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The LHC experiments are probing the Standard Model in an unprecedented variety of ways. In
addition to that, the search of what physics lies Beyond the Standard Model is one of the main
quests of the ATLAS and CMS experiments at the LHC. In this regard, the upcoming High-
Luminosity upgrade of the LHC is going to unlock new possibilities in terms of new physics
searches, expanding the phase space of already probed models and investigating new kinds of
exotic models that have never been studied before. We present an overview of the Phase-2
upgrades of the ATLAS and CMS experiments and how these upgrades are going to expand the
reach of Beyond Standard Model searches.
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1. Introduction

There are several motivations that point to the existence of Beyond the Standard Model (BSM)
physics, and the search for these phenomena is one of the pillars of the physics program of the
ATLAS [1] and CMS [2, 3] experiments at the Large Hadron Collider (LHC). The LHC will soon
undergo a period of shutdown, called Long Shutdown 3 (LS3) starting in summer 2026, during
which the collider is going to be upgraded to its High Luminosity (HL) phase. The HL-LHC,
which is foreseen to begin operations in 2030, will raise the center-of-mass energy to the value of√
𝑠 = 14 TeV and will increase the instantaneous luminosity to 5−7.5× 1034 cm−2s−1, about a factor

of 5 higher compared to the LHC design luminosity average, making it possible to see a sizeable
increase in the amount of integrated luminosity by the end of HL-LHC operations. The foreseen
integrated luminosity at the end of 2040 is around 3000 fb−1. In order to tackle the challenges of the
HL-LHC and increase the physics reach of the experiments, both ATLAS and CMS will undergo an
intense upgrade program during LS3. Several subdetector systems are going to be replaced, others
improved, the triggers of the two experiments will undergo several modifications as well. In this
contribution, a brief description of some of the detector upgrades will be provided. Afterwards,
some of the new physics scenarios that the experiments will be able to probe with their enhanced
capabilities are going to be reported.

2. The upgrade of the ATLAS and CMS detectors

The increase in instantaneous luminosity comes at the expense of an increase in the total
integrated dose that is expected to be delivered to the detector components and in pileup (PU),
namely the number of simultaneous proton-proton collisions per bunch crossing. The average PU
value for Run 3 is ⟨PU⟩ ∼ 50, while this value is expected to reach ⟨PU⟩ ∼ 140 − 200 during
HL-LHC operations. Detector design needs to take this into account: high-granularity and high
spatial resolution trackers are essential to disentangle the different tracks and collision vertices.
In this context, the ATLAS and CMS experiments will undergo an extensive upgrade program in
order to tackle the challenges of the HL-LHC environment and increase the physics reach of the
experiments. Many subdetector systems of the two experiments will be replaced and others will
undergo redesigns and replacement of vital parts.
Both ATLAS and CMS are going to have their tracker subdector replaced and upgraded. ATLAS
is going to install the new all-silicon Inner TracKer (ITk), comprised of pixel (ITk Pixel Detector,
in the innermost part [4]) and strip (ITk Strip Tracker, in the outer region [5]) detectors. The ITk
is going to have a length of about 6 m and a diameter amounting to around 2 m and is going to
increase the tracker pseudorapidity coverage from the current |𝜂 | = 2.5 to |𝜂 | = 4.0 .
CMS is going to have its tracker upgraded as well, with an extension in terms of pseudorapidity
coverage (reaching |𝜂 | = 4), achieved again through the usage of silicon pixels and strips, the high
granularity assures an average occupancy that is below 1% in all tracker regions [6] and the tracker
information will be available to the L1 trigger (see Sec. 6).
Regarding calorimetry, ATLAS is going to have an electronics overhaul of its tile calorimeter [7] in
the barrel, together with the replacement of about 10% of the photomultiplier tubes that have been
most exposed to radiation damage. The Liquid Argon calorimeter will undergo an electronics up-
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grade as well, in order enable Level 0 triggering at rate of 1 MHz and an increase in trigger latency
to 10 µs [8]. CMS is going to have its endcap calorimeters replaced with the High Granularity
Calorimeter (HGCAL) [9], a new kind of calorimeter, largely silicon-based, with over 6 million
channels, that allows to carry out "5D calorimetry", tracking shower developments in space, energy
and time, with an expected timing resolution of the order of 25 ps for 𝑝𝑇 ∼ 5 GeV photons and
hadrons. In addition to that, the barrel electromagnetic calorimeter will undergo an upgrade of
its electronics [10], in order to match the increased L1 trigger rate from 100 kHz to 750 kHz and
increase in latency, improving on electron/photon time resolution as well. Finally, Gas Electron
Multiplier detectors are going to be installed in CMS [11], extending the muon coverage up to
|𝜂 | = 2.8 and providing redundancy to regions already covered. ATLAS muon detectors are going
to be upgraded as well [12], in order to be able to match the increase in trigger rate and latency.
In addition to the upgrades mentioned above, both experiments are going to install timing detectors,
with the aim of exploiting track time information in order to disentangle PU tracks from ones
originating from the signal vertex. In this regard, ATLAS is going to install the High Granularity
Timing Detector (HGTD) [13]: an LGAD-based (Low Gain Avalanche Pixel Detector) detector
covering the pseudorapidity range 2.4 < |𝜂 | < 4.0, which is going to assign times to charged tracks
with a resolution between 30 − 50 ps. CMS will install the Barrel Timing Layer (BTL), which
has LYSO:Ce scintillators as sensitive units, covering the |𝜂 | < 1.5 region, and the LGAD-based
Endcap Timing Layer (ETL) that is positioned in the 1.6 < |𝜂 | < 3.0 region [14]. These detectors
aim to achieve a timing resolution around 30 − 60 ps depending on the irradiation level.
In addition to that, the physics reach of the experiments during HL-LHC is going to leverage new
analysis techniques, improvements in flavour tagging, specific data streams, such as event data
gathered in an increased rate compared to standard triggers. These data streams are currently
used in Trigger Level Analyses (TLA) in ATLAS and High Level Trigger (HLT) and Level 1 (L1)
scouting analyses in CMS and will be crucial for the HL-LHC data-taking and analysis as well.
Furthermore, both experiments have developed new triggers based on Anomaly Detection (AD)
frameworks during Run 3 [15, 16], these techniques will provide unique leverage to probe uncon-
ventional signatures during HL-LHC as well.
This ambitious upgrade program is going to prepare the experiments for data taking in the chal-
lenging conditions of the HL-LHC while, at the same time, the novel and improved detectors are
going to open new phase spaces to probe the existence of physics Beyond the Standard Model.

3. Displaced vertex signatures probed with ATLAS ITk

Several BSM scenarios predict the existence of long-lived particles, that have a wide a range
of lifetimes, which may be produced at the LHC. Particles with a lifetime in the range O(10) ps to
O(10) ns may decay inside the ATLAS tracker volume and lead to the presence of secondary vertices
that are displaced compared to the beamspot position. This kind of signature poses a challenge in
the reconstruction: tracks originating from highly displaced vertices may have a limited number
of hits in the tracker, making it more difficult to reconstruct the particle’s path and its kinematical
properties. The new ATLAS ITk, with an active area of 165 m2 and 5 billion channels for pixels
and 60 million channels for strips, and a diameter of about 2 m, will give an unprecedented handle
in order to detect these kind of signatures.
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An estimate of the reconstruction efficiency for displaced tracks that are due to BSM physics has
been carried out considering the Phase-2 scenario in ATLAS [4]. A SUSY model with a gluino
mass of 2 TeV is taken as benchmark to assess the physics reach of the experiment. In this model,
the gluino hadronizes in a R-hadron that subsequently decays into a 100 GeV neutralino and an
hadron. In Run 2, it has been observed that at least 7 hits in the silicon layers are required to
reconstruct the displaced track with an efficiency close to 100%. The same requirement is used in

Figure 1: Probability that a particle from a displaced vertex related to the model described in the text leaves at
least 7 hits in the tracker, as a function of the R-hadron decay radius, compared between the Phase-2 foreseen
performance (blue) and the Run 2 performance (grey). The estimate is carried out neglecting hadronic
interactions with the detector material (continuous lines) and considering interactions for 𝑝𝑇 > 1 GeV tracks
(dashed lines) [4].

the computation of the efficiency displayed in Fig. 1: the probability of a particle from the displaced
vertex leaving at least 7 hits in the tracker, as a function of the decay radius, is reported for the
aforementioned model and compared to its corresponding values for Run 2. The comparison is
carried out between the Run 2 performance and the Phase-2 projection with the inclusion of the
ATLAS ITk. The hadronic interactions with the detector material, which lower the efficiency, have
been taken into account for 𝑝𝑇 > 1 GeV tracks and are considered in the results. The increase in
the tracker volume and the number of layers gives a sizeable improvement in the reconstruction
efficiency for this kind signature, especially at decay radii between 300 and 400 mm, where the
acceptance is well above 85%, compared to a value for Run 2 below 40%. It is also possible to
observe a non negligible efficiency for decay radii up to 𝑟 ∼ 700 mm. These results demonstrate
that the new ATLAS Inner TracKer will increase the experiment’s ability to probe new physics
models that may manifest through displaced decays, thus allowing to probe a deeper phase space in
these new physics models, both in terms in efficiency and in integrated luminosity.

4. Slowly moving particles searches with the CMS MIP Timing Detector

The high-resolution new timing detectors that are going to be installed in both experiments
will provide a new handle to search for non-standard time-based signatures for new physics. As an
example, Heavy Stable Charged Particles (HSCPs), which are particles predicted in several theory
models, are characterized by a large mass (𝑚 > 200 GeV). These theorized particles may travel at
a velocity 𝛽 ≪ 1 which is noticeably lower compared to the speed of light. This leads to a delayed
time signature in the timing detectors compared to MIPs. The introduction of the MTD in CMS
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and HGTD in ATLAS, which will have a ∼ 30 ps time resolution, may enhance sensitivity to this
kind of signatures.

Figure 2: Inverse velocity (1/𝛽) distributions in a Run 1 HSCP search at CMS (left), Monte Carlo samples
for different 𝜏 masses are reported, together with an estimate of the Standard Model background, compared
with the observed data in the signal region. On the right: the 1/𝛽 distribution estimated with the usage of
the MTD, focusing in the barrel region, for a benchmark 𝜏 sample with mass 432 GeV (dotted lines) and a
Drell-Yan background benchmark sample (continuous line), in two scenarios of BTL time resolution (red
and black) [17, 18].

As an example, focusing on a Gauge Mediated SUSY Breaking (GMSB) model that predicts
the existence of a 𝜏 HSCP [14, 17, 18], a comparison of the time-based sensitivity can be seen Fig. 2,
comparing the Run 1 and Phase-2 performance in CMS. The timing variable that is considered is
1/𝛽, which represents the inverse particle velocity, this value is estimated exploiting the muon
system subdetectors during Run 1 and from the MTD in the Phase-2 projection. The muon
system has a track time resolution of ∼ 1.5 ns, while the MTD is going to assign track time with
a resolution of 30-60 ps. This improvement in the track time resolution is going to result in a
substantial increase in the background-signal discrimination performance, with the analysis being
able to improve the rejection performance between the background 𝛽 ∼ 1 muons and the signal
𝛽 ≪ 1. This improvement in time resolution makes it possible to have a much narrower background
1/𝛽 distribution and thus loosen the selection on the events, increasing in turn the signal efficiency.

5. Search for magnetic monopoles using ATLAS High Granularity Timing Detector

Magnetic monopoles are particles theorized by several new physics models, their existence can
be probed in proton-proton collisisons at the LHC. They would appear as particles which have a
nonzero magnetic charge: magnetic charge is measured in units of Dirac charge (DC). A monopole
with a unit DC would have a ionization power equivalent to 68.5𝑒, with 𝑒 being the elementary
charge. This leads to a signature of a highly-ionizing particle. Searches at colliders for magnetic
monopoles with mass 𝑚 < 200 GeV can gain sizeably in sensitivity thanks to the new ATLAS
High Granularity Timing Detector [13]. The HGTD could provide a way to trigger on monopole
signals and probe this unexplored mass range. Considering a model of a magnetic monopole with
mass 𝑚 = 200 GeV, with charge DC=1,2, the expected HGTD hit energy is reported in Fig. 3.
The HGTD hit energies as a function of the hit 𝜂 are reported for a single event, together with
the hit energy distributions compared between magnetic monopole and MIP hits in HGTD. The
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Figure 3: HGTD hit energies considering magnetic monopole signals. The single hit energies for a single
monopole event with 𝐷𝐶 = 2 is reported as a function of hit 𝜂 on the left, separating hits in the first (red)
and second (black) HGTD layers are compared with the maximum MIP hit energy value (green). The
distribution of monopole hit energies for 𝐷𝐶 = 1, 2 (red and yellow lines respectively) samples are reported
on the right. The energy distributions are compared with a mininum bias (yellow) and single pion (green)
Monte Carlo samples. The striking difference in the hit energies can provide a unique way to trigger on
monopole events [13].

striking signature of the event in HGTD can be observed: one magnetic monopole with 2 DC
can generate several hits in HGTD with a very high energy deposition, reaching up to ∼ 1 GeV.
The comparison of the hit energies shows that monopoles, both with DC=1 and DC=2, have a hit
energy distribution that is peaked to very high values compared to MIPs (∼ 200 MeV for 𝐷𝐶 = 1
monopoles, ∼ 850 MeV for 𝐷𝐶 = 2 monopoles). This difference can provide a unique way to
trigger on magnetic monopoles leveraging HGTD information. Since the HGTD communicates at
a rate of 40 MHz with a luminosity processing system, a flag setting off a trigger can be added in
order to select on these event topologies. The usage of this information at the trigger level would
require the addition of a high-threshold discriminator to the HGTD electronics. In the baseline
version of the HGTD this is not foreseen to be implemented, but it can be added when the scheduled
replacements of the detector rings take place. This could provide a good handle to increase the
sensitivity to magnetic monopole signatures with 𝑚 < 200 GeV.

6. The role of the CMS L1 trigger in the search of new particles

Event selection at CMS follows a sophisticated triggering implementation: The collision rate is
40 MHz, a L1, synchronous hardware-based trigger, allows to reduce the trigger rate down to about
100 kHz, this rate is foreseen to increase to ∼750 kHz during Phase-2 operations [19]. In order to
reduce further the number of events to be saved on permanent storage, the High Level Trigger is
implemented on commercial computing hardware and operates asynchronously to assess whether to
save each event on permanent storage. One improvement that is going to be achieved with the new
CMS tracker designed for Phase-2 operations is the possibility to exploit tracker information directly
at the L1 trigger [6, 20]. This information is going to complement existing information available
at L1 and is going to make available track isolation, jet track multiplicity information directly at
L1, allowing as well the possibility to correlate tracks with muon system signatures. This creates
new possibilities to trigger on non-standard physics signatures and probe new physics scenarios.
In addition to that, the L1 scouting data-stream is going to collect reduced event information at a
40 MHz rate, opening windows on soft objects, physics at low couplings, and enabling analyses
that consider correlation between different bunch crossings (BXs). An example of this concept is
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Figure 4: Observed and expected upper limits at 95% CL on 𝑝𝑇 > 500 GeV HSCP production fiducial cross
section, as a function of the velocity 𝛽. The contribution to the limits of event categories that consider hits
in different muon stations in different BXs are reported [21].

an HSCP search [21] that has been conducted on 2024 L1 scouting data in CMS. HSCPs with a
velocity below 𝛽 ≲ 0.5 have an almost null HLT trigger efficiency, due to the delay in which they
leave an hit in the muon subdetectors, that may escape the event that is taken in consideration in the
analysis. This inefficiency is recovered by considering hits in the muon system that are recorded
across several BXs. This allows to expand the sensitivity of the analysis to slower particles. The
analysis is able constrain HSCP models that predict the existence of particles as slow as 𝛽 ∼ 0.2,
as it can be seen in Fig. 4, where a 3.5 fb 95% CL limit is put on the HSCP production fiducial
cross-section. These results have been achieved with about 3.7 fb−1 of integrated luminosity. And
with the implementation of the L1 scouting during the HL-LHC, the potentiality to probe new
physics models of this and other kinds will increase considerably.

7. Conclusions

The High-Luminosity LHC poses at the same time a challenge and an opportunity for the
ATLAS and CMS experiments at the LHC. The two experiments will undergo an ambitious upgrade
program, both regarding the detector components and in the trigger and data taking aspects. The
High-Luminosity era of the LHC will make use of these enhanced detectors, together with new
analysis and data taking techniques, collecting an unprecedented amount of data and extending the
search for new physics to unprobed phase spaces. Some of the examples of the physics scenarios
that are going to be probed with the Phase-2 detectors have been reported. However, this is a
very limited account of the real possibilities to probe new physics scenarios that are going to be
achieved with 3000 fb−1 of integrated luminosity at the end of the HL-LHC. New physics models
are going to be probed extensively by the two upgraded experiments, leveraging the increase
in integrated luminosity, new subdetectors and triggers, together with novel analysis techniques,
making it possible to shed light on a wide range of Beyond Standard Model theories.
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