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Hidden sectors at colliders: a brief  intro 
´ New physics models predicting long-lived particles gained lot of attention in the past few years 

´ Hidden, dark sector (HS), are largely populated by feebly interacting particles (although prompt signatures 
arise as well!) 

´ Minimal benchmarks were established at the time of the European Strategy in 2019 for collider and 
non-collider experiments, privileging scenarios where comparisons could be made on equal grounds  

´ HS can be minimal or non-minimal - i.e. new particles such as ALPs or dark photons arising in Higgs 
decays targeted by General Detector experiments (ATLAS/CMS) – Higgs as portal for new physics - as 
opposed to minimal models considered i.e. by LHCb, FASER, ALICE etc

Monica D'Onofrio, Synergy ep/eA, CERN2

Canepa, D’Onofrio New Physics at the Energy Frontier

latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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Fig. 8.15: Summary of 2� sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [488]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [489] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).

8 FEEBLY INTERACTING PARTICLES

BSM theories extending the SM with a hidden sector populated by feebly interacting particles (or FIPs) are435
gaining significant attention as they can provide, depending on the model’s implementation, an explanation436
for the origin of neutrino masses, matter–antimatter asymmetry in the Universe and cosmological inflation,437
as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444
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Hidden sectors at colliders: Outline 

´ Given the vastity of the HS programme at colliders, benchmarks considered so far 
will be highlighted in this talk, with emphasis on scenarios where 
complementarities of reach between LHeC/FCC-eh and experiments can be 
achieved and exploited – I will use ES projections to set the stage (but also the 
more recent Snowmass21 report)

´ A brief list below: 
´ Current ATLAS/CMS: dark photon and ALPs from Higgs decays, HNL, dark higgses 

´ Current LHCb and FASER, and Heavy Ion prospects: dark photons and ALPs 

´ (some) Prospects and feasibility studies for HL-LHC GDPs, LHCb, EIC and FASER-2

´Comparisons of FASER-2 with Physics Beyond Collider experiments in Mario’s talk  

´Focus on hh and not much on e+e- for lack of time, but to be explored further in future  

Monica D'Onofrio, Synergy ep/eA, CERN3

Disclaimer: this is not meant to be a review talk on behalf of current/future experiments !

https://arxiv.org/pdf/1910.11775.pdf
https://www.slac.stanford.edu/econf/C210711/SnowmassBook.pdf
(e.g.%20see%20https:/arxiv.org/pdf/2203.05939.pdf


From European Strategy to nowadays: Dark Photons 
´ Vector portal minimal models: have masses around the GeV scale and their 

interactions are QED-like, scaled with the small mixing parameter ε.

´ Quite versatile as can be produced in various ways 
´ ep/eA/pp/pA/AA … 

Monica D'Onofrio, Synergy ep/eA, CERN4

Dark Photons: Production 4

u Production: 
u Bremsstrahlung

u Meson decays

u Annihilation

u ee, qqbar
u Quark-gluon scattering 

u V(ρ, ω, φ) – A’ mixing 

R. Jacobsson (CERN)
LHC Operations 
Workshop, Evian, 2019

R. Jacobsson (CERN) LHC Operations Workshop, Evian, 2019 
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8.6. FEEBLY-INTERACTING PARTICLES 133

of the efforts have so far concentrated on the search for new particles with sizeable couplings1

to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,2

is that particles responsible for the still unexplained phenomena are below the EW scale and3

have not been detected because they interact too feebly with SM particles. These particles4

would belong to an entirely new sector, the so-called hidden or dark sector. While masses and5

interactions of particles in the dark sector are largely unknown, the mass range between the6

MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,7

and is the subject of this section.8

An important motivation for new physics in this mass range is DM (see Chapter 9), which9

could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-10

mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe11

and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-12

dance [484–489]. These mediators, which must be singlets under the SM gauge symmetry, can13

lead to couplings of feebly-interacting particles to the SM through portal operators.14

8.6.1 The formalism of portals15

Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-16

invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely17

the scheme used in the Physics Beyond Colliders study [354], four types of portal are consid-18

ered:19

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

20

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field21

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;22

and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three23

cases are the only possible renormalisable portal interactions. While many new operators can24

be written at the non-renormalisable level, a particularly important example is provided by the25

axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.26

8.6.2 Experimental sensitivities27

The portal framework is used to define some benchmark cases, for which sensitivities of dif-28

ferent experimental proposals are evaluated and compared with each other. Unless otherwise29

stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-30

ature has been using this standard.31

Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37



From European Strategy to nowadays: Dark Photons 
´ Vector portal minimal models: have masses around the GeV scale and their 

interactions are QED-like, scaled with the small mixing parameter ε.

Monica D'Onofrio, Synergy ep/eA, CERN6

LHCb current results

dark photons decaying µ+µ-
à Prompt and displaced  (0.1 – 1cm)

LHCb limits 14
u LHCb

u Prompt-like and long-lived dark photons
u pp 13 TeV 1.6 fb-1 (Run1+Run2: 9 fb-1)

https://gitlab.com/philten/darkcast

LHCb : 
PhysRevLett.120.061801

2022/8/2

Prompt

Displaced

LHCb limits 14
u LHCb

u Prompt-like and long-lived dark photons
u pp 13 TeV 1.6 fb-1 (Run1+Run2: 9 fb-1)

https://gitlab.com/philten/darkcast

LHCb : 
PhysRevLett.120.061801

2022/8/2

Prompt

Displaced

Prompt searches sensitive to large couplings

Some coverage here
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of the efforts have so far concentrated on the search for new particles with sizeable couplings1

to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,2
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lead to couplings of feebly-interacting particles to the SM through portal operators.14

8.6.1 The formalism of portals15

Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-16

invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely17

the scheme used in the Physics Beyond Colliders study [354], four types of portal are consid-18
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2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

20

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field21

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;22

and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three23

cases are the only possible renormalisable portal interactions. While many new operators can24

be written at the non-renormalisable level, a particularly important example is provided by the25

axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.26

8.6.2 Experimental sensitivities27

The portal framework is used to define some benchmark cases, for which sensitivities of dif-28

ferent experimental proposals are evaluated and compared with each other. Unless otherwise29

stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-30

ature has been using this standard.31

Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37

FASER current results

dark photons decaying e+e-
à Very displaced, background <10-3 events

Prompt searches sensitive to large couplings
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Vector portal32

New light vector particles mixed with the photon are not uncommon in BSM models containing33

hidden sectors, possibly related to the DM problem. The parameters describing this class of34

models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary35

photon; aD = g2
D/4p is the coupling strength of the dark photon with DM; and mA0 and mc36

are the dark photon and DM particle mass, respectively. The study of experimental sensitivities37

FASER prospects

dark photons decaying e+e- and µ+µ-
à Very displaced, assume 0 background

Prompt searches sensitive to large couplings

FASER2: Physics motivation

2

• Program for BSM physics
➢ Search for long-lived particles

• Program for SM physics
➢ Main spectrometer to neutrino experiments 

for the FPF (FLArE, FASERnu2)

Dark Photon Dark Higgs ALP coupling to photon
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LHCb but also ALICE prospects 
dark photons decaying e+e- or µ+µ- 

Prompt searches sensitive to large couplingsALICE and LHCb Run3+Run4 15
u ALICE

u 6 pb-1 MB recorded for pp, 0.3 pb-1 for p-Pb
u 13 nb-1 for Pb-Pb (B=0.5+0.2T)

u displaced dark photons around 10 MeV?
u cτ ~ O(100um) at e2=10-7

u LHCb
u 15 fb-1 pp in Run3
u New constraints 
below 125 MeV using D*0

u D*0→ A’D0, A’→ee

0.4 G pairs from pp 6 pb-1  

2.3 G pairs from p-Pb 0.3 pb-1 

1.8 G pairs from Pb-Pb 10 nb-1 (0.5T, pT>0.2) 
2.3 G pairs from Pb-Pb 3 nb-1 (0.2T, pT>0.2) 

0<Mee<100 MeV

arXiv:1603.08926
arXiv:1509.06765

ALICE
LHCb
(15fb-1)

Belle2 50ab-1
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Meson Dalitz decays 

Other studies for LHCb potential for instance in https://arxiv.org/pdf/2312.14016.pdf indicate reach ~ FASER/FASER2

https://arxiv.org/pdf/2312.14016.pdf


Non-minimal dark photons: a Higgs story
´ Higgs boson might decay into long-lived dark photon (and 

possibly other dark particles). Constraints depend on mass 
and assumed Higgs BR 

´ Higgs produced via ggF, WH, VBF, CMS targets high masses 
masses 

Monica D'Onofrio, Synergy ep/eA, CERN10
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Key features of  signatures and challenges
´ high couplings: mostly constrained already, prompt signatures dominant (i.e. µ+µ-)

´ low couplings – the most difficult bit (10 MeV – GeV range in particular):
´ Dark photons decay to e+e- or µ+µ-, possibly soft-momenta i.e. at very light masses 

´ At collider experiments, need low-pT thresholds trigger, good control of beam-induced and 
cosmic backgrounds, dedicated reconstruction of unconventional objects (non-standard tracks, 
non-standard energy deposits in calorimeters etc) 

´ Example of narrow jets reconstruction for ATLAS search – use CNN to reject fake jets

´Calorimeter-images used to identify signal clusters  

Monica D'Onofrio, Synergy ep/eA, CERN11

Tool to reject QCD main background, will allow an exclusion on hadronic-LJ channels!
20

Calorimeter sampling is sensitive to the dark photon displacement 

A low-level input NN

36\fb BDT

New CNN

Iacopo Longarini   /   

Calorimetric Jet info

!3

• Accessing Caloclusters from jet allows to get more raw information on 
jet topology

TMath::Abs(jet->eta())2.04108 

clus->eSample(CaloSampling::CaloSample::PreSamplerB) :  0 
clus->eSample(CaloSampling::CaloSample::EMB1) :  0 
clus->eSample(CaloSampling::CaloSample::EMB2) :  0 
clus->eSample(CaloSampling::CaloSample::EMB3) :  0 
clus->eSample(CaloSampling::CaloSample::TileBar0) :  0 
clus->eSample(CaloSampling::CaloSample::TileBar1) :  0 
clus->eSample(CaloSampling::CaloSample::TileBar2) :  0 
clus->eSample(CaloSampling::CaloSample::PreSamplerE) :  0 
clus->eSample(CaloSampling::CaloSample::EME1) :  0 
clus->eSample(CaloSampling::CaloSample::EME2) :  408.988 
clus->eSample(CaloSampling::CaloSample::EME3) :  6810 
clus->eSample(CaloSampling::CaloSample::HEC0) :  50074.7 
clus->eSample(CaloSampling::CaloSample::HEC1) :  41891.8 
clus->eSample(CaloSampling::CaloSample::HEC2) :  -2273.91 
clus->eSample(CaloSampling::CaloSample::HEC3) :  9.38629 
clus->eSample(CaloSampling::CaloSample::TileGap1) :  0 
clus->eSample(CaloSampling::CaloSample::TileGap2) :  0 
clus->eSample(CaloSampling::CaloSample::TileGap3) :  0 
clus->eSample(CaloSampling::CaloSample::TileExt0) :  0 
clus->eSample(CaloSampling::CaloSample::TileExt1) :  0 
clus->eSample(CaloSampling::CaloSample::TileExt2) :  0 
clus->eSample(CaloSampling::CaloSample::FCAL0) :  0 
clus->eSample(CaloSampling::CaloSample::FCAL1) :  0 
clus->eSample(CaloSampling::CaloSample::FCAL2)) :  0

The core idea is to map jet associated calocluster to an image,  
which corresponds to a window centred around the most energetic calocluster

Extract low level information from the ATLAS calorimeter from a single jet in either 3D images or graphs

A closer look on NN methods

21

The ATLAS detector orthogonal view

Let’s exploit the calorimeter 
granularity to parametrise the 
energy deposits: x, y, z, energy

Graphs: 
• Train a fully optimised GNN

• Small cloud space objects

• Efficient and easy to manipulate 

3D jet images: 
• Train a CNN

• Very sparse images -> sub-optimal

Additional higher level variable can can be added as features to further improve the network performance, although the goal is to have them already 
‘learned’ by the network by using only the low level inputs

21
Project developed within the MUCCA consortium - Multi-disciplinary Use Cases for Convergent new Approaches to AI 
explainability, with M. D’Onofrio and J. Carmignani —> for more info: CHIST-ERA-video 

Such techniques 
could be used at ep 
as well!



Axion-Like Particles (ALPs) 
´ Several production processes, decay lengths and decay modes to consider 

´ At colliders:  

´ Minimal model from colliders: 
´ ALPs decaying to photons (e.g. FASER (and FASER2) prospects) or muons (LHCb, EIC prospects)

´ Ultra-peripheral HI collisions study and prospects (ATLAS, CMS, ALICE 3) 

´ Non minimal from colliders 
´ ATLAS/CMS searches from Higgs boson decays  

Monica D'Onofrio, Synergy ep/eA, CERN12
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Figure 2: Proper decay length, c⌧a, (left) and branching ratios (right) of an ALP in the top
scenario (Eq. 2.9) as a function of its mass, ma. For a fixed mass, all decay modes are fully
determined by the top-quark coupling |ctt(⇤)|/fa, defined at the cutoff scale ⇤ = 4⇡ TeV.
In the left panel, vertical lines for c⌧a indicate benchmark ALP masses used in this study.
The dip in the decay length around ma = m⇡ is due to ALP-pion mixing.

The ALP decay into leptons and hadrons is open only above the kinematic threshold, as
indicated by the Heaviside function ⇥. The decay rate into fermion pairs is
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In the top scenario, cff (ma) ⇡ cff (µw) for ALP masses below the weak scale µw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq. 2.11 applies only in the regime
of perturbative QCD, i.e., for ma & 2 GeV. To make predictions at lower scales, the ALP
effective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq. 2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales as c⌧a / f

2
a/c

2
tt. The ALP branching ratio into any specific final

state is thus independent of ctt. The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig. 2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For 2mµ < ma < 1 GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are affected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in
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In the top scenario, cff (ma) ⇡ cff (µw) for ALP masses below the weak scale µw, and Eq. 2.8
applies to a good approximation. For hadronic decays, Eq. 2.11 applies only in the regime
of perturbative QCD, i.e., for ma & 2 GeV. To make predictions at lower scales, the ALP
effective theory has to be matched onto the chiral perturbation theory [26, 50].

In Fig. 2 (left), we show the proper decay length of the ALP in the top scenario (Eq. 2.9)
as a function of its mass. Since all partial decay rates are determined by the top coupling,
the decay length scales as c⌧a / f
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state is thus independent of ctt. The top scenario (Eq. 2.9) predicts the longest possible
decay length of ALPs produced from top quarks. Any additional coupling would increase
the decay width, resulting in a shorter decay length.

The branching ratios of ALP decays in the top scenario are shown in Fig. 2 (right), as
a function of the ALP mass. For ma < 2mµ, the ALP can only decay into photons and, if
kinematically allowed, into electrons. For 2mµ < ma < 1 GeV, the ALP width is dominated
by the decay into muons; decays into electrons and photons are suppressed by the small
electron mass and the electromagnetic coupling, respectively. For ALP masses around the
GeV scale, predictions are affected by large uncertainties in hadronic decays. For the exact
implementation of the ALP decay channels, we refer the reader to App. A of Ref. [51].

Where perturbative predictions are possible, the ALP branching ratio into muons in
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Top scenario

decay length decay modes

ctt(⇤) 6= 0, cii(⇤) = 0 (i 6= t)
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At colliders: prompt-displaced-invisible
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Axion-like particles (ALPs)  
´ Snowmass summary plot illustrates well the vast number of studies (long-term and medium-term) 

targeting axion-like particles – photon couplings here taken as benchmark

´ with LHeC/FCC-eh filling important gaps
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6.5 The physics beyond the Standard Model 327

Figure 6-34. The ALP coupling in the diphoton channel ga�� versus 95% CL mass reach is shown for
multiple colliders [36, 412], including Snowmass 2021 studies on the Muon Collider [39, 429] (orange) at
p
s = 3 TeV (dashed) and 10 TeV (solid) as well as from the DUNE near detector [436] with liquid Argon

technology (dark red) and gaseous Argon technology (dark yellow).

stable charged particles to various types of displaced objects (e.g. vertices, jets, leptons). Here we highlight
two examples. More benchmark cases, results, and discussions can be found in the BSM Topical Group
report [18].

The first example is that of LLPs that are electrically charged and can be produced by many di↵erent
models. In the case of one particular signature, if the charged LLP decays within the detector, the LLP
could produce a disappearing track signature if it decays to neutral and/or very soft particles that cannot
be reconstructed. Disappearing tracks are particularly motivated in models of SUSY and dark matter.

Figure 6-35 shows the projected reach of disappearing track signatures at the HL-LHC [30], HE-LHC [437],
LE-FCC [411], FCC-ee [411], CEPC [411], CLIC [438], ILC [439], FCC-eh [153], FCC-hh [440], and several
high energy Muon Colliders [441], assuming a pure Higgsino with its natural mass splitting. Further
discussion on these constraints and their implications for dark-matter can be found in the section on dark
matter. The sensitivities are driven by many factors, and in particular, the proximity of the tracking system
to the interaction points and low pile-up environment could help enhance them.

Many new physics models with an hidden sector could lead to long-lived signatures and displaced vertices.
Here we use a simplified heavy neutral lepton (HNL) model, motivated by the neutrino mass model building
and the seesaw mechanism, as an example to show the di↵erent coverage of displaced signatures in the
current and future experiments. For more details on di↵erent models and search coverage, see the discussion

Community Planning Exercise: Snowmass 2021

Ultra-peripheral HI collisions – through 
gg scattering offer interesting prospects 
(note different units! GeV vs TeV) 

10-4

https://arxiv.org/pdf/2203.05939.pdf
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Figure 6-34. The ALP coupling in the diphoton channel ga�� versus 95% CL mass reach is shown for
multiple colliders [36, 412], including Snowmass 2021 studies on the Muon Collider [39, 429] (orange) at
p
s = 3 TeV (dashed) and 10 TeV (solid) as well as from the DUNE near detector [436] with liquid Argon

technology (dark red) and gaseous Argon technology (dark yellow).

stable charged particles to various types of displaced objects (e.g. vertices, jets, leptons). Here we highlight
two examples. More benchmark cases, results, and discussions can be found in the BSM Topical Group
report [18].

The first example is that of LLPs that are electrically charged and can be produced by many di↵erent
models. In the case of one particular signature, if the charged LLP decays within the detector, the LLP
could produce a disappearing track signature if it decays to neutral and/or very soft particles that cannot
be reconstructed. Disappearing tracks are particularly motivated in models of SUSY and dark matter.

Figure 6-35 shows the projected reach of disappearing track signatures at the HL-LHC [30], HE-LHC [437],
LE-FCC [411], FCC-ee [411], CEPC [411], CLIC [438], ILC [439], FCC-eh [153], FCC-hh [440], and several
high energy Muon Colliders [441], assuming a pure Higgsino with its natural mass splitting. Further
discussion on these constraints and their implications for dark-matter can be found in the section on dark
matter. The sensitivities are driven by many factors, and in particular, the proximity of the tracking system
to the interaction points and low pile-up environment could help enhance them.

Many new physics models with an hidden sector could lead to long-lived signatures and displaced vertices.
Here we use a simplified heavy neutral lepton (HNL) model, motivated by the neutrino mass model building
and the seesaw mechanism, as an example to show the di↵erent coverage of displaced signatures in the
current and future experiments. For more details on di↵erent models and search coverage, see the discussion

Community Planning Exercise: Snowmass 2021

FASER and FASER-2 prospects

FASER2: Physics motivation

2

• Program for BSM physics
➢ Search for long-lived particles

• Program for SM physics
➢ Main spectrometer to neutrino experiments 

for the FPF (FLArE, FASERnu2)

Dark Photon Dark Higgs ALP coupling to photon

FASER analysis on-going, expected 
for Moriond24

Overview
• Overview of the signal models 
    (ALP-W, ALP-gluon, ALP-photon)
• FORESEE modelling reminder
• Baseline Selection for ALPs
• Background Studies
    - Neutrino Background
    - Geometric muon background
    - Non-collision background
• Limit Plots with systematic and 

background uncertainties

2

Analysis Contacts: Lottie Cavanagh, Jack MacDonald
Editors: Noshin Tarannum, Daniela Kock

Previous ALPs Presentations:
1. General Meeting 16/02/24
2. Physics Meeting 08/12/23
3. Physics Meeting 04/10/23
4. Physics Meeting 09/08/23
5. Physics Meeting 28/11/23
6. Collaboration Meeting 07/06/23 

Relevant Twikis:

1. ALPs/MP Twiki
2. FASER MC Twiki

Models Considered for the Analysis

3

1. Full grid for ALP-W

2. The event selection presented in this talk is 
optimised for the ALP-W signal grid 

The plan is to also apply this ALP-W optimised selection to additional 
multiphoton models to include in conf note 

Models Considered for the Analysis

3

1. Full grid for ALP-W

2. The event selection presented in this talk is 
optimised for the ALP-W signal grid 

The plan is to also apply this ALP-W optimised selection to additional 
multiphoton models to include in conf note 



Axion-like particles (ALPs): UP HI    
´ Snowmass summary plot illustrates well the vast number of studies (long-term and 

medium-term targeting axion-like particles 
´ with LHeC/FCC-eh filling important gaps

Monica D'Onofrio, Synergy ep/eA, CERN15

Ultra-peripheral HI collisions – through 
gg scattering offer interesting prospects 

10-4

PLB Volume 797, 10 October 2019, 134826 (CMS)

https://arxiv.org/pdf/2203.05939.pdf
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Figure 3. Photon reconstruction efficiency as a function of photon Eγ
T (approximated with Ee

T −
ptrk2T ) extracted from γγ → e+e− events with a hard-bremsstrahlung photon. Data (full symbols)
are compared with γγ → e+e− MC simulation (open symbols). The error bars denote statistical
uncertainties.

Figure 4 shows the photon PID efficiency as a function of the reconstructed photon ET
for 2015 and 2018 data. The efficiency in data is compared with the efficiency extracted
from the signal MC sample. Photon PID efficiencies in MC simulation with 2015 and 2018
data-taking conditions are in good agreement. In the data for photons with ET < 5 GeV,
the photon PID efficiency is in the range of 91-93% in the 2018 set, while it is found to be 97-
100% in the 2015 set. This difference is due to slightly different detector conditions between
the 2015 and 2018 data-taking periods, causing the photon shower-shape distributions to
be narrower in the 2015 data. Based on these studies, MC simulated events are corrected
using photon ET-dependent data-to-simulation scale factors separately for the 2015 and
2018 data sets.

5.3 Photon energy calibration
The EM energy scale and energy resolution are validated in data using γγ → e+e− events.
The two electrons from the γγ → e+e− reaction exhibit balanced transverse momenta with
|pe+T − pe

−
T |, expected to be below 30 MeV, which is much smaller than the EM calorimeter

energy resolution. Therefore, the energy resolution, σEcluster
T

, can be determined from the
measurement of Ecluster1

T − Ecluster2
T distributions in γγ → e+e− events from the formula:

σEcluster
T

≈
σ(Ecluster1

T −Ecluster2
T )√

2
,

where Ecluster1
T and Ecluster2

T are the transverse energies of the two clusters. At low electron-
ET (below 10 GeV) the value of σEcluster

T
/Ecluster

T is observed to be 8–10% in data, which
agrees well with the resolution obtained from simulation.

The EM energy scale is cross-checked using the ratio of electron cluster ET to electron
track pT. It is observed that the simulation provides a good description of the Ee

T/p
trk
T

distribution.

– 10 –

Very low photon ET

JHEP03(2021)243 (ATLAS)

https://www.sciencedirect.com/journal/physics-letters-b/vol/797/suppl/C


Axion-like particles (ALPs): other modes [prospects] 
´ Additional studies on prospects also consider other decay modes 

´ For example: EIC (left) and LHCb (right) 

Monica D'Onofrio, Synergy ep/eA, CERN16
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Figure 8. Left panel: The total dark photon production cross section. Right and middle panels:
Dark photon pseudorapidity (middle) and lab-frame momentum (right) probability distributions for
mA′ = 0.01, 0.1, 1 and 10 GeV in red, orange, green and blue, respectively.

Figure 9. Left panel: the projected sensitivity at the EIC for a prompt A′ → µ+µ− search with
L = 100 fb−1 at 1, 3 and 10GeV, interpolated with a dashed red line. Right panel: the projected
sensitivity at the EIC for a displaced A′ → µ+µ− search with L = 10 and 100 fb−1 in solid red and
dashed red, respectively, assuming a ∆ = 500m long, shielded decay volume located L = 35m away
from the interaction point.

B.2 Prompt search

We consider a prompt search in the mass range 1GeV < mA′ < 10GeV with a dimuon final
state A′ → µ+µ−, chosen because of its sizable decay branching fraction and less background,
including beam-induced background. After calculating the µ+µ− spectrum in the lab frame,
we estimate the total number of events SA′ which pass the acceptance criterion, namely

|ηµ± | < 3.5 , (B.4)

and require that SA′ = 2
√
BEM, where BEM is the irreducible EM-induced background

estimated in [94]. We performed the analysis for three mass points mA′ = 1, 3 and 10GeV,
enough to demonstrate the reach of the EIC for this search, shown in red in the left panel of
figure 9. At mA′ = 1GeV, where the production rate is largest, the acceptance is O(10−5)
due to the large boost of the produced dark photon, which reduces the sensitivity. On the
other hand, acceptance at mA′ = 10GeV is O(1), but the sensitivity is suppressed due to
the low coherent production rate. In the middle of the considered mass range, we find the
optimal EIC sensitivity, which is comparable to the existing bounds [95–101] shown in gray.
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A ALP production cross section

In this appendix, we give additional details about the e−N → e−Na calculation at the
EIC including the EPA.

A.1 Squared amplitude of ALP production

The 2-to-3 e−N → e−Na scattering amplitude can be written as

M2→3
a = e2

Λ
1

tN te
Jl,µJ

µ
h , (A.1)

where e is the EM gauge coupling, Jµ
l and Jµ

h are the leptonic and hadronic currents,
respectively. The leptonic current is given by

Jl,µ = ϵµναβū(pe)γνu(ke)(kn − pn)α(pe − ke)β . (A.2)

The hadronic current is given by

Jh,µ = Z F (tn) (kn + pn)µ , (A.3)

where Z is the atomic number. We use the Helm form factor [87]

F (q) = 3j1(qR1)
qR1

exp
[

−(qρ)2
2

]

, (A.4)

where j1 is the first spherical Bessel function of the first kind, ρ = 0.9 fm = (0.22GeV)−1 and

R1 =
√
(1.23A1/3 − 0.6)2 fm2 + (7/3)π2(0.52 fm)2 − 5s2 ≈ 6.85 fm ≈ (0.03GeV)−1 , (A.5)

for a lead nucleus, A = 208.
The spin-averaged squared amplitude is

|M2→3
a |2 = e4

Λ2t2N t2e
LµνW

µν , (A.6)

where the leptonic and hadronic tensors are defined as

Lµν ≡ 1
2
∑

spin
JlµJ

†
lν and Wµν ≡ JhµJ

†
hν . (A.7)

A.2 Equivalent photon approximation

In the equivalent photon approximation, the differential cross section of a photon fusion
process can be factorized as [88]

dσeN→eNX

dŝ
(ŝ) = 1

ŝ

∫ Ee

ŝ
4Epb

dω1
ω1

fγ/e (ω1) fγ/N (ω2) σ̂γγ→X(ŝ) , (A.8)
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Figure 8. Left panel: The total dark photon production cross section. Right and middle panels:
Dark photon pseudorapidity (middle) and lab-frame momentum (right) probability distributions for
mA′ = 0.01, 0.1, 1 and 10 GeV in red, orange, green and blue, respectively.

Figure 9. Left panel: the projected sensitivity at the EIC for a prompt A′ → µ+µ− search with
L = 100 fb−1 at 1, 3 and 10GeV, interpolated with a dashed red line. Right panel: the projected
sensitivity at the EIC for a displaced A′ → µ+µ− search with L = 10 and 100 fb−1 in solid red and
dashed red, respectively, assuming a ∆ = 500m long, shielded decay volume located L = 35m away
from the interaction point.

B.2 Prompt search

We consider a prompt search in the mass range 1GeV < mA′ < 10GeV with a dimuon final
state A′ → µ+µ−, chosen because of its sizable decay branching fraction and less background,
including beam-induced background. After calculating the µ+µ− spectrum in the lab frame,
we estimate the total number of events SA′ which pass the acceptance criterion, namely

|ηµ± | < 3.5 , (B.4)

and require that SA′ = 2
√
BEM, where BEM is the irreducible EM-induced background

estimated in [94]. We performed the analysis for three mass points mA′ = 1, 3 and 10GeV,
enough to demonstrate the reach of the EIC for this search, shown in red in the left panel of
figure 9. At mA′ = 1GeV, where the production rate is largest, the acceptance is O(10−5)
due to the large boost of the produced dark photon, which reduces the sensitivity. On the
other hand, acceptance at mA′ = 10GeV is O(1), but the sensitivity is suppressed due to
the low coherent production rate. In the middle of the considered mass range, we find the
optimal EIC sensitivity, which is comparable to the existing bounds [95–101] shown in gray.
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4 V. Gorkavenko et al.: LHCb potential to discover new LLPs with lifetimes above 100 ps

4. Axion-like particles (ALPs). If defined at some scale
⇤ALP > ⇤EW, ALPs may couple to various pseudoscalar
SM operators, including Chern-Simons density of the
gauge fields or the axial-vector currents of the matter;
the RG dynamics down to the ALP mass scale also
induces other operators. For BC10, at ⇤ALP, ALPs
universally couple to the fermion axial-vector current,
while for BC11, they couple to the gluon Chern-Simons
density.

5. B � L mediator, which couples to the anomaly-free
combination of the baryon and lepton currents. The
coupling is given in terms of the structure constant
↵B .

To elucidate the phenomenological characteristics of
these particles, we refer to previous works, including Refs. [19–
23] (for a more comprehensive overview, see [24]). It is
worth noting that, for certain models, the phenomeno-
logical descriptions diverge from the commonly accepted
ones.

Specifically, in the case of Higgs-like scalars, a major-
ity of studies, as exemplified by [3], generally adopt an
inclusive description of production through B meson de-
cays. However, this approach becomes untenable for large
scalar masses, typically mS & 2 � 3GeV/c2, leading to a
significant underestimation of event yields when compared
to the exclusive description [20].

For Axion-Like Particles (ALPs) coupled to fermions,
the description advocated by PBC [2] lacks the inclusion
of several ALP production channels and omits certain
hadronic decay channels, which substantially alters the
probed parameter space [22].

Lastly, when considering ALPs coupled to gluons, dis-
crepancies arise between the hadronic decay descriptions
utilized in this paper [25] and those presented in Ref. [22].

Table 3 presents examples of production and decay
modes suitable for exploration within the LHCb experi-
ment. Of particular interest is the dark scalar model de-
noted as BC4. These scalars can be generated through pro-
cesses such as B ! S+Xs/d, where Xq denotes a hadronic
state containing the quark q. The collective branching ra-
tio for these processes is on the order of 3.3, ✓2 for mS ⌧

mB , with a threshold mass of approximately mB �m⇡ ⇡

5.13,GeV/c2 [20]. Fig. 3 illustrates the scalar’s decay prob-
abilities as a function of its mass, normalized to unity.

Decays involving two muons and electrons are particu-
larly pertinent for particles with masses below 1GeV/c2,
while the ⇡⇡/KK channels dominate within the 0.270-
2GeV/c2 mass range. The signal can be discerned by the
presence of two “downstream” tracks that form a well-
defined vertex. To extract the mass distribution of the S
candidate, Particle Identification (PID) hypotheses can be
applied.

From a mass threshold of 2GeV/c2 onward, there is
a proliferation in track multiplicity, coinciding with the
opening of various channels such as gluon-gluon (gg), ss̄,
cc̄, and ⌧+⌧�. These channels assume particular impor-
tance due to the expectation of three or more ”down-

Model Production Decay modes

Dark scalar [S]
B(s) ! SXs

B ! SSX
h ! SS

`+`�,⇡+⇡�,
K+K�, cc̄, gg...

Heavy lepton [N]
B/D ! NX
W ! N + `

`qq̄0, ⌫qq̄
⌫`¯̀0, ...

Massive photon [V]
UB�L mediator

⇡/⌘/⌘0 ! V X
Bremsstrahlung

Drell-Yan

`+`�,⇡+⇡�,
⇡+⇡�⇡0,K+K�

Axion-Like-Particle [a]
B(s) ! aXs

⇡0/⌘/⌘0 mixing
Drell-Yan

`+`�, ⌘2⇡, 4⇡
gg

Table 1. Summary of the production and decay modes of the
LLPs considered in this paper. Here, X denotes any SM state.
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Fig. 3. Decay probabilities of a dark scalar into di↵erent chan-
nels as a function of its mass and normalised to unity [20].

stream” tracks originating from a common vertex.1 Al-
though vertexing three or more ”downstream” tracks may
decrease the reconstruction e�ciency, it markedly enhances
the vertex resolution and e↵ectively eliminates background
contributions.

These principles hold true for other models featuring
decays with analogous topologies. As indicated in Table 3,
the majority of Long-Lived Particles (LLPs) decay into
two or three prongs, thus necessitating a consistent ap-
proach to LLP reconstruction. Fig. 4 illustrates the aver-
age multiplicity of metastable particles for select models.

Due to the track momentum resolution, the two-downstream-
track vertex resolution of the reconstructed LLP is ex-
pected to degrade with its mass m. As the LLP’s mass
increases, the amount of background is expected to de-
crease, thereby rendering a larger mass resolution for high
LLP masses less likely to impact the searches significantly.

1 In the case of the DD̄ decay channel, a small discrepancy
in the two vertices is anticipated owing to the D decay length,
but for the decay into K⇡, all four tracks should converge to
the same origin.

https://arxiv.org/pdf/2312.14016


ATLAS/CMS search strategies: again, use the Higgs! 
´ Prompt and displaced - extensive 

programme on-going, with diverse 
analyses targeting various final states
´ but a lot of final states still unexplored!

´ Example from ATLAS of ALPs in photons 
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Prompt axion searches

31

Many searches looking for prompt ALPs in a great effort to systematically cover all production and decay channels! 
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Still plenty of unexplored displaced ALP scenarios, many possibilities for synergies and reinterpretations

It’s time to develop new ideas and explore all blind spot left in the ATLAS LLP programme!

COVERED UNEXPLORED REINTERPRETATION ONLY

Phys. Lett. B 848 (2024) 138536

Prompt ALPs 
decays in gg 

Credits: Cristiano Sebastiani

https://www.sciencedirect.com/science/article/pii/S0370269324000947


ATLAS/CMS search strategies: again, use the Higgs! 
´ Prompt and displaced - extensive 

programme on-going, with diverse 
analyses targeting various final states
´ but a lot of final states still unexplored!

´ Example from ATLAS of ALPs in photons 

Monica D'Onofrio, Synergy ep/eA, CERN18

Prompt axion searches
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Many searches looking for prompt ALPs in a great effort to systematically cover all production and decay channels! 
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Still plenty of unexplored displaced ALP scenarios, many possibilities for synergies and reinterpretations

It’s time to develop new ideas and explore all blind spot left in the ATLAS LLP programme!
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New (Dark) scalars 
´ New scalars can arise from many models. For HS, particles are again mostly long-lived  

´ Diverse signatures can be considered, interpreting the results for a specific model, where 
lifetime and production rate of the LLP are governed by a scalar mixing angle.

´ In general:

Monica D'Onofrio, Synergy ep/eA, CERN19
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H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [352]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [511] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [512]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [513]), which generically leads to relaxion-Higgs mixing [514] and provides an
alternative baryogenesis mechanism [515] and a DM candidate [516, 517].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [360]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [518]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.
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have not been detected because they interact too feebly with SM particles. These particles
would belong to an entirely new sector, the so-called hidden or dark sector. While masses and
interactions of particles in the dark sector are largely unknown, the mass range between the
MeV and tens of GeV appears particularly interesting, both theoretically and experimentally,
and is the subject of this section.

An important motivation for new physics in this mass range is DM (see Chapter 9), which
could be made of light particles, with either a thermal or non-thermal cosmological origin. Ther-
mal DM in the MeV–GeV range with SM interactions is overproduced in the early Universe
and therefore viable scenarios require additional SM neutral mediators to deplete the overabun-
dance [490–495]. These mediators, which must be singlets under the SM gauge symmetry, can
lead to couplings of feebly-interacting particles to the SM through portal operators.

8.6.1 The formalism of portals
Portals are the lowest canonical-dimension operators that mix new dark-sector states with gauge-
invariant (but not necessarily Lorentz-invariant) combinations of SM fields. Following closely
the scheme used in the Physics Beyond Colliders study [360], four types of portal are consid-
ered:

Portal Coupling
Vector (Dark Photon, Aµ ) � e

2cosqW
F 0

µnBµn

Scalar (Dark Higgs, S) (µS +lHSS2)H†H
Fermion (Sterile Neutrino, N) yNLHN

Pseudo-scalar (Axion, a) a
fa

Fµn F̃µn , a
fa

Gi,µnG̃µn
i ,

∂µ a
fa

ygµg5y

Here F 0
µn is the field strength for the dark photon, which mixes with the hypercharge field

strength Bµn ; S is the dark Higgs, a new scalar singlet that couples to the SM Higgs doublet H;
and N is a heavy neutral lepton (HNL) that couples to the SM left-handed leptons. These three
cases are the only possible renormalisable portal interactions. While many new operators can
be written at the non-renormalisable level, a particularly important example is provided by the
axion (or axion-like) particle a that couples to gauge and fermion fields at dimension five.

8.6.2 Experimental sensitivities
The portal framework is used to define some benchmark cases, for which sensitivities of dif-
ferent experimental proposals are evaluated and compared with each other. Unless otherwise
stated, all limits presented in this section correspond to 90% CL, since the majority of the liter-
ature has been using this standard.
Vector portal
New light vector particles mixed with the photon are not uncommon in BSM models containing
hidden sectors, possibly related to the DM problem. The parameters describing this class of
models are e , aD, mA0 and mc , where e is the mixing parameter between the dark and ordinary
photon; aD = g2

D/4p is the coupling strength of the dark photon with DM; and mA0 and mc
are the dark photon and DM particle mass, respectively. The study of experimental sensitivities
at future colliders is performed in the plane of e versus mA0 , assuming aD to be negligible
with respect to e . It is important to note that only minimal Dark Photon models have been

the contours are for 3 events and consider displacements 
larger than 50 µm to be free of background
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4. Axion-like particles (ALPs). If defined at some scale
⇤ALP > ⇤EW, ALPs may couple to various pseudoscalar
SM operators, including Chern-Simons density of the
gauge fields or the axial-vector currents of the matter;
the RG dynamics down to the ALP mass scale also
induces other operators. For BC10, at ⇤ALP, ALPs
universally couple to the fermion axial-vector current,
while for BC11, they couple to the gluon Chern-Simons
density.

5. B � L mediator, which couples to the anomaly-free
combination of the baryon and lepton currents. The
coupling is given in terms of the structure constant
↵B .

To elucidate the phenomenological characteristics of
these particles, we refer to previous works, including Refs. [19–
23] (for a more comprehensive overview, see [24]). It is
worth noting that, for certain models, the phenomeno-
logical descriptions diverge from the commonly accepted
ones.

Specifically, in the case of Higgs-like scalars, a major-
ity of studies, as exemplified by [3], generally adopt an
inclusive description of production through B meson de-
cays. However, this approach becomes untenable for large
scalar masses, typically mS & 2 � 3GeV/c2, leading to a
significant underestimation of event yields when compared
to the exclusive description [20].

For Axion-Like Particles (ALPs) coupled to fermions,
the description advocated by PBC [2] lacks the inclusion
of several ALP production channels and omits certain
hadronic decay channels, which substantially alters the
probed parameter space [22].

Lastly, when considering ALPs coupled to gluons, dis-
crepancies arise between the hadronic decay descriptions
utilized in this paper [25] and those presented in Ref. [22].

Table 3 presents examples of production and decay
modes suitable for exploration within the LHCb experi-
ment. Of particular interest is the dark scalar model de-
noted as BC4. These scalars can be generated through pro-
cesses such as B ! S+Xs/d, where Xq denotes a hadronic
state containing the quark q. The collective branching ra-
tio for these processes is on the order of 3.3, ✓2 for mS ⌧

mB , with a threshold mass of approximately mB �m⇡ ⇡

5.13,GeV/c2 [20]. Fig. 3 illustrates the scalar’s decay prob-
abilities as a function of its mass, normalized to unity.

Decays involving two muons and electrons are particu-
larly pertinent for particles with masses below 1GeV/c2,
while the ⇡⇡/KK channels dominate within the 0.270-
2GeV/c2 mass range. The signal can be discerned by the
presence of two “downstream” tracks that form a well-
defined vertex. To extract the mass distribution of the S
candidate, Particle Identification (PID) hypotheses can be
applied.

From a mass threshold of 2GeV/c2 onward, there is
a proliferation in track multiplicity, coinciding with the
opening of various channels such as gluon-gluon (gg), ss̄,
cc̄, and ⌧+⌧�. These channels assume particular impor-
tance due to the expectation of three or more ”down-

Model Production Decay modes

Dark scalar [S]
B(s) ! SXs

B ! SSX
h ! SS

`+`�,⇡+⇡�,
K+K�, cc̄, gg...

Heavy lepton [N]
B/D ! NX
W ! N + `

`qq̄0, ⌫qq̄
⌫`¯̀0, ...

Massive photon [V]
UB�L mediator

⇡/⌘/⌘0 ! V X
Bremsstrahlung

Drell-Yan

`+`�,⇡+⇡�,
⇡+⇡�⇡0,K+K�

Axion-Like-Particle [a]
B(s) ! aXs

⇡0/⌘/⌘0 mixing
Drell-Yan

`+`�, ⌘2⇡, 4⇡
gg

Table 1. Summary of the production and decay modes of the
LLPs considered in this paper. Here, X denotes any SM state.
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Fig. 3. Decay probabilities of a dark scalar into di↵erent chan-
nels as a function of its mass and normalised to unity [20].

stream” tracks originating from a common vertex.1 Al-
though vertexing three or more ”downstream” tracks may
decrease the reconstruction e�ciency, it markedly enhances
the vertex resolution and e↵ectively eliminates background
contributions.

These principles hold true for other models featuring
decays with analogous topologies. As indicated in Table 3,
the majority of Long-Lived Particles (LLPs) decay into
two or three prongs, thus necessitating a consistent ap-
proach to LLP reconstruction. Fig. 4 illustrates the aver-
age multiplicity of metastable particles for select models.

Due to the track momentum resolution, the two-downstream-
track vertex resolution of the reconstructed LLP is ex-
pected to degrade with its mass m. As the LLP’s mass
increases, the amount of background is expected to de-
crease, thereby rendering a larger mass resolution for high
LLP masses less likely to impact the searches significantly.

1 In the case of the DD̄ decay channel, a small discrepancy
in the two vertices is anticipated owing to the D decay length,
but for the decay into K⇡, all four tracks should converge to
the same origin.
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4. Axion-like particles (ALPs). If defined at some scale
⇤ALP > ⇤EW, ALPs may couple to various pseudoscalar
SM operators, including Chern-Simons density of the
gauge fields or the axial-vector currents of the matter;
the RG dynamics down to the ALP mass scale also
induces other operators. For BC10, at ⇤ALP, ALPs
universally couple to the fermion axial-vector current,
while for BC11, they couple to the gluon Chern-Simons
density.

5. B � L mediator, which couples to the anomaly-free
combination of the baryon and lepton currents. The
coupling is given in terms of the structure constant
↵B .

To elucidate the phenomenological characteristics of
these particles, we refer to previous works, including Refs. [19–
23] (for a more comprehensive overview, see [24]). It is
worth noting that, for certain models, the phenomeno-
logical descriptions diverge from the commonly accepted
ones.

Specifically, in the case of Higgs-like scalars, a major-
ity of studies, as exemplified by [3], generally adopt an
inclusive description of production through B meson de-
cays. However, this approach becomes untenable for large
scalar masses, typically mS & 2 � 3GeV/c2, leading to a
significant underestimation of event yields when compared
to the exclusive description [20].

For Axion-Like Particles (ALPs) coupled to fermions,
the description advocated by PBC [2] lacks the inclusion
of several ALP production channels and omits certain
hadronic decay channels, which substantially alters the
probed parameter space [22].

Lastly, when considering ALPs coupled to gluons, dis-
crepancies arise between the hadronic decay descriptions
utilized in this paper [25] and those presented in Ref. [22].

Table 3 presents examples of production and decay
modes suitable for exploration within the LHCb experi-
ment. Of particular interest is the dark scalar model de-
noted as BC4. These scalars can be generated through pro-
cesses such as B ! S+Xs/d, where Xq denotes a hadronic
state containing the quark q. The collective branching ra-
tio for these processes is on the order of 3.3, ✓2 for mS ⌧

mB , with a threshold mass of approximately mB �m⇡ ⇡

5.13,GeV/c2 [20]. Fig. 3 illustrates the scalar’s decay prob-
abilities as a function of its mass, normalized to unity.

Decays involving two muons and electrons are particu-
larly pertinent for particles with masses below 1GeV/c2,
while the ⇡⇡/KK channels dominate within the 0.270-
2GeV/c2 mass range. The signal can be discerned by the
presence of two “downstream” tracks that form a well-
defined vertex. To extract the mass distribution of the S
candidate, Particle Identification (PID) hypotheses can be
applied.

From a mass threshold of 2GeV/c2 onward, there is
a proliferation in track multiplicity, coinciding with the
opening of various channels such as gluon-gluon (gg), ss̄,
cc̄, and ⌧+⌧�. These channels assume particular impor-
tance due to the expectation of three or more ”down-
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B ! SSX
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Bremsstrahlung
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0 1 2 3 4
)2 (GeV/cSM

3−10

2−10

1−10

1

D
ec

ay
 p

ro
ba

bi
lit

y

-e+e
-µ+µ
-π+π
-K+K

ss
-π+π-π+π

gg
-τ+τ

cc

Fig. 3. Decay probabilities of a dark scalar into di↵erent chan-
nels as a function of its mass and normalised to unity [20].

stream” tracks originating from a common vertex.1 Al-
though vertexing three or more ”downstream” tracks may
decrease the reconstruction e�ciency, it markedly enhances
the vertex resolution and e↵ectively eliminates background
contributions.

These principles hold true for other models featuring
decays with analogous topologies. As indicated in Table 3,
the majority of Long-Lived Particles (LLPs) decay into
two or three prongs, thus necessitating a consistent ap-
proach to LLP reconstruction. Fig. 4 illustrates the aver-
age multiplicity of metastable particles for select models.

Due to the track momentum resolution, the two-downstream-
track vertex resolution of the reconstructed LLP is ex-
pected to degrade with its mass m. As the LLP’s mass
increases, the amount of background is expected to de-
crease, thereby rendering a larger mass resolution for high
LLP masses less likely to impact the searches significantly.

1 In the case of the DD̄ decay channel, a small discrepancy
in the two vertices is anticipated owing to the D decay length,
but for the decay into K⇡, all four tracks should converge to
the same origin.



New (Dark) scalars 
´ New scalars can arise from many models. For HS, particles are again mostly long-lived  

´ Diverse signatures can be considered, interpreting the results for a specific model, where 
lifetime and production rate of the LLP are governed by a scalar mixing angle. 

´ At electron-proton:

Monica D'Onofrio, Synergy ep/eA, CERN20
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H†H operator of the SM. The minimal scalar portal model operates with one extra singlet field
S and two types of couplings, µ (or sinq ) and lHS [352]. The coupling constant lHS leads to
pair-production of S but cannot induce its decay, which requires a non-vanishing sinq . This
portal has several theoretical motivations. The new scalar can generate the baryon asymmetry
of the Universe [511] and play the role of mediator between SM particles and light DM in
case of secluded annihilations (cc ! ff , where c is the light DM particle and f the light
scalar mediator) [512]. It can also address the Higgs fine-tuning problem (via the relaxion
mechanism [513]), which generically leads to relaxion-Higgs mixing [514] and provides an
alternative baryogenesis mechanism [515] and a DM candidate [516, 517].

The experimental sensitivities are shown in Fig. 8.17. Shaded grey areas are already ex-
cluded, as detailed in Ref. [360]. The low-mass (< 10 GeV, see Chapter 9), low-coupling range
is optimally covered by SHiP at the Beam Dump Facility and MATHUSLA200. FASER2, with
3 ab�1 will explore the region above few GeV compatible with that of CODEX-b. MATH-
USLA200 has a unique reach in the high-mass and very low-coupling regime. Vertical lines
correspond to the bounds on the Higgs/dark-Higgs quartic coupling lHS and on m2

S/v2 from the
projections for the untagged-Higgs at future colliders [39] (see discussion in [518]). The mass
range above a few GeV can be explored also by CLIC and LHeC/FCC-eh using the displaced-
vertex technique. The large-coupling regime is covered by e+e� colliders using the recoil
technique (e+e� ! ZS) or running at the Z-pole, via the process e+e� ! Z ! S`+`�.

Fig. 8.17: Exclusion limits for a Dark Scalar mixing with the Higgs boson. LHeC, FCC-eh,
CLIC (all stages) curves and the vertical lines correspond to 95% CL exclusion limits, while all
others to 90% CL exclusion limits. See text for details.

In the limit of small mixing angle, one can bound the Higgs/dark-Higgs quartic coupling lHS
via the Higgs invisible width, which is naturally expected to satisfy the relation lHS . m2

S/v2.
In Table 8.3 projections for the constraints on lHS and the scalar mass for various future collider
options are provided.

ep covers important 
regions between pp 
and ee / low-energy 
experiments

the contours are for 3 events and consider displacements 
larger than 50 µm to be free of background



Constraints: mostly prospects! 
´ FASER-2 and LHCb as example: low production rates, mixed decay modes

Monica D'Onofrio, Synergy ep/eA, CERN21

FASER2: Physics motivation

2

• Program for BSM physics
➢ Search for long-lived particles

• Program for SM physics
➢ Main spectrometer to neutrino experiments 

for the FPF (FLArE, FASERnu2)

Dark Photon Dark Higgs ALP coupling to photon

At LHCb: Improved 
prospects using new and 
more refined tracking 
algorithms
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Fig. 2. Definition of the particle track types in the LHCb
experiment, according to which detectors are hit. The di↵erent
tracker layers and the magnet in the center are sketched.

Long tracks: they have information from at least the
VELO and the SciFi, and possibly the UT. These are
the main tracks used in physics analyses and at all
stages of the trigger;

Downstream tracks: they have information from the
UT and the SciFi, but not VELO. They typically cor-
respond to decay products of K0

S and ⇤ hadron decays;

T tracks: they only have hits from the SciFi. They
are typically not included in physics analysis. Never-
theless, their potential for physics has been recently
outlined [13].

When simulating collision data, particle tracks meet-
ing certain thresholds are defined to be reconstructible and
have an assigned type according to the sub-detector re-
constructibility. This is, in turn, based on the existence of
reconstructed detector digits or clusters in the emulated
detector, which are matched to simulated particles if the
detector hits they originated from are properly linked [14].
Requirements for long tracks imply VELO and SciFi re-
constructibility, downstream tracks must satisfy the UT
and SciFi reconstructibility, and T -tracks only require
SciFi one.

2.2 The High-Level Trigger

The trigger system of the LHCb detector in Run 3 and
beyond is fully software-based for the first time. It is com-
prised of two levels: HLT1 and HLT2, described in detail
in Ref. [9; 15]. Most notably, the HLT1 level has to be ex-
ecuted at a 30MHz rate and, as such, su↵ers from heavy
constraints on timing for event reconstruction.

The first HLT1 trigger performs partial event recon-
struction in order to reduce the data rate. Tracking algo-
rithms play a key role in fast event decisions, and the fact
that they are inherently parallelisable processes suggests a
way to increase trigger performance. Thus, the HLT1 has
been implemented on a number of GPUs using the Allen
software project [16], which allows to manage 4TB/s and
reduces the data rate by a factor of 30. After this initial

selection, data is passed to a bu↵er system, which allows
real-time calibration and alignment of the detector. This
is used for the full and improved event reconstruction car-
ried out by HLT2.

Due to timing constraints, the LHCb implementation
in this stage has been based on partial reconstruction and
focuses solely on long tracks, i.e., tracks that have hits in
the VELO. This trigger thus significantly a↵ects the iden-
tification of particles with long lifetimes, particularly for
LLP searches in LHCb, where some of the final-state par-
ticles are created further than roughly a metre away from
the IP and thus outside of the VELO acceptance. A new
algorithm [17; 18] has been developed and implemented to
widen the reach of particle lifetimes of the HLT1 system.
It is briefly described in the following.

2.3 The new Downstream algorithm

A fast and performant algorithm has been developed to
reconstruct tracks that do not let hits in the VELO de-
tector [17]. It is based on the extrapolation of SciFi seeds
(or tracklets) to the UT detector, including the e↵ect of
the magnetic field in the x coordinate. Search windows in
the UT detector for hits that are compatible with tracks
coming from the SciFi, and that are not used by other re-
construction algorithms, are considered. In addition, fake
tracks originating from spurious hits in the detector are
suppressed by a neural network with a unique hidden
layer. The reconstruction e�ciency for downstream tracks
of the algorithm is about 70%, with ghost rates below 20%.
This has been verified for SM particles (⇤ and K0

S) and
for LLPs in the hidden sector, in the range 0.25GeV/c2

- 4.7GeV/c2, decaying into muons or two hadrons. The
track momentum resolution at this stage is less than 6% [18],
and the algorithm has a high throughput that fulfills the
tight HLT1 time requirements.

3 Signal characterisation

Many models with LLPs exist. In this paper, some of the
benchmark models recommended by the Physics Beyond
Colliders (PBC) working group [2] will be considered, with
the names being BCX :

1. Dark photons V (BC1 ), which have kinetic mixing
with UY (1) SM hyperfield. Below the EW scale, the
coupling is given by the kinetic mixing parameter ✏.

2. Higgs-like dark scalars S. Below the EW scale ⇤EW,
the couplings are parametrised by the S-Higgs mixing
angle ✓ ⌧ 1 and the coupling ↵ of the hSS operator.
For BC4, ↵ = 0, while for BC5, it is fixed in a way
such that Br(h ! SS) = 0.01.

3. Heavy Neutral Leptons N coupled to the active neu-
trino ⌫↵: ⌫e (BC6 ), ⌫µ (BC7 ), or ⌫⌧ (BC8 ). Below the
EW scale, the coupling of HNLs to the SM is via the
mass mixing with active neutrinos parametrised by the
HNL-neutrino mixing angle U↵.

At FASER-2: consider benchmark 
with fixed BR or higgs invisible  



Constraints on new scalars from higgs decay
´ At ATLAS and CMS: several searches that covers different and complementary decay 

lengths. Example: hàss 
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Outlook
• Long-lived particle searches have been so far discontinuous in ATLAS: from the portal 

framework we can identify benchmark models for a systematic investigation of the hidden 
sectors

• A snapshot of the most recent results from ATLAS have been shown, but many more analyses in 
progress using the full Run-2 dataset

• Run3 with a larger dataset and new exciting improvements will enhance the discovery potential 
for Long-lived signatures

• Many unexplored synergies and overlaps across  
searches that could be exploited
• Harmonise common models where possible or  

promote multiple interpretations
• Encourage combinations and summary plots to  

spot uncovered regions

Higgs BR versus cτ plane 
excluded at 95% CL, for a 
Hidden Sector model where a 
mediator Higgs boson of mass 
125 GeV decays to a pair of 
long-lived neutral scalars (s).

Considering current constrains 
on higgs invisible/untagged à 
region of interest for Hàss 
below 10%

c is the speed of light and τ is the mean proper lifetime 



New scalars from HS: more constraints
´ Similarly, one can study the sensitivity for heavy scalar decaying into two LLP 

additional scalars. Constraints still in the region 10 cm – 10 m 
´ Complementarities of other experiments and facilities for lower ctau?

Monica D'Onofrio, Synergy ep/eA, CERN23
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Additional hidden sectors and dark showers
´ Recent CMS result: targeting Higgs decaying into two new scalars OR two dark-

sector quarks in the dark shower model  

Monica D'Onofrio, Synergy ep/eA, CERN24

2

interpretation in this framework. A diagram representing both benchmark models is shown in
Fig. 1.

H

S/Y

S/Y

p

p

Figure 1: Diagram representing the twin Higgs and dark-shower models. The SM Higgs boson
(H) decays to a pair of neutral long-lived scalars (S) in the twin Higgs model or to a pair of
dark-sector quarks (Y) in the dark shower model.

There are two key advantages of the LLP search strategy presented in this paper over searches
that employ displaced vertices.

(i) The absorbers in front of the muon detectors act as shielding material to maintain a suf-
ficiently low level of background for the detection of a single LLP decay. This level of
background rejection could only be achieved in current hadronically decaying displaced-
vertex searches by requiring the detection of two LLP decays.

(ii) The MDS signature is sensitive to the LLP energy only and insensitive to its mass, ren-
dering this search equally sensitive to all LLP masses considered. In contrast, the vertex
reconstruction efficiency in a displaced-vertex search tends to decrease with the LLP mass
because of the increasingly smaller opening angles.

Because of these advantages, the signal acceptance and sensitivity are improved relative to
those of the analyses leading to the previous best results [26–28] for all LLP masses and proper
lifetimes.

This paper is organized as follows. We briefly describe the CMS detector in Section 2. Section 3
provides a summary of the simulated samples used in the analysis. The reconstruction of the
final state objects is discussed in Sections 4 and 5, respectively. The event selection is described
in Section 6. The background estimation methods are detailed in Section 7. The signal modeling
and systematic uncertainties are discussed in Sections 8. We report and interpret the results in
Section 9. Finally, a summary is given in Section 10. The tabulated results are provided in the
HEPData record for this analysis [30].

2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
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Figure 4: The geometric acceptance multiplied by the efficiency of the p
miss
T > 200 GeV selec-

tion, as a function of the proper decay length ct for a scalar particle S with a mass of 40 GeV.

selections for each category.

6.1 Double clusters

The double-cluster category includes events containing two clusters satisfying the selection
criteria described below. We ensure that different cluster objects are spatially separated from
each other by requiring DR > 0.4. Events are separated into three categories depending on
whether there are two DT clusters, two CSC clusters, or one CSC and one DT cluster present.
Requiring two muon system clusters significantly reduces the expected background, so the
selection requirements in the double-cluster category are much looser compared to the single
cluster categories.

The CSC clusters are rejected if any jet with pT > 30 GeV or a global muon [32], built by match-
ing muon tracks in the muon detectors and in the tracker, with pT > 30 GeV is found within
DR < 0.4. Similarly, DT clusters are rejected if any jet with pT > 50 GeV or a muon passing
loose identification criteria [32, 51] with pT > 10 GeV is found within DR < 0.4.

We veto CSC clusters that are entirely contained in the innermost rings of the ME1 station
(ME1/1) and veto DT clusters that have more than 90% of the hits contained in the innermost
station (MB1), both of which have the least absorber material between them and the interaction
point, and larger background contamination.

+ several 
interpretation in gluon-
portal, Higgs portal, 
photon and dark-
photon portal models 

Hadronic and electromagnetic 
showers identified à background 
suppressed thanks to shielding 
provided by the inner detector 
and the CMS magnet return yoke

arXiv:2402.01898

http://arxiv.org/abs/arXiv:2402.01898


Sterile neutrinos (Heavy Neutral Leptons): an overview
´ From ES – colliders mostly sensitive in high theta regions
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Fig. 8.19: 90% CL exclusion limits for a Heavy Neutral Lepton mixed with the electron neu-
trino. See text for details.

that have emerged from the study.

1. To what extent can we tell whether the Higgs boson is fundamental or composite?
Undoubtedly the Higgs boson is the centrepiece of today’s BSM physics. Its discovery has led to
an unprecedented situation in physics, since no fundamental scalar particles and no fundamental
forces different from gauge forces had ever been observed prior to the Higgs. These facts
are not mere curiosities, but are at the core of the main puzzles confronting particle physics
today. Progress with these issues requires an experimental programme targeted at precision
measurements of Higgs interactions and EW observables. This programme is a clear priority
for the future of particle physics. Higgs precision measurements are especially efficient in
testing strongly-interacting EW breaking sectors (such as in composite Higgs models), theories
for EW breaking in which there are no weak-scale coloured particles associated with the Higgs
(such as Neutral Naturalness), and theories in which the Higgs is mixed with other scalar states.

A central question for the precision programme is the nature of the Higgs boson, i.e.
whether it is a fundamental or composite particle. Theories like SUSY suggest that the Higgs
boson is as fundamental as any other SM particle, while models based on approximate Gold-
stone symmetries suggest that the Higgs has a composite structure, much like the pion in QCD.
As shown in Sect. 8.2, this question can be quantitatively addressed by future colliders, which
can test the ‘size’ of the Higgs up to inverse distances 1/`H ⇠ 10 � 20 TeV, more than four
orders of magnitude below the size of a proton. To put this result in perspective, we define the
degree of compositeness d of a particle with mass m as the ratio between its effective size and
its Compton wavelength lC = 2p h̄/mc (which is a measure of the particle’s quantum nature).
For a proton, which is a fully composite object, one finds dp ⇡ mp/(2pLQCD) ⇡ 1. For a pion,
which is a composite particle but emerges as a Goldstone boson below the QCD scale, one finds
dp ⇡ mp/(2pmr) = 0.03. Future colliders will be able to probe the Higgs degree of compos-

Sterile neutrinos - III Antusch et al.; arXiv:1908.02852 [hep-ph]
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Promising signatures in electron-proton collisions:

I NB: production cross section not very much suppressed.

I Lepton-flavor violating final states: µ+jets, ⌧ + jets (no MET):

Tiny SM backgrounds, large signal-to-background ratio.

I Displaced vertices for MN < mW (parton level analysis):

Excellent vertexing and almost no conceivable backgrounds.
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latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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Fig. 8.15: Summary of 2� sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [488]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [489] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).

8 FEEBLY INTERACTING PARTICLES

BSM theories extending the SM with a hidden sector populated by feebly interacting particles (or FIPs) are435
gaining significant attention as they can provide, depending on the model’s implementation, an explanation436
for the origin of neutrino masses, matter–antimatter asymmetry in the Universe and cosmological inflation,437
as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444
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Sterile neutrino (Heavy Neutral Leptons)
´ Similarly to the case of the Higgs exotics decays:
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FASER-2 prospects
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free parameters (only one U different from 0 at the time)

production decay
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HEAVY NEUTRAL LEPTONS 

• production in B and D meson decays 

• seesaw mechanism, e.g., for  type-I seesaw 

• once Higgs gets vev, they mix with active (SM) neutrinos 
Mixing angles:  

• decay back into lighter SM particles 
(visible BR often 80-90%) 
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Sterile neutrino (Heavy Neutral Leptons): ATLAS
´ Similar results and studies from CMS – two ATLAS recent searches as example 

Monica D'Onofrio, Synergy ep/eA, CERN27

PhysRevLett.131.061803

HNL decays into two 
charged leptons and a 
neutrino, forming a 
displaced vertex

Eur. Phys. J. C 83 (2023) 1164

Prompt decays in 
leptons and jets, 
resolved or boosted SRs

Majorana and Dirac scenarios (muon-region constraints similar)

https://link.springer.com/article/10.1140/epjc/s10052-023-12021-9


Conclusions

Monica D'Onofrio, Synergy ep/eA, CERN

´ Collider experiments have set a vast programme of searches focusing on hidden 
sectors and including dark photons, ALPs, new scalars and sterile neutrinos
´ Different and sometime complementary approaches and targets, i.e. minimal (FASER, LHCb) 

vs non-minimal (ATLAS, CMS), role of Higgs boson. 

´ Approaches such as ultra-peripheral heavy ion collisions offer additional handles  

´ Usage of benchmark models agreed within the community facilitates 
comparisons, but more models are considered and specialised techniques 
developed (e.g. dark showers)

´ Prospects from collider experiments include also additional possibilities not 
explicitly mentioned here but not to be forgotten (MATHUSLA, CODEXb etc.) 

´ Complementarities in targeted scenarios and relevance for e-p
´ Shorter lifetime are certainly an area where e-p can complement these searches

´ Techniques to reconstruct LLP can be re-utilised (e.g. narrow jets using calo-images)

28
More in Josè’s discussion slides
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ATLAS search example: only a small corner
´ Prompt and displaced - extensive programme on-going, with most analysis covered 

but a lot of final states still unexplored (square indicate the ATLAS target)

Monica D'Onofrio, Synergy ep/eA, CERN30


