard Model has been confirmed by 
numerous experiments, showcasing its remarkable accura-
cy. However, it still leaves essential questions unanswered.

Among the prominent enigmas is the low mass of the Higgs 
boson and the quest to identify and understand dark matter, 
required to explain century-old astronomical observations. 
More subtle puzzles include the neutron electric dipole mo-
ment measured to be close to zero. These and other mys-
teries collectively inspire physicists to venture beyond the 
Standard Model.

The quest for new physics beyond the Standard Model is far 
from straightforward. The absence of signals thus far sug-
gests that any new phenomena are rare, necessitating vast 
data quantities to gain sensitivity. Yet, the search resembles 
finding needles in a haystack, demanding sophisticated 
techniques to distinguish potential signals from the Stand-
ard Model processes. To enable detailed measurements 
and searches, LHC experiments demand unprecedented 
precision, resulting in their substantial size and stringent re-
quirements, including fast and radiation-resistant sensors, 
structural stability and accuracy, rapid readout systems for 
low-latency processing, and robust computing infrastructure 
for handling large data volumes.

The LHC has been accelerating beams since 2010, with the 
two general-purpose experiments, ATLAS [1] and CMS [2], 
collecting data from proton-proton collisions at various 
center-of-mass energies. While specialized experiments 
such as LHCb [3] and ALICE [4] have made substantial 
contributions to the knowledge gained from the LHC, this 
article won’t delve into these experiments. After the current 
data-taking phase, Run-3, the LHC will be transformed into 
a ‘high-luminosity’ machine, capable of generating data 
at unprecedented rates. By the end of Run-3, the ATLAS 
and CMS experiments will have accumulated only around 
10 - 15 % of the data expected throughout the entire life-
time of the LHC. As the accelerator undergoes enhance-
ments to prepare for the high-luminosity data-taking phase, 
the ATLAS and CMS detectors are also being upgraded. 

These upgrades include the integration of state-of-the-art 
radiation-hard sensor technologies, extremely fast trigger 
and readout systems, as well as novel computing infra-
structures. These advancements represent the culmination 
of intensive research and development efforts over the last 
decade.

Searches for new physics at ATLAS and CMS.
At the large general-purpose LHC experiments, the quest 
for new physics takes two primary approaches: indirect ex-
ploration through precision measurements that probe chal-
lenging regions of the Standard Model’s phase space, and 
direct investigation via searches for new particles inspired 
by various theories and models [5, 6].

The precision measurements span about 14 orders of mag-
nitude in production cross-section rates, which represent 
the probability that a physics process occurs, such as the 
production of W, Z, or Higgs bosons. The study of the Higgs 
boson, discovered in 2012, holds a special place in the 
physics program of the experiments. It represents a new 
opportunity, and our understanding of this particle remains 
incomplete. For instance, both experiments currently lack 
sensitivity to the simultaneous production of two Higgs bos-
ons, as this process is exceptionally rare according to the 
Standard Model predictions. Deviations from these predic-
tions in production rates could signal the presence of new 
physics.

Direct searches for new physics typically align with theo-
retical models proposing final states with specific charac-
teristics, such as large particle multiplicity, the presence of 
high-energy particles, distinctive kinematic properties, and 
particles with varying lifetimes, ranging from prompt decays 
to particles that travel long distances before they decay. 
Despite the richness of these searches and the occasion-
al tantalizing excesses of data above the Standard Model 
predictions that could be indicative of new physics, conclu-
sive evidence of such effects at the LHC remains elusive. 
And while the breadth of searches is large, the explorations 
mainly focus on new particles that generally couple strongly 
to the known Standard Model particles and are produced 
at high transverse momentum, as our experiments do not 
yet have large enough datasets to probe rare low-mass 
weakly-interacting new particles, leaving them largely un-
explored.
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New forward experiments at the LHC.
Large rates of high-energy light new particles with masses 
in the MeV to GeV range could be produced at low trans-
verse momentum at the LHC, in decays of light mesons 
such as pions and kaons, abundantly present in proton-pro-
ton collisions, primarily at a small angle to the beam collision 
axis. These high-energy low-mass particles would be long 
lived and thus travel a long distance before decaying. It is 
estimated that particles with energies in the TeV range will 
only spread out by 10 cm to 1 m in the transverse plane 
about 500 m downstream from the collision point. It is 480 m 
downstream of the ATLAS interaction point (IP) where a 
small new detector, FASER (ForwArd Search ExpeRiment 
at the LHC) [7], is strategically placed, providing sensitivity 
to particles that would be completely out of reach in the gen-
eral-purpose LHC experiments. The FASER detector was 
approved by the CERN research board in 2019, and was 
constructed with cost-effectiveness in mind, partly by re-pur-
posing unused detector components from the larger LHC 
experiments, ATLAS and LHCb. Besides innovative search-
es for new physics, the FASER experiment also aims at di-
rectly studying for the first time collider neutrinos produced 
in enormous numbers at the ATLAS IP marking the highest 
energies ever achieved for these particles at a laboratory. 
A second experiment with similar objectives, SND@LHC 
(Scattering and Neutrino Detector at the LHC) [8], was ap-
proved in 2020 to be placed symmetrically to FASER with 
respect to the ATLAS IP.

Both experiments were fully constructed, installed and 
commissioned, ready to take data in 2022 with the start 
of Run-3. The collaborations produced their first results in 
spring 2023 [9, 10]. They reported the first direct observation 
of collider neutrinos, with FASER achieving a remarkable 
16v significance and SND@LHC reaching 7v. The FASER 

collaboration also announced the observation of 
the highest-energy human-made electron neu-
trino, surpassing 1.5 TeV of energy. Additionally, 
FASER published the first search results for dark 
photons, delivering insights into parameter space 
that had remained unexplored since the 1990s 
and disproving previously viable models associat-
ed with dark matter, as shown in figure 1.

Future prospects.
In alignment with the consensus reached by both 
the European and the United States particle phys-
ics communities, which advocates for the full uti-
lization of the LHC’s potential throughout its op-
erational lifetime, an innovative Forward Physics 
Facility (FPF) [12] is proposed to be constructed 
at CERN on a timeline similar to the start of the 
LHC’s high-luminosity phase. Its primary mission 
is to conduct in-depth investigations into the for-
ward production of particles at the ATLAS IP. The 
proposed FPF is envisioned to host multiple ex-
periments, each designed to offer unique insights. 
These experiments will play a pivotal role in both 
the quest for new, weakly interacting particles and 
the exploration of Quantum Chromodynamics 
(QCD) phenomena through the detailed study of 
neutrino production and interactions.

Looking beyond the LHC towards large scale infrastructures, 
future collider projects will play a crucial role in advancing 
the human knowledge of particle physics. The Future Cir-
cular Collider (FCC) project [13], being studied by the in-
ternational high-energy physics community, will operate in 
two phases: first as a lepton collider, pushing the intensity 
frontier by providing unprecedented statistics on the pro-
duction of particles such as the Z boson, and subsequently 
as a very-high-energy hadron collider, pushing the energy 
frontier. The FCC offers a solid and diverse physics program 
that ranges from measurements of ultimate statistical preci-
sion to searches for new physics of unprecedented reach. 
It promises to advance boundaries in the search for light, 
weakly interacting particles and explore new avenues in our 
quest to comprehensively understand the universe.
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Figure 1: The 90 % confidence level exclusion contour in the dark photon pa-
rameter space. Regions excluded by previous experiments are shown in grey. 
The light red shading indicates the area favoured by dark matter relic density 
constraints, which lead to a viable parameter space that lies above the solid red 
line. The result explores parameter space uncharted in experiments since the 
1990s. Figure from [11].
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