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baryon asymmetry of the Universe indicate. In addition, the origin of masses and of the approxi-
mate fundamental symmetries call out for deeper explanations. The quest for a New SM Theory,
that extends the SM to a more general theory, is ongoing. For decades the main focus has been
on the TeV scale, but despite an impressive theoretical and experimental effort, no hints of new
physics at such scale has been found in experiments.
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1. Introduction

Despite the great successes of the Standard Model of particle physics (SM), last but not least with the discovery of the Higgs boson
in 2012 and the many precision tests, there is incontrovertible evidence that the SM is not the ultimate theory of particles and their
interactions: non-zero neutrino masses, as required by neutrino oscillations, dark matter (DM), and the baryon asymmetry of the
Universe cannot be explained within the SM. In addition, the origin of masses and of the approximate symmetries of the SM call out
for a deeper explanation. The key aim of particle and astroparticle physics is to uncover the New Standard Theory that extends the
SM to a (more) complete theory of fundamental particles and interactions.

In this endeavour, a crucial question is: What is the new energy scale? We need guidance from theoretical considerations and
experimental information. The range to be considered is very broad: neutrino masses can emerge from theories at energies as high as
the grand unification scale, that provide an elegant framework but are inaccessible directly to us, or as low as the eV scale, implying
a large hierarchy with that of the electroweak (EW) theory. Baryogenesis and leptogenesis have a similar spread in scales, with the
requirement of having baryons by the time of big bang nucleosynthesis at MeV temperatures. Moreover, if the baryon asymmetry
arises from a leptonic one, as in leptogenesis models, this needs to happen before sphalerons become inactive at the EW scale. Dark
matter allows an even larger breadth of scales: it could be as light as 1022 eV if bosonic or keV if fermionic, and even heavier than
the Planck mass, if it is not made of elementary particles.

The past decades have witnessed an impressive theoretical and experimental effort in the exploration of the TeV scale, culminating
in the LHC experiments and plans for future colliders. As no evidence for physics beyond the SM at the TeV scale has emerged, interest
in the broader exploration of scales has been renewed.

2. Dark sectors: extending the SM below the EW scale

Dark sector (DS) models formalize the possibility of light new physics: they are models with new particles and interactions at
scales below the EW one. Experimental constraints imply that the connection with the SM needs to be feeble, hence the name “dark”
or “hidden” or “feebly interacting”. This idea has gone from a fringe activity to the center stage in theory and experiments in recent
years. For an overview of DS, see, e.g., Agrawal et al. [1] and Antel et al. [2] and references therein.

Notable examples include the area of DM, in which the community has started looking beyond the “lamp post” of Weakly Interact-
ing Massive Particles (WIMPs). Novel ideas in extremely light [3] as well as sub-GeV DM [2] have been proposed with candidates that
can have properties significantly different from “traditional” WIMPs [4-6]. Experimentally, a strong effort is undergoing to extend
the physics reach of current experiments to lower masses and to design new experiments targeting this interesting mass range [6].

On the neutrino front, low-scale see-saw mechanisms [7-13] that can be realised with masses as low as the MeV-GeV scale
[14,15] have attracted renewed interest thanks to their ability to explain neutrino masses, the baryon asymmetry [16-24] and dark
matter [25-28], while being testable at experiments targeting heavy neutral leptons [29], charged lepton flavour violation and
electroweak precision observables [30]. In these models, due to an underlying symmetry, neutrino masses can be naturally small and
the mixing between active neutrinos and heavy fermions can be large and testable [11,12,31-34]. Such models typically accommodate
a much wider number of possibilities for additional new physics, whether related to the DM puzzle or not.

To cover the realm of possibilities for light new physics beyond the SM, the community has adopted a set of benchmarks that target
generic couplings between the dark sector and the SM, often referred to as “portals”. In this context, seesaw models for neutrino mass
rely on a neutrino portal, i.e., a renormalizable interaction between the heavy neutral leptons and light neutrinos. Another example
is that of kinetic mixing between a dark photon and the SM hypercharge or photon, referred to as the vector portal. The latter can
mediate interactions of light dark matter fermions with SM particles and realize DM production through freeze-out or freeze-in.
Finally, in all generality, new scalar degrees of freedom can mix with the SM Higgs via dimension-3 or 4 operators, constituting the
scalar portal.

While the neutrino, vector and scalar portals are renormalizable, another motivated possibility is that the portal between the dark
sector and the SM is given by non-renormalizable operators. In that case, the new physics is manifest at two separate energy scales:
that of the dark sector particles, which by definition is accessible to experiments, and the higher new-physics scale which induces
the effective operators connecting dark and SM particles. This represents a hybrid approach to pursuing new physics and will serve
as another example of the rich DS models we discuss below.

2.1. Hints of dark sectors?

One may ask whether current experimental data provides any hints for the existence of light particles. Indeed, some intriguing
anomalies have been observed at low energies; however, the possibility that they are experimental artifacts cannot yet be ruled
out. One example includes the low-energy excess of electron-like events at MiniBooNE. A reanalysis of MiniBooNE data increased the
significance of this excess to over 4¢ [35]. This anomaly is being tested at three liquid Argon experiments at the Booster Neutrino Beam
(BNB) at Fermilab: MicroBooNE, ICARUS, and SBN [36]. MicroBooNE has already performed several dedicated searches for exclusive
SM processes like neutrino-induced A(1232) — Ny radiative decays and neutrino coherent y production, ruling out several suspected
backgrounds as the origin of the MiniBooNE excess [37-39]. Curiously, when performing a more inclusive search, MicroBooNE reports
instead a mild excess of photon-like events somewhat consistent with the MiniBooNE excess [40]. Although no specific process has
been identified as the sole origin of this new excess, it provides an important step forward in resolving the MiniBooNE puzzle (Fig. 1).
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Fig. 1. An illustration of the portal approach to searching for dark sectors at the high-intensity frontier. We include renormalizable portals as well
as the possibility of non-renormalizable ones.

Other low-energy puzzles that have been studied within the context of DS models include the discrepancy between the (g -2),,
measurement [41] and theoretical calculations based on the dispersive methods [42], the discordance in (g — 2), and agEp Mmeasure-
ments [43-45], the dimuon events at NuTeV [46], a possible mono-photon excess at BaBar [47] (see the discussion in Abdullahi
et al. [48]), the 17 MeV boson at ATOMKI [49-51] and, more recently, at the PADME experiment [52] (see the DS explanations
in Arias-Aragén et al. [53,54], Di Luzio et al. [55]). While such anomalies may eventually find more mundane explanation elsewhere,
many of them can easily fit within the context of DS.

Light particles could also lie at the origin of observational puzzles, in case their astrophysical or cosmological explanations become
conclusively disfavoured. Examples include gravitational waves (GWs) at pulsar timing arrays (PTA), the 511 keV photons from the
galactic bulge, and the Hubble tension [56] (for reviews see, e.g., Verde et al.[57], Di Valentino et al.[58])). In June 2023, PTA
GW observatories have provided evidence of a stochastic background of nanoHertz GW [59]. Its origin is unknown but falls into
two main categories [60]: an astrophysics one from mergers of supermassive black holes, or a cosmological one, with a supercooled
sub-GeV-scale phase transition (PT) among the frontrunners, that requires multiple additional dark states [61-66].

Since the 70rs, INTEGRAL and other telescopes observe a photon line at 511 keV from the annihilation of e~et via para-
positronium [67,68], from the galactic disk and bulge. While the disk component is understood from nucleosynthesis in stars, the
origin of the bulge component is still under debate, see e.g. Prantzos et al. [69], Fuller et al. [70], Siegert et al. [71]. It could in fact be
the first evidence for DM with mass of a few MeV, as first proposed in Boehm et al. [72], but also at and beyond ten MeV, as recently
realised in De la Torre Luque et al. [73], Aghaie et al. [74]. All in all, the BSM explanation of this excess requires light (non-minimal)
dark sectors, see e.g. Ema et al. [75].

3. Rich dark sectors

In the field of dark sectors, a typical guiding principle is that of minimality: extensions of the SM typically advocate one/few new
particles and/or interactions, i.e. only one of the portals. Minimal models have the advantage of predictivity and allow for easier
comparison between experimental bounds and sensitivities. But the only known experimentally confirmed particle theory, a.k.a. the
SM, is highly non minimal, with a complex gauge group, a scalar to break the EW symmetry, an additional mass scale generated by
non-perturbative strong interactions, and a plethora of fermions, which even come in three generations. If analogy to the SM is used
as a guiding principle, the DS should have new symmetries and multiple sectors, i.e. new (gauge and scalar) bosons and multiple
dark fermions. We call them “rich dark sector” models (RDSM).

In addition to the example of the SM, there are other key theoretical motivations for rich DS. The explanation of the multiple
pieces of evidence of physics beyond SM (i.e. neutrino masses, leptonic mixing, DM and the baryon asymmetry) in a common picture
requires multiple particles, at the very least multiple heavy neutral leptons. Typically, low scale see-saw models call for quasi-preserved
lepton number, e.g. in inverse or linear see-saw, to avoid finetuning of the Yukawa couplings and large radiative corrections to light
neutrino masses, and therefore assume multiple types of dark fermions. Even more so, the explanation of the new physics scale
and in particular a dynamical origin for the mass scale of the dark particles requires a scalar that acquires a vacuum expectation
value (vev) via spontaneous symmetry breaking (SSB) or confined strong interactions within the dark sector components, see e.g. Bai
and Schwaller [76]. Coming to dark matter, models where it originates in a multicomponent dark sector are intensely studied, e.g.
inelastic [77,78] and secluded [79] DM. Rich dark sector are also required by some production mechanisms motivating sub-GeV DM,
like SIMPs [80], ELDERs [81] and forbidden DM [82]. Finally on a phenomenological side, rich dark sectors are motivated by BSM
explanations of existing experimental and observational anomalies, like those mentioned in Section 2.1.

Rich dark sectors have been identified as one of three “Big ideas” in RF6 Snowmass process in the US but the focus has been
mainly on DM, e.g., inelastic DM, while their connection to HNLs and other dark particles has received little attention so far. Dark
dynamics connected with the SM by non-renormalizeable portals similarly deserve further scrutiny, see Contino et al.[83], Costa
et al. [84] for first attempts to characterize them systematically.
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In many ways, RDSM have been around for a long time, often as the result of top-down theoretical considerations or as a conse-
quence of a new confining sector of particles. Some examples include Hidden Valleys [85-87], mirror sectors [88-90], or Twin Higgs
models [91]. In this article, we focus on a different perspective: namely, a bottom-up approach that aims to broaden the scope of
phenomenological benchmarks from minimal to rich dark sector models. Even tough such approach has been explored in the liter-
ature [92-95], the dominant paradigm was to consider individual portals to be tested at specific experimental facilities. Given the
huge number of possibilities that can be explored, we narrow the discussion to RDSMs that most resemble existing DS benchmarks,
multiplying the particle content in the dark sector and opening up more than one portal between SM and DS at a time.

3.1. A unique phenomenology

The main searches of DS go via the decays of dark photons, dark scalars and dark fermions into SM particles that can be detected
in experiments. Thanks to their less simplistic features, like a multiportal connection to the SM and non-negligible couplings between
multiple dark particles, rich dark sector models have signatures distinctively different from minimal models.

For dark photons and dark scalars, there are mainly two types of searches that have been considered: i) visible searches in which
the dark particle decays into a dilepton pair that exhibits a resonance in correspondence to its mass; and ii) invisible searches, in which
the dark boson decays into invisible particles, e.g. DM or neutrinos, that appear as missing energy. This is the behaviour expected in
minimal models, but it is not the case for rich ones. In the latter, the novel smoking gun signatures are fast semi-visible decays (i.e.
that have both visible decay products and missing energy) with multiple leptons, and possibly decay chains. This has a strong impact
on the experimental searches if they are not sufficiently inclusive. Cuts on invisible (or visible) energy would mistake the semivisible
events as backgrounds. Visible and invisible dark photon bounds can be weakened by orders of magnitude as is discussed below.

The other striking difference to minimal models, is that typically particles in rich dark sector models are shortlived (SLP) (except,
possibly, for the lightest one). This is due to the fact that there are multiple dark particles that can decay one into the others (plus
SM ones) and whose couplings between them, without fine tuning, are expected to be quite large. As an example, in the 3-portal
model [96] four additional dark sector states are introduced (one abelian gauge boson, a complex scalar and two left-handed fermions),
a number that can even increase if one considers multiple generations of hidden fermions. The typical lifetime of the heavy neutrinos
and dark photon in this model is of order of one ps, which would classify as prompt decay in an experiment such as NA62. This leads
to lifetimes which can be shorter than in minimal models by many orders of magnitude. In minimal models, in fact, the dark particles
can only couple to the SM via tiny couplings and, consequently, their lifetimes are expected to be very long, that is they are long
lived (LLP).

It should be pointed out that a large fraction of dark sector searches have focussed on long lived particles as expected in minimal
DS models: this allows for dedicated searches and background reduction but may miss shortlived particles. For instance, this may
be the case for experiments “a-la beam dump” in which there is a significant distance between production, e.g. at a target, and
subsequent decay in a far away detector. If the particles are short-lived, they may not reach the detector, having decayed earlier.
Therefore, the bound obtained in minimal models would not apply as such and would need to be reconsidered, they may even be
evaded completely.

We present below in Sections 4.1 and 4.2 a detailed discussion of the new phenomenology of dark particles and required search
strategies.

3.2. A wealth of experimental opportunities.

The search for SLPs and semi-visible signatures in MeV-GeV dark sectors has received relatively little attention, beyond a few
displaced-vertex analyses of inelastic DM and similar models, e.g. at Belle II [97,98]. As noted in Gori et al.[99], the US DMNI
has not yet funded any experiments explicitly optimized for (semi-) visible dark sector searches. Nevertheless, a vibrant program
at CERN and other laboratories is beginning to fill this gap. Large datasets from existing collider experiments (e.g. Belle II, LHCb
and ATLAS/CMS) can be reexamined with broader, more inclusive analyses designed to spot shorter-lived semi-visible states. Many
collaborations, including NA62, NA64, Belle II, FASER@LHC, are already testing DS, albeit often under minimal or fully invisible
assumptions [1,2], see also [48,100]. In addition, neutrino detectors (ICARUS, SBND, JUNO) originally built for oscillation physics
can act as beam-dump facilities [101-104], leveraging high-resolution tracking to uncover multi-lepton or partially invisible final
states. Other proposals — including n-factories [105-107], electron beam dumps, e.g. LDMX, along with surface and near-detector
concepts such as MATHUSLA, and CODEX-b (for a review see Agrawal et al. [1], Antel et al. [2]) — could expand coverage of exotic
new physics if SLP lifetimes and geometries align. Looking ahead, future experiments like SHiP and the DUNE near detectors promise
substantially enhanced reach in both lifetime and mass range. The key to exploiting these opportunities lies in integrating robust event
generators for multi-particle dark cascades into the analysis pipeline, allowing collaborations to disentangle production and decay
channels. Ultimately, combining the complementary capabilities of colliders, fixed targets, and neutrino beam dumps will enable a
more comprehensive exploration of MeV-GeV dark sectors, bridging gaps left by purely long-lived or purely invisible searches.

4. A prototype for a rich dark sector model: the 3-portal model

While the possibilities for rich dark sector models are vast, to combine brevity and concreteness we focus here on those that have
a structure similar to that of the SM, with multiple particles and interactions, as shown in Fig. 2. Within this class of RDS, there
is a plethora of possibilities, but a large fraction of them can be represented by prototype models that have key ingredients that
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Missing energy with displaced Neutrino upscattering and
vertices at fixed targets displaced decay

Fig. 2. A few examples of experimental signatures, where dark blue lines represent some visible charged final states and dotted lines a neutrino or
other invisible particles. For instance, in the top left diagram would represent decays such as K* — y*(N — ve*e™). In rich dark sectors, the new
particles often decay semi-visibly and are not targeted by simpler searches for visible or fully invisible resonances.

capture the typical characteristics and phenomenological signatures of RDS. One example is the 3-portal model discussed in Ballett
et al. [96] and similar variations [108-112]. We assume that the new physics mass scale is in the MeV-GeV range to avoid big bang
nucleosynthesis bounds while remaining well below the EW scale. We introduce a new U(1l) gauge symmetry with the associated
dark photon X*, a complex scalar ® that spontaneously breaks the U(1) gauge symmetry, and dark fermions, some charged under
the symmetry, the vjs, and some not, the Ns. The Lagrangian reads

Z = Loy + (D,®) (D*®) - V(@, H) - iX””XW M

sin y - —_—
- TB’WX’” + NitﬂN‘- + vD,jtﬂvD’j

_ [yff(L_a’ H)N¢ +F,%Nj? + YNF;VBJ‘D + h.c.],

where X# = 9#X" - 9"X", D, = (0, —igxX,), L, = (v,#I)T is the SM leptonic doublet with flavour « = e, 4, v and H=io,H* is
the conjugate SM Higgs doublet. A kinetic mixing term is allowed with coupling sin y; € is typically used in the literature, ¢ = y cos 8},
with y < 1 and 6y, the Weinberg angle. We can introduce any number of N and v, fields, but at least two N fields are required to
explain neutrino masses, while the v, fields are chosen to ensure the model is anomaly-free. The gauge coupling of the new symmetry
is denoted by gy. The matrices y? and yy are the Yukawa couplings for the L,—N and vp—N interactions, respectively. Since N is
neutral under all gauge symmetries, we may include a Majorana mass u for N. As N carries lepton number, this term is lepton number
violating. The scalar potential includes the SM Higgs doublet and at least one dark scalar so that

m? y) m2
V(@,H)=—7¢|¢|2+T¢|¢|4—THH*H @

A Ao
+ S H ) + —j” H )0

We assume that the scalar @ gets a vacuum expectation value, vg,, below the EW scale, due to a negative mass squared term or a
negative small coupling to the Higgs, A, . The vev vq, gives a mass gy vq to the dark photon, provides a mass for the dark scalar, and
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generates a Dirac mass term for N and v, thereby mixing them. In this way, it controls the mass scale of the dark sector, with the
exception of the Majorana mass u.

This model has a three portal connection to the SM, see Fig. 2, as simultaneously a vector, neutrino and scalar portal are present.
This allows for multiple windows between the SM and the dark sector and could decouple production and decay mechanisms for the
dark particles, changing the bounds obtained with the assumption of minimality.

As lepton number is broken by the Majorana mass of N, neutrino masses arise after electroweak and U(1)’ symmetry breaking.
The v;, Ns, and v, fields will mix and an extended see-saw mechanism will be at play, giving small masses to the standard neutrinos.
This will also lead to small mixings U, between the active SM neutrinos and the heavy neutral lepton states, arising from the
diagonalisation of the neutral fermion mass matrix.

Dark matter can be embedded in the model by adding a scalar that does not acquire a vev and mixes with neither H nor @, or a
fermion that does not mix with the neutrinos. In the latter case, the stability of the fermionic candidate and the absence of mixing with
the neutrinos can be guaranteed by imposing a new symmetry, e.g. a Z,, or a special assignment of the U(1)’ charges. As the model
has multiple particles that can act as mediators, thermal freeze-out can be easily achieved via annihilations into the SM or into dark
particles that subsequently decay to the SM. Alternatively, a bosonic or fermionic candidate could be introduced with tiny couplings
to both the SM and the dark sector via a freeze-in type scenario. While some studies addressing the viability of dark matter in models
similar to the three-portal model considered here have been performed [113], to our knowledge, most works focus on the case that a
single mediator dominates, as is the case for instance of WIMPs with a neutrino portal [114-116] where the DM mass is around the
MeV-GeV scale, freeze-in production of sterile neutrino DM in the keV to GeV mass range mediated by a scalar field [117-119] and
even non-thermal production of dark photon dark matter [120] in secluded DS where the DM is ultralight (down to 10~20 eV). It is
important that, if more than one DM candidate is simultaneously considered within a RDS scenario, the particle phenomenology and
astrophysical/cosmological constraints specific to multi-component DM scenarios should be taken into account [109,121-132]). As
previously mentioned, a comprehensive investigation of multi-component DM within the three-portal framework is still lacking.

We have taken here a secluded U (1)’ under which the SM particles are not charged and gy is typically large. Other anomaly-free
options are possible, for example B — L as well as leptonic L, — Ly, and provide other interesting examples of RDSM (see, e.g., Foguel
et al. [133] for such models with semi-visible particles). It should be noted that in such cases the gauge coupling is constrained to be
very small, see e.g. Agrawal et al. [1].

4.1. Heavy neutral leptons in RDS

These models typically have multiple neutral fermions at the MeV-GeV scale that mix among themselves and with the light
neutrinos. We denote them generically as heavy neutral leptons (HNL). Their phenomenology can be very different from that of
minimal models:

¢ Minimal models: the HNLs can decay only into SM particles, via multiple channels e.g. into 3 neutrinos, into electron-positron
pairs and neutrinos, into pions and neutrinos or charged leptons, and the decay rate is controlled by G times a tiny mixing
parameter, so that their lifetime is very long. The branching ratios are set by the SM gauge couplings and kinematics.

¢ Rich dark sectors: the heavier HNLs will decay into lighter ones or into lighter ones and SM particles or into lighter HNLs/neu-
trinos and the dark scalar, depending on the hierarchy of masses. Such decays will proceed fast since the gauge and Yukawa
couplings in the dark sector are not small. The lightest HNL can decay only into SM particles or into neutrinos and dark scalar,
depending on the channels that are kinematically open. Also in this case, the decays can be much faster than in the minimal case
as the mediators, e.g. the dark photon and the dark scalar, can be light.

The fact that HNLs decay much faster than in the minimal case has striking consequences on their searches. We illustrate this
point in Fig. 3, showing how the presence of a new force changes the lifetime and the lamppost signature of HNLs. Examples of how
experimental search strategies have to be modified are provided below:

e Decay in flight: decay searches in beam-dump experiments need to be reconsidered. If the lifetime is much shorter than the distance
between the target and the detector, the bounds will not apply as the HNLs will have decayed before reaching the detector, leaving
no possible signal. The converse is also possible if the lifetime is much shorter than in the minimal case but not enough to have
them decay too fast. In this case, the bounds on the mixing angles will shift to lower values, testing the see-saw preferred-region
and will not apply for large values.

e Meson decays: pion and kaon decays provide some of the strongest limits on the minimal HNL models, being some of the only
searches to touch the region of interest of a minimal Type-I seesaw at @(100) MeV HNL masses. These searches target an invisible
resonance in z+(K*) - ¢+ N, by searching for a peak in the invariant mass (p,x, — ps)* = M ]ZV If the HNL decays (semi-visibly)
within the detector, the vetoes on additional activity can weaken these limits. In that case, looking for new resonances in multi-
lepton pion and kaon decays such as K+ — y*(Ny, — v,(Z' — ete™)) would not only recover the lost sensitivity, but potentially
boost it to even lower mixing parameters. For a light mediator produced in the 2-body decays of the HNL, the experimental
signature constitutes a striking peak in the 2-dimensional mass plane of (px — p,)* = M12v Versus (p,+ + p,-)* = M;,.

In Fig. 4, we show the recast of the K+ — /4+v#e+e‘ measurement at NA48/2 [134] (see also Poblaguev et al.[135]) onto
the parameter space of a HNL coupled to a dark photon. Unfortunately, in both cases, the e*e™ invariant mass is restricted to be
greater than 140 MeV, so no bound can be derived for m,, < 140 MeV. More recently, NA62 has performed the first measurement
of K* — u*u*u~v, [136], which can also be translated into a bound in the same parameter space.
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Fig. 3. An illustration of the impact of new forces on the signatures of a HNL at a neutrino experiment. From left to right, the new force strenght
Gy ~ g% /M? increases and the HNL lifetime decreases. In the presence of this new mediator, new production channels for HNLs open up, including
new meson decays, but eventually, the new particles are short-lived enough that neutrino upscattering becomes the most promising avenue to search

for these states.
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Fig. 4. The parameter space of a HNL v, mixing with the muon flavor and coupled to a dark photon Z’ that kinematically mixes with the SM
photon with y = £/c;;, = 107*. On the left we vary the HNL mass m,for fixed dark photon mass m,, = 150 MeV, while on the right we vary the dark
photon mass for a fixed m, =300 MeV. For NA62, we show the zero-background event rate sensitivity. The other parameters in the figure are: v,
the non-zero vacuum expectation value of the dark complex scalar; g’ the dark coupling; |U,,|* the squared mixing of the HNL with leptons of the
muon flavour. The figure is reproduced from Ballett et al. [96]; see also therein for more details on the parameters and model assumptions.

e Lepton decays: muon and tau decays can also provide relevant limits on the mixing of HNLs to SM particles. Lepton flavor
universality in tau decays sets stringent limits on the mixing parameters in a largely-model-independent way (see, e.g., de Gouvéa
and Kobach [137], Fernandez-Martinez et al. [138]). For short-lived HNLs, multilepton final states become a promising search
strategy. The Mu3e experiment could reach mixing parameters as small as |UM4|2 > 10713 by looking for displaced ut — e*v, (N —
v,e*e”) decays [139]. One can also envision constraints from analogous tau decays based on searches for tau decays to three
charged tracks.

Upscattering: in minimal models, neutrino-scattering production of HNLs is possible, but extremely rare because of the small
number of neutrino interactions in neutrino detectors. With a new force that is “stronger-than-Weak” (Gy > Gp), the cross section
is enhanced and the number of events can be large for tiny mixing angles. This is usually accompanied by a subsequent short-lived
decay of the HNL to SM particles via the new force, further boosting detection prospects. This signature is the most promising for
MeV-GeV dark mediators coupled to neutrinos and HNLs. Accelerator experiments are well-suited to search for this because the
HNL mass imposes a threshold in the cross section. The heavier the HNL, the higher energy neutrino beam is required.

New production and decay modes of HNLs in RDS have been considered in the context of axion-like-partilces [140-143], gauge
symmetries [112,144,145], transition magnetic moments [146-149], and other effective operators [150-153]. In many of these cases,
the HNL parameter space becomes cosmologically viable below the kaon mass, thanks to the much shorter lifetimes [154].

If the dark sector fermions have negligible mixing with neutrinos (or identically zero), they can constitute dark matter. With
multiple generations, the dark fermions decay in cascades down to the lightest stable particle, i.e., the dark matter candidate. Pairing
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the dark fermions into pseudo-Dirac pairs, leads to the well-known inelastic DM scenario [78]: dark matter has no self-interactions,
but can be produced via freeze-out through co-annihilations, y;y, - SMSM. In this case, the phenomenology can be somewhat
similar to that of the HNLs discussed above. The main differences include the new production and decay modes that are controlled
by mixing with neutrinos and the relaxation of the requirement to reproduce the DM relic abundance.

4.2. Dark photons in RDS

In these models dark photons can have multiple interactions: the ones with dark particles charged under the new symmetry will
be controlled by the gy coupling that can be expected to be quite large as for the SM gauge couplings if fine tuning is not invoked; the
ones with the SM are instead suppressed by small couplings and are subdominant. This results in typical decays of the dark photons
into dark particles if kinematically allowed. The hierarchy of dark particle masses depends on the choice of the scalar, gauge and
Yukawa couplings and so on the specific model. In the most naive case, one could expect a similar structure as to the SM, with dark
photon and scalar boson quite heavy and dark fermions a bit lighter. This has important phenomenological consequences that make
dark photon searches potentially very different to the case of minimal models.

While a higgsed dark photon model has received some attention in the literature (see, e.g., recent studies in Foguel et al. [155]),
dark photons and scalars coupled to dark fermions has been largely overlooked, with the exception of the inelastic DM regime
discussed above. In what follows, we outline some of the interesting signatures of dark photons in RDSM.

e Minimal models: the dark photon decays into SM via kinetic mixing. If it is sufficiently light, it will decay only into dilepton
pairs, in particular electron-positrons. This decay is purely visible with no missing energy and experiments typically impose cuts
on the missing energy to reduce the SM backgrounds. The decay length can be significant as the kinetic mixing coupling is very
small and the typical signature is that of displaced vertices, as appropriate for LLP searches.

Some minimal extensions of these models include DM candidates and dark photons could dominantly decay into a pair of DM
particles, if the latter are sufficiently light. In this case, the dark photon decay is purely invisible as the DM particles exit the
detector. In this case, cuts on visible energy are put to avoid large SM backgrounds. The decay could be fast but this does not
impact the experimental search strategy.

¢ Rich dark sectors: dark photons will typically decay fast into lighter dark fermions, if present. The latter will further decay as
discussed in the Section above, leading to semivisible or invisible decays. The most interesting case is that of dark fermions that
decay into SM and missing energy as the dark photon signature would be of a fast semivisible decay. The cuts discussed above for
visible and invisible searches would hide the dark photon signature into the background sample.

Extensive searches for dark photons have been done with strong bounds on kinetic mixing in both the short-lived and long-lived
Z' regime. In non-minimal models, many of them become irrelevant and one should consider instead searches for multi-leptons such
as those discussed below.

e Searches at ete™ colliders: invisible dark photons are effectively constrained by searches for ete™ — yZ’, that is, single photons
recoiling against missing energy. With a very small subset of their total luminosity, BaBar sets limits at the level of ¢ < 10~3 [47]
with this approach. For a semi-visible dark photon, the constraints can be weakened and new multi-lepton signatures become
more promising [48,156,157]. We show how the BaBar constraints can change depending on the dark fermion content of the dark
sector in Fig. 5. To cover the new gaps in parameter space, direct production of the dark fermions with or without radiative return
can be pursued at future experiments like Belle-II [97,98,158,159].

When the dark photon is produced alongside the dark higgs in “dark higgsstrahlung”, ete~ — Z’h’, the multiplicity of leptons in
the final state can quickly multiply when the dark higgs decays as #’ — Z’'Z’ — 2(£*¢~). By searching for three visible resonances,
BaBar [160] and Belle [161] have placed strong limits on the parameter space of higgsed dark photons. More recently, Belle-
II [162] has expanded this reach to scenarios where the dark higgs is long-lived or invisible. For a recent overview of dark higgs
searches at colliders, see Ferber et al. [163].

o Searches at the LHC: at the energy frontier, it is possible to source dark particles from the decays of the SM higgs. This provides
a unique method to access the RDSM (see, e.g., Falkowski et al.[164,165]) and provides a direct probe of the parameters in the
scalar potential. Most notably, H — h' — Z'Z’ leads to boosted multi-lepton signatures that have received increased attention in
ATLAS [166-169] and CMS searches [170-174]. Higgs decays can also produce meta-stable semi-visible fermions in the RDSM,
which can be searched for at the lifetime frontier of the LHC [175].

e Meson decays: light dark photons are effectively constrained by searches for visible resonances in z° — y Z’ decays [176]. Through
a cascade of decays, dark photons can also be produced in meson meson decays such as K - #' - Z'Z’ and K - z(h' - Z'Z’)
or B—h' - Z'Z' and B — K(h' - Z'Z’) via the mixing between the higgs and the dark higgs [177-179]. The K; — 2(e*e™)
decays have been measured by KTEV [180] and NA48 [181] (searches for K; — XX — 4y have also been performed by KOTO
recently [182]), but no such measurement exists for K. A constraint on Ky — 2(u* u~) was recently imposed by LHCb [183] and
searches for B decays to four leptons have been performed by Belle [184]. Searches for five charged tracks in kaon decays have been
performed for the first time with K* — z+2(e*e™) by NA62 [185] and with K; — z%2(e*e™) by KOTO [186]. All aforementioned
channels set limits on 9/21;:/’ as opposed to limits on (egp)? from dark higgsstrahlung at e*e~ colliders discussed above.

e Searches at beam dumps: the decay in flight of the dark photon is typically fast, but can lead to the production of metastable,
semi-visible dark states (i.e., the products of their decays contain missing energy and visible particles). The couplings controlling
production and the lifetime of the metastable dark partners are in general different. Because decays are generally faster in these
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Fig. 5. Slices of the parmeter space of semi-visible dark photons; on the left, we show the recast of existing limits on inelastic dark matter (iDM).
On the right, we show the same, but for a model with three heavy neutral fermions (HNFs), which may or may not mix with neutrinos. The various
shades of blue in the BaBar recasted limits represent different assumptions on the veto thresholds of the original analysis. The parameters of the
figure are defined as follows: m; < m, the masses of the two inelastic dark matter states (left panel), while m; < m, < m; those of the three HNFs
(right panel); A, = (m; —my)/my, j >k, j,k=1,2,3; m, is the vector mediator mass; ap, = g,/(47), with g, the dark coupling; ¢ is the kinetic
mixing between the dark U(1),, gauge boson and that of the SM hypercharge. The figure is reproduced from ref. [48]; see also therein for more
details on the parameters and model assumptions.

models, beam dumps with a small baseline and large acceptance like SHiP could set strong bounds in the future. Much of the
literature in this case has focused on inelastic DM models. For a non-exhaustive list of beam dump constraints and sensitivity
studies, see, e.g., Izaguirre et al. [187,188], Berlin and Kling [189], Tsai et al. [190], Jodlowski et al.[191], Batell et al.[192],
Jodtowski et al. [193], Garcia et al. [194].

¢ Fixed targets: the presence of displaced vertices and the semi-visible decays of the dark photon can interfere with the search for
missing energy at fixed target experiments like NA64 [195] and LDMX [196]. In this case, new strategies dedicated to finding the
displaced activity can improve the sensitivity to RDS. For example, NA64 has constrained semi-visible dark photons with both a
dedicated displaced vertex search [197] and with a rescast of the invisible dark photons searches [100].

4.3. Dark scalars and phase transitions in the Early Universe

Unlike in the SM, the interaction between the scalar and gauge sectors in RDS scenarios can introduce richer dynamics in the
Early Universe. In fact, when the gauge symmetry in the DS is spontaneously broken, it can lead to a first order phase transition
(FOPT). A sufficiently supercooled FOPT generates a strong GW signal that PTA observatories can probe. A DS FOPT is one of the
most compelling new physics explanations for the NANOGrav Stochastic GW Background (SGWB) observation [198-204]. A signal
in the nanohertz frequencies points toward a (sub-)GeV DS vev [61,198,204-206].

An example [198] is given by a low-scale DS composed of a complex scalar ¢ charged under a dark U(1);, gauge symmetry, and
the associated dark gauge boson Z L

£=(D, )" (D") = 17, 2" ~ V(' $), 3)

with V = —uéqﬁ*qﬁ + /1¢(¢*¢)2. Assuming /435 > 0, the dark scalar breaks the symmetry by acquiring a vev vy = p, /\/A_ , resulting in
the mass spectrum mzz, = g%) 0% and m? = 2/1¢U2 , where g, corresponds to the gauge coupling.

While the frequency of the GW background observed by NANOGrav sets the scale of new physics v, to be around the (sub-)GeV
scale, the fact that its duration is long, i.e. it is supercooled, calls for a very particular shape in the potential, resulting in a nearly
conformal scalar sector. This is realised if the gauge coupling lies close to the line

16720, [ 4y 4
gp = - —(5+2log2) . 4
3 8x2

The relation above has the strong phenomenological implication of a specific relation of masses, mé /mZZ, ~ \/m /2, that can be
targeted and tested in experimental searches. We show in Fig. 6-left with different color lines the SGWB generated by selected
benchmark points, see ref. [198], in the model in Eq. (3) compared to the periodogram inferred by the NANOGrav collaboration.
In Fig. 6-right we instead highlight the region of parameter space where phenomenologically viable FOPT are possible, compared to
the line in Eq. (4). Further details are available in ref. [198].

Once the PT is completed, the DS energy density needs to be transferred to the visible sector before the onset of big bang nu-
cleosynthesis. In fact, it has been shown that stable DSs are in tension with NANOGrav data [61]. In RDS, the energy transfer is
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Fig. 6. Left: the SGWB generated by a FOPT in the model in Eq. (3) for selected benchmark points, as a function of the frequency f. Right: the
maximum (minimum) value g, (g,,) of the gauge coupling g, for which a FOPT completes in the runaway regime, as a function of the scalar
quartic coupling 4,. The dashed line corresponds to the relation in Eq. (4). The scalar vev is set to v, = 1 GeV. Further details can be found in Costa
et al. [198].

achievable via the Higgs or the neutrino portals, which allow the scalar to decay sufficiently fast into the SM. This requirement sets a
lower bound on the strength of the coupling constants and can suggest the correct DS parameter space region to probe in terrestrial
experiments.

5. Strategies for bounds on dark particles, beyond LLPs

Current bounds (e.g. see Agrawal et al. [1], Antel et al. [2]) on dark particles rely on the assumption of minimality. As discussed
above, these bounds are model-dependent as they may not apply if these particles decay via semivisible channels and/or fast.
Abandoning minimality opens a vast landscape of models, and it is essential that experimental bounds can be applied to multiple
models or can be easily recasted. We would like to present some suggestions to facilitate such effort.

o It is useful to focus on the physical properties of the dark particles, namely masses, decay length and scattering cross sections. In
this way, bounds constrain measurable quantities, that can be used to test many models and in other experiments.’

o Searches should be done as inclusively as possible to capture a broad range of possible signatures that can arise in multiple models.

In addition to this type of searches, the experimental collaborations could also carry out dedicated analysis for specific benchmark

models, to obtain more stringent bounds, although model-dependent.

Dark particle production and decay should be decoupled as they may be induced by different interactions. Constraints on portal

couplings, should account for different assumptions on the particle lifetime and/or production cross section.

¢ The assumptions on the models should be clearly stated so that the bounds could be easily recasted. To this aim, the expression for
the dominant decay rates, production cross sections with their energy and angular dependences, should be given for each bound.

 If the events depend on multiple interactions, several benchmark points should be chosen, so that they capture the key behaviours

of the events: for instance, heavy and light mediators, two-body versus three-body decays, compressed fermionic spectra versus

large mass hierarchies.

As rich dark sectors have signatures in multiple type of experiments, various searches need to be combined, together with infor-

mation from astroparticle physics and cosmology, to constrain the models and to identify the most promising benchmark points.

This allows to achieve a physics reach vastly superior to that of any individual experiments.

Collaboration with phenomenologists and astroparticle theorists should be strongly encouraged to consider particularly interest-

ing and promising models, to identify the allowed parameter space and to take into account implications and constraints from

astroparticle physics and cosmology.

We stress that astrophysical probes of RDS provide an important and complementary effort to laboratory ones. In fact, sev-
eral puzzles in ultra-high-energy neutrino data are currently observed. These include the ultra-high-energy neutrino-like events at
ANITA [208,209] and KM3NeT [210], which defy astrophysical explanations based on standard neutrino emission by astrophysical
sources. See, for instance, Safa et al. [211] and Li et al. [212] for a discussion of these observations in the context of IceCube data.
Another interesting example is the capture of dark matter in celestial bodies, neutron stars, or white dwarfs. In the last years, there has
been an effort to describe these processes with sufficient precision [213-221], so that the data taken by telescopes such as the FAST
radio telescope, the James Webb Space Telescope (JWST), Thirty Meter Telescope (TMT), and European Extremely Large Telescope

1 Similar points have been made for searches for long-lived particles [207].
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(E-ELT) can be used to constrain dark matter interactions with particles from the SM. White dwarf cooling could also point to dark
hidden sectors, although their apparent inexistent deviation from SM predictions [222] serve as a tool to constrain DS parameter
space [223,224]. In addition, several works have exemplified the impact of RDS Lagrangian terms in astrophysical contexts, e.g. with
O(keV) right-handed neutrinos as interacting dark matter candidates in galactic halos [225] and indirect Galactic-centre searches
[226], or through four-fermion interactions affecting neutrino oscillation patterns across halo scales [227]; and on the cosmological
side, with ambitious programs such as the ETHOS framework [228] or warm dark matter models involving O(keV) right-handed neu-
trinos coupled via different types of mediator fields [229]. Altogether, these examples illustrate that astrophysical and cosmological
probes are key complements to laboratory searches for RDS.

6. Summary and conclusions

In the search for a New Standard Model theory, that explains the evidence of physics beyond the SM and the fundamental properties
of the SM, recently there has been a broadening of the physics scales under scrutiny, thanks also to theoretical developments and new
experimental opportunities. In particular, dark sectors, i.e. extensions of the SM below the electroweak scale, have seen a blooming of
interest and a strong experimental programme with many new searches. The dark sector can interact with the SM via renormalizable
terms with tiny couplings, namely the vector, scalar and neutrino portal, and/or via effective field theory operators arising from some
higher scale theory. Possible hints may have been found but require further experimental scrutiny to establish their validity.

Most of the studies, and nearly all experimental searches, have been done under the assumption of minimality, that is adding
to the SM the smallest number of ingredients, typically just one particle and its portal to the SM, plus dark matter in some cases.
For comparison, the SM is a highly non minimal theory with a gauge sector, a scalar doublet, needed to break the electroweak
symmetry and setting the mass scale of the theory, and a plethora of fermions of different types and in three generations. A dark
sector could have a similar complex structure, hence its denomination as “rich”: it can have new symmetries, gauged and/or local,
new dark scalars to break (some) of them and give raise to the new energy scale, and multiple fermions. Some of these particles
could also make the DM of the Universe. This type of models have many theoretical implications, e.g. for the explanation of neutrino
masses, the dark matter and maybe the baryon asymmetry of the Universe. They can have a phenomenology very different from
minimal models. Due to the multiple dark particles and non-negligible interactions among them, typically the dark particles decay
fast, being shortlived, rather than long lived as in minimal models, and have different decay channels. Searches of minimal heavy
neutral leptons, dark photons, dark scalars have been done reaching strong sensitivities but could have missed these signatures due to
the experimental configurations and analysis strategy. Heavy neutral leptons can decay very fast into other dark particle and/or SM,
requiring a reanalysis of decay-in-flight searches and novel experimental strategies such as upscattering in neutrino experiments; dark
photons/scalars would decay fast semivisibly, instead of purely visibly/invisibly as in minimal models; dark matter can have multiple
components and significant interactions with dark/SM particles with consequences for their production, detection and impact on the
evolution of the Universe. We have reviewed some notable examples of rich dark sector models at the MeV-GeV scale with their
phenomenology.

We advocate a dedicated programme of searches for rich dark sectors that overcomes the assumptions on minimality and on the
long lifetime of particles and encompasses a broader range of possibilities. A combined effort between theorists and experimentalists
is needed to explore these possibilities and fully exploit the wealth of present and future experimental opportunities.
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