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11Physics Department, University of Gothenburg, 41296 Göteborg, Sweden
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Abstract

In this paper, we describe the potential of the LHCb experiment to detect Stealth
physics. This refers to dynamics beyond the Standard Model that would elude
searches that focus on energetic objects or precision measurements of known processes.
Stealth signatures include long-lived particles and light resonances that are produced
very rarely or together with overwhelming backgrounds. We will discuss why LHCb
is equipped to discover this kind of physics at the Large Hadron Collider and provide
examples of well-motivated theoretical models that can be probed with great detail
at the experiment.
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1 Introduction

While particle colliders have not yet been able to find physics beyond the Standard Model
(BSM), there is a general consensus within the particle physics community that BSM
physics must exist, given the limitations of the Standard Model (SM) [1]. Therefore,
this lack of discovery might be due to three reasons: a) simply not being possible to
produce BSM physics at colliders; b) BSM physics lying beyond the energy frontier, and
being only accessible by building more powerful accelerators or; c) BSM physics being
within our reach but produced in “Stealth” mode, i.e., very rarely and/or with significant
backgrounds, hence not having been detected so far. We advocate here for option c),
which is comprised of what we have dubbed Stealth physics. With this description,
Stealth physics would involve signatures including rarely-produced particles, soft objects,
or decays from new light resonances. A prominent example is that of long-lived particles
(LLPs) [2], which are BSM particles that travel a macroscopic distance1. Given how rare
they are, these types of signatures are ideally suited to be studied at the precision frontier,
i.e., by accumulating large amounts of data from particle colliders, and using precise
detectors that can overcome the difficulties that these signatures impose. Moreover, novel
theoretical approaches solving some key problems of the SM naturally include Stealth
signatures.

Out of the existing experimental efforts to find BSM physics, the Large Hadron
Collider (LHC) is one of the most ambitious. The LHC collides protons at unprecedented
luminosity, producing some of the largest recorded collision datasets in history, that allow
the exploration of the precision frontier. The results of these collisions are registered by
four main detectors located at different collision points. In this paper we will focus in one
of them, the LHCb detector, which has been taking data since 2009 and is still expected
to continue doing so for the next 10 to 15 years. The LHCb detector is a single-arm
spectrometer, with a design complementary to the rest of the LHC experiments, and very
well instrumented in the forward region. These features allow the LHCb detector to tackle
Stealth signatures with surgical precision.

This paper aims at providing a useful guide both for:

• Theorists who want to study whether (and to what extent) their favorite model
could be probed at LHCb.

• Experimentalists at LHCb who are looking for new exciting signatures with a sound
theoretical motivation.

With those two goals in mind, the paper is divided in three main sections. Section 2 is
conceived as a dictionary for anyone to check the main considerations one should make to
study Stealth physics at LHCb. Next, Sec. 3 summarizes the main results achieved so far
by LHCb in the area of Stealth physics. Section 4 contains a brief review of interesting
theoretical models for which LHCb can have great discovery potential. Finally, conclusions
are drawn in Section 5.

1For LHCb this would mean roughly a mm in the laboratory frame.
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2 Experimental perspective

The LHCb experiment at CERN was originally designed to study the decays of heavy
flavour particles [3], that is, particles containing a b or a c quark. These particles are
characteristically light, long-lived and produced in the forward direction. They have
masses few times larger than that of the proton and they typically fly several mm (up
to few cm) in the detector before decaying. Consequently, the detector is designed
to select forward displaced decays with soft (low transverse momentum) final states
exploiting an outstanding Vertex Locator (VELO) and a fast and precise trigger. Unique
particle identification capabilities are provided by muon stations, a calorimeter system
and Cherenkov light detectors. Furthermore, excellent invariant mass resolution is key
to reduce backgrounds due to partially reconstructed decays or random combinations of
tracks. This is provided by a precise spectrometer composed of several tracking stations
upstream and downstream of a 4 Tm dipole magnet. With all of these features combined,
the experiment has become an outstanding resource to search for new particles, especially
in decays involving soft and/or displaced final states. The ranges of masses and lifetimes
targeted by these searches are similar to those typical of heavy flavour particles, which
are very difficult to probe at other LHC experiments like ATLAS and CMS, and where
the LHCb detector has unique and complementary capabilities.

The capabilities of LHCb will be significantly better in LHC Run 3, thanks to upgrades
of the LHCb vertex [4] and track [5] reconstruction systems, as well as a new trigger
system completely based on software [6].

2.1 The LHCb detector: Stealth considerations

In this section we present general considerations that concern the status of the detector
and its upgrades, the trigger and the particle reconstruction and identification.

The unique detector design of LHCb provides advantages and disadvantages with
respect to other LHC experiments in terms of Stealth physics. One key disadvantage of
LHCb is reduced data rates compared to that of the ATLAS and CMS detectors:

• Luminosity : To ensure the ability of the LHCb VELO to resolve displaced vertices
from heavy flavour decays, the luminosity at the LHCb collision point was reduced
via luminosity levelling, to an avaerage of about one proton-proton collision per
bunch crossing (. 5 % of the nominal LHC luminosity) [7]. While this does decrease
the total collected data, it also provides a cleaner environment with significantly less
pile-up. Reduced pile-up is particularly important for any type of Stealth physics
emerging from central exclusive production, such as some axion-like particle searches.

• Acceptance: LHCb instruments 4% of the solid angle in the pseudo-rapidity range
2 < η < 5. The LHCb acceptance for fully reconstructing the two-body decay of
a 100 GeV/c2 resonance is roughly 10 %, and 1 % for a 1 TeV/c2 resonance. The
detector is able to reconstruct charged stable particles with transverse momentum
(pT) above2 ∼ 80 MeV/c, if these are roughly produced in 0 < z < 500 mm and
0 < ρ < 30 mm, z and ρ being cylindrical coordinates.

2compared to ∼ 1 GeV/c for, e.g., CMS [8].
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Due to the non isotropic production angle of heavy quarks, 40 % of the heavy quark
production cross-section can be resolved within the LHCb forward acceptance. But,
this also means the signal acceptance for LHCb is smaller than for a more traditional
full coverage detector. Additionally, the limited geometrical acceptance reduces
the ability to use missing transverse momentum to search for invisible signatures.
However, the VELO does have full coverage from −5 < η < 5, albeit without
momentum determination, which can be used to search for large rapidity gaps in
events.

The overall combined factors of luminosity levelling and acceptance result in LHCb
collecting the equivalent of 1 % of the nominal LHC luminosity when searching for new
resonances above the electroweak scale. However, this reduction is counteracted by a
number of LHCb advantages, which include the following:

• Particle identification: LHCb has a comprehensive set of detectors for particle
identification, including Ring Imaging Cherenkov (RICH) detectors, as explained in
Section 2.1.4.

• Small displacements: The VELO used during Run 1 and Run 2 has a lifetime
resolution of ≈ 50 fs, an impact parameter resolution of3 13 to 20µm, and a
secondary vertex precision of 0.01 to 0.05 mm in the xy plane [9–11]. Similar
resolutions are expected after the Phase-I upgrade, as it will be seen in Section 2.1.1.
Not only do these resolutions allow for displaced searches to be performed for new
particles with lifetimes on the order of the D-mesons or larger, but also the ability
to discriminate against backgrounds using the flight vector determined from the
secondary vertex. This is particularly effective when constructing variables such as
the corrected mass, introduced in Sec. 2.2.5. Similarly, requiring the momentum and
flight vector to align can suppress large backgrounds for pointing signals.

• Narrow : The Run 1 and Run 2 momentum resolution is ≈ 0.5 % for charged
particles with momenta of 5 GeV/c and 1 % at 100 GeV/c. This excellent single
track momentum resolution translates to a mass resolution of 0.4 % for muon pair
production [12]. As many Stealth signatures have narrow natural widths, this
mass resolution significantly enhances searches when performing bump hunts on
continuum backgrounds.

• Trigger : The LHCb trigger, described in Section 2.1.2, is very flexible and efficient in
several key topologies for Stealth physics, which the trigger of other LHC experiments
cannot select. For instance, during Run 2, every muon pair candidate where each of
the muons satisfies pT(µ) > 0.5 GeV/c and p(µ) > 10 GeV/c was recorded, across all
masses [12].

2.1.1 LHCb past, present and future detector status

During the LHC Run 1 and Run 2, the LHCb detector has proven to be the ideal
environment to study heavy flavour particles. The schedule for LHC Runs, as well as the

3again, to provide a significant comparison, a “soft” track with pT of ∼ 1 GeV/c would have an impact
parameter resolution of ∼ 100 µm in CMS [8].
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Figure 1: Longer term LHC schedule as of September 2020. Figure from Ref. [13].

foreseen long shutdowns, are all collected in Fig. 1. On top of heavy flavor, the physics
program of the detector has been expanded well beyond its design, transforming LHCb in
a forward general-purpose detector at the LHC.

The LHCb collaboration has a long-term plan of upgrades, with a schedule that is
different from that of other LHC experiments. Its upgrades are divided in two phases [14,
15].

The Phase-I LHCb upgrade is being installed during the LHC Long Shutdown 2 (LS2)
and will allow the LHCb detector to collect up to 23 (50) fb−1 before the end of Run 3
(4) [4–6,14,16–18]. This upgraded detector is designed to run the experiment at higher
luminosity compared to the previous detector and improve the flexibility of the trigger
system. To better understand the different components of the detector, a 3D sketch of it
is shown in Fig. 2. The previous trigger system was based on high transverse momentum
signatures in the calorimeters or in the muon system. This allowed to fully read-out events
at a 1.1 MHz rate [19]. In order to keep the same read-out rate in the upgrade, these
transverse momentum requirements would have to be tightened further, which would
largely cancel the gains due to the higher luminosity. Moreover, the sub-detectors were
originally designed to operate for five years at an instantaneous luminosity of 2×1032 cm−2,
but at the end of Run 2, they had already reached an exposure of seven years at more than
3× 1032 cm−2. As a result, during the upgrade of the LHCb detector, many sub-detectors
are being replaced, improving the Stealth physics reach of LHCb. As discussed in Sec. 2.1.2,
one of the largest effects will come from the trigger which will move to a software-only
scheme. It will be able to fully process 30 MHz of inelastic event rate, collecting data
from all sub-detectors which will be needed for a full event reconstruction [6,20]. Data
will then be buffered to disk for online calibration and alignment.

Another important sub-detector for Stealth physics is the VELO [4]. The upgraded
VELO is based on pixel technologies rather than silicon strips as the previous VELO,
with a smaller sensor pitch size and located closer to the interaction point (just 5.1 mm
from the beam line). It is expected to have better primary vertex and impact parameter
resolution than the current VELO, even for Run 3 challenging conditions (higher particle
multiplicity and radiation damage) [4]. Thanks to an improved spatial resolution close to
the interaction point, the upgraded VELO will allow to perform a more precise fit of the

4



Figure 2: 3D sketch of the LHCb detector. Figure from Ref. [22].

vertex and thus to reduce the combinatorial background and resolve decays with shorter
lifetimes.

The Tracker Turicensis (TT), located upstream from the magnet, will be completely
replaced by a four-layered silicon strip detector, the Upstream Tracker (UT) [5]. The new
detector will be able to withstand at least 50 fb−1 of integrated luminosity, while having
an increased granularity and a 40 MHz read-out frequency.

The Phase-II LHCb upgrade was originally proposed to capitalise on the opportunities
that the High Luminosity LHC (HL-LHC) will offer [15, 21]. This second upgrade is
scheduled to be installed during the Long Shutdown 4 (LS4), for the start of Run 5, at the
beginning of 2031. Specifically, if the LHCb detector in the Phase-I upgrade configuration
is capable of operating in a high luminosity scenario but does not require it, a Phase-II
LHCb upgrade will allow the detector to operate at a value of instantaneous luminosity of
1−2×1034 cm−2s−1 and collect at least 300 fb−1. Among the many sub-detectors that will
be introduced, one of particular potential for the Stealth physics programme are tracking
stations installed on the internal surfaces of the dipole magnet. This upgrade will allow
LHCb to track particles with momenta well below 1 GeV/c. A promising first proposal
is to construct this sub-detector based on scintillating fibres with a readout of Silicon
Photo-Multipliers (SiPMs). This will allow the readout electronics to be placed outside of
the acceptance in a region of lower magnetic field and lower neutron flux.

The particle identification (PID) capabilities of LHCb rely mostly on information
recorded by the RICH sub-detector. Currently, the RICH provides no information for
kaon and proton candidates below 10 GeV/c. The proposed TORCH (Time Of internally
Reflected CHerenkov light) detector, to be installed as part of Phase-II upgrade, would
measure the time-of-flight (ToF) of charged particles [23]. This would effectively allow a
3 σ separation between kaons and protons all the way down to 2 GeV/c. TORCH would
be installed immediately upstream of the RICH 2 substations, with planes of 1 cm-thick
quartz that would cover a total area of 5 × 6 m2. The modes that involve protons in the
final state are those that would benefit the most from the installation of this sub-detector.
Nevertheless, the fact that K − π separation in the GeV/c momentum range is also
enhanced, will directly benefit the searches for Stealth signal candidates. The expected
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gains are in the range of 10 to 30 % in PID efficiency [23].
Another expected detector development related to Stealth Physics is the upgrade of the

muon system. Extra shielding has been introduced during LS2 to cope with the increased
luminosity but this will not be sufficient for the future and therefore some modifications
will be required during Phase-II. The current proposal is to replace the hadron calorimeter
(HCAL) with up to 1.7 m of iron [15]. This corresponds to an addition four interaction
lengths compared to the current setup. This change, which might seem drastic, is possible
since the HCAL information is mostly used in the hardware trigger, which will be obsolete
starting from Run 3.

Overall, the LHCb experiment is in a unique position to extend its role in the current
Stealth physics scenario. In particular, the removal of the hardware level trigger during
the Phase-I upgrade and the installation of tracking stations on the surface of the magnet
during the Phase-II upgrade will prove great tools for the future physics searches.

2.1.2 Trigger

The structure of the LHCb trigger has been in continuous evolution since its design for
Run 1 data taking [24]. Important features of the system are a high flexibility and the
capability of changing its configuration to adapt it to new physics goals. The Run 1 [25,26]
and Run 2 [27] triggers were implemented in two levels.

First, the L0 trigger, implemented in hardware, reduced the visible bunch crossing rate
to 1 MHz by selecting events with at least one particle with high transverse momentum or
energy, using the muon chambers and the calorimeter system. Events with high occupancy4

and complexity were rejected with an additional requirement on SPD hit multiplicity, this
being one of the components of the calorimeter. The transverse momentum and energy
thresholds varied over time and were different among the several signatures. The lowest
thresholds were used for muons (1.4-2.8 GeV/c), while the highest were used for hadron
signatures (3.5-3.7 GeV/c).

Then, the high level trigger (HLT) was designed in software, with high flexibility. It
was subdivided in two different levels:

• HLT1: This level comprised a partial event reconstruction and comprised a set of
inclusive selections based on topological information of signal candidates.

• HLT2: The last stage of the trigger was composed by a mixture of exclusive and
inclusive selections running after a full event reconstruction. Selections also included
particle identification.

Due to the rigidity of the L0 trigger, only the thresholds of the selections could be
changed across the years, but not the set of physical quantities used. However, the HLT
has undergone many modifications during its lifetime. For instance, significant advances
in reconstruction techniques allowed for full reconstruction in the HLT, including particle
flow and jet reconstruction. This flexible trigger during Run 1 and Run 2 already allowed
for very inclusive triggers. Apart from these, the major modification for Run 2 data taking
has been the inclusion of real-time calibration and alignment of the detector [28]. Special
trigger selections at HLT1 fed dedicated algorithms in order to align and calibrate the
different sub-detectors. These procedures were performed in a matter of minutes, so they

4this referring to having a large fraction of the sub-detectors actually firing.
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interfered minimally with regular data taking. A dedicated buffer was placed between
the HLT1 and HLT2 stages, able to accumulate up to two weeks of regular data taking
before running the HLT2 selections. This buffer served as a safety mechanism to check
and modify the calibration and alignment and to delay the HLT2 execution in case of
problems with the detector. Therefore, it was possible to get the same performance at
the HLT2 stage as for any offline selection.

The interest on storing large samples of beauty and charm hadrons for data analysis
pushed towards the design of a data stream based on exclusive selections where only
the information from the signal candidates is persisted. For the Run 2 of the LHCb
experiment, the Tesla application [29] was introduced in the online LHCb infrastructure
for that purpose. This new application generated a new data stream at HLT2, profiting
from the real time alignment and calibration achieved after HLT1 and from the full event
reconstruction. The new data stream, known as the Turbo stream [30], allowed to reduce
the event size by one order of magnitude with respect to the default data stream and
thus increase the rate at which events can be written. This new approach of data taking
becomes particularly efficient for studies where the analysis strategy is clear and the
backgrounds are well-known. These two factors become crucial since the information from
the underlying event is dropped after data processing, making it impossible to compute
some quantities offline. This strategy has been essential in the unprecedented precision of
results obtained, for instance, on charm CP -violation using LHCb Run 2 data [31], or for
dark photon searches, which fall in the category of Stealth physics (see Secs. 3 or 4.6 for
details).

For the Phase-I Upgrade of the LHCb experiment [32,33], the high increase of instanta-
neous luminosity, from 4× 1032 cm−2 s−1 to 2× 1033 cm−2 s−1, together with the aspiration
to widen the physics program of the experiment, forced a full re-design of the trigger.
One of the biggest limiting factors of the trigger schemes existing so far was the L0 stage.
The requirements on the transverse momentum and transverse energy of the particle
candidates present at this trigger level became inefficient for many searches at LHCb.
In the Phase-I Upgrade, the L0 will be removed, leading to a trigger composed of two
software-based triggers similar to those present in the high-level trigger of Run 2 [6]. This
will reduce the thresholds on the transverse momentum to roughly 0.5 GeV/c, imposed
by timing constraints on the reconstruction, and increasing the LHCb capabilities in the
low-pT region. A simplified event reconstruction with basic muon identification will be
performed in the first stage, whilst full event reconstruction, including real-time alignment
and calibration, together with full particle identification, will be available in the second
stage. The overall performance of the trigger will therefore become even more similar to
that achieved offline.

Due to the processing necessities of LHCb in terms of physics reach and also due to
the limited bandwidth of the experiment, the second stage of the upgraded LHCb trigger
is expected to be composed mainly by exclusive selections based on the Turbo stream [33],
described above. At least 60 % of the bandwidth will be reserved for this stream, and the
remaining 40 % will consist of inclusive and exclusive selections where the information
from the whole event is kept.

During the last years, there was an increasing effort to design new techniques in
order to boost the reconstruction and selection processes at HLT1. The low event size at
LHCb, together with the reduced relative cost with respect to a CPU implementation,
suggested the use of Graphics Processing Units (GPUs) at HLT1 [20,34,35]. Implementing
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a full HLT1 trigger on GPUs will allow to run the selection with no thresholds in the
reconstruction sequence, increasing the efficiency to trigger on soft signatures.

The current HLT1 strategy is partly tuned towards the fast reconstruction of displaced
vertices due to heavy-flavour decays. This entails that most of its discriminatory power,
and time budget, are ascribed to the VELO, which is the detector most suited for this task.
However, many Stealth signatures could still be located in detectors situated downstream,
due to long-lived particles in the final state. As a result, these channels rely on the rest of
the event to trigger the HLT1 in order to have a chance to be studied further in HLT2,
which relies on much more diverse signatures. Consequently, the search for new physics in
these channels pays a statistical price due to the absence of a dedicated HLT1 algorithm.5

The LHCb collaboration, in synergy with increased interest in SM decays containing
long-lived particles, is considering the possibility to run part of the HLT2 reconstruction
algorithms in the HLT1. This would possibly allow for dedicated, high-efficiency trigger
selections on high-pT long-lived particles, and thus significantly increase the lifetime reach
for LLPs with the LHCb detector.

In the LHCb Phase-I Upgrade data-taking scheme, only a small portion of the data is
recorded without any dedicated HLT2 selection, most of which are exclusive triggers. This
makes it crucial, in order to make the most of the delivered luminosity, to consider as soon
as possible interesting signatures and write trigger selections for them. Whereas some
Stealth searches could be performed with no dedicated HLT1 selection, for instance if
those searches include a high-pT muon or a displaced J/ψ, those same searches would still
need a dedicated HLT2 selection during data-taking. It is for instance possible technically,
but not yet implemented, to write HLT2 selections for modes containing a long-lived
particle decaying after the UT. Such line would allow to greatly increase the lifetime
reach of searches for BSM long-lived particles. Another possibility is to look for charged
long-lived particles that decay inside of the VELO. Triggering on such decays would be
done by associating tracks to a VELO segment, such as what would be done for the
K+ → π+π−π+ decay, which has a similar topology.

2.1.3 Offline reconstruction, with a focus on jets

Tracks in LHCb are classified according to the sub-detectors used in their reconstruction.
They belong to five main categories6 (as shown in Fig. 3):

• Long tracks that are reconstructed using hits from the VELO and the SciFi trackers,
and possibly hits from the UT. The scintillating fiber tracker (SciFi) is the new
tracking detector located right after the magnet (the T–stations as presented in in
Fig. 3), to be installed during Phase-I LHCb Upgrade and to replace the current
post-VELO silicon tracking system, together with the UT. They have the best
momentum resolution, typically of the order of 0.1 %;

• Downstream tracks that are reconstructed using information from the UT and SciFi
trackers only. Their momentum resolution is slightly worse than that of Long tracks;

• Upstream tracks that are reconstructed using information from the VELO and UT
trackers only. They often correspond to low-momentum charged particles that are

5The exact reduction factor depends on the production mechanism of the channel.
6note this refers to the upgraded version of the detector, as introduced above.
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Figure 3: Scheme of the main track types existing at the upgraded LHCb [5].

swept away by the magnet. Close to no momentum information is available for
those tracks;

• VELO tracks that are reconstructed using only hits in the VELO. No momentum
information is available for these tracks;

• T -tracks that are reconstructed using only hits in the SciFi tracker. Due to the
residual magnetic field in the SciFi region, a typical momentum resolution of 20 %
can be achieved on these tracks.

Trigger decisions rely solely on Long and Downstream tracks, and only the former type
is used in the first level of the trigger. As a result, analyses using any of the three other
types of tracks needs to access full events and apply offline reconstruction techniques.

A part of the LHCb data flow is stored in the “full stream”, where all the event
information is stored so that further reconstruction can be performed offline. Due to the
much larger average event size, these streams have a limited acquisition rate. Accessing
all the underlying information of the events however allows to run some algorithms that
are too costly for online execution, as well as allow for some flexibility to design innovative
new physics searches. For instance, track extrapolation through the LHCb magnetic field
can be run from scratch, with the aim of increasing the vertex reconstruction performance
(inside and after the magnet region) with the aid of a Runge-Kutta extrapolator [36].
The study of decays in flight of charged particles also benefits from this, allowing to look
further into kinks of the track trajectories, which would otherwise be associated with
scattering.

Jet reconstruction at LHCb uses the anti-kT algorithm [37] as implemented Ref. [38].
The inputs used in the jet reconstruction are built using a particle-flow strategy. Charged
particles and calorimeter information are selected in order to build unique charged or
neutral particle candidates with a minimum overlap between them. In Run 2 data, well
reconstructed jets had a minimum pT of 15 GeV/c within the range 2.2 < η < 4.2 [39].

Jet energy correction is determined from simulation and applied to recover the jet
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energy at particle level. Jet quality requirements can be applied to reduce fake jets with
efficiencies close to unity.

Jets can also be heavy-flavour tagged, i.e. identified as containing a b− or c−hadron.
In Run 2, the jet heavy-flavour tagging was based on the presence of secondary vertices
within the jet cone [40]. Its performance was reproduced in simulation at about the
10 % level for heavy-flavour jets, and at the 30 % level for light-parton jets. A typical
heavy-flavour tagging efficiency for identifying a b (c) jet was measured to be about
65 %(25 %) with a fake rate of 0.3 %.

In addition to the standard jet definition, jets originating from a hypothetical long-
lived particle can also be reconstructed by selecting displaced vertices and/or tracks as
inputs [41]. This strategy can also be used if a specific particle is required to be in the jet
in order to study hadronisation phenomena (see Ref. [42]).

In Run 3 the jet reconstruction is expected to be challenging, given the higher
multiplicity of pile-up interactions. Neutral particles reconstructed in the calorimeters
cannot be associated to the primary vertex, resulting in a degradation of the jet energy
resolution in events with many interactions. For this reason advanced techniques for the
neutral recovery that take into account the pile-up should be employed. Algorithms like
the Pileup Mitigation With Machine Learning (PUMML) [43] can be used to effectively
subtract the pile-up contamination. In particular this algorithm takes as input the
energy distribution of charged leading vertex particles, and gives as outputs the energy
distribution of neutral particles coming from leading vertex alone.

Novel jet clustering techniques can also be used to face the Run 3 environment.
For example clustering algorithms based on Graph Neural Networks are considered
promising [44, 45]. These algorithms can be trained on specific channels (i.e. a di-jet
resonance from new physics) and it has been demonstrated that they can give a better
performance with respect to classical algorithms in high pile-up conditions.

Improvements on the heavy flavour tagging are also expected in Run 3. As explained
above, during Run 1-2, LHCb has based its tagging capability on the reconstruction of
displaced vertices, in order to keep the light flavour contamination low. However, in many
cases, this approach may not give the best performance in terms of significance for new
physics channels. For this reason we foresee the development on new tagging algorithms
à la carte, that can be tuned depending on the target search. As an example, these can
be done by employing more general vertexing algorithms with adjustable parameters.
Moreover deep learning algorithms that exploit the jet sub-structure can be used for the
jet tagging, as done at the CMS experiment [46]. The advantage of this last category of
algorithms is that the displaced vertex reconstruction is not explicitly required, potentially
improving the efficiency.

2.1.4 Particle identification

PID at the LHCb experiment is based on the combined information from the electromag-
netic and hadronic calorimeters, the muon chambers, two Cherenkov-light based RICH
detectors and the momentum measurement from the spectrometer. The decay products
of long-lived particles might be harder to identify if the decay occurs downstream of
some subdetectors. The LHCb PID system is optimised for the momentum range of
heavy meson decay products. For example, only muons with a momentum in excess of
3 GeV can be correctly identified in the muon chambers, while electrons with transverse
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momenta larger than 20 GeV saturate the electromagnetic calorimeter readout and are
harder to identify. The identification of charged kaons, which is provided mostly by the
RICH system is optimal in the momentum range between 10 and 40 GeV (kaon efficiency
of 95% for pion mis-identification probability below 1%). On the other hand, the RICH
system can provide excellent identification of electrons with very soft momenta, as pions
of the same momentum have significantly lower velocity β and do not emit any Cherenkov
light (the Cherenkov momentum threshold for pions is 2.6 GeV in RICH1 and 4.4 GeV in
RICH2 [18]).

Photons reconstructed in the calorimeter are distinguished from neutral pions by the
shape of their energy deposit. Neutral pions with transverse momenta in excess of 2 GeV
result in a merged energy deposit cluster in the calorimeter and are hard to distinguish
from photon clusters (roughly 45% of neutral pions as misidentified if one requires a
photon identification efficiency of 95% [11]). Despite the low radiation length of the LHCb
trackers, a fraction of photons convert to di-electrons in the detector material. These
photons can be reconstructed with excellent momentum resolution and information on
the photon trajectory which can be used to identify their displaced production vertex.
However, detecting photons through their conversion is a factor 30 to 100 less efficient
than via the calorimeter [11].

2.2 Final state considerations

This section reviews the main experimental challenges involved in studying Stealth physics
at LHCb. It covers some of the most popular experimental signatures, such as µ+µ− or
jets, as well as some for which fewer studies have been done, such as final states with
invisible particles or τ+τ−.

2.2.1 Beauty hadron decays to invisible

Given it has no full coverage, LHCb cannot in principle measure Emiss
T , which severely

compromises direct searches for invisible particles. An exception to that arises in dis-
placed decays of particles to invisible plus reconstructible objects. In that case, if the
reconstructible objects allow the determination of the position of the decay vertex, it is
possible to measure a proxy Emiss

T variable for displaced semi-invisible decays: the missing
pT with respect to the direction of flight of the parent particle, pmiss

T . An example of
this is the search for dark matter (DM) particles in b hadrons, b → DM + XSM. The b
hadron line of flight determined with the production and decay vertices is misaligned with
the visible momentum p(XSM) This technique has been used widely at LHCb to select b
decays involving neutrinos, and is explained in more detail in Sec. 2.2.5.

Moreover, whenever an assumption is made about the mass of the parent particle, it
becomes possible to relate the maximum pmiss

T observed in the decay with the mass of
the missing particle. This is useful to distinguish, e.g., DM produced in b decays from
semileptonic b decays involving neutrinos.

An additional handle to help with the reconstruction of the missing particle in displaced
decays is the reconstruction of the heavy, usually prompt, parent of the displaced particle.
Examples are the prompt D∗+ → D0π+ or B∗0s2 → B+K− decays. In this regard, LHCb
has just published a search for the lepton flavor violating decay B+ → K+µ−τ+ where
the kinematics of the τ lepton are obtained through the reconstruction of the excited B∗0s2
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meson, in the B∗0s2 → B+K− decay [47]. This or other excited b−hadron decays could be
crucial to measure the kinematics of decays involving DM, although at the cost of reduced
production rates.

The main background to search for DM in b hadron decays arises from other b decays
where some of the final state particles are not reconstructed. As mentioned above,
semileptonic b decays are a perfect example of this. Other events that can produce
background involve cases in which some of the b hadron decay particles either a) are
outside of the geometric acceptance of the detector (pseudorapidities roughly between 2
and 5) or b) they are neutral and are missed by the calorimeters or; c) are charged but
their momentum is too small and they get swept out of the acceptance by the magnet.
While a part of these backgrounds is mostly irreducible, and can only be suppressed
through the techniques described above, powerful isolation techniques can also provide
discrimination. This would involve, e.g., the use of tracks without hits at all the tracking
layers or the reinterpretation of the data from the calorimeters.

Semileptonic b decays involving a neutrino provide a good benchmark for determining
the expected trigger efficiencies for searches of this kind. The LHCb trigger was designed to
fire also on partially reconstructed decays of b hadrons. Therefore, high trigger efficiencies
are expected in this type of channels, provided at least two charged tracks that do not
originate from the primary vertex form a good displaced vertex. Specific examples of
trigger efficiencies at LHCb so far for this kind of channels are given by Ref. [48], which
obtains HLT efficiencies for several semileptonic b decays of around 50 %. An additional
benchmark comes from Ref. [49], measuring an efficiency during Run 1 of ∼ 50% for
B → τ + X decays, with τ decaying in turn to at least 3 charged pions and the whole
decay chain passing some additional selection cuts. As for the future trigger, given its
structure will be close to that of Runs 1 and 2 (but with the big advantage of having
no hardware level trigger, as discussed in Sec. 2.1.2), the expected efficiencies will be
better. In general, final states including charged tracks with impact parameters well
above 0.1 mm and pT above 1 GeV/c guarantee high trigger efficiencies. For instance,
Ref. [50] shows HLT1 efficiencies close to ∼ 50% to several semileptonic B decays loosely
selected in simulation and Ref. [51] quotes HLT2 efficiencies in the ∼ 10− 50% range for
different decays where one of the final state particles is not reconstructed. It should be
highlighted that developing more exclusive selections, incorporating the pmiss

T proxies or
isolation criteria, could increase the HLT2 efficiencies to values closer to 100 %.

2.2.2 Displaced hadronic decays

The LHCb experiment has published a search (using Run 1 data) for long-lived particles
decaying hadronically [52], where the signature consists of a single displaced vertex
decaying into two heavy quarks which later hadronise into jets. The di-jet invariant
mass range between 25 and 50 GeV/c2 was explored. In this search, displaced vertices are
reconstructed using tracks selected with a minimum impact parameter requirement, and
then required to be highly displaced (the vertex displacement is required to be more than
0.4 mm in the transverse plane). A minimum track multiplicity and an invariant mass
higher than the typical B-meson masses, is also imposed. A more efficient and inclusive
selection strategy would be to use displaced tracks to reconstruct a displaced jet with a
cone radius of ∆R < 0.5, employing the anti-kt clustering algorithm. This was tested
during the 2018 data-taking period as a proof-of-concept, and it is described as follows:
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after the displaced jet is reconstructed, loose minimum displacement and minimum pT

requirements, pT > 10-15 GeV/c, are imposed. Then, a vertex reconstruction algorithm is
ran using tracks associated to the jet, reconstructing in this way all displaced vertices
inside the jet cone. Finally, a certain number of both displaced vertices and children
particles of the displaced vertices are required: these numbers are chosen depending on
the mass of the jet and its flavour. With this technique, a number of displaced jets
can be required as well to reduce QCD background as much as possible, especially for
very low lifetimes. However, even if the proof-of-concept showed promising results, for
Run 3 it would be needed to improve the selection requirements by performing dedicated
optimisation studies.

On top of this, for long-lived particle masses between 5 and 10 GeV/c2, the two jets in
the final state would be identified as a single one, hence new tools need to be developed
to distinguish these merged jets from QCD background jets as well as to disentangle
the substructure of these objects [53, 54] (more details can be found in 2.2.7). Finally,
additional improvements to jet reconstruction algorithms are considered, i.e., the use of
machine learning (ML) tasks [43] to identify the higher pile-up contributions expected
during Run 3 and beyond.

The LHCb collaboration has also published a search for long-lived particles decaying
semileptonically (one high pT muon, well isolated, and associated to a displaced vertex
consisting of two heavy quarks) [55]. Prospects for both searches described above, for
Run 3 and beyond can be found in [56]. A search of long-lived particles decaying to lighter
quarks that are fully reconstructed as charged hadrons rather than jets, has been recently
proposed [57]. In principle, analyses involving hadronic decays in LHCb make use of the
so-called topological triggers, standard HLT2 triggers designed for B-meson decays rely on
the identification of a displaced vertex formed by at least two tracks [48,58]. Unfortunately,
they include requirements on the invariant mass and the flight distance of the multi-body
object which are tailored for B-mesons and can be inefficient for long-lived particles with
larger mass and lifetime. This analysis can benefit from a dedicated trigger selection such
as an inclusive selection for multiple displaced vertices in the event, decaying hadronically.
High pT tracks identified as kaons or pions can be required to form a good displaced vertex
while their combined momentum can be required to point back to the PV. The amount
of remaining hadronic background needs to be studied. If needed, it can be reduced by
requiring more than one displaced vertex with these characteristics in the decay, a feature
found in models such as [59]. For these models, another possibility would be to develop a
trigger selection similar to the i.e. topological triggers, but optimised for short lifetimes, i.e.
2 ps. On the other hand, if the stealth particles come from the decay of a SM Higgs such
as in [57], a tighter pT requirement can be used to reduce QCD background. However, a
significant amount of background would be still present: contamination from K0

S and D0

decays (produced in the PV or from a B-meson decay), as well as from Λ-baryon decays
into a pK or pπ, where the proton is mis-identified as a hadron by the RICH system.

2.2.3 Pairs of muons

Searches for new particles decaying into a pair of oppositely-charged leptons are a crucial
part of the LHCb physics programme, leading to many publications in the past years [12,
39, 60–63]. Previous di-lepton searches at LHCb are based on pairs of muons rather than
electrons or tau leptons, for two main reasons: LHCb is very good at identifying muons
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with very low pT and can do so at the first trigger level, and low-energy muons momenta
are precisely measured by the LHCb spectrometer.

The muon hardware trigger used during the LHC Run 1 and Run 2 required either
one muon with pT(µ) & 1.8 GeV/c or a muon pair with pT(µ+)pT(µ−) & (1.5 GeV/c)2 [27].
These requirements became an important bottleneck for light muon pairs and will be
removed in the upcoming LHCb upgrade, as seen in Sec. 2.1.2. The kinematic selection
at the software stage of the trigger depends on the event topology considered. The
background rate is larger for the inclusive prompt di-muon signature due to the Drell-Yan
continuum, semi-leptonic heavy-flavour hadron decays, and misidentified pions. Yet, in
Run 2 LHCb recorded prompt muon pairs with pT(µ) > 0.5 GeV/c, p(µ) > 10 GeV/c,
pT(µ+µ−) > 1 GeV/c and pT(µ+)pT(µ−) > (1.0 GeV/c)2, while no requirement in the
minimum di-muon invariant mass is imposed [63]. Thresholds this low were reached
by precisely identifying and reconstructing muon candidates in real time, thanks to the
techniques pioneered by LHCb, such as the Tesla application. Indeed, online analysis
allows to drastically reduce the mis-identified background component and, as we have
seen, to discard most of the lower-level information, leading to a dramatic reduction of
data rate to be recorded.

Note that, contrary to other experiments, the muon system at LHCb has no magnetic
field, so that the momentum of muons is measured as for any other charged track, i.e.,
through the trackers located upstream of the detector. More specifically, the momenta
of muons produced in the VELO and leaving hits in all tracking stations (reconstructed
as Long tracks, as explained in Sec. 2.1.3) are measured with a resolution of about 5 per
mille for p(µ) < 20 GeV/c (rising to about 8 per mille for p(µ) ∼ 100 GeV/c) [11]. Despite
the much higher multiplicity, slightly better momentum resolution is expected for the
tracking system of the upgraded LHCb detector [64].

Note that, depending on the signature that is being reconstructed, the dimuon mass
resolution can be improved by imposing that muons come from the same vertex, or by mass
constraints on known narrow resonances. For example, in the supplementary material
from Ref. [60], it is shown that σm/m of m(µµ) from B+ → K+χ(µ+µ−) is at the level of
1 per mille in the region of large m(µµ). This is thanks to a kinematic constraint that
forces m(K+χ(µ+µ−)) to match the known B+ mass.

Muon tracks that leave no hits in the VELO but interact with the tracking stations
before and after the magnet (Downstream tracks, see again Sec. 2.1.3) have a resolution
about two times worse and are much harder to trigger and reconstruct online. Currently,
they are not used in published LHCb di-lepton searches, but, as introduced above, there
are plans for the future, especially as the interest on long-lived particles increases.

Concerning the backgrounds, these depend pretty much on the properties of particle
decay that we one wants to reconstruct, such as invariant mass or lifetime. For prompt
decays, Drell-Yan production becomes an irreducible background, usually very hard
to distinguish from signal (other than through the invariant mass or any additional
product produced accompanying the signal). For displaced decays, heavy QCD, such as
bb̄ production, is very abundant, since B mesons decay semi-leptonically very often to
muons. Other than these, hadrons misidentified as muons can be relevant, specially if low
momentum muons (p . 10 GeV) are not excluded from the kinematic selection. These
considerations are obviously dependent on the mass of the decaying mother, but generally
hold in the regime of more interest at LHCb, . 20 GeV/c2.
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2.2.4 Pairs of electrons

The momentum measurement of electron tracks is affected by significant losses of energy
before the magnet due to the emission of bremsstrahlung radiation. These result in a
dielectron mass resolution that is significantly worse than that of dimuons. Furthermore,
in Run 1 and Run 2, selections on final states with di-electrons and di-photons were limited
by stringent requirements on deposits in the electromagnetic calorimeter (ECAL), at the
hardware first trigger level. An inclusive di-electron software-level trigger was implemented
during Run 2, which used electromagnetic clusters identified at the L0 trigger stage, but
now linked against HLT1 tracks. Triggers similar to the inclusive di-muon selections used
to search for low masses resonances, with pT thresholds as low as 1 GeV, were introduced.
Additional inclusive displaced triggers, as well as exclusive π0 → e+e−γ and η → e+e−γ
triggers were also implemented. While no analyses have yet been published using these
selections, initial studies indicate the efficacy of these triggers. In addition, searches for
di-photons with conversions benefit from the selections already available for displaced
tracks, which are designed to select di-electron tracks from conversions.

For Run 3, with the removal of the L0 level, a direct selection based on information
from the tracking system is possible, both at HLT1 and HLT2, allowing to select on more
discriminate information like displacement, vertex quality and others, in comparison to
just ECAL information. In addition, at HLT1 level, full reconstruction of clusters in the
ECAL should be possible. The information obtained from the full ECAL reconstruction
can in turn be matched with the information from the tracking systems, opening up the
identification of electrons within the set of available charged tracks at HLT1, which was
only possible during Run 2 using the more rudimentary L0 electromagnetic clusters. In
addition, the use of partial track-reconstruction for di-electrons can considerably decrease
material-interaction related inefficiencies, which can be implemented at both HLT1 and
HLT2.

The aforementioned additions in the trigger system of LHCb open up the selection
of very soft (di-)electrons and converted (di-)photons that are predicted BSM scenarios
like dark photons, axions, and dark showers. With the full clustering of the ECAL,
bremsstrahlung recovery will also be available at the HLT1, and will help increase momen-
tum resolution and improve sensitivity in resonance searches. For exclusive final states
with photons and electrons, this can significantly reduce trigger rates.

2.2.5 Pairs of taus

LHCb has performed several analyses of decays involving tau leptons in the final state.
Most of them consider only a single τ produced from the semileptonic decay of a B-meson,
where the τ → πππν decay mode is considered in most of the cases [49]. Fewer analyses
use pairs of τ leptons. In the search for B0

s → ττ decays both τ leptons are reconstructed
hadronically [65] while in the Z0 → ττ analysis both leptonic and hadronic τ decays were
used [66].

The τ leptons can be reconstructed either in their hadronic three-prong decay τ →
πππν or the leptonic decay τ → lνν. The leptonic τ decay has a larger branching
fraction but does not allow to reconstruct the τ decay vertex due to the presence of
two neutrinos in the final state. For hadronic τ decays, combinatorial background
can be reduced by estimating the τ invariant mass using the so-called corrected mass,√
m2(πππ) + p2

T(πππ)+pT(πππ), where the pT is computed with respect to the τ direction
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of flight7. This technique is widely used in LHCb analyses involving neutrinos and can
only be used if the τ direction of flight is known. In addition, the hadronic three-prong
decay mode consists of three reconstructible tracks in the final state in comparison with
the single-track leptonic decay mode, which leads to a lower selection efficiency.

Pairs of τ leptons can be formed using either modes, following the strategy in Ref. [66],
namely:

1. Purely hadronic decays: τ1 → πππν and τ2 → πππν,

2. Purely leptonic decay with different flavours: τ1 → l1νν and τ2 → l2νν,

3. Both hadronic and leptonic decays: τ1 → πππν and τ2 → lνν.

A large QCD component is expected to pollute the ττ system reconstructed with the
first method, however, since both τ leptons are reconstructed, an isolation technique can be
used to reduce it. With the second method, requiring leptons with different flavour allows
to efficiently reduce background contributions from SM di-leptons. However, depending on
the ττ invariant mass and lifetime, the optimal reconstruction strategy in terms of signal
efficiency and background cancellation can be a combination of these three methods.

There is also the possibility that either both τ leptons are produced from a displaced
decay vertex, or that only one of them is produced from a prompt decay vertex and
associated with an invisible particle, which then flies and decays into some other objects
plus the second τ lepton. For the displaced τ lepton(s), additional requirements on the
displacement of this object can be imposed, potentially having a sizable impact in the
selection: the more displaced, the less prompt QCD background will be present. However,
the corrected mass technique for hadronic τ decays can not be applied, since the direction
of flight of the τ lepton would not be known anymore.

2.2.6 Pairs of photons

LHCb can reconstruct the energy of photons when they reach the ECAL. Their iden-
tification is discussed in Sec. 2.1.4. The position of the photon energy cluster in the
calorimeter provides the photon direction if it is assumed to have originated from the
pp interaction point. The momentum measurement is more accurate if photons convert
in the material detector to an e+e− pair which are reconstructed in the tracker system.
Furthermore, converted photons have a well defined trajectory, which is useful to detect
those originating from displaced objects. However, only a fraction of roughly 5 % of the
detected photons are reconstructed as conversions [11].

Dedicated di-photon trigger selections for Run 2 were first introduced in 2015 for the
search of the rare decay B0

s → γγ. The reconstruction of unconverted photons at HLT1
was made possible by the introduction of combinations of ECAL clusters coming from L0,
given the fact that no dedicated ECAL reconstruction was present at HLT1 level. The
shape and size of these clusters is fixed to fit an array of 2 x 2 cells. Due to this topology
and to saturation of the ECAL electronics, these objects do not allow for effective cuts for
ET values above 10 GeV. This is because these ECAL objects saturate over this threshold.
Figure 4 shows the invariant mass spectrum of unconverted di-photons selected by this
trigger sequence. The composition of the background present in this plot mainly consists

7so this quantity necessarily requires knowing the τ decay vertex.
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of π0 mesons and photons that do not proceed from heavy quark processes. For Run 3, a
dedicated reconstruction sequence will allow for more efficient requirements on high ET
photons.
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Figure 4: Figure taken from [67]. Mass profile of unconverted photon selection based on 80 pb−1

of 2015 LHCb data

Displaced di-photon searches that include converted photons benefit from existing
displaced track trigger selections. Moreover, during 2018 data taking, a trigger to select
both converted and unconverted di-photons based on a Neural Network was introduced.
This is a novel technique which was never used before for this kind of multi-body decays at
LHCb [68]. A similar trigger strategy could be adopted in Run 3 by introducing selection
features to account for different conditions such as higher multiplicity and pile-up.

2.2.7 Prompt jets (includes b/c and light)

Many new physics models predict new particles that couple with quark and gluons,
allowing them to decay into a pair of jets. For this reason, prompt di-jet searches
have been extensively pursued at hadron colliders. LHCb has already demonstrated its
capability in reconstructing di-jet resonances, by measuring the Z → bb̄ cross section [69],
and in principle it could push down the lower mass limit for this kind of searches at the
LHC.

At LHCb, di-jet searches have been performed exclusively without any requirements on
the jet substructure, selecting either all possible jet flavours, or identifying b-hadrons inside
the jets (b-tagging). The requirement of one or two b-tagged jets in the pair could enhance
the sensitivity on several new physics signal. The b-tagging could also help to reduce the
overwhelming QCD background in generic di-jet searches. ATLAS and CMS explored the
di-jet invariant mass region above 450 GeV/c2 by requiring two resolved jets [70–74] and
down to 325 GeV/c2 by requiring b-tagging [75, 76]. The lower bound of their searches
is mainly limited by the trigger thresholds on the jet transverse momentum. Moreover,
by requiring a significant initial and final state radiation at trigger level, CMS pushed
down the mass range in the 50-350 GeV/c2 region in the search for bb̄ resonances [77].
However the latter method could put constraints on the production mechanism of the
resonance. The requirement of a c-hadron signature inside the jets (c-tagging) can be
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motivated by several models, but it has not been experimentally exploited yet in di-jet
resonances searches, apart from the direct search of the SM Higgs decay into a pair of
c-quarks by ATLAS, CMS and LHCb [78–80].

The LHCb detector could be used to search for such resonances, in a complementary
phase space with respect to ATLAS and CMS. Thanks to the low pile-up events and
its low thresholds trigger system, LHCb could push down the lower mass bound of the
di-jet searches. Moreover, thanks to its excellent vertex reconstruction system, LHCb can
efficiently identify b- and c-jets with a low mis-identification probability for light jets (i.e.
jets generated from u, d or s quark or gluons). This is mainly done by reconstructing
Secondary Vertices (SV), compatible with b- or c-hadron decays, inside the jet cone.

The jet reconstruction at LHCb has been introduced in Section 2.1.3. LHCb can
reconstruct jets with pT > 20 GeV/c with an efficiency greater than 90%, and with a
pT resolution between 10% and 15%. In the Run 2 data taking a non-prescaled trigger
selection that selected pair of jets with pT > 17 GeV/c and a reconstructed SV in each
jet has been implemented. LHCb can therefore search for heavy flavour tagged di-jet
resonances starting from an invariant mass of about 40 GeV/c2, lower than the 325 GeV/c2

limit of ATLAS and CMS, obtained by requiring two resolved jets, and lower than the 50
GeV/c2 limit obtained by CMS requiring extra activity other than the jets. At LHCb, the
efficiency of reconstructing a SV inside a b-jet is of about 65% while it is of about 25% for a
c-jet, with a light jet misidentification in the order of 0.3%. A further discrimination of jet
flavours is achieved by studying the observables related to the SV, like the SV mass and the
number of tracks. These are usually used as inputs to multivariate discriminators, and the
outputs of these algorithms can be used to reject the backgrounds but preserving most of
the signals, improving the significance of the search. As example, as demonstrated in [81],
it is possible to remove 90% of bb̄ events around the SM Higgs mass, while retaining 62%
of H → cc̄ events. Novel techniques should be studied to improve the tagging efficiency,
in particular for the identification of the c-jets. Techniques that exploits the whole jet
substructure and not just the SV properties, could be developed for such purpose, in a
similar way of what done by ATLAS and CMS [82].

One of the main experimental challenges of the di-jet searches is the description of
the QCD background. It is widely known that Monte Carlo simulations are not able to
properly reproduce the di-jet mass distribution observed in data. For low mass searches at
LHCb the di-jet mass distribution is distorted by acceptance and trigger effects, that make
the description of the region between 40 and 80 GeV/c2 even more challenging. Several
data-driven techniques can be used to determine the QCD di-jet mass shape. Control
regions where the signal is not expected can be defined (i.e. by asking a different tagging
decision for the two jets as in [77]), and the QCD model obtained in the control region
can be translated in the signal one by the means of transverse functions. Alternatively, a
sliding-window fit technique could be tested in the LHCb environment [73].

At masses below 40 GeV/c2 the new particles may produce two collimated jets that
merge together forming a fat jet [83]. Experimentally fat jets can be reconstructed by
using a large radius parameter in the clustering algorithm, typically between 1 and 2.
Identification algorithms that exploits the fat jet substructure could be employed to
distinguish between bb, cc and backgrounds, like light flavour and single b- and c-jets.
At LHCb such techniques have not been explored yet. Given the trigger with low pT

thresholds, the fat jet reconstruction at LHCb could be the key to access the mass region
between 10 and 40 GeV/c2 in the search for di-jet resonances.
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2.2.8 More convoluted/blue sky ideas

Beyond the more standard final states presented so far, a number of other possibilities to
do Stealth physics at LHCb could be considered. For these, no specific studies exist so
far, so we give more qualitative and speculative ideas. They concern not only the actual
detector, but also future upgrades, for which some of the characteristics are not known in
detail yet. Note that, if enough interest exists from the theoretical community, detailed
studies could be done to be more quantitative about the actual LHCb reach to these final
states. Examples of this type of speculative ideas are given next:

• The RICH detectors have the capability of detecting any charged long-lived particle
that traverses them. This could also include fractionally charged objects. Note
that the number of Cherenkov photons produced is proportional to Q2, where Q
is the electric charge. This means, for instance, that a fractionally charged object
with Q = e/3 would produce a fraction of 1/9 photons with respect to a standard
particle with Q = e, posing a detecting challenge. Also, the efficiency of the rest of
the tracking layers would be compromised by this smaller charge, and the bending
effect of the magnet would be different too.

• New Charged Massive Stable Particles (CMSP) would behave as a very slow ionising
particles passing through the RICH stations. All SM quasi-stable charged particles
(the heaviest being the proton) emit Cherenkov light in RICH1 (RICH2) if their
momentum is larger than 18 (30) GeV. A CMSP with the same momentum but
higher mass could be identified by the absence of detected Cherenkov light. This
detection principle was already used at LHCb in a proof-of-concept search [84].

• A new set of magnet stations [21] has been proposed to improve the reconstruction
of low-momentum particles, with the goal of improving the reconstruction efficiency
of various decays relevant for flavour physics. However, these stations could also be
useful to help detecting disappearing tracks. That signature usually corresponds to
a BSM charged particle that decays to a BSM neutral undetectable particle with a
similar mass, accompanied by a SM particle too soft to be detected. However, the
magnet stations could be able to detect this SM particle, which would significantly
help to reduce the SM backgrounds.

• One last possibility to consider would be that of soft unclustered energy patterns
(SUEPs [85]) as predicted in some models of Neutral Naturalness (see Sec. 4.1 where
the calorimeter occupancy could be used as source of discrimination.

3 Review of Stealth results at LHCb

One of the great strengths of the LHCb physics programme is its complementarity
to the general purpose detectors at the LHC. Because LHCb is a dedicated b-physics
experiment, its primary focus is not Stealth physics. However, many of its core b-physics
measurements are able to indirectly probe Stealth models. Anomalies in a comprehensive
set of b → s`+`− measurements [86–91], including both angular coefficients and the
ratio between semileptonic decay channels, may indicate possible tensions with lepton
universality. Some models which may be able describe these anomalies could also result
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in Stealth physics signatures. LHCb also provides a host of supporting measurements
to Stealth and DM searches, including measurements of D-meson production at low
proton momentum fraction values [92,93], relevant for neutrino telescopes [94], and the
cross-section measurement of antiprotons in proton-helium collisions [95], critical for
cosmic ray spectrometer analysis [96].

LHCb has also performed world leading direct searches for a variety of Stealth signals,
making the best of its unique features. This includes both long-lived particles and light
new resonances. The most important among these searches are summarized next.

3.1 Jets from Hidden Valleys and MSSM

A large class of models from hidden valley scenarios can produce Stealth signatures of
long-lived particles. The hidden valley sector can exist at a low mass scale, but only
weakly couple with the SM. This coupling may arise from new massive particles beyond
the reach of current experimental searches, or via the Higgs boson, considering the current
lower limit on invisible Higgs boson decays is ≈ 20 %. Consequently, LHCb has performed
a number of searches for long-lived hidden valley particles produced from SM Higgs boson
decays [41, 52]. The signature is H → πV [→ qq̄]πV where one hidden valley pion, πV ,
decays within the LHCb fiducial volume. Here, πV is a proxy for the lightest state of
the hidden sector. Requiring a single hidden valley pion, rather than both, increases the
signal acceptance by a factor of ≈ 5 or more, without significantly increasing background.

The hidden valley pion decays into a light quark/antiquark pair which then hadronises
into jets of SM hadrons. The LHCb analyses search for two displaced jets coming from a
common displaced vertex within the LHCb acceptance, and have sensitivity for hidden
valley pions with lifetimes between 1 and 100 ps and masses within the range of 20 to
50 GeV/c2. A projection of these searches to the expected coverage by LHCb with a full
300 fb−1 of data from the high luminosity LHC [56] is shown in figure 5 where the regions
covered by ATLAS and CMS are indicated in grey. As expected, LHCb has world-leading
sensitivity in the low mass and lifetime parameter space of the hidden valley pion. This is
due to the flexible trigger and excellent displaced vertex resolution of the detector.

A similar signature of two jets from a single displaced vertex, but now with an associated
muon, has been used to search for an MSSM neutralino benchmark scenario, χ̃0 → qqµ,
where the neutralino decays into two quarks a muon [55]. Unlike the hidden valley analysis
which required two separate jets, this analysis only requires a high multiplicity displaced
vertex with an associated muon. The lifetime and mass parameter space coverage for this
search is similar to the di-jet hidden valley search.

LHCb has also performed a search for two displaced jets originating from separate
displaced vertices [97], in contrast to a single displaced vertex. The chosen benchmark
signal is neutralino pair production from a Higgs-like particle decay, h→ χ̃0[→ qqq]χ̃0[→
qqq] where each neutralino decays through a baryon number violating process into a
system of three quarks. These two decays then are detectable as jets associated with two
independent displaced vertices. Similar to the single displaced vertex search, this search
has sensitivity to neutralino lifetimes between 5 and 100 ps and masses within the range
of 20 to 60 GeV/c2.

Another common signature of hidden valley models is the introduction of a confined
hidden sector, similar to QCD, where jets of hidden sector hadrons are produced, which
then decay into SM final states. This results in a unique experimental signature with
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Figure 5: High luminosity LHC projections for LHCb sensitivity to hidden valley pions, πV
decaying into two jets and a single displaced vertex as a function of the πV mass and lifetime. [56]

a high multiplicity of displaced vertices or particles, rather than just the one or two
displaced vertices of the previous searches. Reconstructing such a final state can be
experimentally challenging, as most reconstruction algorithms make strong assumptions
about particle production originating from the central collision point of an event, and
the visible particles produced from these hidden valley hadron decays can have very low
transverse momentum.

LHCb, however, has performed a search for such models using low mass di-muons, and
the benchmark scenario ZV → qV q̄V where a heavy hidden valley boson ZV kinetically
mixes with the photon [98]. The neutral hidden dark vector meson, ρ0

V , produced from
the hidden quark/antiquark, then decays into a muon pair. Setting an average hidden
valley hadron multiplicity benchmark of 10, LHCb is able to constrain the kinetic mixing
of the ZV with the photon to be less than unity in the ρ0

V mass window of 20 to 70 GeV
over a wide range of ρ0

V lifetimes.

3.2 Light Dark Sectors

The hidden valley signals of the previous section typically require production through some
heavy resonance such as the Higgs boson. This is oftentimes experimentally favourable as
the final visible state may have large transverse momentum, allowing for more efficient
triggering. However, since LHCb is specifically designed for b-physics, it can also search
for signals with very low transverse momentum. One such signal is light new resonances
produced in the decays of B-hadrons. LHCb has set world-leading limits on heavy neutral
leptons, νH , from the lepton number violation decay B− → µ−νH [→ µ−π+] [99]. Upper
limits are set on the branching fraction of this B− decay for νH masses between the muon-
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pion threshold and 5 GeV, and lifetimes of 1 to 1000 ps. Heavier neutral leptons have also
been searched in prompt W+ → µ+νH(µ±jet) decays [100] and displaced νH → e±µ∓ν
decays [101].

Similarly, di-muon resonance searches have been performed by LHCb in the decays
B0 → K∗0φ[→ µ+µ−] and B− → K−φ[→ µ+µ−]. Here, φ is a generic new scalar particle
which mixes with an off-shell Higgs boson [60]. Limits have been set for φ lifetimes between
10−1 and 103 ps and masses between the di-muon threshold and 5 GeV. Model specific
limits are set for an inflaton benchmark scenario [102], closing off almost all parameter
space below masses of 5 GeV.

Inclusive di-muon searches for light resonances have also been performed by LHCb,
relying upon its flexible trigger. In figure 6 the di-muon spectrum collected by LHCb
during 2016 using a prototype trigger where the raw detector data is discarded, and only
reconstructed physics objects from the trigger are kept [12]. This trigger has allowed
unprecedented data samples of di-muon candidates to be collected and resulted in a
number of world-leading new physics searches. A similar trigger was in place, with even
lower muon momentum requirements, during the remainder of Run 2 in 2017 and 2018.

In the dark photon model, a massive dark photon kinetically mixes with the photon.
LHCb searched for both prompt and displaced dark photons decaying to di-muons covering
new parameter space for dark photon masses between the di-muon threshold and 1 GeV
and between 10 and 60 GeV [12,63]. These results can be recast to arbitrary models with
a new vector boson [103]. The LHCb di-muon dataset has also been used to search for
new scalars produced promptly in pp collisions [98], including the difficult region close
to the Υ(nS) resonances [62]. Furthermore, LHCb searched for dimuon resonances with
minimal model assumptions, including resonances that decay promptly or displaced from
the proton-proton collision as well as produced in association with a b-jet [98]. Displaced
di-muon resonances were either required to point back to the pp collision vertex or not [98].

4 Theoretical perspective

While traditionally the search for Physics Beyond the SM is focused on probing phenomena
at higher and higher energies, it is plausible that New Physics lies within the energy
regime of the LHC (M . 1TeV), but it manifests itself in a “Stealth” manner, as we
described in section 1.
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In order to probe such scenarios, LHCb offers three crucial advantages, when compared
to its main competitors, the General Purpose Detectors (GPD) ATLAS and CMS. LHCb
is uniquely designed to probe the mass regime m . 10 GeV/c2, and also the displaced
regime (eventually both), while also being able to trigger with lower thresholds and pick
topologies that are outside of the reach of the current capabilities of the GPD.

In what follows we present a sample of phenomenological studies where the LHCb
experiment can provide the leading signatures. This list is by no means complete, and
we are providing it as an appetizing sample of the exciting prospects for Beyond SM
searches at the LHCb. We note that these models are supported by strong theoretical
motivations, and not fabricated ex-profeso to exploit the LHCb capabilities. For the
readers convenience we summarize the main points of each contribution in Table 1.

4.1 Neutral Naturalness

4.1.1 Z Portal to a Confining Hidden Sector 8

The existence of a hidden sector, interacting weakly with the SM, is an important
possible manifestation of New Physics. In the broad range of possibilities for such
theories, motivations from outstanding problems of the SM provide key guidance. In
this respect, the class of models known as Neutral Naturalness (NN) [104, 105] stand
out as they generically predict a confining hidden sector, or “hidden valley” [106], at a
scale comparable to the one of SM QCD, 0.1 . Λ/GeV . 10. The light hidden hadrons
often give crucial signatures of NN, which may lead to discovery of the dynamics behind
electroweak symmetry breaking.

Therefore, a clear path to progress is to identify representative hidden sectors with
distinct phenomenology, in order to set targets for experimental searches. Here we consider
a new type of confining hidden sector, where some hidden quarks are light compared to Λ
and the coupling to the SM proceeds through the (irrelevant) Z and Higgs portals [107].
Originally motivated by supersymmetric NN [108], such setup contains in fact rather
generic ingredients, and could arise in a variety of BSM contexts.

We assume a hidden sector containing one Dirac fermion ψ in the fundamental
representation of hidden color, with mass mψ � Λ. ψ is a full singlet under the SM, but
couples to the visible sector via the effective Lagrangian [107]

L6 =
y2
t

2M2

(
i(DµH)†H ψRγ

µψR + h.c.+
α̂s

12π
|H|2Ĝa

µνĜ
aµν
)
, (1)

where M is the mass of new, heavy fermion mediators charged under both the SM
electroweak interactions and hidden color symmetries, which are expected in several UV
scenarios. The first and second operator yield a coupling of ψ to the Z boson and a
coupling of ĝ to the Higgs boson, respectively, leading to

BR(Z → ψψ) ≈ 2.2× 10−5
(

2 TeV
M

)4
, BR(h→ ĝĝ) ≈ 1.3× 10−5

(
α̂s

0.18

)2(2 TeV
M

)4
. (2)

At the (13 TeV) LHC we have σZ ≈ 55 nb and σh ≈ 49 pb, hence Z decays to the
hidden sector dominate by far the phenomenology. Here we show that LHCb has the best
potential to probe the associated signature of Z decay to hidden jets.

8Contributed by Ennio Salvioni.
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Sec. Main signatures LHCb helps with... Example process

4.1.1 DVµµ
DV reco
(vertexing, invariant mass)

pp→ Z → qV qV ,
qV → V (LLP) +X,
V → µ+µ−

4.1.2
DVµ+µ− ,
DVDD

DV reco
(soft hadrons and muons)

pp→ Z/h→ qV qV ,

q
(LLP)
V → DD,µ+µ−

4.2.1
Rare B-decays
(4-6 µ in final state)

Low pT threshold for muons
Software trigger,
µ mass reconstruction

B → K+ + n(µ+µ−),
n = 2, 3

4.2.2
Pseudoscalar (a)
resonances (µ+µ−, cc̄)

Low mass region pp→ a, a→ µ+µ−/cc̄

4.3.1 Rare B-decays
Belle-II better reach than LHCb
due to a larger decay length allowed

B → K + (1|2)S, S → ff̄

4.3.2
displaced π±, j, l±

+ invisibles
Soft particles
Veto on SL meson decays

pp→ X+X0
2 ,

X+ → l+ν,
X0

2 → X0
1h
∗, (h∗ → bb̄).

4.4.1
Rare B-decays
CPV in B (D) systems

Hadron / Meson PID
B → ψ + bar + nM
(M=meson),
asymmetries Adsl, A

s
sl

4.5.1
DVlν

Neutral meson oscillations

Vertexing,
Single l(= µ, τ),
low pT trigger

pp→ W± → l±N ,
N → l∓l±ν

4.5.2 Rare B-decays Reconstruction of B-meson decays B → µN,N → µπ

4.6.1
4-leptons
(one DVll,
one prompt pair).

l invariant masses
Vertexing
µ efficiency

pp→ γ/Z → l+l−,
l+ → A′l′+l′−

l, l′ = µ, e (all combinations)

4.6.2
DVµµ

or prompt
D- decays

Particle ID
Displacements

pp→ XA′, A′ → µ+µ−

D∗ → D0A′

4.6.3
DVµµ

Delayed Dark Photon

Displaced µ
Time delay measurement
(with TORCH)

pp→ Z → χχ
χ→ A′χ,A′ → µ+µ−

(A’ is LLP).

4.7.1 DVKK

Exclusive hadron
reconstruction
(vertexing, inv mass,
low pile-up, etc)

pp→ h→ SS, S → had had
(S is LLP, had=K).

4.7.2
Pseudoscalar
(a) resonances
(µ+µ−, bb̄)

Light masses pp→ a, a→ µ+µ−/τ+τ−/bb̄

4.8.1
Rare B-decays
(flavor conserving)

PID B → Ka, a→ 2γ, `+`−, MET

4.8.2
Rare B-decays
(with FCNCs)

PID
q → q′a decays
b→ sa, e.g: Bs → µ+ µ−a
c→ ua, e.g: D → π+π−νν

4.9
e+e− resonance
with mee = 2mµ.

` invariant masses and vertexing
η → γ TM,
TM → e+e−/µ+µ−

4.10 SUEPs (multiple soft tracks) Low pT track threshold at VELO pp→ Z/h, Z → hadrons.
4.11 Non-standard VELO tracks Forward coverage pp→ QQ̄, Q=quirk.

Table 1: A summary of the main collider signatures in each theory discussion and what makes
LHCb a unique experiment to probe the signals.
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Figure 7: Left: hidden meson lifetimes for M = 2 TeV, assuming mP̂ ,V̂ = 2Λ and 5Λ/2 < mŜ <

7Λ/2. Right: projected limits on BR(Z → ψψ) from a search for single V̂ → µµ displaced vertex
inside a hidden jet at LHCb. Solid (dashed) curves correspond to standard background count (no
background). The black line corresponds to the theoretical prediction BR ≈ 10−2/(cτV̂ /cm).

Even though one-flavor QCD does not predict any light pseudo Nambu-Goldstone
bosons, we know from the lattice [109] that the mesons are lighter than the baryons.
The lightest mesons are the pseudoscalar P̂ and (presumably) the vector V̂ , while the
scalar meson Ŝ is heavier by a factor mŜ/mP̂ ≈ 1.5. The lifetimes of these three states,
which all decay dominantly to SM particles through the Z portal, are shown in the left
panel of Fig. 7. If Λ ∼ O(GeV), on which we focus, all hidden hadrons have macroscopic
lifetimes for M ∼ O( TeV). The P̂ is stable on detector scales; the V̂ decays to SM
fermions by mixing with the transverse Z; while the Ŝ, being heavier than the other two
mesons, can be neglected in a first description of the hidden jets. Our hidden jets share
some similarities with emerging [110] and semi-visible [111] jets, but are characterized by
the softer production mode and by the “democratic” decay of the vector meson to SM
fermions. We find that LHCb can achieve the best LHC sensitivity, through the process

pp→ Z → ψψ → jhjh , jh 3 V̂ → µ+µ− in the VELO (3)

where jh denotes a hidden jet (see also [59] for previous related work).
In comparison, existing searches for emerging jets at CMS [112] and ATLAS necessarily

rely on hard cuts that suppress our signals to a negligible level.9 Therefore we are led
to consider the production of an associated object, e.g. pp→ ZV with V a leptonically
decaying EW gauge boson, or pp → Zj with j a hard jet, to ensure triggering. The
price to pay is a strong reduction of the signal rate, whereas the backgrounds remain
appreciable. We find that these searches cannot compete with the sensitivity of LHCb,
which is singled out for its unique sensitivity to these relatively soft hidden jet events.

Detection of a V̂ → µ+µ− inside the VELO requires the vector meson to have transverse
decay length between 6 and 22 mm [114] and pseudorapidity η ∈ [2, 5]. We simulated Z
decay events in Pythia8, choosing mP̂ ,V̂ = 1 GeV as benchmark. We imposed that the
average numbers of mesons in each jet satisfy 〈NP̂ 〉 / 〈NV̂ 〉 = 1/3 , as expected from a
counting of the spin degrees of freedom, and neglected all heavier hadrons in the shower.
The simulation produces an average of ∼ 7 hidden mesons per jet. Each V̂ → µµ displaced

9Reference [113] is a potential exception deserving further study.
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vertex with transverse decay length and η as above, as well as pV̂T > 1 GeV, was assumed
to be reconstructed with constant efficiency εµµ = 0.5 . The efficiency degradation caused
by overlap with other nearby tracks is not explicitly discussed in previous studies [59,114],
but it is expected to reduce εµµ significantly. Therefore, we rejected non-isolated events

where the µµ vertex is accompanied by additional V̂ visible decays with transverse length
shorter than 22 mm and ∆R < 0.4. The P̂ was assumed to be stable on detector scales.

The SM background to such displaced µµ vertices is expected to be about 25 events for
15 fb−1 [114]. To estimate the ultimate sensitivity achievable at LHCb, we also computed
the constraints by assuming negligible SM background. The results are shown in the
right panel of Fig. 7, where the solid (dashed) curves correspond to standard (negligible)
background. Due to the mild typical boost factor, the sensitivity is optimal for cτV̂ ' 1 cm,
where it is expected to reach Z branching ratios of O(10−7) in the high-luminosity
phase. In terms of the mediation scale, the bounds translate to M & 1.6 (2.0) TeV
for L = 15 (300) fb−1 with standard background count, and M & 1.8 (2.7) TeV in the
background-free case.

4.1.2 Confining Hidden Valleys and the Twin Higgs model10

Hidden Valley (HV) scenarios [106,115] consist of a sector with light (e.g. <∼ GeV scale)
particles connected to the SM sector only via massive particles, effectively forming a
barrier between the sectors. The hidden sector may confine via a non-abelian gauge
symmetry, such as a dark QCD force with a model-dependent mass spectrum. If the
hidden quarks are heavier than the hidden confinement scale Λv, hidden hadrons have
masses mainly from the hidden quarks. If the hidden quarks qv are lighter than Λv, the
mass of hidden mesons like the vector (ωv) or pseudo-scalar (ηv) bound states can be of
order Λv. An approximate chiral symmetry that is spontaneously broken by hidden sector
confinement also leads to light hidden pions, πv, with mπv � Λv.

Depending on the portal coupling between the hidden sector and the SM sector, some
of the hidden mesons can decay into SM particles with decay rates that are suppressed by
the small portal coupling and can travel through a macroscopic distance before the decay.
The decay length of hidden mesons can have a wide range and is model-dependent. When
considering the thermal history of HV particles, cosmological constraints can sometimes
provide upper bounds on the lifetime of HV mesons. For example, in HV scenarios where
πv is the lightest hidden particle and cannot decay before the Big-Bang Nucleosynthesis,
there is a upper bound on some of the hidden meson decay length to be comparable to
the size of particle detectors [116]. For GeV scale Λv, the lifetime bound can ensure some
of the hidden mesons to decay inside the VELO after being produced at the LHCb.

Hidden mesons can be produced in different ways at a collider depending on the portal
coupling between the hidden and the SM sectors. It is typically

pp→ mediator(∗) → qv q̄v +X , qv q̄v → Nπv × πv +Nηv × ηv +Nωv × ωv ... , (4)

where the mediator can either be a heavy Z ′, SM Higgs, or heavy fermions that charged
under both the hidden and SM gauge symmetries, and in some cases the product can also
come with additional hard SM particles (X, e.g., [117]). The showering and hadronization
in hidden sector produces many hadrons, each much softer than the total energy. Hadron

10Contributed by Yuhsin Tsai.
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multiplicity can range from a few in the absence of light quarks to O(1000) [85] for a
long showering window with large ’t Hooft coupling. In the examples shown in Fig. 8,
we focus on theories averaging O(10) hadrons per event as in the SM QCD and mimic
the showering/hadronization process using Pythia simulations. The energy spectrum and
the composition of hidden hadrons in the final state can vary drastically with on the size
of hidden force coupling and quark masses. Therefore, when designing searches for HV
scenarios, it will be useful to focus on the property of individual hidden meson decays,
such as studying the energy cuts for some examples of average pT and the multiplicity of
hidden mesons, other than relying on the detailed energy distribution of the decay final
states. See also [118] for the study of more benchmark HV models.

At LHCb, planned upgrades will remove hardware-level triggers entirely, dramatically
improving search flexibility. Furthermore, excellent vertex reconstruction, invariant mass
resolution, particle identification, and a lower pile-up environment make LHCb well suited
for exotic soft long-lived particle searches. Previous HV searches at LHCb [52,97] have
provided useful constraints by focusing on final states with only two hard πv. It will be
helpful to extend the search for softer final states and lighter hidden mesons that better
describe the nature of confining HV models.
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Figure 8: Left: Projected upper bounds on BR(h→ twin bottom quarks) using the 1 DV search.
This process produces twin mesons ω̂/η̂ followed by ω̂ → µ+µ−. Horizontal green line: prediction
in a variation of the Fraternal Twin Higgs model. The band widths correspond to the average
number of hidden meson in the final state 10 ≤ 〈Nv〉 ≤ 30. Right: Projected bounds from
various displaced cc̄ search strategies. See [59] for more details.

Fig. 8 shows two examples of the projection of HV constraints from the LHCb search.
In the left panel, we show results for exotic Higgs decay as brown (vector meson mωv=6
GeV) and orange (mωv=2 GeV) bands. We adapt the energy and angular cuts proposed
for the dark photon search [114] and focus on signals of displaced muons. We also explore
an incarnation of the Twin Higgs model [104,119] that solves the Higgs little hierarchy

problem. We focus on gg → h→ b̂
¯̂
b, with subsequent decays b̂→ ĉ¯̂cŝ. This produces ω̂/η̂

comprised of the light flavor, which can decay as ω̂ → µ+µ− through a kinetic mixing ε
between the SM and twin photons. Although the light twin mesons are primarily produced
by heavy twin B meson decays (rather than showering/hadronization), the multiplicity is
low and the kinematic distributions are similar to the showering case, giving a comparable
reach (green curve). The prediction in the Twin Higgs scenario (green line) demonstrates
LHCb’s ability to probe such models for cτω̂ <∼ 1 m. From the experiment side, [98]
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has studied O(GeV) scale HV mesons decaying into µ+µ− and shows the plausibility of
probing light HV mesons at LHCb.

In the right plot, we consider a heavy U(1)′ gauge boson Zp coupled to both SM quarks
q and HV quarks qv. The resulting hidden meson ωv can dominantly decay into c-quarks.
In this case, subsequent SM hadronization often produces two D mesons, D0

(s), D̄
0
(s) or D±.

The non-negligible lifetimes of charmed hadrons create an additional separation between
the DV from the two D meson decays, producing two vertices with large separation from
the primary vertex and a small but significant separation from each other. Resolving the
secondary vertices should be straightforward as the position resolution in the VELO is
O(10)µm while cτD ∼ O(100)µm. Several strategies to identify D mesons at LHCb exist,
some without full reconstruction [40]. Given the sizable probability for one D meson to
decay to ≥ 3 charged tracks that can be well-reconstructed in the VELO, we consider the
following increasingly inclusive search strategies: (1) Two nearby reconstructed displaced
D mesons (2D). (2) One displaced reconstructed D meson and one DV with ≥ 3 charged
tracks nearby (1D1V). (3) Two DV, each with ≥ 3 charged tracks, near each other (2V).
Using detailed information of the D-meson decays, there is a chance to identify the decay
of hidden meson ωv into SM D-mesons. The LHCb is the only experiment that can
perform such a search.

4.2 Composite Higgs

4.2.1 Novel B-decay signatures of light scalars at high energy facilities11

In non-minimal composite Higgs models [120–126], the Higgs boson and new singlet scalars
a1 and a2 can emerge as pseudo Nambu-Goldstone bosons of the same strongly interacting
sector that confines near the TeV. Hence, their masses are naturally at or below the
EW scale. Likewise, they couple to heavy resonances of the composite sector such as
flavour-violating vector bosons V , which are promising candidates to explain the lepton
flavour universality (LFU) anomalies [127–134]. At low energies, such vector triggers rare
B meson decays into the light scalars. Before electroweak symmetry breaking (EWSB),
the relevant interactions to study this process read:

L ⊃ 1

2
m2
V VµV

µ +
1

2
m2

1a
2
1 +

1

2
m2

2a
2
2 +m12a2a

2
1 + V µ

[
g12a1

←→
∂µ a2 + gqq(qLγµqL + h.c.)

]
,

where mV � m1,2 ∼ O(1) GeV and m2 > m1. Assuming that V interacts mostly with
the third generation quarks, after EWSB it couples to bLsL + h.c. with strength

gsb ≡ gqqV
CKM
ts V CKM

tb ∼ 0.04 gqq . (5)

We consider the regime in which the light scalars are muonphilic or, similarly to the
Higgs boson, couple to leptons according to their masses. In this case, processes such as
B0
s → a1a2 can lead to a final state with four muons. The corresponding signal has been

studied experimentally at the LHCb with a collected luminosity of 3 fb−1 and
√
s = 8

TeV; the most stringent limit being B (B0
s → 2µ+2µ−) < 2.5× 10−9 [135].

There are, however, compelling reasons to consider alternative decays [136]. First, the
partial decay width of a2 → a1a1 can easily dominate over the leptonic one (due to the

11Contributed by Maria Ramos.
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Yukawa suppression). This gives rise to six muon final states instead. Second, since the
scalars couple to the mediator as a vector current, the two body decay width scales as
Γ ∼ (m2

2−m2
1)/mB. It therefore vanishes in the limit of quasi -degenerate scalars. In order

to probe the model in this limit, one should rather study three body decays of B with the
emission of an extra meson, such as B+ → K+a1a2 → K+3µ+3µ−. None of these signals
have been studied experimentally. We have therefore proposed the first dedicated analyses
to search for these channels at the LHCb. (Remarkably, not even the B+ → K+2µ+2µ−

channel has been probed yet; such process was studied in Ref. [137].)
Due to the large multiplicity of muons in the final state, the SM backgrounds are

negligible. They mostly arise from the productions of J/Ψ and φ resonances which
subsequently decay to muons; we remove them by requiring that no zero charge muon
pair has an invariant mass in the range [0.95, 1.09] ∪ [3.0, 3.2] GeV. Being the analysis
essentially background-free, we can estimate the upper limits on the branching ratio of
the new processes at

√
s = 14 GeV from the upper limit on B (B0

s → 2µ+2µ−), obtained
in Ref. [135]. With this aim, we have compared the efficiencies for selecting events in the
B0
s → 3µ+3µ− channel with that for B0

s → 2µ+2µ−. Typically, the former is nearly one
order of magnitude smaller than the latter.

The explanation for the smaller efficiencies in the six muons process lies in the selection
cuts that we impose in the analysis, namely: (1) at least one muon is required to have
pT > 1.7 GeV, to ensure that the events pass the same hardware trigger used at

√
s = 8

TeV; (2) all muon tracks are required to have pT > 0.5 GeV and lie in the pseudorapidity
volume 2.5 < η < 5.0; and (3) all muon tracks are required to have total momentum
larger than 2.5 GeV. Since the initial energy is shared among a larger number of tracks,
the six muons process produces more events not satisfying (1); see the left panel of Fig. 9.
In addition, there are more events with at least one track with pT < 0.5 GeV which is
therefore not detected.

For the B+ → K+3µ+3µ− channel, on top of the selection criteria above, we require
the presence of a charged kaon satisfying the requirements in (2). We have found that, in
spite of the smaller efficiency from the occurrence of an extra track, the limits on this
channel can be actually stronger than on the decay mode without the extra meson. This
is due to the fact that the B+ production cross section is ∼ 4 times larger than that of
B0
s . This strongly motivates searches for B+ → K+3µ+3µ− which is the key signature of

the model when m1 ∼ m2.
In the right panel of Fig. 9, we represent the expected upper limits in the plane

(gsb,mV ). Prospects for the Upgrade II of the detector are also shown. Interestingly, our
proposed analyses outperform bounds from meson mixing ∆Ms, and can probe entirely
the region in which the anomalies in LFU can be explained.

Overall, our study motivates new searches for B0
s → 3µ+3µ−, B0 → 3µ+3µ−, B+ →

K+3µ+3µ− and B0
s → K0∗3µ+3µ− at the LHCb. We demonstrate that this facility could

probe branching ratios as small as 6.0, 1.6, 5.9 and 18 × 10−9 for the aforementioned
channels, respectively. These sensitivity estimates are conservative, as we assume no
changes to the trigger or tracking performance in the upgrades of the LHCb; the removal of
the hardware trigger and a lower pT threshold for the muons identification would certainly
improve the signal efficiencies. Finally, if a signal is observed in these channels, the masses
of the scalar particles involved could be fairly well reconstructed ; different algorithms for
specific kinematic regions are presented in Ref. [136].
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Figure 9: (Left) Normalized distribution of the transverse momentum of the hardest muon for
Bs

0 → a1a2 and B+ → K+a1a2, with m1 = 1 GeV and m2 = 2.5 GeV. These distributions are
compared with that of Bs

0 → 2µ+2µ−. (Right) Maximum value of mV that can be tested in
the searches for B0

s → 3µ+3µ− and B+ → K+3µ+3µ− at the current run of the LHCb (solid
lines) and for Upgrade II (dashed lines). The red dotted line delimits the area excluded by
measurements of ∆Ms. In the dash-dotted line the anomalies in RK and RK∗ can be explained
at the 1σ level [138]. We have fixed g12 = 0.5 and m1 = 1.2 GeV. We have set m2 = 2.0 GeV for
Bs

0 → a1a2 and B+ → K+a1a2. For Bs
0 → a1a1a1, we have fixed instead m2 = m12 = 5 GeV.

4.2.2 ALPs from composite Higgs models12

Fundamental Composite Higgs (FCH) based on a new fermionic confining gauge theory G
in 4-dimensions can address the hierarchy problem [139], the strong-CP problem [140],
introduce dark matter candidates, explain the fermion flavour structure and the observed
LHCb anomalies [134]. In FCH a condensate of hyperfermions ψ charged under G as well
as under SU(2)L spontaneously breaks the EW symmetry dynamically generating the
EW scale v with a little hierarchy with respect to the composite scale f via the vacuum
misalignment mechanism [141], v = f sin θ, with θ being the so-called misalignment angle.

In this class of models it is typically necessary that the top quark mass is generated
by the mechanism of partial compositeness (PC), where a composite fermionic state
mixes with the elementary top quark. One option is to incorporate new hyperfermions χ
charged under QCD, hypercharge and hypercolor G (in a different representation than
that of ψ). The top partners are then states formed as ψψχ or χχψ states. A detailed
study [142] found 12 different models M1, ..., M12 fulfilling minimum requirements. Each
model represents a specific hypercolor gauge group and hyperfermion representations
of ψ and χ. An unavoidable consequence of such construction is the appearance of
several types of resonances similarly to QCD. Among those are a number of light pseudo-
Nambu-Goldstone-bosons (pNGB). One of them, a, is associated to an anomaly free U(1)
symmetry, is light and couples to the gluons via the Wess-Zumino-Witten term (see e.g.
[143–145]).

Interactions of a can be parametrized by a typical axion-like-particle (ALP) lagrangian

Leff ⊃
a

16π2f

(
g2
iKiFi ,µνF̃i

µν
)
− i
∑

f

Cf
mψ

f
aψ̄fγ

5ψf (6)

12Contributed by Diogo Buarque Franzosi, Gabriele Ferretti, Giacomo Cacciapaglia, Thomas Flacke,
Xabier Cid Vidal, Carlos Vázquez Sierra.
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Figure 10: Left: Cross section for the different models. Right: Exclusion from di-muon search.

where F̃i
µν

= 1
2
εµνρσFi,ρσ, and the i index parametrizes the SM gauge group with coupling

constant gi. For simplicity we assume that the state η′ associated to the anomalous U(1)
combination decouples. In this case, for models M1-M12 the a interactions with bosons
parametrized by Ki are fixed by the anomaly coefficients. The coupling to top quark
Ct depends on the representation of the dominant top partner responsible for the top
mass, here we consider the model with largest value for illustration. The other fermions
masses might be generated by mixing with other heavier states or via interactions with a
〈ψψ〉 condensate à là extended-Technicolor. Here we assume the latter, which fixes the a
couplings to other (not top) fermions only by the non-anomalous U(1) charges. A table
with the values of the coupling coefficients is provided in [143].

Interestingly, if a is light enough (ma . 40 GeV), LHCb might have an advantage over
the other LHC experiments, as shown in the di-muon search [98, 146]. Here we report
preliminary results on the a→ µ+µ−, cc̄ and leave a→ γγ, τ+τ− for a future study.

The production cross-sections for a pseudoscalar at NNLO in QCD at the 14 TeV LHC
in each of the 12 models are shown in fig. (10) (left), and were obtained using HIGLU [147]
and the NNPFD 3.1 set containing LHCb data [148], setting the renormalization and
factorization scales to µ = ma. We note that for such low masses a very large scale
dependence is present. Partial widths are computed at NLO using [147].

For the µ+µ− exclusion we reinterpret the limits on sin θH of the 2HDM model [98] in
terms of v/f . The resulting bounds, shown in fig. (10)(right), are quite strong and surpass
the indirect bounds from EWPO, v/f . 0.2. The cc̄ channel is only relevant for very low
masses 3.8 GeV . ma . 6 GeV. It might be motivated in scenarios where the muon gets
its mass from a different mechanism, and a couples only to quarks of up families, similar
to the scenarios considered in [149].

To estimate the LHCb sensitivity in this channel, we simulate signal events using
MG5 aMC@NLO [150] with the Higgs Characterization model [151] and pass them
through Pythia [152] for showering and hadronization. Similarly for the SM background.
We use these MC events to estimate efficiencies of event selections described below.

LHCb can identify D± → K∓2π± with high efficiency. We select events with at least
one D+ and one D− each one decaying in this mode, and with the 6 decay products K±

and 2 π± within LHCb coverage, 2 < η < 5 and pT > 0.25 GeV. We can then assume
mD+D− = ma ± 20 MeV [153]. The signal efficiency drops rapidly for ma & 550 MeV due
to the opening of other decay channels with extra pions for instance. The combination of
efficiencies, cross sections (fig. (10) for the signal and σSM = 7.1±3.4mb for the SM [154]),
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branching ratios of a → cc̄ and of D → Kππ, and the luminosity, gives us the number
of expected events for signal S and background B, shown for L = 300/fb on the left
panel of fig. (11). The obtained bounds using S/

√
B = 2 on v/f for M1 are shown in

fig. (11)(right). The brown band represents the uncertainty on the exclusion.
It can be noticed that LHCb can play an important role in looking for pseudo-scalar

particles at low masses, and that not well explored decay channels like a → cc̄ can be
relevant. In our future publication we will show that also the a→ τ+τ− can give relevant
constraints.

4.3 Dark Sectors

4.3.1 Probing dark sectors with long-lived particles13

We explore the capability of Belle II to detect long lived scalars produced in B meson
decays and compare it with LHCb [155]. Long-lived scalars could serve as mediators to a
dark sector and as such might mediate a new force between the Standard Model and a
dark matter candidate. The interaction is described by a Higgs portal Lagrangian

L = LSM −
1

2
m2
φφ

2 − λ3 |H|2φ. (7)

Here, we introduce a new scalar particle φ that is a singlet under the Standard Model gauge
group and couples to the Standard Model only via the Higgs boson. After electroweak
symmetry breaking, the pre-EWSB Higgs boson H0 and the scalar φ mix with a mixing
angle θ into the physical scalar S and the observed 125 GeV Higgs boson h. The couplings
of these scalars to fermions are then described by

LY = −
∑

f

mf

v

(
cos θf̄fh+ sin θf̄fh

)
. (8)

At Belle II, we consider decays of the form B → KS, S → f where the B meson is either a
B±, a B0 or B0, the K stands for any relevant charged or neutral kaon resonance, and the
final state f is a pair of muons, charged pions or kaons, or tau leptons. Decays to hadronic

13Contributed by Ruth Schaefer.
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Figure 12: The projected region in mass mS and mixing angle θ that Belle II will be able
to probe (green), compared with the regions excluded by BaBar [158] (yellow, orange) and
LHCb [60] (blue) as well as projections for LHCb at the High Luminosity LHC [157] (blue line).
Figure take from Ref. [155].

final states can be described by non-perturbative methods [156], valid up to a scalar mass
of about 2 GeV. The scalar S inherits flavour hierarchical couplings to fermions from the
Higgs boson. In b→ s transitions it couples mostly to the top quark in the loop, and its
decay is suppressed by the Yukawa couplings of the light decay products.

To estimate the probeable parameter space of this model at Belle II, we calculate the
number of decays we can expect to happen within Belle II’s Central Drift Chamber (CDC)
to be

Nff̄ = NBB̄ × 1.93B(B → KS)B(S → ff̄)× 1

2

∫
dϑ0

sinϑ0

dS

∫
dr e

− r
dS , (9)

where NBB̄ is the number of B mesons expected to be produced at Belle II for a given
luminosity, r and ϑ0 are the radial distance of S from the e+e− collision point and its
polar momentum direction in the rest frame of the B meson and are used to integrate
over the detector volume, and dS is the decay length of S in the lab frame. The factor
1.93 takes into account the effect of the different lifetimes of the charged and neutral B
mesons at Belle II.

In figure 12, we show the sensitivity of different flavour experiments to dark scalars.
For Belle II, the experimental reach with 50 ab−1 of data corresponds to Nff̄ > 3, i.e., at
least 3 such events occur for the three final states mentioned before. In comparison to the
Belle II projections, we show the current [60] and projected [157] reach of scalar decays
with prompt and displaced muons at LHCb, as well as BaBar results [158] for displaced
muons (yellow) and pions (orange).

The decay of S to mesons is enhanced around 1 GeV because of the scalar resonance
f0(980) [156], making pion or kaon pairs a much stronger probe than muons in that region.

33



At large masses of S, the decay to tau leptons is greatly enhanced due to their larger
Yukawa coupling. D meson pairs would work in a similar fashion, but the decay rates
are much harder to predict due to the presence of charmonium resonances, resulting in
a higher uncertainty on all decay modes for scalar masses above the DD̄ production
threshold.

Compared with LHCb, the greater projected reach of Belle II comes mostly from the
fact that the B mesons (and thus the scalars that are produced in their decays) are much
less boosted at Belle II. This gives the scalars more time to decay within the detector,
thus probing longer lifetimes and smaller couplings. An additional advantage of Belle
II is the cleaner environment of an e+e− collider, where it is possible to detect pairs of
pions, kaons and tau leptons in addition to muons. It is also important to note that the
reach is greatly enhanced by considering all relevant kaon resonances in B → K decays.
Compared with the inclusive search at BaBar, the full reconstruction of these kaons from
their decay products at Belle II significantly increases the sensitivity.

Similar to Belle II, the sensitivity to dark scalars at LHCb will benefit from detecting
final states other than muons. In particular, final states with displaced vertices of pion
or tau lepton pairs promise greater sensitivities due to their enhanced couplings to the
dark scalar. While the reconstruction of tau leptons poses a challenge for LHCb, existing
searches for B0

s/d → τ+τ− [65] and B+ → K+µ−τ+ [47] suggest that searches for S → τ+τ−

are possible. Extending the reach to dark scalars with a longer lifetime is another very
interesting new research direction. In the current LHCb search for B → Kµ+µ− [60],
displaced vertices are only detected within the vertex locator (VELO). By searching for
downstream tracks in the outer tracking chambers, LHCb could detect long-lived particles
decaying at a larger distance from the primary vertex. This would increase LHCb’s
sensitivity to scalars with longer lifetimes, thereby probing smaller couplings.

4.3.2 LHC probes of co-scattering dark matter14

Feebly interacting dark matter has very distinct features from a thermal WIMP, affecting
its thermal history just as much as laboratory searches. Here we focus on dark matter
candidates around the weak scale with couplings to visible matter in the range

10−3 > gχ > 10−8 . (10)

In such scenarios, dark matter freeze-out is often driven by co-annihilation or co-scattering
off a dark partner particle [159,160]. An example is sketched in Fig. 13, left: Fermion dark
matter, χ0, co-scatters to produce a heavier dark partner, χ+, which pair-annihilates and
reduces the dark matter abundance. The relative number density of χ± and χ0 around
the freeze-out temperature Tf scales exponentially with the mass difference

nc
n0

∼ exp(−∆m/Tf ) , ∆m = mc −m0 . (11)

Efficient co-scattering at freeze-out typically requires [161,162]

10 GeV < ∆m < 40 GeV� mc , (12)

14Contributed by Susanne Westhoff.
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Figure 13: Left: Dark matter freeze-out through co-scattering in the early universe. Right: Dark
matter produced in association with soft displaced b-jets at the LHC.

predicting a compressed spectrum of dark particles. The decay of the dark partners,
χ± → χ0X, is doubly suppressed: first, by the small mass difference ∆m and second, by
the small coupling gχ. The proper decay length scales as

cτc ∼
1

g2
χ

( mc

∆m

)n
, (13)

where gχ and ∆m are set by the observed relic dark matter abundance and n is a model-
dependent number. Remarkably, co-scattering predicts macroscopic decay lengths that
are accessible at current collider experiments. In general, we expect to see displaced soft
leptons or jets from suppressed decays of dark partners.

To quantify the search potential of the LHC, we consider a concrete model for co-
scattering dark matter with SM-singlet fermion χ0

S and a weak triplet fermion field χT [162],
similar to the wino-bino scenario in the MSSM [163]. Typical signatures are a displaced
vertex of b-jets (see Fig. 13, right) or displaced leptons or jets,

pp→ W ∗ → χ+
Tχ

0
T → (χ0

Sπ
+)(χ0

Sbb̄) , (14)

pp→ Z∗/γ∗ → χ+
Tχ
−
T → (χ0

S`
+ν)(χ0

S`
−ν̄) , (χ0

S jet(s))(χ0
S jet(s)) ,

both in association with missing energy [161,162,164]. A third interesting signature is
to observe the dark partner directly as a disappearing track or as a track that decays
(semi-)hadronically and leaves a displaced vertex.

At ATLAS and CMS, the main challenge to detect these signatures is the softness of
the leptons or jets. Current displaced lepton searches rely on triggers with a transverse
momentum cut of pT (`) > 40 GeV [165]. For smaller transverse momenta, the soft-lepton
background from meson decays steeply increases, ultimately overwhelming the trigger
capacities. New triggers are required to allow to detect soft displaced leptons, for instance
by implementing an additional selection criterion based on missing energy. A dedicated
simulation with a lower cut of pT (`) > 20 GeV shows that CMS has the potential to detect
soft leptons from dark partners with decay lengths 2 mm < cτc < 1 m in Run-2 data [166].
For short lifetimes and/or high masses of the dark partner, the sensitivity is limited by
the large background from (semi-)leptonic meson decays. For long lifetimes, i.e., large
displacements, the sensitivity is limited by the geometric acceptance of the CMS vertex
detector. Dedicated searches for soft displaced b-jet pairs have not been performed at
ATLAS or CMS so far. LHCb has the potential to overcome these limitations in several
ways. Here we list the main features that can increase the sensitivity to signals with soft
displaced leptons or displaced vertices of b-jets.
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• Thanks to the efficient trigger for soft tracks, LHCb is sensitive to particles with
very low momenta.

• In searches for soft displaced leptons, background from (semi-)leptonic meson decays
can be reduced by vetoeing hadronic activity around the leptons.

• Due to the different detector geometry, LHCb could be sensitive to different decay
lengths of the dark partners than ATLAS and CMS.

To assess LHCb’s sensitivity to soft displaced particles, we suggest to study the impact of
each of these features for the dark matter signatures outlined above.

Due to the comparably small acceptance at LHCb, total event rates are lower than at
ATLAS and CMS. Whether the sensitivity is statistically or systematically limited can
only be addressed in concrete models. In our benchmark model, the dark partners decay
through weak interactions. For b-jet pairs, the branching ratio can be near 100%; for
leptons, the branching ratio ranges around 1/9 per flavor. In many scenarios with hidden
sectors that directly couple to leptons, the dark particles typically decay to 100% into
leptons. Examples are feebly coupled leptophilic dark matter [167–171] or models with
heavy neutral leptons [172, 173]. Soft displaced leptons or jets can also arise in decay
chains involving tau decays, for instance in models with pair-produced supersymmetric
staus [169]. While we have focused here on compressed spectra, the main features apply
to such scenarios as well. By searching for soft displaced particles, LHCb can explore an
entire class of hidden sectors and gain important information on the nature of weak-scale
dark matter.

4.4 Dark Matter and Baryogenesis

4.4.1 Mesogenesis: Baryogenesis and Dark Matter from Mesons15

Although many baryogenesis mechanisms have been proposed, the vast majority of them
remain experimentally challenging to verify due to the inaccessibly high scales and very
massive particles involved. This has led to the common lore that there is little hope to
test baryogenesis experimentally. That said, it has recently been proposed that low scale
testable baryogenesis and dark matter production may be achieved by leveraging the CP
violation in Standard Model meson systems [174,175] – a paradigm known as Mesogenesis.

In particular, the scenario of [174]: B-Mesogenesis, predicts distinct signals at B
factories and hadron collider experiments such as LHCb. The two most characteristic
features of B-Mesogenesis are: i) a large positive enhancement of the semileptonic-leptonic
asymmetries in neutral B meson decays, and ii) the presence of a partially invisible and
seemingly baryon number-violating decay mode of b-flavoured hadrons with a branching
fraction > 10−4. As is thoroughly investigated in [176], existing collider experiments will
be able to conclusively assess the viability of this paradigm.

Cosmological Dynamics and Particle Physics Model

In the early Universe, B-Mesogenesis [174] relies on the existence of an out-of-equilibrium
population of b and b̄ quarks. These are assumed to originate from the decay of a inflaton-
like or modulus scalar field Φ with a mass MΦ & 11 GeV. If the b quarks are produced

15Contributed by Gonzalo Alonso-Álvarez, Gilly Elor and Miguel Escudero.
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Figure 14: Depiction of the B-Mesogenesis mechanism (adapted from [174], see also [176]).

at temperatures TR ∼ 5 − 100 MeV, i.e. after the QCD phase transition but before
BBN, they quickly hadronize producing charged and neutral B mesons. The produced
B0
s,d mesons undergo particle anti-particle oscillations before subsequently decaying. The

relevant effect for our purposes is CP violation in mixing, which can be measured via the
semileptonic CP asymmetries (also known as CP asymmetries in flavor-specific decays).
The asymmetries are defined as

Aqsl =
Γ(B̄0

q → `+ X)− Γ(B0
q → `−X)

Γ(B̄0
q → `+ X) + Γ(B0

q → `−X)
= −

∣∣∣∣
Γq12

M q
12

∣∣∣∣ sinφ
q
12 , (15)

The matrix elements Γq12 and M q
12 can be related to the physical width and mass differences

as ∆Γq = 2|Γq12| cosφq12 and ∆Mq = 2|M q
12|. A sufficiently large and positive semileptonic

asymmetry provides the necessary CP violation required to generate the baryon asymmetry
of the Universe.

Rather than invoking baryon number violation, in this model the visible baryon number
asymmetry is exactly compensated by an invisible one in the dark sector. This way, global
baryon number is exactly conserved and, as a consequence, the DM abundance becomes
linked to the baryon asymmetry of the Universe. In order to transmit a baryon asymmetry
to the dark sector, a fermion ψ which is neutral under the SM gauge group but carries
one unit of baryon number is introduced. Interactions between this dark fermion and the
SM are mediated by a heavy colored triplet scalar baryon Y with SM quantum numbers
(3, 1,−1/3) or (3, 1, 2/3). This particle can arise in Supersymmetric realizations of the
mechanism [177] and leads to an interaction of the type

Oud = u d b ψ , (16)

where u and d are right handed quarks in the mass basis which may come in any flavor
combination. Collider constraints [176, 178,179] on colored scalars force the mass of Y to
be at least greater than MY > 1.2 TeV, and so it can be integrated out generating the
four-fermion effective operator in Eq. (16). There, we have required one of the quarks to
be of b-type, while the flavor of the other two is unspecified. Such an operator can trigger
the decay of the b̄ quark within the B meson. The parton-level process b̄ → ψ + u + d
translates into a hadronic decay B → ψ +B+M, where B is a single SM baryon andM
stands for any number of accompanying mesons. Kinematic considerations restrict the
mass of ψ, and consequently the missing energy, to lie in the mψ ∈ 0.94− 4.34 GeV range.
This decay, occurring after a CP asymmetry has been generated via B0 − B̄0 oscillations,
produces an equal and opposite baryon asymmetry between the SM and the dark sectors.
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The early Universe dynamics and particle content described in the previous paragraphs
are summarized in Fig. 14. The resulting baryon asymmetry is obtained by numerically
solving the set of coupled Boltzmann equations [174, 180, 181] governing the evolution
of the number densities of the relevant particles Φ, B0

q , B̄
0
q and the DM. The final yield

factorizes into the form

YB = Y obs
B

(
Br(B0 → B + DM +M)

10−3

)(
11 GeV

MΦ

)(
αd(TR)

AdSL

10−3
+ αs(TR)

AsSL

10−3

)
, (17)

where 0 ≤ αd,s ≤ 1.4 are temperature-dependent functions that peak at a temperature
TR ∼ 15 MeV, see [176]. As discussed above, the asymmetry is directly related to the
semileptonic asymmetries in the neutral B meson systems and the exotic decay of B
mesons into a final state with a single SM baryon and missing energy. Crucially, both
these quantities are experimental observables that can be searched for at e+e− and hadron
colliders.

4.4.2 Collider Implications of Baryogenesis and DM from B Mesons16

As highlighted in Eq. (17), there are two clear predictions of the B-Mesogenesis mechanism
that can be thoroughly tested in existing and upcoming experiments:

1. A large (Aq
sl > 10−5) and positive semileptonic asymmetry in the B0

s,d systems.

2. A large (> 10−4) inclusive branching fraction for the exotic process B → ψ+B+M.

The quantitative prediction is that the product of these two quantities should be at the
10−6 level. For instance, for the value Assl ' 2 × 10−5 expected in the SM [182], the
mechanism works provided an exotic branching fraction > 2.5 %. These large branching
fractions are still experimentally allowed due to the lack of dedicated searches for baryon
number violating b-hadron decays. The branching fraction could, however, be as low
as 10−4 if new physics were to enhance the value of the semileptonic asymmetries to
saturate experimental constraints, which currently sit at the 10−4 level. LHCb can greatly
contribute to experimentally clarify this situation, as we detail in what follows.

CP Violation in the B0
q meson system

Semileptonic Asymmetries. In the left panel of Fig. 15, the region of the Adsl-A
s
sl plane

where baryogenesis can be achieved is highlighted in red. Current direct measurements
of the semileptonic asymmetries imply that Br (B → ψ + B +M) & 10−4, while global
fits including all relevant CPV data suggests Br (B → ψ + B +M) & 10−3. Here, we
expect LHCb to play a fundamental role in the future, as after the Upgrade II (300 fb−1)
sensitivities are forecasted to reach δAdsl ∼ 3×10−4 and δAssl ∼ 2×10−4 [183]. Measurements
consistent with Aqsl < 0 would further constrain the range of Br (B → ψ + B +M), while
a preference for positive Asl could be seen as a clear indication of B-Mesogenesis.

CP violation in b→ cc̄s decays. As showcased in Eq. (15), the sign of the semileptonic
asymmetries is dictated by the phase φq12, which thus plays a fundamental role in de-
termining the sign of the baryon asymmetry. Importantly, this phase can be accessed

16Contributed by Gonzalo Alonso-Álvarez, Gilly Elor and Miguel Escudero.
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with measurements in processes with interference between B0
q oscillations and decay,

such as B0
s → J/ψ φ. The case of φs12 is interesting as penguin diagrams are subleading

and φs12 ' φcc̄ss ± 0.01 [184]. Thus, the sign and magnitude of φcc̄ss can be important
for probing the mechanism. This is explicitly showcased in the right panel of Fig. 15,
where the relevant measurements are shown in the ∆Γs-φ

cc̄s
s plane. The red-shaded region

corresponds to φcc̄ss < 0, as is required to generate a positive Assl. The expected reach of
LHCb is in this regard promising: statistical sensitivities of ∼ 0.003 in φcc̄ss are projected
with 300 fb−1 [183].

Exotic b-flavored Hadron Decays

The relevant branching fraction for B-Mesogenesis in Eq. 17 and Fig. 15 is an inclusive rate
containing contributions from all possible channels. At present, the current bound on such
inclusive branching fraction is . 10 % and arises from inclusive measurements of B meson
decays [176, 185]. However, to date no searches on exclusive channels such as B → ψ + B
have been performed. Considering the sensitivities in similar processes involving missing
energy like B → Kνν̄ [186–188], we expect B-factories to be able to probe branching ratios
down to ∼ 10−5. Given that recent phase space estimations [176] suggest a relationship
Br (B → ψ + B) & (0.01 − 0.1) Br (B → ψ + B +M) between exclusive and inclusive
channels, B factories may be able to fully test this mechanism.

Even though final states containing missing energy are challenging for hadron colliders,
there are several avenues that can be followed to constrain B-Mesogenesis at LHCb thanks
to the exquisite b-reconstruction efficiency and the relatively clean signal environment:

• One can search for processes such as B+ → ψ + B?, where B? is an excited baryon
that decays promptly [189]. B? would be easier to tag as the decay track will not be
displaced. Importantly, the exact mass of ψ would not be fully reconstructed and so
one would require a handle on irreducible SM backgrounds such as B+ → B̄ + n.

• A possibility that was recently put forward in [190] relies on the fact that B0
s oscillate

to use the reconstructed B baryon in order to have a handle on the ψ mass and new
non-standard decay rate. Although Ref. [190] did not fully study the sensitivity to
Br (B → ψ + B +M), it is an interesting future possibility.

• b-flavored Baryons (Bb) are only produced at hadron colliders and they will also
posses a non-standard decay mode, Bb → ψ +M, which one may try to search
for. This is challenging as it would require knowledge of the initial energy of Bb.
Nonetheless, there are studies showing that in principle this could be achieved [191].

Other indirect signals

A TeV-scale color-triplet scalar mediator has potential implications for SUSY-like LHC
searches involving jets and missing energy [176,180]. Depending on the flavor structure
of the couplings, modifications to neutral meson mixing can be induced, including an
enhancement of CP-violating quantities like the Aqsl [176,177]. Interestingly and due to
the existence of new light states, modifications of the decay width mixing Γ12 in B mesons
are possible, contrary to what is commonly assumed. Finally, the exact characterization
of the dark sector can lead to DM annihilation or decay signals, or even long-lived decays
at collider experiments [177] which may be interesting for CODEX-b [196].
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Figure 15: Left panel: Parameter space in the Adsl-A
s
sl plane. We show SM predictions from [182],

current world averages [185], and results from global fits (UTfit) [192]. Right panel: Experimental
landscape in the ∆Γs-φ

cc̄s
s plane. Current measurements from LHCb [193], ATLAS [194], and

CMS [195] are shown. The regions highlighted in red allow for successful baryogenesis and dark
matter production as described in the text.

CP Violation in D± Decays

As discussed in the introduction, Mesogenesis is also possible by leveraging the CP
violation in other SM meson systems; in D-Mesogenesis [175] the CPV of charged D±

decays to an odd number of final state charged pions, improved measurement of both the
branching fraction and the charge asymmetry in such channels will further constrain or
discover this mechanism.

4.5 Neutrino Masses

4.5.1 Heavy neutral leptons from Drell-Yan production17

The neutrinos of the SM are the only purely left-handed fermions. The resulting absence
of a mass term contradicts experimental observations. The most straight forward solution
is the inclusion of three right handed neutrinos νRi [197,198]

LνR = −λai`aεHνRi −
1

2
νcRiMijνRj + h.c. , (18)

where λai is a Yukawa coupling and Mij is the Majorana mass. After electroweak symmetry
breaking the Higgs H expectation value v generates the Dirac mass mai = vλai. These
two mass terms generate the light neutrino masses via the seesaw mechanism

mν = −maiM
−1
ij m

T
bj = −θaiMijθ

T
bj , θai = majM

−1
ij , U2

ai = |θai|2 , U2
a =

∑

i

U2
ai .

(19)

The heavy neutrino mass eigenstates Ni couple to the heavy SM bosons via

L ⊃ −mW

v
Nθ∗aγ

µeLaW
+
µ −

mZ√
2v
Nθ∗aγ

µνLaZµ −
M

v
θahνLαN + h.c. . (20)

17Contributed by Jan Hajer.
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Figure 16: Comparison of the discovery (blue) and exclusions (red) reaches for HNLs with pure
muon mixing U2

µ at the LHCb detector with 13 and 14 TeV after collecting 30 and 380 fb−1 of
data. Here we assume that secondary vertices originating from HNL decays happening within
the first half of the VELO or before the RICH 1 or 2 can be reliably identified. The dashed and
dotted curves include muons identified only identified in the muon system.

A minimal phenomenologically relevant model of this type is the Neutrino Minimal
Standard Model (νMSM) [199,200]. In which, the B − L symmetry of the SM, broken by
the Majorana mass term is approximately restored when the νRi form pseudo-Dirac pairs
νRi + νcRj in the limit of small Mij. The matrices of the Majorana mass and the Yukawa
coupling take the form

Mij = M diag (1− µ, 1 + µ, µ′) , λai =



λe + εe i(λe − εe) ε′e
λµ + εµ i(λµ − εµ) ε′µ
λτ + ετ i(λτ − ετ ) ε′τ


 , (21)

where ε, ε′, µ, and µ′ are small B−L violating parameter [201]. Hence, the heavy neutrino
mass spectrum features an almost mass degenerate pseudo Dirac pair with coupling O(λ)
and a lighter O(keV) dark matter candidate with coupling O(ε′). Furthermore, the νMSM
can explain neutrino oscillation data and baryogenesis via leptogenesis. In order to ensure
comparability between the various experiments it is usually assumed that a single heavy
neutrino N , called heavy neutral lepton (HNL), coupling to one of the lepton flavours is
detectable.

At colliders the HNL can be produced in association with a charged lepton via a
W -boson. The decay into one neutral and two oppositely charged leptons is mediated

via a W - or Z-boson. This signature pp → W± → l∓hard(N
displaced−−−−−→ l∓(W± → l±ν))

allows to trigger on the first lepton and search for a secondary vertex [173]. Due to the
potentially long lifetime it is crucial to identify displaced vertices as far away from the
primary vertex as possible e.g. consider muon chamber only muons [203,204]. Based on
the LHCb detector design it is interesting to explore the potential sensitivity reach under
the assumption that vertex reconstruction without relying on the VELO or even the first
RICH is reliably possible. A comparison of the potential sensitivities is shown in figure
16. The necessity to trigger on a single charged lepton opens an interesting avenue for
searches at LHCb. The comparably smaller luminosity allows for fairly soft transverse
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Figure 17: Comparison of the maximal exclusion reach for HNLs at ATLAS and CMS with 3 ab−1

and LHCb with 380 fb−1 for pure U2
e , U2

µ, and U2
τ mixing in (a), (b), and (c), respectively. While

the larger luminosity collected by ATLAS and CMS results in a better sensitivity compared to
LHCb the softer trigger requirements for τ leptons allow the LHCb detector to gain a sensitivity
competitive with ATLAS and CMS for HNLs with pure U2

τ mixing. Here we have assumed 50,
140, and 170 GeV as minimal pT requirement for the single τ trigger at LHCb, ATLAS and
CMS, respectively [12,202].

momentum pT requirements for the single lepton trigger. In figure 17 we compare the
maximal exclusion reach at the LHC main detectors. The low pT requirement of the single
τ trigger allows the LHCb experiment to be competitive with ATLAS and CMS despite
the reduced luminosity.

4.5.2 Heavy neutral leptons from Meson decays18

The LHCb search for HNLs in [99] targeted the rare B → µN production channel followed
by N → µπ. Estimates of the future LHCb sensitivity for HNLs produced in W bosons
decays were discussed in [205] and in Section 4.5.1. In [206], we have updated the sensitivity
estimates by including the HNLs produced in inclusive B meson decays and decaying into
different final states.

Sensitivity estimates. The number of detected events is given by

Nevents = Nparent · Br · Pdec · ε, (22)

where Nparent is the number of parent particles (W bosons or B mesons)19, see Table 2;
Br is the branching fraction of (semi-)leptonic B mesons decays; Pdec is the HNL decay
probability

Pdec = e−lmin/cτ〈γN 〉 − e−lmax/cτ〈γN 〉 (23)

with lmin and lmax determined by the geometry of a tracker, and 〈γN〉 being the average γ
factor of the HNL.20 Finally, the parameter ε is the efficiency—the fraction of all HNL

18Contributed by Inar Timiryasov and Alexey Boyarsky.
19Other production channels (via Z and Higgs bosons, Drell-Yan processes, gluon fusion) are subdominant

for the masses under consideration [207–213].
20For the HNLs produced from B mesons we define 〈γN 〉 =

√
〈γX〉2(γrestN )2 − 1, where γX is the γ factor

of a parent meson that moves in the direction of the decay volume, and γrestN is the γ factor of the HNL
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Parent/Experiment lmin, lmax Cross-section Number
W @ ATLAS/CMS, Short DV 0.4 cm, 30 cm [214] σW ' 193 nb [215] 5× 1011

W @ CMS, Long DV 2 cm, 300 cm σW ' 193 nb [215] 5× 1011

B @ LHCb 2 cm, 60 cm [205] σbb̄ ' 1.3 · 108 pb [216] 4.9 · 1013

Table 2: Number of parent particles (W bosons or B mesons), their average energy 〈E〉 and
corresponding parameters of the DV search schemes used for the estimates. All numbers are given
for the high luminosity phase of the LHC (L = 3000 fb−1 for CMS/ATLAS and L = 380 fb−1

for the LHCb) and can be proportionally rescaled for other luminosities. The average energy of
B mesons is 84 GeV [217] and we used their spectrum at

√
s = 13 TeV in the pseudorapidity

range of LHCb as provided by FONLL simulations [217].

decays that occurred inside the decay volume (between lmin and lmax) that have passed
the selection criteria and were successfully reconstructed.

We assume that the searches are background free, which is guaranteed by the selection
criteria for a DV event within the search schemes we consider. The sensitivity curve
is determined by the condition Nevents ≈ 3 (95% confidence limit), corresponding to
the exclusion limit. The lower boundary of such a curve is determined by the regime
lmin � cτN〈γN〉 where the number of events scales approximately as Nevents ∝ U4 which
allows to find the U2 value for the lower boundary from Eqs. (22)–(23). The lower
boundary assuming Nevents > 3 can be obtained from the curve for Nevents = 3 by
a simple rescaling. The upper boundary is determined by lmin > cτN〈γN〉, so that
Pdec ≈ exp [−lmin/(cτγN)], and hence Nevents is exponentially sensitive to γN . Therefore
the HNL momentum distribution becomes important with the most energetic HNLs
determining the exact shape of the boundary. By assuming that all of the HNLs are
produced with the average γ factor, we underestimate the position of the upper boundary
and, as a result, the maximal mass probed, which is defined as the intersection of the
lower and upper bounds of the sensitivity.

DV at LHCb. We identify an HNL decay event at LHCb as a DV event if it passes
the following selection criteria adapted from [99]:

• Decay products must be produced in pseudorapidity range 2 < η < 5.

• The single muon must have pT > 1.64 GeV to pass the trigger.

• Hadrons must have p > 2 GeV and pT > 1.1 GeV to be tracked.

• Lepton products of HNL decay should have p > 3 GeV and pT > 0.75 GeV.

Following [99], we estimate the corresponding efficiency as ε ∼ 10−2 for all visible decay
channels.

The main parameters for the LHCb experiment are given in Table 2. We notice that
at the energies of the LHC for large masses of the HNL (mN ' 3 GeV in the case of the
mixing with νe/µ and mN ' 2 GeV in the case of the mixing with ντ ) the main production

in the rest frame of the meson.
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channel is the 2-body leptonic decays of the Bc mesons (see, e.g., [218, 219]). This makes
possible to probe HNL masses up to mBc ≈ 6.3 GeV.

The mixing angle U2 at the lower bound of the sensitivity is given by

U2
lb = 2.6 · 10−6

√
300

L[fb−1]

10−2

ε

cτN
1 m

〈γN〉∑
B fb→BBrB→N+X

. (24)

The corresponding sensitivity plot is shown in Fig. 18.

Production of HNLs from B mesons. In order to estimate the number of detected
events one needs the production branching ratio Br and the branching ratios of the HNL
decays. entering Eq. (1) of the main text. These branching ratios as functions of the mass
of the HNL are shown in Fig. 18.
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Figure 18: The sensitivity of DV searches at LHCb in the high luminosity phase with L =
[300]fb−1. Bounds from the previous experiments are based on [220].

4.6 Dark Photons

4.6.1 Dark photons in multi-lepton searches21

Dark Photons with GeV-scale masses have become very popular in the literature since it
was realised that they can help to explain the observed excess in the cosmic ray position
spectrum [221, 222] as well as the excess in the muon anomalous magnetic moment
(g − 2)µ [223]. The most general Lagrangian for a new U(1)X gauge boson, allowed by
gauge symmetry, reads

L = −1

4
XµνX

µν − ε

2
BµνX

µν − M2
X

2
XµX

µ − gX jµX Xµ . (25)

In the minimal (secluded) dark photon model [223–225] there are no fermions charged
under the new symmetry, i.e. jµX = 0. In this scenario interactions of the dark photon
mass eigenstate A′ with SM fields are entirely determined by the interactions of the SM
photon with an effective mass of MA′ . Due to its excellent muon reconstruction efficiency
LHCb sets the leading constraints on such minimal dark photons over a large range
of dark photon masses from resonance searches in both prompt and displaced dimuon
signatures [63]. In the future, LHCb will be able to set stringent limits based on dielectron
resonance searches in the process D∗0 → D0(A′ → e+e−) [226].

21Contributed by Patrick Foldenauer.
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Anomaly-free dark photon models Beyond the minimal secluded model (jµx = 0)
there are a number of new gauge symmetries with charged SM fields that only require the
addition of right-handed neutrinos in order to cancel gauge anomalies. This class of models
is made up of the groups U(1)B−L, U(1)Lµ−Le , U(1)Le−Lµ , U(1)Lµ−Lτ and combinations
thereof, with the gauge currents,

jµB−L =
1

3
Q̄γµQ+

1

3
ūRγ

µuR +
1

3
d̄Rγ

µdR − L̄γµL− ¯̀
Rγ

µ`R − ν̄RγµνR , (26)

jµi−j = L̄iγ
µLi + ¯̀

R,iγ
µ`R,i + ν̄R,iγ

µνR,i − L̄jγµLj − ¯̀
R,jγ

µ`R,j − ν̄R,jγµνR,j . (27)

While resonance searches in the dimuon channel and in the dielectron channel in charm
meson decays are optimal for minimal secluded dark photons, searches for the associated
gauge bosons of this broader class of minimal anomaly-free U(1) models often require
complementary strategies due to their special coupling structure [103,227,228].

γ, Z

A′

ℓ

ℓ̄

ℓ̄′

ℓ′
q

q̄

Figure 19: Four lepton final state due to dark photon production in final state radiation.

In particular, the associated gauge bosons A′ of the anomaly-free lepton groups
U(1)Li−Lj cannot be produced in pp collisions or meson decays directly due to the lack
of couplings to baryons. Instead searches for these at the LHC would rather have to be
focused on four-lepton signatures, where the A′ is produced from final state radiation off
a lepton (cf. Fig. 19). Such a search strategy has been previously employed by CMS [229]
in the four-muon channel. The CMS search yields the leading constraint for muon-philic
gauge bosons with masses MA′ & 10 GeV (see e.g. left panel of Fig. 20). Due to the
excellent vertexing capabilities of LHCb as well as its high muon reconstruction efficiency,
a similar search at LHCb could in particular target long-lived A′ and yield sensitivities to
much smaller gauge couplings.

Similarly, a resonance search in a four-electron final state at LHCb could be sensitive
to unconstrained parameter space of electro-philic gauge bosons, if couplings to muons
are absent. For example, in the right panel of Fig. 20 it can be seen that the parameter
space of U(1)Le−Lτ is rather unconstrained for boson masses of MA′ & 10 GeV where
gauge couplings of up to g ∼ 0.1 are still allowed. This region of parameter space
provides a blind spot for traditional dark photon searches at e+e+ collider experiments
like Belle and Babar, since these operate at a center of mass energy of

√
s = 10.58 GeV

corresponding to the Υ(4S) meson resonance. Although reconstruction of electrons at
LHCb is traditionally more challenging than of muons (see Sec. 2.1.4), due to the relatively
unconstrained parameter space in such electro-philic models LHCb could fill the gap and
provide leading constraints for MA′ & 10 GeV. Especially, due to its excellent displaced
vertex reconstruction [234] four-electron searches could also be a prime search channel for
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Figure 20: Constraints (from [230]) on GeV-mass dark photons of gauged U(1)Lµ−Le (left) and
U(1)Le−Lτ (right) from BaBar [231,232], CMS [229], White Dwarf cooling [227] and NSI [233].

long-lived electro-philic dark photons.22

In summary, resonance searches in four-lepton final states at LHCb can probe non-
minimal dark photons complementary to existing searches. These prospects call for
dedicated sensitivity studies of such searches at LHCb in order to realise its full potential
for dark photons in LHC run 3. It will be particularly important to systematically study
all possible combinations of such four-lepton channels (including `+`−`′+`′− with ` 6= `′)
to fully determine the flavour structure of the associated gauge group.

4.6.2 Minimal Dark photons23

Two methods for probing dark photon at LHCb are:

• An inclusive search in the µ+µ− final state [12,63,98,114], i.e.

pp→ XA′ → Xµ+µ− . (28)

• An exclusive search using D∗ → D0A′ decays in the e+e− final state [226]

D∗ → D0(A′ → e+e−) . (29)

The dark photon primarily couples to the electromagnetic current when it is much
lighter than the Z boson. The rate of dark photon production and its decay A′ → µ+µ−

can be fully determined using a data-driven process based on measuring the rate of off-shell
photon production, γ∗ → µ+µ−. This approach greatly simplifies the search. The inclusive
analysis of A′ → µ+µ− has two signal regions depending on the decay location. If the
muons produced in the dark photon decay are experimentally consistent with originating
from the proton-proton collision, we consider this a prompt A′ decay. Otherwise, we

22Similar considerations hold for the related groups U(1)B−3Le , U(1)B−2Le−Lτ or U(1)B−2Lτ−Le . There,
due to the dark photon coupling to quarks, even searches in the dielectron channel at LHCb could
provide competitive constraints for MA′ & 10 GeV as well as for long-lived A′.

23Contributed by Yotam Soreq, Michael Williams.
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consider it as a displaced dark photon decay. See Sec. 2.2.3 for more details of the muon
search. Figure 21 shows the current and future prospect of bounds on the A′ parameter
space (mass versus mixing strength). As we can see, LHCb can probe the parameter
space that is not accessible by any other experiment. This data-driven search can be also
implemented using the A′ → e+e− channel that is similar to the True-Muonium search
(see Sec. 4.9).

The D∗ → D0A′ search [226] leverages the large charm-meson production rate at
LHCb. There are two search strategies, a dispalced search, which is almost background
free, and a prompt (resonant decay) search. Moreover, since the D∗ is a narrow resonance,
its mass can serve as a kinematical anchor resulting in improved e+e− invariant mass
resolution, thus, better sensitivity to dark photons. As we can see from Fig. 21, this
search can explore dark photons with masses below the pion mass and mixing strengths
in the range ε2 & 10−10, which is in the gap between the B-factory and the beam-dump
searches.

Finally, the searches for dark photons can probe other vector particles with different
couplings to the SM, such as B − L, a leptophobic B boson, or a vector that mediates a
protophobic force. A simple recasting framework for laboratory dark photon searches was
developed in Ref. [103], DarkCast. This framework includes a data-driven method for
determining hadronic decay rates at the QCD scale, which cannot be calculated from first
princple without a dedicated lattice calculation. This approach can easily be generalized
to any massive gauge boson with vector couplings to the Standard Model fermions, and
software to perform any such recasting is provided at https://gitlab.com/philten/

darkcast. In Fig. 22, we show the current bounds on the B − L and B bosons based on
DarkCast.

Figure 21: Current (left) and future expected (right) exclusion regions from searches for dark
photons, including LHCb and other experiments. Plots produced using DarkCast [103]. Note
that both the first LHCb search [12] and its subsequent update [63] are shown as overlapping
green regions.

4.6.3 Long Lived Dark photons24

Dark photons can naturally arise in models in which a hidden sector abelian gauge boson
has either a kinetic mixing (see previous section) or a Stueckelberg mass mixing [235–237]
with the SM hypercharge gauge boson. Long-lived dark photons (LLDPs) with a mass in
the MeV-GeV scale are interesting new physics experimental targets.

24Contributed by Zuowei Liu, Mingxuan Du, Van Que Tran.
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boson (see text for details). The plot was produced using DarkCast [103].

However, LHC searches for such LLDPs suffer from the fact that the same coupling
that makes the dark photon long-lived suppresses the production rate. Here we present a
model where the LHC production rate can be decoupled from the decay process, with
interesting prospects at LHCb [238].

The standard model is extended by a hidden sector that contains two abelian gauge
bosons Xµ and Cµ, with gauge groups U(1)F and U(1)W respectively, and one Dirac
fermion ψ charged under both groups with gauge couplings gF and gW . The interactions
between the hidden sector and the standard model are mediated by the Stueckelberg mass
terms [238]; the relevant Lagrangian is given by

L = −1

4
X2
µν −

1

4
C2
µν −

1

2
(∂µσ1 +m1ε1Bµ +m1Xµ)2 − 1

2
(∂µσ2 +m2ε2Bµ +m2Cµ)2, (30)

where σ1 and σ2 are the axion fields, and m1, m2, m1ε1, and m2ε2 are mass terms in the
Stueckelberg mechanism.

Due to the extension of the gauge group, the neutral gauge boson mass matrix is
enlarged to be a 4 by 4 matrix which can be diagonalized by an orthogonal transformation
O. The mass basis E = (Z ′, A′, Z, A) is related to the gauge basis V = (C,X,B,A3) via
Ei = OjiVj. In the mass basis, A is the SM photon, Z is the SM Z boson, A′ is the
dark photon and Z ′ is the heavy boson. Diagonalization of the mass matrix leads to
interactions between Z/A to the hidden fermion ψ, and also interactions between Z ′/A′

and SM fermions f ; both ψ − Z/A and f − Z ′/A′ couplings are suppressed by the small
ε1 and ε2 parameters, and vanish in the ε1 = 0 = ε2 limit.

At the LHC, for a sufficient large value of ε2 and gauge coupling gF , a large number
of dark photons can be radiated off from the hidden sector particle ψ, where ψ is pair-
produced via pp→ Z/Z ′ → ψ̄ψ. Assuming ε1 � 1 and mA′ < 2mψ, the dark photon can
travel a macroscopic distance away from its production point and then decay into a pair
of SM particles. The muonic decay mode of A′ can be searched for at LHCb via displaced
dimuon signal [12, 63,114].

To analyze the displaced dimuon signal at LHCb, we choose a benchmark point in
which m2 = 700 GeV, mψ = 5 GeV, ε2 = 0.01, gF = 1.5 and gW = 1. In this benchmark
point, the ψ̄ψ production cross section is about 4.3 pb and dominated by the Z-boson
exchange channel. We use MG5_aMC@NLO [239] to generate the events for each model point
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Figure 23: LHC current and future sensitivity contours to the LLDP parameter space spanned
by ε1 and mA′ . The blue solid and dashed contours indicate the regions probed by the LHCb
with 5.5 fb−1 and 15 fb−1 data respectively. The regions probed by the future precision timing
detector MTD CMS [242] with 250 fb−1 and 3000 fb−1 data are shown as red solid and dashed
contours respectively. The gray islands at ε1 ∼ (10−4− 10−5) are the LHCb exclusion regions for
the conventional dark photon scenario [63]. Various experimental constraints on the conventional
dark photon scenario are shown as color shaded regions. Reproduced from Ref. [238].

on the ε1-mA′ plane, which are then passed to Pythia 8 [152, 240, 241] for showering
(including showering in hidden sector) and hadronization. We follow the LLDP search
criteria in Ref. [12, 63] to analyze the signal. The background event is estimated to be
B = 25 at L = 15 fb−1 [114]. We compute the exclusion region by demanding that
S/
√
B > 2 where S is the signal event number.

Fig. (23) shows the exclusion region and future sensitivity in the parameter space
spanned by ε1 and mA′ from the LHCb displaced dimuon search. With the current
luminosity 5.5 fb−1, LHCb can probe the parameter space of our model: 200 MeV <
mA′ < 9 GeV and 2×10−7 < ε1 < 6×10−5, shown as the blue solid contour. The exclusion
region in the conventional dark photon scenario is, however, much smaller, which is shown
as two small gray islands at ε1 ∼ (10−4 − 10−5). Thus, in our model, a significantly larger
region of parameter space than the conventional dark photon model can be probed by the
current LLDP search at LHCb. If 15 fb−1 integrated luminosity can be accumulated in
the LHC Run 3 data, LHCb can probe the parameter space: 200 MeV < mA′ < 10 GeV
and 10−7 < ε1 < 10−4, shown as the blue dashed contour.

Furthermore, if the produced LLDP is moving non-relativistically and has a long
lifetime, a significant time delay ∆t [243] can be measured by the precision timing
detectors proposed to be installed at LHCb [21], CMS [242] and ATLAS [244,245]. A time
delay signal from the LLDPs model [238] has been investigated using the future timing
detector at CMS (MTD CMS) which has a ∼30 ps timing resolution [242]. The major
background due to pile-up can be suppressed to be negligible if a significant time delay is
required, ∆t > 1.2 ns. The sensitivity region spanned by ε1 and mA′ from the MTD CMS
with 250 fb−1 and 3000 fb−1 data are shown in Fig. (23) as red solid and dashed contours
respectively. The MTD CMS probes the parameter space with a somewhat smaller ε1
than the LHCb di-muon search, as shown in Fig. (23).

A time delay signal from the LLDPs can also be searched for at the future TORCH
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detector, a precision timing detector proposed to be installed at the next upgrade of
LHCb (see Sec. 2.1.1). Because the TORCH detector is located ∼ 10 m away from the
interaction point, it can probe a slightly different LLDP parameter space than the MTD
CMS detector. Also, because the TORCH detector has a better timing resolution, 15 ps
per track, the time delay searches of LLDPs at LHCb is expected to be more promising.

4.7 Light new scalars

4.7.1 Exotic Higgs Decay25

Coupling light new degrees of freedom to the Standard Model while being consistent with
the existing experimental data can be done through the so called “portals” (see Ref. [246]
for a review). In this section we focus on the so-called Higgs portal, which adds a new
scalar singlet S to the Standard Model26.

In this setup the h → SS decays yield Exotic Higgs decays, namely final states of
the Higgs boson not present in the Standard Model.27. The relevant Lagrangian can be
written (after electroweak symmetry breaking) as

L ⊃ −λSShhS2 − sin θ
mf

v
Sff̄ (31)

where h is the SM-like Higgs with a mass of approximately 125.09 GeV and S is the
new scalar, and θ is the mixing angle between both scalars, constrained to be small due
to Higgs data. Since S has the total width of a SM-like Higgs boson scaled by sin θ2

it is likely that S is long-lived. There are direct constraints from displaced jets (from
ATLAS [113, 254, 255], CMS [256] and LHCb28) but they are only valid if mS & 10
GeV. In addition, there is an upper limit on the maximum “invisible” (i.e: non-SM
like) branching fraction of h, being of 19 (26)% from CMS [257] (ATLAS [258]).29. An
important advantage of searching for exotic Higgs decays is that the production cross
section is fixed, being approximately 55 pb [260]30.

LHCb provides unique advantages to tackle the displaced decay of S into exclusive
hadronic final states, due to their exquisite vertexing precision and also for being the only
LHC experiment with hadronic particle identification capabilities31. More details about
these advantages are given in Sec. 2. The specific branching fractions into hadronic final
states32 would depend on the flavour structure.

To assess the LHCb sensitivity to a light S decaying into SM hadrons, we perform a
study of displaced S → K+K−. Events are generated using Pythia 8.1 [263] using the
SM Higgs production module and forcing the H → SS → K+K−K+K− branching ratio
to be unity. Our search strategy is based on selecting K± candidates (pT > 0.5 GeV,

25Contributed by José Zurita.
26Portal couplings have been studied in a variety of physics cases: dark matter [247–249], SUSY

models [250], cosmic inflation [102,251], and cosmological solutions to the Higgs hierarchy problem [252].
27Finding such decay modes would be an indisputable sign of new physics, see Ref. [253] for a review.
28see Sec. 3 and Ref. [52].
29A recent ATLAS study [259] updates this value to 13 %.
30Alternatively one could look for off-shell Higgs effects in exotic decays of B-mesons, which we do not

pursue here. We refer the reader to Sections 4.2.1 and 4.3.1.
31If S lives longer than about a meter and most of the decays happen outside the detector, it falls in the

domain of new external detectors such as MATHUSLA [261], CODEX-b [196] and FASER [262].
32We refer the reader to Ref. [156] for details of the calculation.
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2 < η < 5 and reconstructing S candidates from those kaons, satisfying d(K,K) < 0.1
mm and pT (S) > 10 GeV. The S vertex must point to the primary vertex with impact
parameter larger than 0.1 mm, and needs to occur in 2 < ρ < 25 and z < 400 mm, where
ρ is the radial distance (perpendicular to the beam axis z) in centimeters. Our analysis
applies an isolation criteria for muons, and also vetoes specific mKK region to account
for k misidentification into other hadrons (for details see Ref. [57].). We then classify our
event into 8 signal regions, depending on whether we a) reconstruct 1 or 2 S candidates b)
apply kaon isolation and c) if 6 < ρ < 10 or 14 < ρ < 25 for each candidate, and report
the strongest constrain among the 8 regions. We note that while here we focus on charged
kaons, our strategy is general and applicable to any other charged hadron (e.g: D, π, etc).

We present model-independent results in the mS − cτ plane (figure 24), and for the
hadrophilic Higgs portal (figure 25) in the θ −mS plane.33 We show the minimum exotic
Higgs branching fraction that can be excluded at the 95 % C.L. Confronting our study
with the expected ATLAS and CMS “invisible” Higgs search we see that a) LHCb can
go below the 2.5 % expected reach in several regions of the parameter space and b) in
case of an excess in that search, LHCb has the potential to characterize the signal, which
would be quite hard (if not impossible) at ATLAS and CMS.
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Figure 24: Exotic Higgs branching ratio excluded at the 95 % C. L at LHCb for a total integrated
luminosity of 15 fb−1 (left) and 300 fb−1 (right) Results are presented in a model-independent
manner in terms of the S scalar mass and lifetime (from Ref. [57]).

To summarize, the LHCb can help to identify long-lived scalar decays into exclusive
hadrons, allowing for thorough (and unique) exploration of the mass regime mS . 10 GeV
which can not be directly tested by other LHC experiments, thanks to its hadron ID and
vertexing.

4.7.2 Single (pseudo-)scalar production34

Several well-motivated extensions of the SM include new (pseudo)scalar particles with
mass below the electroweak scale. A well-known example in the context of supersymmetry

33The MFV Higgs portal (results can be found in Ref. [57]) is strongly constrained from the B → Kµµ
LHCb search [60,61], however for the leptophobic (hadrophilic case) those constraints do not apply.

34Contributed by Jernej F. Kamenik.
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Figure 25: Exotic Higgs branching ratio excluded at the 95 % C. L at LHCb for a total integrated
luminosity of 15 fb−1 (left) and 300 fb−1 (right) Results are presented for a model with a
hadrophilic (leptophobic) S, following [264] (plot from Ref. [57]).

is the next-to-minimal supersymmetric SM, where a light pseudo-scalar state can arise as
a result of an approximate global U(1)R symmetry [265]. Non-supersymmetric extensions
featuring a light (pseudo)scalars include Little Higgs models, hidden valley scenarios (see
Ref. [253], and references therein for details), and simplified models where a (complex)
singlet scalar is coupled to the Higgs potential of the SM or the 2HDM.

Light (pseudo-)scalars can be searched via various collider signatures such as exotic
decays of the 125 GeV Higgs h, radiative decays of bottomonium, direct production from
pp collisions in association with b-jets and also inclusively, where the main production
mode is usually gluon-gluon fusion.

Despite the significantly lower luminosity collected with respect to ATLAS and
CMS, LHCb has already proven to be capable of placing world-best limits for low-
mass (pseudo)scalars produced in gluon-gluon fusion [146,266], by searching simply for
resonant pairs of opposite-sign muons [12, 62] (see Sec. 3). Indeed, a large fraction of
these light particles are produced with large boosts at the LHC and end up in the LHCb
acceptance. On top of that, the LHCb detector is capable of triggering on muons with low
transverse momenta, greatly enhancing its acceptance to the low invariant mass di-muon
signature with respect to ATLAS and CMS (see Sec. 2.1.2). Below we illustrate this using
two specific model examples.

Working within an effective theory description below the EW breaking scale (v '
246 GeV), the relevant Lagrangian is given by

L ⊃ 1

2

[
(∂P )2 −m2

PP
2 + (∂S)2 −m2

SS
2
]
−
∑

f

mf

v

(
iκfPP f̄γ5f + κfSSf̄f

)
, (32)

One can easily match the above interactions to more complete EW descriptions above the
weak scale, such as multi-Higgs models. We have assumed that the new spin-0 particles
P, S couple to all SM fermions f in a flavour-conserving way and that their interactions
conserve CP, which renders the coefficients κfP,S real (see Ref. [146] for more details).

The simplified model (32) is valid as long as the new scalar S does not mix strongly with
the SM Higgs boson and there are no additional light degrees of freedom below the EW

52



scale. In such a case the model dependence associated to the full Higgs sector is encoded
in the portal couplings κfP,S. The simplest choice of couplings is universal κfP,S = κP,S
and realised in singlet scalar extensions of the SM Higgs sector. Within the decoupling
(and approximate U(1)PQ) limit of the 2HDM type II (2HDMII) (see e.g. Refs. [267, 268]
for 2HDM reviews), a light 2HDM pseudoscalar P = A emerges and one has instead
κe,µ,τ,d,s,bP = tβ, κu,c,tP = 1/tβ with tβ ≡ tan β denoting the ratio of vacuum expectation
values of the two Higgs doublets. Another interesting possibility is the 2HDMII+S scenario.
In this model a complex scalar singlet is added to the 2HDMII Higgs potential. The
singlet field couples only to the two Higgs doublets but has no direct Yukawa couplings,
acquiring all of its couplings to SM fermions through its mixing with the Higgs doublets.
A light pseudoscalar P = a can again arise in such a setup from the admixture of the
2HDM pseudoscalar and the imaginary part of the complex singlet. The corresponding
mixing angle will be denoted by θ, and defined such that for θ → 0 the mass eigenstate a
becomes exactly singlet-like. In this setup, the effective couplings become κe,µ,τ,d,s,bP = sθtβ,
κu,c,tP = sθ/tβ , where sθ ≡ sin θ. For more model examples see Refs. [146,266].

In the mass range of interest and under the assumption that the couplings κfP,S are

approximately universal, the mediators P, S decay dominantly to bb̄ (for mP,S > 2mb), cc̄
and τ+τ−. Somewhat suppressed are instead the µ+µ− and γγ branching ratios. These
features are illustrated in Fig. 1 of Ref. [146]. From these plots it is also evident that
for
∣∣κfP,S

∣∣ . O(1) the new resonances are narrow with the total decay widths <∼ 1 MeV.
The relative suppression of the clean µ+µ− and γγ final states turns out to be of no big
concern in practice given the sizeable production rates of light spin-0 states at the LHC.
From Fig. 2 of Ref. [146], one sees that the inclusive cross sections at 8 TeV for a scalar
or pseudoscalar of O(10 GeV) mass range from a few nb to tens of nb. At LHCb, narrow
resonances in dimuon decays are the most promising signals to look for these particles.

In order to interpret experimental bounds on O(10 GeV) di-muon resonances in terms
of new spin-0 states described by Eq. (32) one needs to consider non-perturbative effects
due to the presence of bottomonium resonances and the bb̄ threshold. In particular, close
to the bb̄ threshold a perturbative description of the production and the decay of the new
resonances breaks down. In this region we can however approximate the bb̄ contributions
to the P, S widths by a sum over exclusive states interpolated to the continuum sufficiently
above threshold [276,277]. We can assume that the dominant contributions to production
and the total width arise from the mixing of the new spin-0 mediators with bottomonium
states. In particular, P will mix with the six ηb(n) states, while S will mix with the three
χb(n) resonances, see Ref. [146] for a detailed discussion.

Taking all of these considerations into account, as two examples of the important
complementarity of LHCb di-muon searches with other experimental strategies, in Fig. 26
we present combined experimental constraints on the parameter space of the explicit
2HDMII and 2HDMII+S model realizations of Eq. (32). In the 2HDMII case the constraints
can be shown as a function of tan β on the pseudoscalar mass mA, while in the 2HDMII+S
setup for a fixed value of tβ, the measurements set limits on |sθ| as a function of ma.

From Fig. 26 and also other similar plots in Refs. [146,266], we see that the existing
collider constraints on models with light (pseudo)scalars are in general not very strong.
The inclusive dimuon [12,114] cross section measurements that specifically focus on the
10− 70 GeV mass region are competitive and being a worthwhile scientific goal of LHCb.
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Figure 26: Left: 95% CL bounds on tanβ in the 2HDMII scenario. The blue, green, and orange
curves follow from Υ(n) production by LHCb [146,269], a CMS dimuon resonance search [270],
and the BaBar 90% CL limit on radiative Υ(1) decays in the dimuon [271] and ditau [272]
channels. The perturbativity bound on tanβ is also shown (black dashed). All shaded regions
are excluded. For further details see Ref. [146]. Right: Limits on |sθ| in the 2HDMII+S
with tβ = 2. The green, blue and yellow regions are the same as in the left panel, while the
additional turquoise, red, purple and brown exclusions correspond to the CMS searches for
pp→ abb̄→ τ+τ−bb̄ [273], pp→ a→ γγ [274], pp→ a→ τ+τ− [275] and the LHCb inclusive
dimuon cross section [12]. The dashed black lines indicate |sθ| = 1 and coloured regions are
excluded at 95% CL apart from the orange and yellow contours which only hold at 90% CL. For
further details see Ref. [266].

4.8 Axion-Like Particles

If the UV model of new physics contains a spontaneously broken global U(1) symmetry,
this gives rise to an Axion-like-particle (ALP), a light pseudoscalar a that is the (pseudo-
)Nambu-Goldstone boson of the broken symmetry. The ALP couples to the SM fields
through dimension 5 operators, so that at µ ∼ mb the most general ALP interaction
Lagrangian is given by (up to higher dimension operators)

La,int = cGG
a

fa

αs
8π
GµνG̃

µν + cγγ
a

fa

αem

8π
FµνF̃

µν +
∂µa

2fa
f iγ

µ
[
CV
ij + CA

ijγ5

]
fj . (33)

Conventionally, cGG is absorbed into the definition of the ALP decay constant fa, i.e., in
(33) cGG = 1 without loss of generality. The coupling to photons is cγγ ∼ O(1) in the
most common ALP models. Finally, in (33) we kept the fully general flavor structure
of ALP couplings to the SM fermions, fi = u, d, s, c, b, e, µ, τ (the top quark as well as
W,Z, h were integrated out). Because ALP is a pseudo Goldstone boson, its mass, ma, is
much smaller than the scale at which the global symmetry is broken, i.e., ma � fa.

Since spontaneously broken symmetries are easy to come by, ALPs are obtained in
many new physics models. Perhaps the most celebrated example of an ALP is the QCD
axion which solves the strong-CP problem [278–283]. The mass of the axion is entirely
due to the anomalous coupling to gluons, and is given by [284],

ma = 5.691(51)µeV

(
1012 GeV

fa

)
. (34)

For the “invisible” axion the decay constant is fa � 106 GeV [285], in which case the axion
is much lighter than an eV and essentially massless for collider purposes. Alternatively,
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ma can be introduced as an explicit breaking of the shift symmetry, with ma treated as a
completely free parameter. If ma is in the 100s MeV to few GeV range the ALP mass
becomes an important parameter also in collider processes. For small enough masses,
below O(keV) [286], ALPs are stable on cosmological time scales and can be valid dark
matter candidates (DM) [287–289]. Furthermore, ALPs can be a portal to DM and/or
a dark sector [290–293], or be related to the cosmological solutions to the electroweak
hierarchy problem [252].

4.8.1 Probing the flavor conserving ALP couplings 35

We consider an ALP with mass ma in the MeV-to-GeV scale and a dominant coupling to
gluons. Its interaction term is given by

L ⊃ −4παs
Λ

aGµνG̃
µν , (35)

where Λ is the UV cutoff (the ALP decay constant is fa = −Λ/32π2) and Gµν is the
gluon field strength and G̃µν its dual. In this mass range the ALP phenomenology is
challenging because of non perturbative QCD effects. In particular, for an ALP with a
mass of 1 GeV . ma . 3 GeV the ALP hadronic decay rates cannot be estimated neither
by perturbative QCD (which holds for higher masses) nor by chiral perturbation theory
(which hold for lighter ALPs). The hadronic decay rates of this scenario were estimated
in Ref. [294] by using a data driven approach.

The phenomenology of this scenario and the current bound from different experimental
probes were derived in Refs. [294–308]. For ma > 700 MeV one of the most sensitive ALP
production mechanisms is b→ sa decays, see e.g. [309]. These transitions were studied at
the two-loop level in Ref. [310], where it was found that some of the existing limits are
enhanced. In Fig. 27 we plot the current bounds on aGµνG̃

µν from the different probes.
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Figure 27: The bounds of aGµνG̃
µν as function of ma from different processes, adopted from

Ref. [294].

4.8.2 Probing the flavor violating ALP couplings 36

If the ALP has flavor violating couplings, CV,A
ij 6= 0, the FCNC decays such as B+ → K+a,

K+ → π+a or µ+ → e+a can lead to a discovery of an ALP. To shorten the notation we

35Contributed by Yotam Soreq.
36Contributed by Jure Zupan.
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follow [286,311] and introduce

F V,A
ij =

2fa

CV,A
ij

, Fij =
2fa√

|CV
ij |2 + |CA

ij |2
. (36)

We can distinguish two different regimes for sizes of Fij relative to fa. These lead to very
different phenomenology and possible search strategies.

Maximal flavor violation. If all flavor violating couplings to the SM fermions are
large, CV,A

ij ∼ O(1) so that Fij ∼ fa, then FCNC transitions lead to stringent bounds
on the axion decay constant. The maximally flavor violating ALP is stable on collider
timescales and escapes the detector, resulting in a missing energy signature. The case of
effectively massless ALPs was considered in detail in Ref. [311], with the most stringent
constraints arising from K+ → π+a decay giving a bound fa & 1012 GeV. The bound
is somewhat relaxed for heavier ALPs. For ma > mK the most stringent constraint is
due to B → K(∗)a decays, which would contribute to the B → K(∗)νν̄ searches. The
absence of a signal at Belle and BaBar translates to fa & 108 GeV. (A proper recast of
experimental results for ma 6= 0 has not been performed yet so the quoted bound is only
approximate. Furthermore, for ma . mB the ALP may already start decaying inside the
detector, leading to displaced vertices signatures.)

The maximal flavor violating ALPs can be searched for in P1 → P2a or P1 → V2a,
with P1,2(V2) the pseudoscalar (vector) mesons, with a escaping the detector. The possible
decays that have been considered in Ref. [311] (see also Refs. [149,286,312–316]) are, for
s → da transitions: K+ → π+a, K+ → π+π0a, Λ → na, Σ+ → pa, Ξ → Σa, Ξ0 → Λa;
for c→ ua transitions: D+ → π+a, Λc → pa; for b→ sa transitions: B→K(∗)a, Λb → Λa,
Bs → µ+µ−a; for b→ da transitions: B+ → π+a, B → ρa, Λb → na, B → µ+µ−a.

Several potentially interesting channels are lacking any experimental analyses so far.
For example, there is no experimental analysis of c → ua transitions that are sensitive
to the axial-vector coupling, i.e., there are no D → ππXinv or D → ρXinv, Xinv = νν, a,
searches. One could also search for a c→ ua signal in Ds → Ka, Ds → K∗a decays, all of
which could be performed at Belle II and BESIII. Potentially, LHCb could also probe these
couplings using decay chains, such as B− → D0π− followed by D0 → ρ0a, which results in
three charged pions + MET and two displaced vertices. The lack of such analyses means
that there is at present no bound from meson decays on axial cu couplings to the axion.
Similarly, there is at present no publicly available experimental analysis that bounds the
B → ρa decays. The recast bounds on B → K(∗)a,B → πa from [311] could be easily
improved by dedicated experimental searches using already collected data. At LHCb one
could measure the B → K∗a and B → ρa branching ratios using the decay chains such as
B̄0∗∗
s → K+B− or B̄0∗∗ → π+B− followed by B− → K∗−(→ KSπ

−)a, or B̄0∗∗
s → KSB̄

0

followed by B̄0 → K̄∗0a, ρ0a [191]. One could also attempt more challenging decay chain
measurements such as B∗s → Bsγ, followed by Bs → φa or Bs → K∗a.

Suppressed flavor violation. In this scenario ALPs couple predominantly to the
SM through flavor universal couplings, i.e., CV,A

ij � 1 and thus Fij � fa for i 6= j. The
ALP can still be searched for using the P1 → P2a or P1 → V2a decays, but for an ALP
that decays inside the detector either promptly or via displaced vertices. The dominant
decay channel depends on the flavor structure, as well as on which of the decay channels
are kinematically allowed. A comprehensive search analysis would thus have to include
all of the possible decays: the decay to two photons, a → γγ; the decays to leptons,
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a→ e+e−, µ+µ−, τ+τ−; as well as hadronic decays, a→ gg, qq̄. At low ALP masses the
hadronic decays will be dominated by two body decays, a→ ππ, ρπ,KK̄, while at larger
ALP masses the a decays to multihadron final states would need to be considered as well,
since these are not expected to be suppressed. The relative branching ratios for the case
where ALP couplings to gluons dominate, were discussed in Section 4.8.1.

4.9 True Muonium37

The True-Muonium (TM) is a µ+µ− bound state, hypothesized in 1971 [317], and yet to
be experimentally observed. In Ref. [318], it was shown that the LHCb experiment has
the potential to discover the TM in its lowest spin-1 state with a statistical significance
exceeding 5 standard deviations using the expected 15 fb−1.

The most promising TM state in terms of discovery potential is the 12S1. This spin-1
state is similar to a dark photon with a mass of mTM ≈ 2mµ and a kinetic mixing of
ε = α2/2 ≈ 2.7× 10−5. Thus, its phenomenology is similar to that of the dark photon,
which has been subject to large number of recent studies, e.g. Refs. [246, 319, 320], see
also Sec. 4.6 in this paper, allowing us to use these developments in the search for the
TM at LHCb.

The TM 12S1 state has a lifetime of τTM ≈ 1.8 × 10−12 s and it dominantly decays
to e+e− with a branching ratio of BR(TM → e+e−) ≈ 98% . Since LHCb is a forward
detector, a large boost is expected for TM falling within its acceptance, resulting in
a relatively long proper propagation distance of 0.53 mm, which typically produces a
displaced e+e− vertex at LHCb.

As in the case of dark photon (with the same mass), the dominant production
mechanism for TM is η → γTM → γe+e− decays. Thus, two search strategies are
considered. First, an inclusive search for a e+e− displaced resonance with the TM lifetime.
Second, a search for a e+e− resonance where the electron pair and a photon provide access
to the η mass. The advantage of the second option is having lower backgrounds. In both
cases, the signal yield can be normalized by a data-driven method from the γ∗ → e−e+

rates, similarly to the case of A′ → µ+µ− [114]. The main difference between the TM and
the dark photon cases is that the TM can suffer dissociation as a result of its interaction
with the material, with a typical length of 7.7 mm. This results in a loss of ∼ 50 % of the
TM signal.

The expected discovery potential in the two search modes as function of the final
reconstruction efficiency, εf , is plot in Fig. 28. As we can see, for 10 % to 20 % reconstruc-
tion efficiencies we expect 5 statistical standard deviation significance with an integrated
luminosity of 15 fb−1.

4.10 Soft Bombs/SUEPs/Dark Showers38

In this section we consider strongly coupled, quasi-conformal hidden sectors. They are
examples of hidden valley models [106,321] and are characterized by a high multiplicity
of very soft final states. Hence they were originally labeled “soft bombs”, though this
terminology has been replaced by the experimental collaborations by the less controversial
“Soft Unclustered Energy Patterns” (SUEP). In the context of the LHC, this possibility

37Contributed by Yotam Soreq.
38Contributed by Simon Knapen.
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Figure 28: The required integrated luminosity for a 5 σstat discovery of TM as function of the
final reconstruction efficiency, εf for the proposed (blue) e+e− and (red) e+e−γ searches. The
plot is adopted from Ref. [318]

was first pointed out by Strassler in 2008 [322] and its phenomenology was studied in
more detail in Refs. [85, 323].

Theoretically, models of this type are characterized by a large ‘t Hooft coupling and a
quasi-conformal behavior, such that the gauge coupling remains strong over a large energy
range. Fairly little is known about theories of this kind, and we can only make qualitative
statements: Most notably, the fragmentation process in the dark sector is extremely
efficient, and the soft and collinear enhancements that produce a jet-like structure in
standard model QCD are expected to be absent. This results in a spherical configuration
for which the final states have momenta of the order of the hadronization scale of the
model [322,324–326]. The energy distributions are approximately thermal, and can be
parametrized by an effective Hagedorn temperature [327], T , a feature which is confirmed
by AdS/CFT calculations [328]. The shower is therefore characterized by 3 parameters:
its total energy (M), the mass of the lightest meson, which ought of the order of the
hadronization scale (m) and the temperature parameter T . The ratio of T/m ought to be
O(1) and varying it gives some systematic way of sampling the unknowns associated the
strong dynamics. (Calling this a measure of the “theory uncertainty” however is probably
exaggerating the level of theoretical control provided by this approach.) It is important
to note that these are still idealized calculations, and one expects uncalculable, O(1)
deviations from both sphericity and the Boltzman behavior of the final state momenta.
See [329] and [2] for studies which explore what may happen, though still utilizing toy
models. Within this framework however, one expects all hidden sector mesons to be
semi-relativistic, and the overall parton multiplicity is roughly ∼ m/M .

The hadron spectra in such a theory is unknown at the moment, and we are forced
to work with a toy model of a single low laying hadron (φ), which decays back to the
SM. We identify one such “hadron” φ to each parton, in the sense explained above. Its
lifetime and branching ratios are also poorly constrained. A fairly safe option would
be to have φ decay to a light dark photon, which subsequently decays back to the SM,
though other options may be feasible as well. A soft bomb or SUEP may be initiated
most easily through the decay of a heavy, neutral state. This may either be a Z ′

boson or an exotic scalar, or it could be the SM Higgs itself. The event generation
can be done with a dedicate pythia 8 plugin, based on Ref. [85]. It can be found
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Figure 29: Lego plot of SUEP (blue) recoiling against an ISR jet (green).

at https://gitlab.com/simonknapen/suep_generator. An example event display is
shown in Fig. 29. SUEP events are characterized by a very large multiplicity of soft tracks.
The low pT threshold of the VELO may therefore provide unique sensitivity as compared
to ATLAS and CMS.

4.11 Quirks39

Quirks are particles that are charged under a new confining force but where the confinement
scale Λ is far below the quirk mass mQ and there are no light particles charged under
the new confining force [330]. As a result, when quirk and anti-quirk pairs are produced
they remain bound by a flux tube of the confining force that acts like a string with length
`str ∼ mQ/Λ

2. This is unlike QCD where light quarks from the vacuum allow the QCD
flux tube to break apart and form color-neutral hadrons.

There is no apriori expected value for Λ but we can expect that LHC detectors may
have sensitivity on scales of `str ∼ µm−m which corresponds to Λ ∼ 100 eV − 1 MeV.40

Due to the string-like force between quirk and anti-quirk pairs, their dynamics are very
different from standard particles over much of this parameter range. Thus while the signal
is very striking, it is also very difficult to search for.

Strong bounds for quirks exist for quirks for Λ . 50 eV [331] and a sensitive search
has been proposed for Λ ∼ 1− 30 keV [332]. The range in-between of Λ ∼ 50 eV− 1 keV
is comparatively weakly probed with the ATLAS and CMS detectors. This parameter
range corresponds to `str ∼ 1 cm−10 m which is a region where LHCb may have sensitivity.

Currrent Bounds. The current bounds for quirks are cast in the mQ vs. Λ
plane and typically shown for a colored quirk with the same Standard Model gauge
charges as an up-type quirk. It is assumed that this quirk hadronizes into an electrically-

39Contributed by Matthew Low.
40It turns out that the LHC detectors are actually sensitive to length scales of `str ∼ 100 km, corresponding

to Λ ∼ 1 eV, due to their precise tracking capabilities [331].

59

https://gitlab.com/simonknapen/suep_generator


������� ��� ����

�

��

���

���

�� (���)

Λ
(�
�
)

(���)�/� �������
�� = �

����

�������

��

��
��
��

-
�

��� ��
-�

�� ��
-�

��
�
��

-
�

��
��
��

-
�

�� ��

� �

�� �

��� �

� ��

�� ��

��� ��

��

��� ��
-�

�� ��
-�

500 1000 1500 2000 2500
mQ (GeV)

101

102

103

10000

20000

30000

⇤
(e
V
)

(3, 1)2
3
, NQ = 2 Quirks

HSCP, 12.9 fb�1

HSCP, 300 fb�1

lin
ear
 
�|�!

log

dcm = 100 m

dcm = 1 m

dcm = 1 cm

dcm = 1 mm

dcm = 100 µm

Exclusion

DiscoveryM
on

o
jet,

12.9
fb
�
1

M
on

o
jet,

300
fb
�
1

Figure 30: Recast limits on quirks from [331] (left) and projected limits on quirks from [332]
(right).

charged quirk-hadron. The production cross section is proportional to the size of the
representation of the new confining force. Typically we take the new confining group to
be SU(Nc) and compute limits for Nc = 2.

In Ref. [331] the authors recasted existing LHC searches into the quirk parameter
space. For relatively low Λ values or long string lengths, the string-like force plays a minor
role and the quirks appear similar to heavy stable charged particles (HSCP). Searches for
HSCPs are very sensitive and the bounds on quirks are correspondingly strong. Around
Λ ∼ 50 eV the string-like force has a sizable effect and the limits weaken. For Λ values
above 50 eV monojet searches can be recast. Monojet searches simply look for missing
energy and hard initial radiation so they suffer from a higher background and lower signal,
resulting in weaker limits. The bounds are shown in Fig. 30 (left).

In Ref. [332] the authors proposed a more sensitive search for the range
Λ ∼ 1 − 30 keV. In that range the effective string length between quirks and
anti-quirks is `str ∼ 100 µm − 1 cm so that the two particles cross each other multiple
times as the traverse the tracker. The proposal is to look for pairs of tracker hits that
lie in a plane. In order to trigger on the events and for the quirks to be displaced away
from the beam pipe this search requires an initially radiated jet with pT > 200 GeV.
Above ∼ 30 keV the quirk and anti-quirk are separated by . 10 µm and the hits are
not reliably resolved resulting in diminishing sensitivity. As part of the event selection
the authors make a cut on the effective quirk and anti-quirk separation of 1 cm because
above these separation values the backgrounds rapidly increase. This is the cause for the
fall in sensitivity below ∼ 1 keV.

Search at LHCb. From Fig. 30 we see that even including existing limits [331]
and proposed searches [332] there are not strong bounds for Λ ∼ 50 eV − 1 keV despite
the fact that this length scale corresponds to very exotic signatures at the LHC. In this
range, the LHCb experiment may be able to set competitive bounds thanks to several
unique features of the detector.
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Figure 31: Cross sections for a quirk Q with up-type Standard Model gauge charges and Nc = 2
for pp→ QQ̄ (red) and for pp→ QQ̄j (blue).

One advantage that LHCb has is that it covers a more forward region than the ATLAS
and CMS detectors do. For quirk searches above ∼ 50 eV all the methods rely on the quirk
and anti-quirk system recoiling against some initial state radiation. This requirement
reduces the signal rate. Without initial state radiation we expect the quirk and anti-quirk
to oscillate around the beam line either in the forward or backward direction since the
system will still have a longitudinal boost. Fig. 31 compares the rates with and without
initial state radiation (with pT > 200 GeV as a reference).

We propose that LHCb looks for quirk and anti-quirk pairs traveling in the forward
direction with minimal transverse recoil. The signal would then consist of pairs of hits
in each layer of the VELO. These hits will not necessarily be at larger radii for more
forward VELO layers which is unlike standard particle tracks. The quirk and anti-quirk,
however, should leave hits at opposite φ coordinates which will vary very little between
the VELO layers. This φ information can be utilized to reduce backgrounds. Similar to
HSCP searches at LHCb there should be no corresponding signal in the RICH detectors.

We expect the sensitivity for such a search to peak when the quirk and anti-quirk hit
each layer of the VELO. This should be the case for effective string lengths inside the
radius of the VELO, `str . 1 m. The VELO also excludes an inner radius of 1 cm so the
search sensitivity should sharply fall off for `str . 1 cm. The reach of this search would
depend on a detailed simulation of the signal acceptance and backgrounds, however, we
expect reasonable bounds for Λ ∼ 1− 10 eV.

5 Conclusions

The LHCb experiment has great potential to investigate BSM signatures stemming from
models of Stealth physics. In the first part of this paper, we have provided a compendium
of the unique capabilities of the LHCb detector and its upgrades, including a detailed
discussion of a set of final states of interest for Stealth signatures.

This guide to the experimental capabilities of LHCb in Stealth physics is complemented
by a non-exhaustive theoretical review of the SM extensions that LHCb has the potential
to explore. These include ideas such as neutral naturalness, composite Higgs models, dark
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Sectors, heavy neutrinos and axion-like particles. The collider phenomenology of these
models is briefly laid out and some sensitivity projections are provided, showcasing the
LHCb potential in comparison to other experiments.

At present, few of these discovery opportunities have been explored at LHCb and
with this paper we aim to reinforce the discussion, especially across the theoretical and
experimental communities. It is imperative to do this now as most of these searches rely
on special online selections that have to be implemented before data-taking. We hope
this document will foster the growth of the LHCb Stealth program.
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