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1 Introduction

Despite the remarkable success of the Standard Model (SM) in explaining the interactions
of the elementary particles, there is now indisputable evidence that it is incomplete. In
particular, cosmological and astrophysical observations have established that more than 80%
of the matter in the universe is composed of some form of non-luminous, cold dark matter
(DM), but there is no particle in the SM that can play this role. Furthermore, although the
SM predicts that the neutrinos are massless, over the last few decades various oscillation
experiments have established that the masses of the neutrinos, although tiny relative to
those of the other SM fermions, are non-vanishing. Any explanation of these puzzles require
new physics beyond the SM.

At present, the nature of the particles of which DM is composed remains completely
unknown. One interesting possibility is that the particles that constitute DM are the
composites of a strongly coupled hidden sector. Within this class of theories, the DM
candidates that have been studied include dark glueballs [1, 2], dark pions [3–7] and dark
baryons [8–10]. For a clear review of composite DM with many additional references, see [11].
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Another intriguing possibility is that there is a close connection between the particles that
constitute DM and the SM neutrinos. Examples of such theories include sneutrino DM in
supersymmetric extensions of the SM [12–14], sterile neutrino DM [15–17], and scotogenic
models of neutrino masses [18–20].

In this paper, we propose a new class of composite DM models that can account for both
the observed abundance of DM and the origin of neutrino masses. We consider a scenario in
which the particle that constitutes the observed DM arises as a composite state of a strongly
coupled hidden sector. The stability of DM is ensured by a discrete symmetry of the hidden
sector. The SM is assumed to couple to the hidden sector through the neutrino portal.1 This
allows the relic abundance of DM to be set by annihilation to a final state consisting of a SM
neutrino and antineutrino, or alternatively, to a final state consisting of a SM (anti)neutrino
and a composite hidden sector particle. The neutrino portal interaction leads to mixing of the
SM neutrinos with composite fermions of the hidden sector. The neutrinos thereby acquire
tiny Majorana masses through the inverse seesaw mechanism [24, 25]. In this framework,
the neutrinos are partially composite.2 We focus on a scenario in which the compositeness
scale lies at or below the weak scale, leading to rich experimental signals.

The strong dynamics of the hidden sector is taken to be approximately conformal in the
ultraviolet. This can allow the small parameters necessary to explain the observed neutrino
masses within the framework of a low-scale seesaw model to naturally arise from the scaling
dimensions of operators in the conformal field theory (CFT) [35]. These small parameters also
play a role in realizing the correct relic density of DM when the DM mass lies below the weak
scale. To explore the dynamics of this class of models, we construct a holographic realization
of this scenario based on the AdS/CFT correspondence [36–39]. The correspondence relates
large-N CFTs in four dimensions to theories of gravity in warped space in a higher number
of dimensions. Our realization takes the form of a five-dimensional (5D) Randall-Sundrum
(RS) model with two branes [40]. Operators in the hidden sector CFT are dual to fields in
the bulk whereas the SM fields, being elementary, are mapped to states localized on the
ultraviolet brane. Note that in this framework we are not attempting to address the hierarchy
problem of the SM, and so the Higgs boson is also an elementary field localized on the UV
brane. Within this framework, we can calculate the relic abundance of DM and explore the
phenomenology associated with this class of models.

Within the framework of the RS solution to the hierarchy problem, several authors have
addressed the generation of neutrino masses, for example, [41–45], and the origin of DM,
for example, [46–49]. However, an important difference is that because these models are
built around the RS solution to the hierarchy problem, all the SM quarks and leptons are
necessarily partially or entirely composite. The compositeness scale is then constrained to
lie above a TeV, and so the implications for experiments are very different. A holographic
model of neutrino masses with a lower compositeness scale that shares some features with
our construction was considered in [50] (see also [51]).

1For earlier work on models in which DM couples to the SM through the neutrino portal see, for example,
refs. [21–23].

2For earlier work on models of composite neutrinos see, for example, refs. ([26–29]). Neutrino compositeness
has been linked to DM in [30–33] and to the origin of the baryon asymmetry of the universe in [34].
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This class of DM models gives rise to signals in direct and indirect detection experiments
and at colliders. Since the couplings of the hidden sector to the SM through the neutrino portal
will in general violate flavor, we also expect signals in experiments searching for lepton flavor
violating processes, such as µ→ eγ and µ→ e conversion. We determine the constraints from
existing searches and explore the reach of future experiments. In this framework, although
the hidden sector is neutral under the weak interactions, the DM acquires a coupling to the
Z-boson at loop level through the neutrino portal interaction and can therefore be searched
for in direct detection experiments. We find that for some range of DM masses, future
direct detection experiments such as LZ [52] and XENONnT [53] will have sensitivity to this
scenario. In some regions of parameter space, in addition to neutrinos, other SM particles
are also produced as the result of DM annihilation. This can be used to constrain the model
in indirect detection experiments, both from precision observations of the CMB and from
searches for gamma rays and positrons that are the products of DM annihilation.

The spectrum of composite states includes singlet neutrinos that carry a small charge
under the weak interactions through their mixing with the SM neutrinos. These particles fall
into the category of heavy neutral leptons (HNLs), which are being searched for at the LHC
and at beam dumps. However, the composite singlet neutrinos differ from conventional HNLs
in that, in some regions of parameter space, their primary decay mode is completely invisible.
For the case when the dominant decays of the composite singlet neutrinos are visible, we
use the current limits on HNLs to place bounds on this scenario and study the reach of
future searches. Since the hidden sector couples to the SM through the neutrino portal,
DM particles can also be produced in association with a composite singlet neutrino. The
challenge in detecting DM is therefore to identify the effects of additional invisible particles
on top of standard HNL signatures. We study the sensitivity of existing experimental HNL
searches for events produced via this new channel, and we also explore a strategy involving
the reconstruction of the HNL that would extend the reach for DM particles. We find that,
although the parameter space of the model is highly constrained by non-collider observations,
there is nevertheless a limited region where these searches have sensitivity.

The outline of the paper is as follows. We discuss the general framework in section 2. In
section 3, we lay out the extra-dimensional model and determine the mass spectra, couplings
and mixing angles. In section 4, we present a comprehensive phenomenological analysis of
DM with a focus on its production, direct and indirect detection. The collider aspects of the
phenomenology are presented in section 5. We conclude in section 6.

2 A framework for composite dark matter and neutrino masses

In this section, we outline the general features of the scenario we are exploring. We consider a
framework in which the particle that constitutes DM arises as a composite state of a strongly
coupled hidden sector that is approximately conformal in the ultraviolet. We show that
couplings between the hidden sector and the SM through the neutrino portal can give rise to
the observed abundance of DM, while also generating the neutrino masses. We discuss the
current constraints on this class of models and outline the possibilities for discovering the
DM candidate in direct and indirect detection experiments and collider searches.
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2.1 Composite dark metter through the neutrino portal

Consider a hidden sector composed of a strongly coupled CFT, to which we add a relevant
deformation Odef ,

LUV ⊃ LCFT + λdefOdef . (2.1)

When the deformation grows large in the infrared (IR), it causes the breaking of the conformal
dynamics. This occurs at a scale that we denote by Λ.

We assume that the spectrum of light hidden sector states includes three composite
Dirac fermions Nα, which play the role of composite singlet neutrinos. Here α = 1, 2, 3
represents a flavor index. The low energy effective Lagrangian contains kinetic and mass
terms for the singlet neutrinos,

LIR ⊃ iN̄γµ∂µN −mN N̄N, (2.2)

where we have suppressed the flavor indices. Here mN is the singlet neutrino mass, which is
expected to be of the order of the conformal symmetry breaking scale Λ. We can decompose
N into components with left- and right-handed chiralities, N = (NL, NR).

The hidden sector interacts with the SM through the neutrino portal,

LUV ⊃ −
λ̂

M
∆
N̂
−3/2

UV

L̄H̃ÔN + h.c., (2.3)

where L is the SM left-handed lepton doublet, H̃ ≡ iσ2H
∗ where H is the SM Higgs doublet,

and ÔN represents a primary operator of scaling dimension ∆
N̂

that transforms as a right-
handed Weyl fermion. Here λ̂ is a dimensionless coupling constant and MUV denotes the
ultraviolet (UV) cutoff of the theory. At the conformal breaking scale Λ, this interaction
gives rise to the following term in the low-energy Lagrangian,

LIR ⊃ −λ L̄H̃NR + h.c., (2.4)

where the dimensionless coupling λ scales as

λ ∼ λ̂
( Λ
MUV

)∆
N̂
−3/2

. (2.5)

This represents a coupling of the SM to the composite singlet neutrinos NR through the
neutrino portal. Once Higgs acquires a vacuum expectation value (VEV), this interaction
and the mass term in eq. (2.2) lead to mixing between the SM neutrinos and the composite
fermions NL. Therefore the light neutrinos contain an admixture of hidden sector states,
while the composite singlet neutrinos acquire an admixture of the SM neutrino. In this way
the composite singlet neutrinos acquire a small coupling to the weak gauge bosons of the SM.

The scaling dimension of the primary fermionic operator ÔN is bounded from below
by unitarity, ∆

N̂
≥ 3/2, where the limiting case of ∆

N̂
= 3/2 corresponds to the case of

a free fermion. On the other hand, for scaling dimensions ∆
N̂
≥ 5/2 the interaction in

eq. (2.3) leads to the theory becoming ultraviolet sensitive, which requires the addition of
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new counterterms involving the SM fields for consistency [35]. Therefore, in this work, we
limit our analysis to values of the scaling dimension of ÔN in the range 3/2 < ∆

N̂
< 5/2.

With this choice of ∆
N̂

, the coupling λ in eq. (2.5) is hierarchically small for Λ ≪ MUV,
so that the mixing between the SM neutrinos and their singlet counterparts is suppressed.
As we explain below, this feature of our model can help explain both the smallness of the
neutrino masses and the observed abundance of DM. In this work, we focus on low values of
the compositeness scale, corresponding to values of Λ at or below the electroweak scale.

We now assume that at the scale Λ, in addition to the composite singlet neutrinos N ,
the spectrum of hidden sector states also includes a composite Dirac fermion χ, which plays
the role of DM. Then the low energy Lagrangian at scales of order Λ includes the terms,

LIR ⊃ iχ̄γµ∂µχ−mχχ̄χ . (2.6)

Here mχ is the DM mass, which we again take to be of the order of Λ. To ensure the
stability of DM we assume that the hidden sector respects a discrete Z2 symmetry under
which χ is odd, but the singlet neutrinos N as well as the SM fields are even. We further
assume that there are no Nambu-Goldstone bosons or other light states, so χ is the lightest
state in the hidden sector.

In our framework, the neutrino portal interaction keeps the hidden sector in equilibrium
with the SM in the early universe. Because of the composite nature of the fermions χ and
N , the low energy theory at the scale Λ contains nonrenormalizable interactions between
the DM particle and the singlet neutrinos of the schematic form,

LIR ⊃ −
κ̃

Λ2 (χ̄N)(N̄χ) , (2.7)

where κ̃ is of order 16π2/N 2 in the large-N limit. Once the temperature falls below mχ,
these interactions allow the DM particles to annihilate away through processes such as
χχ̄ → (νN̄ ,Nν̄) and χχ̄ → νν̄. Naively, the annihilation rate would be expected to be
enhanced compared to the freeze-out of DM of weak scale mass because of the low scale Λ
that sets the mass of χ and the strength of its interactions, resulting in a too low abundance
of DM. However, this can be compensated for by the small mixing between the SM neutrinos
and the composite singlet neutrinos. This class of theories can therefore easily accommodate
the observed abundance of DM.

2.2 Neutrino masses via the inverse seesaw mechanism

In this subsection, we outline how this framework can naturally incorporate the generation
of neutrino masses through the inverse seesaw mechanism. Our discussion is based on the
analysis in [35]. We now assume that the hidden sector possesses a global symmetry under
which the operator ÔN is charged. The charges under this global symmetry can be normalized
such that ÔN , and therefore NR, carries charge +1. Then, we see from the coupling eq. (2.4)
that this symmetry can be subsumed into an overall lepton number symmetry under which
both NR and NL carry charge +1.

In order to employ the inverse seesaw mechanism to generate the SM neutrino masses,
we require a source of lepton number violation in the model. Accordingly, we add to the
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theory a lepton number violating deformation arising from an operator O2N , which has
scaling dimension ∆2N ,

LUV ⊃ −
µ̂

M∆2N−4
UV

O2N + h.c. (2.8)

Here µ̂ is a dimensionless constant that parametrizes the strength of the deformation. We
assume that O2N carries a charge of +2 under the global symmetry of the hidden sector, so
that this deformation violates lepton number by two units. In the low-energy effective theory
at the scale Λ, this gives rise to terms in the Lagrangian of the form,

LIR ⊃ −(µNLNL + µ′NRNR) + h.c. , (2.9)

where the Majorana masses µ and µ′ parameterize the strength of lepton number violation.
Their values scale with the parameters of the theory as

µ ∼ µ′ ∼ µ̂Λ
( Λ
MUV

)∆2N−4
. (2.10)

The scaling dimension ∆2N of the lepton number violating scalar operator O2N is constrained
by unitarity to satisfy ∆2N ≥ 1, where the limiting case ∆2N = 1 corresponds to the case of a
free scalar. For ∆2N > 4, the Majorana mass terms µ and µ′ are hierarchically smaller than Λ.

With the inclusion of the lepton number violating terms in eq. (2.9) the low-energy effective
theory now possesses all the ingredients required to realize inverse seesaw mechanism,

LIR ⊃iN̄γµ∂µN −mN N̄N −
[
µNLNL + λL̄H̃NR + h.c.

]
. (2.11)

By integrating out the composite singlet neutrinos N we obtain a contribution to the masses
of the light neutrinos,

mν = µ
(λvEW
mN

)2
. (2.12)

Here vEW ≡ ⟨H⟩ ≃ 174GeV. When the effects of higher resonances are included, this relation
is only approximate, so that

mν ∼ µ
(λvEW
mN

)2
. (2.13)

Note that the neutrino masses depend on both the parameter λ, which controls the mixing
with the composite states as seen in eq. (2.5), and the parameter µ, which controls the
extent of lepton number violation as seen in eq. (2.10). Then the smallness of the SM
neutrino masses can naturally be explained by either the small parameter λ that sets the
size of the neutrino mixing or the small lepton number violating coupling µ. Since the small
values of these parameters admit a simple explanation in terms of the scaling dimensions
of the operators ÔN and O2N , this class of models can provide a natural explanation for
the smallness of neutrino masses.
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Note that in this construction both the Dirac mass term λvEW and the Majorana mass
term µ need to be smaller than the compositeness scale Λ. This leads to the following
range for the coupling λ,

√
mνmN

vEW
≲ λ ≲ mN

vEW
, (2.14)

where we have employed eq. (2.13) in obtaining the lower bound, after setting mN ∼ Λ.
The neutrino mixing angle to the physical mass eigenstates in the limit mN ≫ λvEW

is defined as,

UNℓ ≡
λvEW
mN

. (2.15)

It follows from eqs. (2.14) and (2.15) that the mixing angle UNℓ lies in the range√
mν

mN
≲ UNℓ ≲ 1 . (2.16)

2.3 Abundance of dark matter

In this subsection, we outline how this class of models can reproduce the observed abundance
of DM. At high temperatures in the early universe, the hidden sector was in thermal contact
with SM through the portal operator in eq. (2.3). This interaction populates the hidden
sector, bringing it into thermal equilibrium with the SM. Once the temperature falls below
their masses, the hidden sector states begin to exit the bath. The observed DM today is
composed of the lightest Z2 odd Dirac fermion χ that survives as a thermal relic.

We first show that the hidden sector is in thermal equilibrium with the SM at temperatures
of order the compositeness scale. The hidden sector states can be produced from SM neutrinos
via processes such as νν → UN , νν → νUN , νUN → νUN , where the label UN denotes hidden
sector states. To see this, note that the strongly coupled nature of the hidden sector implies
large self-interactions between the composite singlet neutrino states,

LIR ⊃ −
κ

Λ2

(
N̄γµN

)2
+ · · · , (2.17)

where the size of the coupling κ is of the order of ∼ (4π)2/N 2 in the large-N limit and
the ellipses denote other Lorentz contractions. These interactions are characteristic of the
composite nature of the singlet neutrinos. To see that the hidden sector is in equilibrium
with the SM at temperatures T of order Λ, we estimate the rate for the νν → UN process.
When T ∼ Λ, this rate is expected to be parametrically of the same order as the νν → NN

rate. From eq. (2.17) we can estimate the cross section for this process as,

σνν→UN ∼ σνν→NN ∼
1
4π

(
κ

Λ2

)2∣∣UNℓ∣∣4 T 2. (2.18)

From this, we can estimate the thermally averaged interaction rate as

n̄ν⟨σνν→NN v⟩ ∼
κ2

2π3
∣∣UNℓ∣∣4 T 5

Λ4 , (2.19)

– 7 –
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where n̄ν ≃ 2T 3/π2 represents the equilibrium number density of SM neutrinos. The SM
and hidden sector will be in thermal and chemical equilibrium at the compositeness scale if
the interaction rate is larger than the Hubble rate H=

√
π2g⋆/90T 2/MPl at temperatures

T ∼ Λ. Here g⋆ represents the effective number of relativistic degrees of freedom contributing
to the energy density at temperature T , while MPl denotes the reduced Planck mass. Taking
κ ∼ (4π)2 and g⋆ ∼ 100, the condition for thermal equilibrium at temperatures T ∼ Λ can
be translated into a lower bound on the neutrino mixing angle UNℓ as,

|UNℓ|2 ≳ 0.1
√
Λ/MPl . (2.20)

Recall that the condition that the theory generate a realistic spectrum of neutrino masses
already places a lower bound on |UNℓ|2, shown in eq. (2.16). Comparing the two conditions,
we find that the hidden sector is in thermal equilibrium with the SM at temperatures T ∼Λ,
while successfully generating light neutrino masses of the order of 0.1 eV, for values of the
compositeness scale Λ ≲ 1GeV.

However, we note that thermal equilibrium can also arise from processes such as ν UN →
UN . Although such processes require a small initial abundance of hidden sector states
UN , these could have been produced earlier from other processes such as νν → UN . At
temperatures of order the compositeness scale, the rate for ν UN → UN is expected to be
parametrically of the same order as the rate for νN → NN . From eq. (2.17), we can estimate
the thermally averaged interaction rate at temperatures T ∼ Λ as,

n̄ν⟨σνN→NN v⟩ ∼
κ2

2π3
∣∣UNℓ∣∣2 Λ . (2.21)

Comparing this against the Hubble expansion rate for κ ∼ (4π)2 and g⋆ ∼ 100, the condition
for thermal equilibrium at temperatures T ∼ Λ translates to a lower bound on UNℓ,

|UNℓ|2 ≳ 0.01Λ/MPl . (2.22)

This condition, when taken together with the condition for successful generation of neutrino
masses in eq. (2.16), implies that the hidden sector is in thermal equilibrium with the SM at
temperatures of order the compositeness scale provided Λ ≲ 10

√
mνMPl. For mν ∼ 0.1 eV it

follows that the two sectors are in thermal equlibrium for values of the compositeness scale
Λ ≲ 105 GeV. This encompasses the entire parameter space of interest.

It follows from this discussion that, in this scenario, the abundance of DM is set by
freeze-out. Once the temperature falls below the compositeness scale, the hidden sector
states begin to exit the bath. The heavier hidden sector states annihilate away into lighter
hidden sector states through processes such as N̄N → χ̄χ. Since the hidden sector is strongly
coupled, these processes are very efficient and so the abundance of the heavier hidden sector
states at temperatures well below the compositeness scale is extremely small. The DM particle
χ, being the lightest state in that sector, cannot annihilate into other hidden sector states.
Instead, it annihilates to the visible sector through the neutrino portal and eventually freezes
out as a thermal relic. The dominant DM annihilation channels to the visible sector are,

χχ̄→
(
Nν̄, νN̄

)
χχ̄→ νν̄. (2.23)

– 8 –
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χ

χ̄

N

ν̄
•

χ

χ̄

•
ν

ν̄
•

Figure 1. Feynman diagrams for DM annihilation are shown above where the composite DM-neutrino
effective vertex κ/Λ2 is denoted by a red-square and neutrino mixing UNℓ is shown as a blue circle.
For the left diagram, there is an analogous process for the final state N̄ν. Flavor indices on the
neutrinos have been suppressed.

The Feynman diagrams for the above DM annihilation processes are shown in figure 1, where
the vertex shown as a red-square corresponds to the interaction between DM and singlet
neutrinos given in eq. (2.7) and a blue-circle denotes the neutrino mixing angle UNℓ.

The cross sections for the above DM annihilation processes at temperatures T of order
Λ can be estimated as,

σχχ̄→Nν̄ ∼
κ̃2 U2

Nℓ

4π
T 2

Λ4 , σχχ̄→νν̄ ∼
κ̃2 U4

Nℓ

4π
T 2

Λ4 . (2.24)

DM freeze-out happens when its thermally averaged interaction rate becomes comparable to
the Hubble rate, n̄χ⟨σv⟩ ∼ H ∼ T 2/MPl, where n̄χ ∼ (mχT )3/2 e−mχ/T is the non-relativistic
equilibrium number density for DM. The freeze-out happens at temperatures T of order mχ/20.

The thermally averaged DM annihilation cross sections at DM freeze-out, i.e. for T =
Tfo ∼ mχ/20, can be estimated as,

⟨σχχ̄→Nν̄v⟩fo∼
κ̃2 U2

Nℓ

32πΛ2 , ⟨σχχ̄→νν̄v⟩fo∼
κ̃2 U4

Nℓ

32πΛ2 , (2.25)

where we have made the simplification mN ∼ mχ ∼ Λ. The observed DM relic abundance
can be obtained when ⟨σv⟩fo ∼ 2 × 10−9/GeV2.

Provided that the χχ̄→ (Nν̄, N̄ν) channel is kinematically open, this will be the dominant
annihilation mode. For values of the composite scale Λ ∼ 1GeV and κ̃ ∼ 4π, we obtain
the correct relic abundance from the χχ̄ → (Nν̄, νN̄) process with elementary-composite
neutrino mixing |UNℓ|2 ∼ 10−8. For values of the DM mass mχ < mN/2, this annihilation
channel is kinematically forbidden. In this case the relic abundance of DM is set by the
χχ̄→ νν̄ channel. However, in this case, larger values of the mixing angle UNℓ are required.
For instance, for a compositeness scale Λ ∼ 1GeV and κ̃ ∼ 4π, we require |UNℓ|2 ∼ 10−4 to
obtain the correct relic abundance. The discussion above implies that the neutrino mixing
angle UNℓ plays a crucial role in setting the DM relic abundance within this framework.
Although this analysis has been based on rough estimates, in section 4 we perform detailed
relic abundance calculations within the holographic realization of this model. After solving
the full set of Boltzmann equations, we find that these conclusions are robust.

It is worth noting that, if the DM mass is larger than the composite neutrino mass, i.e.
mχ ≳ mN , the DM can directly annihilate to composite neutrinos, χ̄χ→ N̄N . In this scenario
the annihilation cross-section taking mχ ∼ Λ can be estimated as ⟨σχχ̄→NN̄v⟩≃ κ̃2/(32πΛ2).

– 9 –
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In a strongly coupled theory we have κ̃ ∼ 4π. We then require the DM mass mχ ∼ Λ ∼ 10TeV
to obtain the observed DM relic abundance. However, in this paper, we do not explore this
high-mass region. Instead, as mentioned above, our focus here is on the low-mass region
corresponding to composite scales at or below the electroweak scale.

A characteristic feature of composite DM within this class of theories is that the DM
particles have sizable self-interaction cross sections of order,

σself ∼
κ2
χ

8π
m2
χ

Λ4 . (2.26)

These self-interactions arise from terms in the Lagrangian of the form,

LIR ⊃ −
κχ
Λ2 (χ̄γµχ)2 + · · · , (2.27)

where the size of the coupling κχ ∼ (4π)2/N 2 in the large-N limit and the ellipses denote
alternative Lorentz contractions.

There are several constraints on the DM self-interactions. The most stringent are based
on observations of the Bullet Cluster and lead to σself/mχ ≲ 0.7 cm2/g ∼ 3000/GeV3, (for a
review see [54]). It is straightforward to convert this to a constraint on the DM mass as

mχ ≳ 2
3
( κχ
16π2

)2/3(mχ

Λ
)4/3

GeV. (2.28)

Going forward, we will consider the above result as a rough lower bound on the DM mass.
There could also be constraints on this class of models from effects arising from neutrino

self-interactions inside supernovae [55]. However, the region of parameter space where
these effects are likely to be important is already disfavored by the constraints on DM
self-interactions.

2.4 Signals

Before we close this section, we would like to briefly remark on the implications of this class
of models for direct and indirect detection experiments and for collider searches.

• Indirect detection: since the DM particle is a thermal relic, its annihilation cross
section is of order ⟨σv⟩ ∼ 2×10−9 GeV−2 ∼ 2×10−26 cm3/s. The dominant annihilation
channels are either χχ̄ → (Nν̄, N̄ν) or χχ̄ → νν̄. When the dominant annihilation
channel is χχ̄ → (Nν̄, N̄ν), the visible end products such as electrons and photons
produced in the decay of composite singlet neutrinos are constrained by indirect detection
experiments and precision observations of the CMB. When the dominant annihilation
channel is χχ̄→ ν̄ν, the constraints from indirect detection are much weaker. All the
annihilation channels give rise to monochromatic neutrinos and antineutrinos in the
final state. Currently, the most stringent constraints on such a signal are provided by
Super-Kamiokande (SuperK) [56], and the reach will be further expanded by Hyper-
Kamiokande (HyperK) [57] , DUNE [58–60] and JUNO [61]. Unfortunately, as we
show in section 4, for both the χχ̄ → (Nν̄, N̄ν) and χχ̄ → νν̄ annihilation channels
the region of parameter space that can be probed by these future searches is already
disfavored by other considerations.
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Figure 2. The figure shows the Feynman diagram for the loop-induced coupling of DM to the
Z-boson once the Higgs boson acquires a VEV.

• Direct detection: the dominant contribution to DM scattering off nuclei arises from
Z-boson exchange. The coupling of the Z boson to the fermionic DM particles χ arises
from a dimension-six effective operator,

Leff ⊃ i
CHχ
Λ2 H†←→D µHχ̄γ

µχ ⊃ gZχ̄χZµχ̄γµχ . (2.29)

Here H is the SM Higgs doublet and H†←→D µH ≡ H†(−→Dµ −
←−
Dµ)H, with Dµ being the

covariant derivative. This operator is generated from the one-loop diagram shown in
figure 2, which has the heavy composite neutrinos and SM leptons running in the loop.
The coupling of DM to the Z boson is generated once the Higgs boson acquires a VEV.
The Wilson coefficient above can be estimated as,

CHχ ∼
κ̃ λ2

16π2 , (2.30)

where κ̃ and λ are the DM and Higgs couplings to the composite singlet neutrinos
respectively, while the factor of 16π2 arises from the loop. The scale Λ arises from the
composite neutrino states that run in the loop, which have masses mN ∼ Λ. Therefore
the DM interaction with the Z boson is given by

gZχ̄χ = g CHχ
2 cos θW

v2
EW
Λ2 ∼

g

2 cos θW
κ̃

(4π)2U
2
Nℓ , (2.31)

where g and θW are the weak coupling and the Weinberg angle, respectively. Since the
DM coupling to the Z-boson is suppressed by the square of the mixing angle UNℓ, the
cross section for direct detection is expected to be small.

The spin-independent DM-nucleon cross section arising from this coupling can be
estimated as,

σχn ∼
g4 κ̃2 U4

Nℓ

64π cos2 θW (4π)4
µ2
χn

m4
Z

, (2.32)

where g is the SU(2)L gauge coupling constant and µχn is the reduced mass of the DM-
nucleon system. The factor of (4π)4 in the denominator arises from the loop-suppressed
coupling of the DM particle to the Z-boson. Since κ̃ is big and can be as large as (4π)2,
this can compensate, at least partially, for the loop suppression of the cross section.
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Hence, in this class of models, the DM-nucleon cross section is primarily determined
by the DM mass and mixing angle UNℓ. Currently the most stringent limits on the
DM-nucleon cross section have been set by the first results from LZ experiment [62]. In
the near future, LZ [52] and XENONnT [53] will be able to explore some part of the
unconstrained parameter space.

• Collider Searches: the composite singlet neutrinos N in this class of models fall
into the category of HNLs, for which the collider signals have been well studied in
the literature. At colliders and beam dumps, these particles can be produced through
Drell-Yan processes and in weak decays of hadrons. In the region of parameter space
where mχ > mN/2, corresponding to the χχ̄ → (ν̄N, N̄ν) annihilation channel, the
dominant decay mode of the N is the same as that of a conventional HNL, and therefore
the bounds from HNL searches in beam dumps and the LHC are directly applicable.
However, in the region of parameter space for which mχ < mN/2, where the relic
abundance is set by χχ̄ → νν̄, the dominant decay channel of N is into νχχ̄. This
decay is completely invisible, and so many of the standard collider and beam dump
searches for HNLs do not apply.

At colliders and beam dumps, DM can be pair produced in association with one or more
composite singlet neutrinos. In our analysis we focus on the regime mχ > mN/2, where
the resulting signals are similar to those from the production of a conventional HNL,
but come with additional missing energy. Bounds on this scenario are less well studied,
as the event rates and kinematics are model-dependent. In this scenario, to discover the
DM candidate, it is necessary to first discover the composite singlet neutrinos. Singlet
neutrinos are typically produced in association with a charged lepton. In this regime
they then decay to another charged lepton (or neutrino) and two SM fermions. In the
case of a Majorana N , the smoking gun signature is a pair of same-sign leptons. When
mN is heavier than several GeV, the strongest limits come from Drell-Yan production,
while for lower values of mN the strongest limits are from meson decays. Searches for
N are broadly divided based on whether N decays promptly, via displaced vertices, or
whether it is long-lived. In section 5, we map the existing bounds from ATLAS and CMS
on HNLs onto the parameter space of our model and project the reach of the HL-LHC
and the proposed MATHUSLA experiment [63]. We then turn our attention to the
production of DM in association with N . For both the prompt and displaced searches,
we describe how optimizing the cuts can increase the efficiency for events in the DM+N
signal. We also describe how reconstructing the N (in a fully visible decay channel such
as N → ℓqq̄) would offer the most promising avenue to detect the additional signal.
Unfortunately, most of the parameter space of interest for future collider searches is
in tension with the existing constraints from indirect detection. However, the allowed
parameter space can be expanded if χ constitutes only a subcomponent of DM.

3 Holographic realization

In this section we present a holographic realization of our framework for composite DM via
the neutrino portal. Theories in which the strong conformal dynamics is spontaneously broken
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are dual [64, 65] to the two-brane Randall-Sundrum (RS) construction [40]. Accordingly
we consider a slice of 5D anti-de Sitter (AdS5) space bounded by two 3-branes. The metric
in the AdS5 slice is given by

ds2 =
(
R

z

)2
ηMN dx

MdxN , (3.1)

where xM =(xµ, z) with µ=0, 1, 2, 3 represent the familiar four-dimensional (4D) coordinates
and the fifth coordinate z is confined to the interval between the two branes. The branes
are located at z ≡R and z ≡R′, i.e. R ≤ z ≤ R′. The AdS/CFT correspondence relates
the location in the fifth dimension in the AdS space to the energy scale in the dual CFT.
The locations of the two branes correspond to the UV and IR scales, MUV ∼ 1/R and
ΛIR ∼ 1/R′ ≡ Λ, and so the two branes will be referred to as the UV-brane and the IR-brane.
The presence of the UV-brane is associated with the 4D theory being defined with a cutoff,
while the presence of the IR-brane is associated with the spontaneous breaking of conformal
dynamics. The singlet neutrinos and the states that constitute DM arise as composites of the
hidden sector, therefore arise from bulk fields in the higher-dimensional construction. On the
other hand, since the SM fields are elementary, they are localized on the UV-brane.

We introduce Dirac fermions Ψ̂N and ΨN in the bulk of the extra dimension. The Dirac
fermion Ψ̂N is the holographic dual of the operator ÔN in the CFT, and will give rise to the
right-handed composite singlet neutrino NR in the low-energy theory. Similarly, NL arises
from the bulk Dirac fermion ΨN , which is assumed to be dual to an operator ON of dimension
∆N in the CFT. In addition, we introduce bulk Dirac fermions Ψ̂χ and Ψχ, which will give
rise to the right- and left-handed chiralities of the Dirac fermion DM particle χ. These are
assumed to be dual to operators Ôχ and Oχ of dimension ∆χ̂ and ∆χ in the CFT. These
bulk fields can be written out in terms of two-component spinors that transform as Weyl
fermions under the Lorentz group in four spacetime dimensions,

ΨN =
(
NL

N ′
R

)
, Ψ̂N =

(
N ′
L

NR

)
, Ψχ =

(
χL
χ′
R

)
, Ψ̂χ =

(
χ′
L

χR

)
. (3.2)

The CFT operators ON and ÔN transform as two-component Weyl fermions under the
Lorentz group. In contrast, the bulk fermions ΨN and Ψ̂N transform as four-component
Dirac fermions. Therefore, to realize the duality we must impose boundary conditions on
the UV-brane such that only one of the two Weyl fermions contained in each bulk Dirac
fermion is sourced by the fields on that brane. Accordingly, on the UV-brane we impose
the boundary conditions

ψ′
L, ψ

′
R

∣∣
UV = 0 , (3.3)

where we have employed the notation (ψ = N,χ) to denote the bulk fermions. Furthermore,
since we wish to consider a theory without any light states below the compositeness scale,
on the IR-brane we impose the boundary conditions,

ψL, ψR|IR = 0 . (3.4)
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The action for the bulk fermions includes kinetic terms and mass terms,

Sbulk ⊃
∫
d4x

∫
dz
√
g

[
i

2
(
Ψ̄Ne

M
a γ

a∇MΨN −∇M Ψ̄Ne
M
q γ

aΨN

)
− cN

R
Ψ̄NΨN

+ i

2
(
Ψ̄χe

M
a γ

a∇MΨχ −∇M Ψ̄χe
M
q γ

aΨχ

)
− cχ
R
Ψ̄χΨχ +

{
Ψ→ Ψ̂, c→ ĉ

}]
. (3.5)

Here ∇M ≡ ∂M + ωM where ωM represents the spin connection and eaM ≡ (R/z)δaM is the
vierbein that relates the locally flat 5D coordinates xa to the warped 5D coordinates xM .
The bulk mass parameters cψ and ĉψ with ψ = (N,χ) are related to the scaling dimensions
of the corresponding CFT operators [66, 67]

∆ψ = 2 + cψ ∆
ψ̂
= 2− ĉψ . (3.6)

The scaling dimensions of primary fermionic operators are bounded by unitarity to be
∆ψ,∆ψ̂

≥ 3/2, where the limiting case corresponds to a free fermion. Furthermore, it
was noted earlier that fermionic scaling dimensions larger than 5/2 render the theory UV
sensitive. Therefore, in this work we consider scaling dimensions of the fermion fields in
the range 3/2 < ∆ψ,∆ψ̂

< 5/2. For the bulk mass parameters this translates to the range
−1/2 < cψ, ĉψ < 1/2. Given that the bulk fields corresponding to N and χ satisfy similar
equations of motion and boundary conditions, the desired mass ordering mN > mχ can be
obtained from an appropriate choice of the scaling dimensions, i.e. the bulk mass parameters.

In the higher-dimensional framework, the SM is localized on the UV-brane. Then the
interaction of the SM neutrinos with the hidden sector in the 4D theory, eq. (2.3), corresponds
to the following brane-localized interaction in the higher-dimensional theory,

SUV ⊃
∫
d4x

∫
dz

(
R

z

)4
δ(z −R) λ̂

√
R L̄H̃NR + h.c. (3.7)

Here λ̂ is a dimensionless coupling constant. To generate a Majorana mass term for N as
required by the inverse seesaw mechanism, we add a brane-localized term

SUV ⊃
∫
d4x

∫
dz

(
R

z

)4
δ (z −R) µ̂ NLNL + h.c. , (3.8)

where µ̂ parametrizes the strength of lepton number violation. This term is the dual of
eq. (2.8) in the 4D theory, with the role of the holographic dual to the operator O2N being
played by NLNL. In order to generate the Dirac mass terms between NR and NL in the
low energy theory, eq. (2.2), and between χL and χR, eq. (2.6), we introduce Dirac mass
terms for ψ = (N,χ) on the IR-brane,

SIR ⊃
∫
d4x

∫
dz

(
R

z

)4
δ
(
z −R′) κψ (ψ̄LψR + ψ̄′

Lψ
′
R + h.c.

)
, (3.9)

The value of the parameter κψ determines the size of the resulting mass term. Note that
the boundary conditions for the fermions NL and NR are modified on both the UV- and
IR-branes because of the brane-localized terms eq. (3.7), eq. (3.8) and eq. (3.9). However,
the boundary conditions for the DM fields χL, χR are only modified on the IR-brane due
to the brane-localized term in eq. (3.9).

– 14 –



J
H
E
P
0
7
(
2
0
2
4
)
2
6
0

In order to mediate interactions between the DM candidate and the neutrinos, we
introduce a complex scalar field Φ in the bulk. In addition to the kinetic term and mass
term, the action for the scalar contains a Yukawa interaction,

Sbulk ⊃
∫
d4x

∫
dz
√
g

{
gMN∂MΦ∂NΦ∗ − a2

R2 |Φ|
2 +

(
ŷ
√
RΦΨ̄χΨ̂N + h.c.

)}
. (3.10)

Here a is the mass parameter for the bulk scalar which is related to the scaling dimension
∆Φ of the corresponding primary operator OΦ as,

α ≡
√
4 + a2 = ∆Φ − 2. (3.11)

We choose the following boundary conditions for the scalar field,

Φ|UV = 0, and ∂zΦ|IR = 0. (3.12)

These boundary conditions ensure that the bulk scalar does not give rise to any light states
below the compositeness scale.

The interactions in eq. (3.7) and eq. (3.10) respect an overall lepton number symmetry
under which Ψ̂N and Φ carry charges of +1 and −1, respectively. This symmetry is violated
by the term in eq. (3.8), giving rise to masses for the light neutrinos. All the interactions
respect a discrete Z2 symmetry under which the DM fields Ψχ and Ψ̂χ and the scalar Φ are
odd, while the remaining fields are even. This discrete symmetry ensures the stability of DM.

3.1 Kaluza-Klein decomposition and mass spectrum

In this subsection, we perform a Kaluza-Klein (KK) decomposition of the bulk fields and
obtain the profiles of the various modes and their mass spectra. In what follows we will
use the notation ψn to denote the nth-KK mode (n=1 being the lowest mode) of the bulk
fermion field ψ (ψ = N,χ). We will employ the analogous convention for all other bulk fields.
The bulk fermion fields give rise to a tower of Dirac states,

ψL(x, z) =
∑
n

gψn (z)ψn,L(x), ψ′
L(x, z) =

∑
n

gψ
′

n (z)ψn,L(x), (3.13)

ψR(x, z) =
∑
n

fψn (z)ψn,R(x), ψ′
R(x, z) =

∑
n

fψ
′

n (z)ψn,R(x), (3.14)

where the ψn(x) = (ψn,L, ψn,R) satisfy the Dirac equation in the usual four spacetime
dimensions at linear order. Substituting these expansions into the equations of motion for
the bulk fermions we obtain the following equations for the bulk profiles of the KK modes,

∂zf
ψ
n −

ĉψ + 2
z

fψn +mψ
ng

ψ′
n − κψgψn δ

(
z −R′) = 0, (3.15)

∂zf
ψ′
n −

cψ + 2
z

fψ
′

n +mψ
ng

ψ
n − κψgψ

′
n δ
(
z −R′) = 0, (3.16)

∂zg
ψ
n + cψ − 2

z
gψn −mψ

nf
ψ′
n + κψf

ψ
n δ
(
z −R′) = 0, (3.17)

∂zg
ψ′
n + ĉψ − 2

z
gψ

′
n −mψ

nf
ψ
n + κψf

ψ′
n δ
(
z −R′) = 0 . (3.18)
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Here we have neglected the UV-localized Dirac and Majorana mass term contributions,
assuming that λvEW and µ̂ are small compared to the other terms. The solutions to these
equations for gψn and fψn are given by,

gψn (z) = −
z5/2

Nψ
n

ZψL (m
ψ
nz) ≡ −

z5/2

Nψ
n

[
J−cψ−1/2(mψ

nz) + bψnY−cψ−1/2(mψ
nz)

]
, (3.19)

fψn (z) =
z5/2

Nψ
n

ZψR(m
ψ
nz) ≡

z5/2

Nψ
n

[
Jĉψ−1/2(m

ψ
nz) + b̂ψnYĉψ−1/2(m

ψ
nz)

]
. (3.20)

The solutions for gψ′
n and fψ

′
n can be obtained by the replacements: ψ → ψ′, cψ ↔ ĉψ, and

bψn ↔ b̂ψn . Imposing the above boundary conditions on the UV-brane, we obtain expressions
for the b̂ψn and bψn ,

b̂ψn = −
J−ĉψ−1/2(mψ

nR)

Y−ĉψ−1/2(m
ψ
nR)

, bψn = −
J−cψ+1/2(mψ

nR)
Y−cψ+1/2(mψ

nR)
. (3.21)

Then imposing the boundary conditions on the IR-branes will determine the mass spectra.
The normalization factors Nψ

n can be obtained from the condition that the kinetic terms of
the KK modes be canonically normalized. For the fermions, implementing the appropriate
jump conditions in the limit of large Dirac mixing parameter κψ leads to

ZψL
(
mψ
nR

′)ZψR(mψ
nR

′) ≃ −Zψ′

R

(
mψ
nR

′)Zψ′

L

(
mψ
nR

′). (3.22)

The mass spectrum in units of the IR scale can be obtained by determining the values of
mnR

′ for which this equation is satisfied. This is most easily done numerically. However,
approximate analytical expressions can be obtained from the large and small argument
expansions for the Bessel functions. These approximate forms are given by

mψ
n

Λ ≈ nπ

2 +
(
∆ψ +∆

ψ̂
− 5

)π
4 . (3.23)

Note that the expressions for the spectra of χ and N have the same form and hence the
desired ordering of the masses of the lightest KK modes can be obtained by suitably choosing
the scaling dimensions. Furthermore, we note that if the lepton number violating Majorana
mass parameter µ̂ in eq. (3.8) is small and the Dirac mass parameter κN in eq. (3.9) is large,
the two-component Weyl fermions NR and NL form a quasi-Dirac state N = (NL, NR)T .
Similarly, the two-component Weyl fermions χR and χL also form a Dirac state χ = (χL, χR)T .

The bulk scalar Φ(x, z) can be expanded out in KK modes as,

Φ(x, z) = 1√
R

∑
n

ϕn(x)fϕn (z), (3.24)

where the quadratic terms in the action for the ϕn(x) satisfy the Klein-Gordon equation.
The bulk profile fϕn (z) can be obtained from the equation,

∂2
zf

ϕ
n −

3
z
∂zf

ϕ
n +

(
(mϕ

n)2 − a2

z2

)
fϕn = 0 . (3.25)
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This admits a solution of the form,

fϕn (z) =
z2

N ϕ
n

Zϕα(mϕ
nz) ≡

z2

N ϕ
n

[
Jα(mϕ

nz) + bϕnYα(mϕ
nz)
]
. (3.26)

Imposing the boundary condition on the UV-brane we have,

bϕn = −Jα(m
ϕ
nR)

Yα(mϕ
nR)

. (3.27)

Applying the IR boundary condition then determines the spectrum of scalar KK-modes, i.e.
mϕ
n. We find that scalar modes are typically heavier than the corresponding fermion modes.

3.2 The effective four-dimensional lagrangian

In this subsection we determine the effective 4D Lagrangian for the light KK modes. We
begin with a discussion of the mixing of the KK modes of the bulk singlet neutrinos with
the SM neutrino. This mixing arises from the brane localized interaction in eq. (3.7). The
resulting neutrino mixing term is given by,

LUV ⊃
∫
dz

(
R

z

)4
δ(z −R) λ̂

√
RvEW ν̄LNR(x, z) + h.c.,

≡
∑
n

λn vEW ν̄LNn,R(x) + h.c. (3.28)

Here λn is the parameter that controls the mixing between the nth-KK mode and the SM
neutrino. After performing a KK decomposition of the NR(x, z) field and integrating over
the z coordinate we obtain an expression for λn,

λn ≡ λ̂
R3

NN
n

∣∣∣ZNR (mNnR)
∣∣∣ . (3.29)

The parameters in the equation above can be evaluated numerically to determine λn. The
mixing angle between the SM neutrino and the n-th KK mode in the limit, mNn ≫ λnvEW
is given by,

UNnℓ ≡
λnvEW
mNn

. (3.30)

After performing the KK decompositions of all the bulk fields, the 4D Lagrangian
takes the form,

LIR ⊃ iχ̄nγµ∂µχn + iN̄nγ
µ∂µNn + ∂µϕn∂

µϕ∗n +m2
ϕn |ϕn|

2 −mχnχ̄nχn −mNnN̄nNn

−
[
µmn(Nm,LNn,L) + λnL̄H̃Nn,R + ynpq χ̄n,LNp,R ϕq + h.c.

]
, (3.31)

where we have employed four-component Dirac notation for Nn=(Nn,L, Nn,R)T and χn=
(χn,L, χn,R)T . In this expression summation over repeated indices is implied. The Majorana
mass µmn for the KK modes is defined through eq. (3.8) as

µmn ≡ µ̂ R5
∣∣∣∣ZNL (mNmR) ZNL (mNnR)

NN
m NN

n

∣∣∣∣. (3.32)
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The effective 4D coupling corresponding to the bulk ΦχN interaction can be obtained from
the overlap integral,

ynpq = −
∫
dz

ŷ R5z2

NN
n N

χ
p N ϕ

q

ZNR
(
mN
n z
)
ZχL
(
mχ
pz
)
Zϕα
(
mϕ
q z
)
. (3.33)

We expect the effective coupling between the lightest KK modes, y111, to be of the order
of ∼4π/N , where the value of N is set by the dual large-N CFT. In our analysis we will
consider values of y111 in the range from 1 to 4π.

At each KK level n, the scalars ϕn are heavier than the fermions Nn and χn. For the
greater part of our analysis, we will restrict our attention to just the lightest KK mode of ϕ
and the two lowest KK modes of N and χ. This turns out to be an excellent approximation.
There are regions of parameter space where decays of N2 to ϕ1 +χ1 are kinematically allowed
but decays to three N1 are forbidden. This opens up interesting phenomenological prospects.
Going forward, when there is no danger of ambiguity, we will omit the subscript n = 1 for
the lightest KK-mode of these fields, and only include a subscript n ≥ 2 when explicitly
referring to one of the higher KK-modes.

We now consider the flavor structure of the model. The bulk fermions Ψ̂N and ΨN and the
scalar Φ each come in three flavors. However, we have just a single flavor of the DM fields Ψ̂χ

and Ψχ. We assume that the bulk theory respects an SU(3) flavor symmetry under which the
fermions Ψα

N and Ψ̂α
N transform in the fundamental representation. Here α is an SU(3) flavor

index. The complex scalar Φα is assumed to transform in the antifundamental representation
under this bulk flavor symmetry, while the DM fields Ψχ and Ψ̂χ are singlets. Then the
interaction in eq. (3.10) is invariant under this symmetry. This flavor symmetry ensures that
the different flavors of Nn,L, Nn,R and ϕn are degenerate up to effects arising from the coupling
to the SM in eq. (3.7) and the lepton number violating term in eq. (3.8). These need not
respect the bulk flavor symmetry, and can give rise to a realistic spectrum of neutrino masses.

Restoring the flavor indices, the neutrino portal interaction in the Lagrangian in eq. (3.31)
takes the form,

LIR ⊃ λiαn L̄iH̃Nα
n,R + h.c. , (3.34)

where i=1, 2, 3 is a SM flavor index. Similarly, the neutrino mixing eq. (3.30) can be written as,

UNα
n ℓi ≡

λiαn vEW
mNn

. (3.35)

In general the neutrino mixing matrix λiαn will give rise to mixing between the different flavors
of the SM neutrino νi and composite neutrinos Nα

n . However, for simplicity, in most of the
phenomenological studies that follow we will take the portal coupling λiαn to be flavor-diagonal
and universal, so that UN1

ne
= UN2

nµ
= UN3

nτ
≡ UNnℓ. We will relax this assumption when

considering the implications of this scenario for lepton flavor violation.3 In the following
sections we shall suppress the flavor indices unless there is a need to distinguish between flavors.
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∆N = ∆
N̂

mN1/Λ mN2/Λ ∆χ = ∆χ̂ mχ1/mN1 ∆Φ mϕ1/mN1

2.25 1.12 2.75 1.75 0.4 2.0 1.5
2.25 1.12 2.75 1.91 0.6 2.0 1.5
2.25 1.12 2.75 1.91 0.6 1.5 1.95
2.25 1.12 2.75 2.0 0.7 2.0 1.5

Table 1. In this table we present the masses of the lowest KK-modes for a few benchmark points.
The values of Λ = 1GeV and MUV = 106 GeV are the same for all the benchmark points.

In table 1 we have given some representative values of the masses of the lightest KK
modes. These correspond to the choices ∆N = ∆

N̂
= 9/4 and Λ = 1GeV. We have set

MUV = 106 GeV, the flavor scale.
A comment regarding the spectrum of KK-gravitons and their potential effects on the

dynamics under consideration is in order here. In RS-like warped geometries, with the 5D
Ricci scalar and a negative cosmological constant in the bulk along with UV- and IR-brane
tensions, the effective 4D Planck mass is related to the UV scale of the 5D theory MUV [40] as,

M2
Pl ≃ RM3

UV ∼M2
UV, (3.36)

where we have employed the relation R ∼ 1/MUV and R′ ≫ R. The above correspondence
implies that in order to obtain 4D gravity in the low-energy effective theory, one requires
MUV ∼ MPl. However, in our holographic setup discussed above, we are taking MUV, the
scale of the UV-brane, as a free parameter. In the case when MUV ≪MPl, the effective 4D
gravity cannot be reproduced in this minimal gravitational setup. In such a scenario, in order
to obtain effective 4D gravity when MUV ≪MPl, it is necessary to add an Einstein-Hilbert
term localized to the UV-brane to the action, see for example [69, 70]. Accordingly we
add to the action the term,

SUV ⊃
∫
d4x

∫
dzδ (z −R)

√
−ĝ 2M2

0 R̂, (3.37)

where ĝ is the determinant of the induced metric ĝµν and R̂ is the corresponding Ricci scalar.
The parameter M0 has the dimensions of mass. In the presence of such a brane localized
Einstein-Hilbert term, the effective 4D Planck mass in the limit R′ ≫ R is given by,

M2
Pl ≃ RM3

UV

[
1 + M2

0
RM3

UV

]
≃M2

0 . (3.38)

Hence, taking the parameter M0 to be of the order of the Planck mass, i.e. M0 ∼ MPl,
we recover 4D gravity. In this scenario, as noted in [70], the spectrum of graviton KK
modes remains similar to that of the RS model. In particular, the graviton KK spectrum
is approximately given by the zeros of the Bessel function J1(mg

nR
′). From a more precise

calculation we find that the first KK-graviton has a mass mg
1 ∼ 3Λ and its dependence

3In some cases, extra dimensional models can provide a natural explanation for the suppression of flavor-
violating couplings, see e.g. [68].
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Figure 3. The dominant DM annihilation processes in the mass ranges mχ/mN ≳ 0.8 (left),
0.5 ≲ mχ/mN ≲ 0.8 (center), and mχ/mN < 0.5 (right). For the center diagram, there is an
analogous process for the final state N̄ν. A grey-dot denotes an effective coupling yeff and a blue-
square denotes an effective coupling yeffUNℓ. The flavor indices have been suppressed.

on the UV scale MUV is negligible. The masses of the higher graviton KK modes can be
approximated as,

mg
n

Λ ≈
(
n+ 1

4
)
π . (3.39)

Note that the first graviton KK-mode mg
1 is typically about twice as heavy as the first

KK-mode of any other bulk particle in our model, as can be seen from the benchmark values
in table 1. This large mass, coupled with the fact that the KK-graviton wave functions are
highly suppressed at the location of the UV-brane where the SM particles reside, allows us to
safely neglect the effects of the KK gravitons on the dynamics we are studying.

4 Dark matter phenomenology

In this section, we study the phenomenological aspects of our model in detail. We determine
the regions of parameter space where we reproduce the observed abundance of DM and
explore the prospects for direct and indirect detection. Our analysis is based on the 4D
Lagrangian obtained after the KK decomposition of the higher dimensional theory.

4.1 Relic abundance

We begin our phenomenological analysis with a study of the DM relic abundance. Annihilation
processes mediated by the scalar ϕ play the dominant role. Their rate depends sensitively on
the coupling yeff≡y111. In our analysis we will consider values of yeff in the range from 1 to 4π.
In the early universe, the states of the composite sector are initially in thermal equilibrium
with the SM states through the neutrino portal via processes such as Nν ↔ Nν and NN ↔ νν.
The thermal freezeout of χ can occur through annihilation into three different final states, as
shown in figure 3. The relative importance of these processes depends on the ratio mχ/mN :

• mχ/mN ≥ 0.8: note that χ can be stable even when mχ > mN , as long as mχ < mϕ.
The dominant DM annihilation process in this mass range is χ̄χ→ N̄N . Even though
this process cannot proceed at zero temperature if mχ < mN , the kinetic energy of the
χ particles means that it can be important at finite temperatures. From numerical
calculations we find that it continues to be the dominant annihilation process for
values of mχ/mN above about 0.8. This is an example of forbidden DM [71]. For
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this annihilation channel, the thermally averaged cross section is proportional to y4
eff ,

which in a strongly coupled theory is expected to be large. Therefore, the annihilation
is extremely effective and the observed dark matter abundance is only obtained in a
limited region of parameter space.

• 0.5 ≲ mχ/mN ≲ 0.8: in this mass range the dominant annihilation process is χ̄χ →
(N̄ν, ν̄N). The thermally averaged cross section is proportional to y4

effU
2
Nℓ, and the

observed DM relic abundance can be obtained at sufficiently small mixing.

• mχ/mN < 0.5: in this case the dominant annihilation process is χ̄χ → ν̄ν and the
thermally averaged cross section is proportional to y4

effU
4
Nℓ. Therefore larger mixing

angles are favored compared to the mass range above.

We used the package micrOMEGAS-5.2 [72] to determine the relic abundance. In our
analysis we were careful to include the coannihilation processes involving higher KK modes.
However, for pedagogical reasons, in the discussion below we limit ourselves to an approximate
analytic calculation of the DM relic abundance that involves only the lowest KK modes.

We first consider the case when the dominant DM annihilation channel is χ̄χ→ (N̄ν, ν̄N).
In the limit m2

ϕ ≫ t, we can approximate the spin-averaged cross section to a single flavor
of the final state neutrinos (χ̄χ → N̄ν) as

∑
spins

∣∣∣M(χ̄χ→ N̄ν)
∣∣∣2 ≈ y4

effU
2
Nℓ(m2

χ − t)(m2
χ +m2

N − t)
4(t−m2

ϕ)2 , (4.1)

where t is the Mandelstam variable. After summing over the different flavors and thermally
averaging the cross section, we obtain

⟨σχ̄χ→N̄ν,Nν̄v⟩ ≈
3 y4

eff U
2
Nℓ

(
4m2

χ −m2
N

)2(4m2
χ +m2

N

)
512πm4

χ

(
2m2

χ −m2
N + 2m2

ϕ

)2 . (4.2)

The Boltzmann equation for the yield (Yχ ≡ nχ/s) as a function of x ≡ mχ/T is given by,

dYχ
dx

= −
λχ
〈
σχ̄χ→N̄ν,Nν̄v

〉
x2

[
Y 2
χ − Ȳ 2

χ

]
, (4.3)

where nχ is the DM number density and s is the entropy density. In this expression the
equilibrium yield Ȳχ and the parameter λχ are defined as

Ȳχ ≡
n̄χ
s

= 45
4π4

gχ
g⋆S

x2K2(x), λχ ≡
x s

H
=

√
8π2

45
g⋆S√
g⋆
MPlmχ . (4.4)

Here MPl is the reduced Planck mass, H is the Hubble rate and K2(x) is the modified Bessel
function. The parameters g⋆ and g⋆S represent the effective number of relativistic degrees
of freedom for the energy and entropy densities of radiation respectively, while gχ denotes
the number of degrees of freedom in DM.

Equivalent expressions for the χ̄χ → ν̄ν annihilation channel are

∑
spins

∣∣∣M(χ̄χ→ ν̄ν)
∣∣∣2 ≈ y4

effU
4
Nℓ(m2

χ − t)2

4(m2
ϕ − t)2 . (4.5)
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and

⟨σχ̄χ→ν̄ν v⟩ ≈
3 y4

eff U
4
Nℓm

2
χ

32πm4
ϕ

. (4.6)

The present-day DM relic density can be obtained by solving the Boltzmann equation,

Ωχh2 = h2s0
ρcr

mχY
(0)
χ = 2.742× 108

(
mχ

GeV

)
Y (0)
χ , (4.7)

where Y (0)
χ is the DM yield, s0 = 2970 cm−3 is the total entropy density today, and ρcr =

1.054×10−5h2 GeV cm−3 is the critical density. The observed DM relic abundance is Ωobsh
2 =

0.12 ± 0.012 [73].
In figure 4 we show the evolution of the DM relic abundance as a function of x = mχ/T

for a benchmark spectrum with Λ = 50GeV, mN/Λ = 1.12, mχ/mN = 0.7, and mϕ/Λ = 1.7,
the dominant annihilation channel being χ̄χ→ (N̄ν, ν̄N). We have taken yeff =

√
4π, and

considered two values of the mixing, |UNℓ|2 = 10−6 (red) and 10−8 (blue). The solid lines
result from the approximate analytic calculation presented above, whereas the dots show
the numerical results obtained with micrOMEGAS, which include the effects of the higher
KK modes. Figure 5 shows an equivalent plot for a benchmark wherein mχ/mN = 0.4,
Λ = mN/1.12 = 1GeV and mϕ = 1.7GeV, the dominant annihilation channel being χ̄χ→ ν̄ν.
With the same value for yeff , we consider larger values for the mixing |UNℓ|2 = 10−3 (red)
and 10−4 (blue). This is necessary because of the extra factors of the mixing that appear in
the corresponding annihilation cross section. The good agreement between the analytic and
numerical results confirms that neglecting the higher KK-modes is a good approximation.

4.2 Direct detection

Direct detection experiments are significantly less sensitive to composite DM that couples to
the SM through the neutrino portal than to conventional WIMPs. This is because the DM-
nucleon interactions are induced only at the loop level and are further suppressed by the small
mixing between the SM neutrinos and their singlet counterparts. While this has the effect of
weakening the constraints on the model, it of course also makes the model more challenging
to discover in direct detection experiments. In particular, we will show below that in a large
region of parameter space, the DM-nucleon cross section lies below the neutrino floor.

The loop diagram shown in figure 6 leads to an effective Zχ̄χ vertex of the form

gZχ̄χ Zµχ̄γ
µPLχ , (4.8)

where PL is the projection operator for left-handed states. This gives rise to DM scattering
off nuclei via Z exchange. In what follows, we calculate the cross section for this process,
working in the physical mass eigenbasis. Although an effective coupling to the Higgs boson is
also induced, the Higgs exchange contribution to direct detection is additionally suppressed
by the small coupling of the Higgs to nuclei, and can therefore safely be neglected. The
effective coupling gZχ̄χ is given by

gZχ̄χ =
∑
n,r,s

UNrℓ UNsℓ yr1n ys1n
16π2

3gmNrmNs

2 cos θW
C0
(
m2
χ,m

2
χ, q

2;mNr ,mϕn ,mNs

)
, (4.9)
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Figure 4. The DM relic abundance as a function of x = mχ/T is shown for a benchmark spectrum
with the parameters Λ = 50GeV, mχ ≃ 40GeV, mN/Λ ≃ 1.12, mϕ/Λ ≃ 1.7 and two choices of
the mixing angle, |UNℓ|2 = 10−4 (red) and 10−6 (blue). The dominant annihilation channel is
χ̄χ→ (N̄ν, ν̄N). The dots show the numerical results obtained using micrOMEGAS. The dashed-grey
line represents the equilibrium density and the orange horizontal band corresponds to the observed
DM relic density.

Figure 5. The DM relic abundance as a function of x = mχ/T is shown for a benchmark spectrum
with mχ/mN = 0.4, Λ = mN/1.12 = 1GeV, mϕ = 1.7GeV and two choices of the mixing angle,
|UNℓ|2 = 10−3 (red) and 10−4 (blue). The dominant annihilation channel is χ̄χ→ ν̄ν. The dots show
the numerical results obtained using micrOMEGAS. The dashed-grey line represents the equilibrium
density and the orange horizontal band corresponds to the observed DM relic density.
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χ χφn

↓ q

Z∗

Nr Ns

•

Figure 6. The figure shows the Feynman diagram for the loop-induced coupling of DM to the
Z-boson. The subscripts on the fields in the loop denote the KK modes. The blue dot denotes the
coupling of the Z in the mass eigenbasis to Nr and Ns, which is suppressed by mixing angles.

where the sum is over the KK modes of N and ϕ. Here C0 is the scalar Passarino-Veltman
three-point function as defined in ref. [74] and qµ is the four-momentum carried by the Z.
Since each term in the sum is proportional to the fermion masses in the loop, the contribution
from the light neutrinos is negligible. All the terms in the sum are suppressed by the squares
of the mixing parameters. On the other hand, since the couplings yr1n arise from strong
dynamics, they are expected to be large.

The contribution to gZχ̄χ from just the lowest KK-modes of N and ϕ in the limit
mϕ ≫ mN is given by

gZχ̄χ = U2
Nℓ y

2
eff

8π2
g

2 cos θW
m2
N

m2
ϕ

[
1 + ln

(
m2
N

m2
ϕ

)]
. (4.10)

However, we find that including the higher KK-modes of N in the loop corrects this expression
by an order one factor. We therefore provide formulas for the general terms appearing in
the sum. In particular, in the limit q2 ≪ m2

χ, one can simplify the above Passarino-Veltman
C0 function. For r = s, the C0 function simplifies to

C0(m2
χ,m

2
χ, 0;mNr ,mϕn ,mNr)=−

(m2
χ −m2

Nr
+m2

ϕn
)Λ
(
m2
χ,mNr ,mϕn

)
λ
(
m2
χ,m

2
Nr
,m2

ϕn

) − 1
2m2

χ

ln
(
m2
Nr

m2
ϕn

)
.

(4.11)

For r ̸= s, we get instead,

1
m2
Nr
−m2

Ns

[(
Λ
(
m2
χ,mϕn ,mNr

)
−

(m2
χ +m2

Nr
−m2

ϕn
)

2m2
χ

ln
(m2

Nr

m2
ϕn

))
− (r ↔ s)

]
. (4.12)

The K??ll??n kinematic triangular polynomial λ(a, b, c) and the function Λ(m2
0,mi,mj)

appearing in the formulae above are defined as

λ
(
a, b, c

)
≡ a2 + b2 + c2 − 2ab− 2bc− 2ca , (4.13)

Λ(m2
0,mi,mj) ≡

1
m2

0

√
λ
(
m2

0,m
2
i ,m

2
j

)
ln
(m2

i +m2
j −m2

0 +
√
λ
(
m2

0,m
2
i ,m

2
j

)
2mimj

)
. (4.14)

The DM-nucleon spin-independent cross section σSI
χn mediated via Z exchange is given by,

σSI
χn =

g2g2
Zχχ̄

64π cos2 θWm4
Z

(
mχmn

mχ +mn

)2 [(
1 + Z

A

)
Vu +

(
2− Z

A

)
Vd

]2
, (4.15)
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Figure 7. We plot the current exclusion from the LZ experiment (2022) [62], along with the expected
sensitivity of the XENONnT experiment [53] and the mixing angle corresponding to the neutrino
floor [53], for the benchmark model parameters listed at the top of the figure. The gray-shaded region
is ruled out by a variety of collider and beam dump searches. The solid blue curve represents the
contour of yeff =

√
4π which produces the observed DM relic abundance.

where mn is the nucleon mass, Z/A is the ratio of the atomic and mass numbers of the target
nucleus, and Vf =(2T 3

f − 4Qf sin2 θW ) for a fermion f with electric charge Qf and isospin
number T 3

f . Using this cross section, we plot in figures 7 and 8, for a set of benchmark
model parameters, the mixing angles as a function of mχ that correspond to the current
exclusion from the first results of LZ experiment [62] and the expected sensitivity of the
XENONnT experiment [53]. Also shown is the mixing angle that would result in a cross
section equal to the neutrino floor [53].

4.3 Indirect detection

The indirect detection signals of this class of models are very different for the (N̄ν, ν̄N) and ν̄ν
annihilation channels. In the case when the primary annihilation channel is χ̄χ→ (N̄ν, ν̄N),
the singlet neutrino in the final state decays to leptons, neutrinos, and hadrons with O(1)
branching ratios. When all the unstable particles have decayed, a continuum spectrum of
electrons, positrons, photons, and neutrinos is produced. On average, their energies do not
significantly exceed mN/3, since the N -decay is 3-body. There are strong astrophysical
and cosmological constraints on these final states from indirect detection experiments. In
particular, cosmic microwave background (CMB) measurements provide a robust probe of
DM annihilations to energetic electrons and photons around the recombination epoch. The
energy injected into the plasma by annihilations of DM particles modifies the ionization
history as well as temperature and polarization anisotropies. The measurements of the CMB
by the Planck collaboration [73] set stringent constraints on DM annihilation for GeV-scale or
lighter DM. There are also constraints on this class of theories from present-day observations
of gamma rays from the galactic center and from dwarf galaxies. In the case of annihilation
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Figure 8. We plot the current exclusion from the LZ experiment [62], along with the expected
sensitivity of the XENONnT experiment [53] and the mixing angle corresponding to the neutrino
floor [53], for the benchmark model parameters listed at the top of the figure. The gray-shaded region
is ruled out by a variety of collider searches. The solid blue curve produces the observed DM relic
abundance for yeff =

√
4π.

to ν̄ν, none of these constraints apply.
Since the DM particles are nonrelativistic, it follows that for both the (N̄ν, ν̄N) and ν̄ν

channels, the SM neutrinos produced in the annihilation process are monochromatic. The
neutrino energy is given by Eν = mχ(1 − m2

N/4m2
χ) for the (N̄ν, ν̄N) annihilation mode

and Eν = mχ for the ν̄ν annihilation mode. A monochromatic neutrino line is a striking
signature for indirect detection experiments. After identifying the regions in parameter space
that are consistent with the CMB and gamma-ray constraints, we will estimate the reach
for such a signature in section 4.3.3.

4.3.1 CMB constraints

As mentioned above, CMB observations constrain the (N̄ν, ν̄N) annihilation channel since the
subsequent decays of composite singlet neutrinos inject energy into the intergalactic medium
(IGM) at the recombination epoch. The constraints from the Planck collaboration [73] are
expressed as channel-dependent upper-bounds on the thermally averaged annihilation cross
section ⟨σv⟩ at 95% C.L.,

feff(mχ)
⟨σv⟩
mχ

< 3.2× 10−28 cm3 s−1 GeV−1, (4.16)

where feff(mχ) is the effective fraction of energy transferred to the IGM from DM annihilation
at a redshift z ∼ 600 where the CMB anisotropy data is most sensitive. In our model,
⟨σv⟩ ∼ few× 10−26 cm3 s−1 in order to produce the observed DM relic abundance. Therefore,
the CMB constraint can be translated directly into a limit on feff(mχ), which is a function of
the DM mass and the final state particles that result from the DM annihilation process.
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Figure 9. The left (right) panel of this figure shows the photon (electron) energy spectrum arising
from the annihilation channel χ̄χ→ Nν and the subsequent decay of N .

Since the Planck limits are most sensitive to electrons and photons in the final state,
we calculate feff(mχ) as a weighted average of the electron and photon spectra (dNe−,γ/dE)
predicted by our model for the DM annihilation process χ̄χ → Nν̄ as,

feff(mχ) =
1

4mχ

∫ mχ(1+m2
N/4m2

χ)

0
dEE

[
2f e−eff (E)dNe−

dE
+ fγeff(E)dNγ

dE

]
. (4.17)

To compute this we employ the results of ref. [75], which provides data on f e
−,γ

eff (E), the fraction
of energy transferred to the IGM for energies in the range [keV–TeV]. We use pythia8 [76] to
calculate the photon and electron spectra arising from the DM annihilation χ̄χ→ (N̄ν, ν̄N).
This incorporates the effects of showering and hadronization in the decays of N to SM states.
We sum over all the flavors of N in the final state. In figure 9 we show the photon (left-panel)
and electron (right-panel) energy spectra for a few benchmark values of the DM mass.

In the left panel of figure 10 we show feff(mχ) as a function of mχ for the DM annihilation
processes χ̄χ → (N̄ν,Nν̄) (red curve) and χ̄χ → νν̄ (green curve). Note that the fraction
of energy injection into the IGM is smaller for the χ̄χ → (N̄ν,Nν̄) channel than for DM
annihilation into most other SM states ref. [75]. Moreover, for the case of DM annihilation
directly to SM neutrinos, i.e. χ̄χ → ν̄ν, feff(mχ) is even smaller and becomes negligible
for mχ ≲ 150GeV. This is due to the fact that for this channel, energy injection into the
IGM only arises from weak radiative processes, which are suppressed for mχ ≲ O(100)GeV
ref. [75]. In the right panel of figure 10 we plot our result for the fractional annihilation energy
transferred per unit DM mass, feff(mχ)/mχ, as function of mχ. The horizontal dashed orange
line corresponds to the Planck constraint from eq. (4.16). As can be seen in this figure, the
Planck CMB constraint excludes DM annihilating to the (N̄ν, ν̄N) final states for mχ ≲ 4GeV.
Therefore for DM masses lower than this value, only the annihilation channel to ν̄ν, where no
energy is injected into the IGM, is consistent with CMB bounds. We also show the sensitivity
of future CMB-S4 experiments as the horizontal dotted orange line. This projected sensitivity
is based on the analysis of ref. [77], where it is shown that the most optimistic configuration of
the CMB-S4 experiment could be sensitive to feff(mχ)⟨σv⟩/mχ ∼ 1.17× 10−28 cm3 s−1 GeV−1

at 95% C.L. Hence the resulting projected exclusion reach from CMB-S4 on the DM mass
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Figure 10. In the left panel we show feff(mχ), the fraction of energy transferred to the IGM due to
DM annihilation around the time of recombination, as a function of the DM mass mχ for the DM
annihilation processes χ̄χ → (N̄ν,Nν̄) (red curve) and χ̄χ → νν̄ (green curve). The blue curve in
the right panel shows feff(mχ)/mχ as a function of mχ for the benchmark spectrum listed above the
figure. The dominant annihilation channel is χχ̄→ (N̄ν, ν̄N). The horizontal dashed line represents
the 95% constraint on this quantity from the Planck collaboration [73] for ⟨σv⟩ = 2.2× 10−26 cm3 s−1.
As a result, this annihilation mode is ruled out for DM masses in the shaded region. The horizontal
dotted line shows the projected sensitivity of CMB-S4 at 95% C.L., which implies a sensitivity to DM
annihilation in this channel up to mχ ∼10GeV.

is mχ ∼ 10GeV for the (N̄ν, ν̄N) annihilation channel.4

4.3.2 Gamma ray constraints

In this subsection, we consider constraints on this class of models based on measurements
of gamma rays from the galactic center (GC) of the Milky Way and from dwarf spheroidal
satellite (dSphs) galaxies. In recent years these measurements have provided powerful bounds
on DM models. GC searches have the advantage of a potentially large signal component,
especially if the DM profile is cuspy, but suffer from large astrophysical backgrounds, while
dSphs have much lower backgrounds but also contain a smaller signal component.

Galactic Center (GC): we employ the Fermi-LAT Fourth Source Catalog (4FGL) [81]
with 8 years of data for our analysis of the GC and follow the procedure adopted in ref. [82].
Assuming universality among the different flavors of composite singlet neutrinos, the expected
photon flux per unit energy from DM annihilation is given by,

dΦγ
dEγ

= 1
4π
⟨σv⟩
4m2

χ

dNγ

dEγ
J, (4.18)

where ⟨σv⟩ is the total thermally averaged cross section. The calculation of the photon energy
spectrum using pythia8 has been described in the previous subsection, with the result shown
in the left panel of figure 9. The J-factor is given by

J ≡
∫
dΩ
∫ ℓmax

0
dℓ ρ2

χ(ℓ), (4.19)

4Similar studies were perform for the annihilation channel χ̄χ → N̄N in [78, 79] and for χ̄χ → ν̄ν in [80].
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where dΩ is integrated over the region of interest and the dℓ integral is over the line of
sight. We consider two different DM density profiles, the standard Navarro-Frenk-White
(NFW) profile [83] and a cored DM halo profile proposed by Read et al. [84]. The standard
NFW profile is given by

ρχ(r) = 4 ρs
(
rs
r

)(
1 + r

rs

)−2
, (4.20)

where r is the distance from the GC and ρs is the DM density at the scale radius rs = 20 kpc.
We take ρs = 0.065GeV/cm3, which gives the local DM density as ρ(r0) = 0.3GeV/cm3

for r0 = 8.5 kpc, the distance of the sun from the center of the Milky Way. The line of
sight ℓ is related to r by

r =
√
r2

0 − 2ℓr0 cos θ + ℓ2, (4.21)

where θ is the angle between the GC and the line of sight. We take the integration limit
ℓmax in eq. (4.19) to satisfy

ℓmax =
√
r2

MW − r2
0 sin2 θ + r0 cos θ, (4.22)

where rMW ∼ 40 kpc is the size of the Milky Way halo.
For the cored halo profile, we employ a core radius rc = 1kpc. The mass of the cored

profile Mcore(r) asymptotically approaches that of the NFW profile MNFW(r) in the outer
regions as [82, 84],

Mcore(r) =MNFW(r) tanh(r/rc). (4.23)

In figure 11 we present the results of our analysis. For the cored DM halo profile, shown as
the solid blue curve, we find that the range of mχ between 2 GeV and 20 GeV is excluded at
95% C.L. for the benchmark case mχ/mN = 0.7. For the NFW DM halo profile, shown as the
dashed-blue curve, the exclusion range is found to be between mχ = 1GeV and mχ = 30GeV.
As expected, the limits from the NFW profile are somewhat stronger.

Dwarf Spheroidal Satellite Galaxies: we also calculate the constraints from a set of
dSphs galaxies with well-determined J-factors. We employ the log-likelihood profiles for the
dSphs from Fermi-LAT data [85, 86] and we take the uncertainties in the J-factors from [87].
These uncertainties are calculated from fits to the stellar kinematic data using generalized
NFW profiles. From the analysis, we find an exclusion at 95% CL for DM in the mass range
mχ∼ (5 − 10)GeV for mχ/mN = 0.7. This is shown in figure 11 as the green curve. This
limit is weaker than the bound on gamma rays from the GC.

4.3.3 Neutrino line signal

Several experiments including SuperK [88], IceCube [89], and ANTARES [90] have placed
limits on a neutrino line signal from DM annihilations. Their data has also been reanalyzed by
independent groups seeking to extend the constraints to lower values of the DM mass [91–94].
Recently, the KamLAND experiment [95] also reported a bound on DM annihilation to

– 29 –



J
H
E
P
0
7
(
2
0
2
4
)
2
6
0

100 101 102 103

mχ [GeV]

10−27

10−26

10−25

10−24

〈σ
v
〉[

cm
3 /

s]
Ωχh

2 =0.12

Cored

NFW

mχ/mN = 0.7, mN/Λ ' 1.12, mφ/Λ ' 1.7

Fermi GC

Fermi dSphs

Figure 11. We show the 95% CL limit on ⟨σv⟩ from Fermi-LAT GC (blue curves) and dSphs (green
curve) as a function of the DM mass mχ for the benchmark value mχ/mN = 0.7, the dominant
annihilation channel being χ̄χ→ (N̄ν, ν̄N). The horizontal gray line denotes the value required for
the observed DM relic abundance Ωχh

2 ≃ 0.12. The solid and dashed blue curves correspond to cored
and NFW DM halo profiles respectively, based on data from Fermi-LAT fourth source catalogs.

neutrinos in the low mass range mχ ∼ [8− 30]MeV. In the top half of table 2, we summarize
a variety of experimental constraints on the thermally averaged cross section ⟨σv⟩, along
with the mass range for which they are applicable.

For an annihilation cross section compatible with obtaining the correct DM relic abun-
dance, these experiments are only sensitive when the DM mass is below a GeV, because then
the DM number density is high and therefore the flux in the neutrino line is large. Since we
have concluded that the (N̄ν, ν̄N) annihilation channel is ruled out for light DM masses by
CMB constraints, in this section we limit our attention to the ν̄ν annihilation channel.

The existing bounds only go down to values of ⟨σv⟩ of order 10−25 cm3/s, which is still
significantly above the value required to obtain the observed DM density. However, future
experiments such as HyperK [96], JUNO [61] and DUNE [97] are projected to have the
necessary level of sensitivity to detect thermal relic DM in the mass range 15MeV - 90MeV.
In the lower half of table 2 we report recent 90% projections on the reach of these future
experiments from independent analyses [92–94, 98]. In our numerical analysis below, we
make use of the most optimistic projections for these experiments.

In what follows, we map the sensitivity of these future experiments to the parameter
space of our model. Since the sensitivity projections for different experiments use somewhat
different assumptions (about the DM density profile, etc.), we will also need to make all
dependencies on these assumptions explicit, so that the sensitivity of different experiments
can be directly compared.

Note that most experimental searches are performed for a specific neutrino flavor.
Assuming universality among neutrino flavors, the expected flux on the Earth for each
neutrino and antineutrino flavor from DM annihilation is given by,

dΦν
dEν

= 1
4π
⟨σv⟩
4m2

χ

1
3
dNν

dEν
J, (4.24)
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Experiment/analysis DM mass range Best upper-limit ⟨σv⟩
SuperK [88] 1− 104 GeV 1.2× 10−24 cm3/s
IceCube [89] 5− 200GeV 3.5× 10−25 cm3/s
ANTARES [90] 50− 105 GeV 1.5× 10−24 cm3/s
KamLAND [95] 8− 21MeV 5× 10−25 cm3/s
HyperK [93, 94] 17MeV− 50GeV 3× 10−26 cm3/s
JUNO [92, 93] 10− 80MeV 4× 10−26 cm3/s
DUNE [92, 93] 10− 80MeV 3× 10−26 cm3/s

Table 2. Existing (top half) and projected future (bottom half) experimental limits (90% C.L.) on
DM annihilating directly to neutrinos, along with the corresponding DM mass range.

where the neutrino spectrum is mono-energetic, i.e.

dNν

dEν
= κν

mχ

E2
ν

δ
(
1− Eν/mχ

)
. (4.25)

Here κν = 2 for the annihilation channel χ̄χ→ ν̄ν, and the J-factor is given in eq. (4.19). Note
that using a more cuspy DM profile results in a larger J-factor, and therefore a stronger DM
signal. For an NFW DM halo profile, we obtain an all-sky J-factor of J ∼9× 1022 GeV2/cm5.
In figure 12 we present the resulting experimental constraints and projections [92–94, 98]. As
shown in this figure, the sensitivity of these experiments can reach the thermal relic cross
section in the DM mass range 10–100 MeV. Unfortunately, this mass range is disfavored by
the existing constraints from beam dumps and the bounds on DM self-interactions.

4.4 Results

We are now ready to combine the conclusions of the different parts of this section and
identify viable regions in the parameter space of our model. For the case when the dominant
annihilation channel is χ̄χ→ (N̄ν, ν̄N), we present all the relevant constraints in figure 13,
for the choices of ∆N = ∆

N̂
= 9/4 (corresponding to mN ≃ 1.12Λ) and ∆χ = ∆χ̂ ≃ 2

(corresponding to mχ = 0.7mN ). At each point, yeff has been chosen such that the correct
DM relic abundance is obtained. The inequalities in eq. (2.16) are satisfied throughout this
parameter region so that realistic neutrino masses can be obtained. The various shaded
regions in the plot are excluded (see the figure caption for more detailed information on
each constraint). The DM self-interaction constraint from eq. (2.28) for this benchmark
point is only relevant for mχ ≲ 0.5GeV, and has therefore not been shown. The gray-shaded
region corresponds to the bounds on HNLs from colliders and beam dumps. The reason that
this constraint weakens for larger masses is that the N particles become too heavy to be
produced from on-shell W decays. Therefore the signal cross section drops precipitously while
the background cross section falls more gradually, resulting in greatly reduced experimental
sensitivity. We see from the plot that near-future direct detection experiments will have
sensitivity for values of the DM mass above about 40 GeV. In the longer term, DM masses as
low as 20 GeV may be accessible to direct detection. In the next section, we will evaluate
the reach of future collider searches in this parameter space.
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Figure 12. We plot the projected indirect detection constraint from the SuperK experiment (shaded
orange region), along with future experiments (colored curves). Note that the sensitivities of SuperK
and HyperK in this low mass range are based on refs. [93, 94], not on the official results from the
collaborations on which the numbers listed in table 2 are based. All the constraints correspond to
a standard NFW DM density profile. The green line denotes the annihilation cross section that
reproduces the observed relic abundance. At the lower end of the DM mass range, ∆Neff bounds from
CMB and BBN disfavor values of mχ below 8MeV [99–101].

In this plot we have included the constraints (light-gray region) from the lepton flavor
violating processes µ → e conversion and µ → eγ, after relaxing the assumption that the
couplings of the composite singlet neutrinos to the SM are flavor diagonal. Then, at the
one-loop level, they contribute to these lepton flavor violating processes [35]. The light-gray
region is the current constraint in the limit that we have maximal mixing between the µ
and e flavors, i.e.

∣∣∑
n U

∗
Nnµ

UNne
∣∣ = ∣∣UNℓ∣∣2, where the sum over n is over the KK modes

in the loop. We adopt the strongest constraint from the MEG experiment [102] for the
µ→ eγ process and from the SINDRUM II experiment [103] for µ→ e conversion. In the
near future the Mu2e [104] and COMET [105] experiments will be searching for µ → e

conversion. The future constraints in the absence of a signal are shown in figure 13 as the
dotted-gray curve. Note that relaxing the assumption of maximal lepton mixing would lead
to a weakening of the corresponding constraints.

For the case when the primary annihilation channel is χ̄χ→ ν̄ν, we present the relevant
constraints in figure 14, for the choices of ∆N = ∆

N̂
= 9/4 (corresponding to mN ≃ 1.12Λ)

and mχ/mN = 0.4 (corresponding to ∆χ ≃ 7/4). As before, yeff at each point has been
chosen to obtain the correct DM relic abundance, and the entire parameter region in the plot
is compatible with eq. (2.16). The shaded regions correspond to exclusions, except for the
red and blue vertical hatched bands denoting the regions of sensitivity to future neutrino-line
searches, as discussed in section 4.3.3. Unfortunately, these regions are already excluded by
the existing collider and beam dump bounds. Moreover, the DM self-interaction constraint
in eq. (2.28), i.e. σself/mχ≲0.7 cm2/g, leads to a lower bound on the DM masses shown as
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Figure 13. We show the constraints on our model in the parameter space of DM mass and the
N -ν mixing angle for the benchmark parameters listed above the figure. The dominant annihilation
channel is χ̄χ→ (Nν̄, N̄ν), and yeff at each point has been chosen to reproduce the correct DM relic
abundance. Contours of constant yeff are shown as purple lines. The grey-shaded region is excluded
by collider, beam dump, and astrophysical constraints [35]. The light-gray region corresponds to
the current exclusion from the lepton flavor violating processes µ→ e conversion and µ→ eγ under
the assumption of maximal lepton mixing, whereas the dotted gray curve represents the projected
future sensitivity from these processes. The orange-shaded region on the left is excluded at 95% C.L.
by Planck CMB data as discussed in section 4.3.1. The red-shaded region in the top-right corner is
excluded by the direct detection constraint from the LZ (2022) experiment as discussed in section 4.2.
The red-dotted curve shows the projected sensitivity of the LZ/XENONnT experiment and the
brown-dashed curve corresponds to the mixing angle below which the signal in direct detection
experiments would fall below the neutrino floor. The gamma-ray constraints of figure 11 are depicted
by the green and blue shaded regions. The purple shaded region corresponds to yeff > 4π and is
accordingly disfavored by unitarity considerations.

the green solid band. In obtaining this bound we have taken κχ ≃ y2
eff to be consistent with

large-N counting. We see that the DM self-interaction constraint also disfavors a part of the
region where future HyperK and DUNE searches are sensitive to a neutrino line signal.

5 Collider phenomenology

Let us now turn our attention to the collider signatures of this class of models. As described
earlier, composite singlet neutrinos can be produced at colliders via the neutrino portal.
When mχ < MN/2 (i.e. when the annihilation channel is χχ̄ → νν̄), N can decay fully
invisibly into χχ̄ν. This decay occurs via the NN̄χχ̄ interaction in the hidden sector, with
an insertion of N -ν mixing. Since any N decay channels into SM final states also require
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Figure 14. This plot shows the constraints on our model in the parameter space of DM mass and the
N -ν mixing angle for the benchmark parameters listed above the figure. The dominant annihilation
channel is χ̄χ → ν̄ν, and yeff at each point has been chosen to reproduce the correct DM relic
abundance. Contours of constant yeff are shown as purple lines. The grey-shaded region is excluded
by beam dump and electroweak precision constraints [106]. The light-gray region corresponds to the
current exclusion from the lepton flavor violating processes µ→ e conversion and µ→ eγ under the
assumption of maximal lepton mixing, whereas the dotted gray curve represents the projected future
sensitivity from these processes. The red-shaded region in the top-right corner is excluded by the direct
detection constraint from the LZ (2022) experiment as discussed in section 4.2 and to the left of the
brown-dashed verticle line the direct detection experiments would fall below the neutrino floor. The
orange-shaded region on the left is excluded by the CMB and BBN constraints on the effective number
of relativistic degrees of freedom ∆Neff . The blue and red vertical hatched bands are projected regions
where future HyperK and DUNE experiments, respectively, have sensitivity for the detection of a
neutrino-line. The green-shaded region is excluded due to DM self-interaction constraints discussed
in section 2.3. The purple shaded region corresponds to yeff > 4π and is disfavored by unitarity
considerations.

at least one mixing angle (in the form of the portal coupling), and are further suppressed
by G2

Fm
4
N due to the off-shell W or Z bosons that mediate the process, the decays to

χχ̄ν will completely dominate over the SM decays. Therefore, in this region of parameter
space, N decays are completely invisible, making discovery at colliders extremely challenging.
As a result our analysis below will focus solely on the region where mχ > MN/2, i.e. the
annihilation channel is χχ̄ → (Nν̄, N̄ν).

As we have seen in the previous section, when the annihilation channel is χχ̄→ (Nν̄, N̄ν),
only heavier (≳ 20 GeV) DM masses are consistent with the existing constraints. However,
in this section we will explore the collider signatures across the entire parameter space for
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this annihilation channel, even for regions that may not be compatible with the constraints
outlined in the previous section. There are two reasons for this. Firstly, it is worth considering
the possibility that χ constitutes only a fraction of DM, in which case the indirect detection
constraints on DM can be weakened. Secondly, similar signals may arise in the larger class of
DM models where a dark sector couples to the SM through the neutrino portal. Accordingly,
we will proceed with our analysis assuming only that we are in the regime mχ > MN/2.

The lowest energy state that can be probed via the neutrino portal is single N , and
therefore single-N production will generally have the highest production cross section. In
collider physics contexts, neutral fermionic particles such as N are typically categorized as
HNLs (see, for example, [107]). Depending on the mass of the N , it can be produced in Drell-
Yan processes or from the decays of heavy mesons. The latter will have a significantly larger
production cross section (and also significantly larger backgrounds). However, those channels
will only be present when the N is lighter than the heavy meson, while for mN ≳ 5GeV,
only Drell-Yan production is available. Since charged leptons are preferable to neutrinos in
collider searches, searches for HNLs generally focus on Drell-Yan production via W bosons as
opposed to Z bosons. This results in a richer set of possible charge and flavor combinations
of final states, allowing backgrounds to be better controlled.

Once an HNL has been produced, the standard searches assume that it decays into a
charged lepton and an off-shell W boson (which can produce another charged lepton and
a neutrino, or hadrons), or a neutrino and an off-shell Z boson (which can produce an
opposite sign same flavor pair of leptons, a pair of neutrinos, or hadrons). We can therefore
expect that the beyond-the-SM channel that may be the easiest to observe might be single-
N production, followed by a leptonic decay of the off-shell W . This channel is the most
commonly searched-for channel at the LHC for HNLs, with only null results thus far.

While LHC searches assume the HNL to be a weakly coupled particle, the searches
are parameterized in terms of mN and the small mixing angle between N and the SM
neutrinos, so the bounds can be applied to our model as well. However, there is one important
caveat. Even in the region mχ > MN/2, it is possible for the dominant decay mode of N
to be invisible. This is because interactions of the form NN̄NN̄ , which are characteristic
of the composite nature of the singlet neutrinos, can give rise to decays such as N → ννν̄

(”N → 3ν”) through the mixing with the SM neutrinos. The corresponding width scales as
ΓN→3ν ∼ |UNℓℓ|6. This decay mode is highly suppressed for the range of masses and mixing
angles for which χ can constitute all of DM. However, it can play a role for larger values
of the mixing angle, corresponding to a reduced abundance of χ. When the mixing angle
is sufficiently large, the presence of this channel weakens the bounds on HNL-like searches.
For nearly all of the parameter space we are interested in, the effect of this N → 3ν channel
remains negligible. Hence, we will treat N as though it decays as a conventional HNL for our
analysis, but in the figures we will show the region in which the N → 3ν channel becomes
competitive or dominates over more typical HNL decay channels. As we shall see, very little
of the parameter space we consider is affected by this channel.

Let us now imagine what the timeline of collider searches may look like. Most likely, the
first signal will be seen at a traditional HNL search, though, as we will describe below, this
may still correspond to prompt N decays, displaced N decays or very long-lived N decays.
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The question will then become whether the discovered particle is a single weakly coupled
particle, or whether it is the harbinger of a new sector with many states, as in our model.
Once the N discovery is firmly established, therefore, the focus will shift to searching for
additional particles that are produced along with the N in subleading channels. If the dark
sector is a strongly coupled one, as in our model, and has a connection to DM, one may expect
to see multiple N production (such as 3N in our setup) which would most easily be identified
in multi-lepton channels, or N production along with other particles such as the DM particle
itself, which would manifest itself as a presence of additional missing energy in channels that
naively look like single N production. In our analysis, we will first determine the region of
parameter space where N can be detected in future searches at the LHC, and then explore
the possibility of subsequently detecting DM in the N -χ-χ̄ (hereafter labelled Nχχ̄) channel.
The Nχχ̄ final state is most easily accessed from decays of N2. Since the mixing between N2
and the SM neutrino increases as ∆N is increased, we focus on a benchmark with ∆N > 2.
The Feynman diagrams for the single N and N -χ-χ̄ channels, with Drell-Yan production
and leptonic decays, are shown in Figure 15.

Below, we will organize our discussion by first focusing on the regions of parameter space
(which are not already excluded) that may yield sensitivity for single N discovery in future
runs of the LHC. We will then turn our attention to regions of parameter space that may
yield additional sensitivity to the discovery of the N -χ-χ̄ final state, after the discovery of
N has been established. In our discussion, the nth−KK mode Nn may refer to either (Ne)n
or (Nµ)n, the flavors of the KK mode coupling to e and µ respectively.

Our estimates below for the sensitivity to the single-N and Nχχ̄ signals are based on
Monte Carlo (MC) studies. The particles N , χ, ϕ and N2, and their interactions with each
other as well as with SM fields are included in a custom Madgraph5 (version 2.8.2) [108]
model, where the input parameters to the model are the scale Λ and the mixing angle of
N with ν. Events generated in this way are then passed through Pythia 8.244 [76] for
showering and hadronization, and through Delphes 3.4.2 [109] for detector simulation. We
use Delphes cards modified from delphes_card_ATLAS.tcl and delphes_card_CMS.tcl.
For both, we adjust the lepton efficiency formulas to include leptons with pT down to 2GeV.
Where necessary, we adopt additional lepton ID/reconstruction efficiencies by matching
on to existing ATLAS/CMS analyses for the single-N signal. For simplicity, we consider
bounds separately on the Ne coupled only to e via the effective coupling UNee and on the
Nµ coupled only to µ via UNµµ. For notational compactness we use N to represent either
Ne or Nµ with the N flavor implied by its coupling to its respective charged lepton. As a
benchmark, we use ∆N = 9/4, and we take over existing bounds for |UNe|2 from ref. [35].
For current bounds on |UNµ|2, we consider the bounds adapted from [110–118] and applied
to the unparticle model in ref. [35].

Using the effective Lagrangian of our holographic model, we can calculate the par-
tial widths

Γ(W± → ℓ± +Nn) =
g2mW

48π |UNnℓ|
2
(
2 +

m2
Nn

m2
W

)2(
1−

m2
Nn

m2
W

)2
(5.1)
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Figure 15. Collider signal processes of interest for this work. The initial W may be on or off-shell.
Note that the leptons labeled ℓ in each diagram may have the same sign and flavor if N is a Majorana
particle.

for the W -boson to decay to the n-the KK-mode of N where ℓ is either µ or e, and

Γ(Z → νℓ +Nn) =
(g2 + g′2)mZ

96π |UNnℓ|
2
(
2 +

m2
Nn

m2
Z

)2(
1−

m2
Nn

m2
Z

)2
(5.2)

for the Z-boson.

5.1 Collider searches for single-N

As mentioned above, the single-N signal maps easily onto HNL searches parameterized in
terms of mN and |UNℓ|2, and does not depend strongly on details of the UV model. Therefore,
it is straightforward to use the results of CMS [119] and ATLAS [120] searches, as well as
the projected sensitivity of searches for long-lived HNLs at MATHUSLA [63], to identify
the regions of interest in the parameter space of our model.

We divide the parameter space into three regions according to the decay lifetime of N
particles, namely the prompt decay region (region A), the displaced decay region (region
B), and the long-lived region (region C). We illustrate this in Figure 16. We assume for
simplicity that N comes in three degenerate copies, where each N couples exclusively to a
single lepton flavor, and we assume these couplings are flavor-universal. Since bounds on
|UNτ |2 are significantly weaker than on |UNµ,e|2, we focus our attention on the electron and
muon channels. We also assume that N can be treated as a Majorana particle, that is, an
N can decay to ℓ± with equal probabilities, resulting in charge and flavor combinations of
leptons that have very small SM backgrounds. This is in contrast to an N that preserves
lepton number, and can therefore decay to only one of ℓ± (while N̄ decays to the other).
The necessary criterion for this is ∆mN ≳ ΓN [121], where ∆mN is the splitting between the
pseudo-Dirac mass eigenstates of N . This criterion is satisfied for all regions of parameter
space that will be explored below.

In Region A, the N lifetime is relatively short, and hence singlet neutrinos produced
in colliders can be detected in prompt searches at the LHC. In Region B, the N lifetime is
cτ ∼ O(10−4 − 10) m, which is long enough to possibly register as a displaced vertex. The
existing ATLAS displaced search in this regime has sensitivity to HNLs with mN ∼ O(1) GeV
and |U |2 ∼ 10−3.5 − 10−5.5. In Region C, the N is long-lived with cτ ∼ O(100 − 107 m), and
can be searched for in dedicated long-lived particle (LLP) detectors such as the proposed
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Figure 16. Contours of cτ for generic HNL particles (in meters) in the mN − |UNℓ|2 plane. In region
A, shaded light red, the HNL decays fast enough for prompt searches to be sensitive. In region B,
shaded light green and partially overlapping regions A and C, displaced vertex searches in the tracker
have sensitivity. In region C, shaded light blue, the HNL is too long-lived to be searched for by ATLAS
or CMS, but dedicated long-lived particle detectors such as MATHUSLA may have sensitivity. In the
grey-shaded region, the N → 3ν decay channel dominates and the lifetime contours above are not
accurate.

MATHUSLA experiment. The MATHUSLA sensitivity region for HNLs extends up to around
mN ∼ 5 GeV and to about |U |2 ∼ 10−9.

5.1.1 Region A: prompt

The leptonic N decay channel, on which HNL searches are based, can be seen in the left panel
of figure 15. Let us consider the flavor and charge correlations of the three leptons in this
diagram (the same considerations are also valid for the right panel of the same figure, which
corresponds to the Nχχ̄ signal). Note that the most “upstream” lepton ℓ in this diagram is
produced directly from the initial W . The other two leptons are produced in the N decay, and
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since we assume the N to couple flavor-diagonally, the next lepton has the same flavor as the
most upstream one. We will therefore label it as ℓ as well. The third and most “downstream”
lepton on the other hand is produced from an off-shell W , and therefore is flavor uncorrelated
with the first two - we will label it as ℓ′. If the N were Dirac, then the first two ℓ leptons
would be charge correlated as well as flavor correlated. However, for a Majorana N , the two
leptons ℓ are equally likely to be same sign as to be opposite sign. The two leptons ℓ and ℓ′

arising from the N decay are of course always opposite sign due to charge conservation. In
summary, when an N is produced and decays through a W , the final state includes a pair of
same-sign or opposite-sign leptons of the same flavor, and a third lepton that is uncorrelated
in flavor but charge-correlated with the initial state. The final state also includes a neutrino,
a source of MET in the event. We focus on the existing CMS search [119] in this region.

The CMS search focuses on the “eeµ” and “µµe” channels, with 35.9 fb−1 of luminosity.
The analysis considers a high mass (mN ∼ O(100 GeV)) and a low mass (mN ∼ O(10 GeV))
region. Only the latter is relevant for us, since in the high mass region the N can only
be produced via an off-shell W . This process has a much smaller cross section, which is
challenging to observe above the background. The low mass region analysis demands that
there are no opposite-sign same-flavor lepton pairs, which in our model requires N decays
to violate lepton number, and hence be Majorana. We list the cuts used in the low-mass
analysis in Table 3. We check that our results based on MC estimates agree well with the
CMS signal distributions at benchmark masses of mN = 5, 20, 30, 50 GeV and |UNℓ|2 = 10−5

presented in the appendix of ref. [119]. We take this as a validation of our study of the Nχχ̄
signal in the same search channel, which will be presented below.

SM backgrounds to this channel are nontrivial, and include backgrounds due to lepton
fakes and misidentified leptons, which are difficult to simulate carefully. Projecting back-
grounds for HNL signals at the HL-LHC with 14 TeV of energy is therefore beyond the scope of
this work. However, we include the limits from ref. [119] in our plots. Ref. [122] has projected
a potential optimistic reach of searches for promptly decaying HNLs at the LHC with 300
fb−1 of data at s =

√
13 TeV. Their projection is shown in Figure 22 as the solid brown line.

5.1.2 Region B: displaced

For moderately long-lived N , displaced vertex signatures provide a relatively clean channel for
discovery. ATLAS has set exclusion limits for displaced N decays in the µµe signal channel
(N coupling to muons) in the range from 4− 10 GeV with L = 32.9 fb−1 of data [120]. The
cuts used in the analysis are listed in Table 4, and the SM background has been found by
ATLAS to be negligible. Using MC event simulation, we populate the parameter region
mN = 4− 8 GeV and |UNµ|2 = 10−3.5 − 10−6, and find good agreement with the exclusion
range described in the ATLAS plots. Once again, we will take this as a validation of our
MC methods, which we will later apply to the Nχχ̄ signal.

We note that there have been other recent studies exploring the potential reach of
displaced HNL searches at the LHC. During the preparation of this work, CMS published
ref. [123] placing limits on displaced HNLs at the LHC with 138 fb−1 of data. The bounds
reported are stronger than those of ATLAS’s study in ref. [120], as CMS’s search uses a larger
sample of data. ATLAS also produced an updated search for displaced HNLs in ref. [124]
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eeµ prompt signal cuts: µµe prompt signal cuts:
Event must contain 2 electrons
and 1 muon

Event must contain 2 muons and
1 electron

electron pT > 10GeV electron pT > 10GeV
muon pT > 5GeV muon pT > 5GeV
lepton |d0| < 0.5 mm lepton |d0| < 0.5 mm
lepton |z0| < 1.0 mm lepton |z0| < 1.0 mm
No opposite-sign same-flavor
lepton pairs

No opposite-sign same-flavor
lepton pairs

MET < 75GeV MET < 75GeV
leading lepton pT1 > 15GeV leading lepton pT1 > 15GeV
subleading lepton pT2 > 10GeV subleading lepton pT2 > 10GeV
M3ℓ < 80GeV M3ℓ < 80GeV
If softest lepton is a muon
with pT3 > 8GeV,
then either pT2 > 15GeV
or pT1 > 23GeV

If softest lepton is a muon
with pT3 < 8GeV,
then both pT1 > 25GeV
and pT2 > 15GeV
If softest lepton is an electron
with pT3 < 15GeV,
then pT1 > 23GeV

Table 3. Summary of the cuts applied to MC events for the benchmark points in Search Region A,
adapted from CMS’s prompt HNL search [119]. Here d0 is the transverse impact parameter and z0 is
the longitudinal impact parameter.

µµe displaced signal cuts:
Event must contain 2 muons
and 1 electron
electron pT > 4.5GeV
muon pT > 4GeV
leading muon pT > 28GeV
subleading muon pT > 5GeV
Event tracks contain displaced
vertex within 4 < r < 300 mm
made from 2 opposite-charge tracks
(at least one being a muon track)
For track pairs forming a displaced vertex,√
(η1 + η2)2 + (π − (ϕ1 − ϕ2))2 > 0.04

For track pairs forming a displaced vertex,
minv > 4GeV

Table 4. List of cuts applied to MC events for single-N samples generated in Search Region B,
following from cuts applied in the ATLAS displaced vertex search [120]. Here r is the transverse
displacement of the vertex from the interaction point.
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Figure 17. Existing and projected exclusion curves for displaced HNLs in the case where N mixes
only with µ. The navy-shaded region is currently excluded by existing prompt searches. The light grey
shaded region is excluded by the CMS displaced search ref. [123]; the exclusion reach of ref. [124] is
shown in darker grey. The region where we project σNχχ̄ > 5 in an extension of the ATLAS displaced
search is entirely excluded by the grey region (see Section 5.2.2), and therefore not shown. The
solid (dotted) blue contour shows the exclusion limit projected by ref. [125] for single N in the µ−
(e-)channel at ATLAS with L = 3 ab−1.

with 139 fb−1 of data with comparable reach to ref. [123]. For the purpose of validating
our own MC procedure to project the approximate sensitivity to future Nχχ̄ searches (see
Section 5.2.2), matching any of these studies suffices. We match our procedure against
ref. [120], but display the stronger bounds from [123, 124] in Figure 17 and Figure 22.

Additionally, ref. [125] projects the potential reach of CMS and ATLAS at the HL-LHC
with L = 3 ab−1 of data in the HNL parameter space using their own search developed
independently from CMS and ATLAS. In Figure 17 we include their projected exclusion
reach for ATLAS. This region is larger than our projection of the ATLAS analysis in part
due to their having slightly looser pT cuts and utilizing both the tracker and muon chamber.

5.1.3 Region C: long-Lived

If the N is long-lived, dedicated detectors for LLPs such as the proposed MATHUSLA
facility [63], which aims to detect particle decays far from the LHC interaction point, can
be optimal for discovering the N . In contrast, FASER [126] has sensitivity mainly to highly
boosted particles in the forward region, and is not as sensitive as MATHUSLA to HNLs in
the mass range of interest to us. Therefore, here we focus our attention on the sensitivity
of MATHUSLA.

The MATHUSLA detector is planned to form a rectangular prism which we take to
have dimensions 200 x 200 x 20 meters and be located 100 meters directly above and along
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the beamline from the interaction point. The detector will be equipped with trackers with
nanosecond-scale timing sensitivity. The MATHUSLA whitepaper includes projected limits
for sterile right-handed neutrinos [63]. MATHUSLA’s sensitivity starts at mN ≳ 300 MeV,
and the range that is of interest to us is up to 5 GeV. For heavier N , not only does the lifetime
become smaller but the cross section also drops significantly. This is because below 5 GeV
the cross section is dominated by heavy meson decays to N (i.e. QCD initiated processes),
while above 5 GeV, N ’s are primarily produced through electroweak Drell-Yan processes. At
the lower end of this mass range, the bounds can be as strong as |UNe|2 ∼ |UNµ|2 ∼ 10−9.

To reproduce the expected sensitivity of MATHUSLA in the single-N channel, we simulate
charm and bottom production using Pythia [76]. Depending on the kinematics, we simulate
the dominant 2-body or 3-body decay of the meson into a final state containing N using
MadGraph [108], with branching ratios adapted from refs. [126, 127]. The MadGraph model
includes the correct spin assignments for the meson and the final state particles, but the decays
are approximated as fully perturbative, i.e. we do not include form factors. The N ’s are then
decayed using the appropriate cτ value at each point of the mN -|UN |2 plane (neglecting effects
of the aforementioned N → 3ν process induced in the hidden sector, which is negligible in
nearly all the parameter space of interest). MATHUSLA’s efficiency to detect N decays within
its volume is taken to be 100%, and we take the backgrounds to be negligible. Our projected
sensitivity using this procedure agrees well with projections in the MATHUSLA whitepaper.

5.2 Collider searches for Nχχ̄

In this section, our main focus will be to evaluate whether a statistically significant sample of
Nχχ̄ events can be observed at the LHC. Since the only observable difference between single-
N events and Nχχ̄ events is the presence of additional missing energy, the single-N signal acts
as a background in addition to the SM backgrounds already present. Much of the background
involves fake or misidentified leptons and other challenging backgrounds to simulate, and
hence careful estimation of the SM background is beyond the scope of this work. Instead, we
focus on the prospect of seeing an excess Nχχ̄ signal over the single-N signal. We therefore
organize the discussion in this section in the same way as for the single N channel, both
in evaluating the sensitivity of the existing searches that we have presented in the previous
section and for the proposed future searches to be described below. In order to reach this
goal, we will use cuts that are optimized to take advantage of the differences in the kinematics
of the two types of signals, such as the presence of additional MET and less visible energy
in the Nχχ̄ events. Our estimates of the significance of the excess are based on NN/NNχχ̄
statistics, where NN and NNχχ̄ are the Poisson mean values of the two expected signals.

Note that in this subsection we will only be interested in whether a statistically significant
number of Nχχ̄ events (over the single-N events) will pass the selection cuts of the existing
analyses. We will not consider this as a sufficient criterion for discovery of the added signal
component by itself, since without prior knowledge of the model parameters such as the N
mass or mixing angle, the combined signal may in fact fit a single-N signal template with
values of mN and UNℓ different from the true ones. Unless the experimental collaborations
find other innovative methods to separate the two signal components, an actual discovery
of this new channel will require first measuring the N mass, for example by performing a
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search for fully visible decaying N ’s. If the mass of N can be thus measured, and the mixing
angle determined from the cross section, then our results below indicate that there would be
sufficient statistical power to resolve the new signal component. In fact, in section 5.3 we
propose a search that can be run in the visible N channel that has a more straightforward
path towards the discovery of the Nχχ̄ signal component.

It is worth noting that, unlike the single N channel, which can be parameterized in
the same way as in HNL searches and is therefore largely independent of the UV model,
the expected number of Nχχ̄ events depends on a number of choices of parameters in the
UV theory. The chief dependences are on the values of ∆N , ∆

N̂
, ∆χ, ∆χ̂ ∆Φ, and the

compositeness scale Λ. Below, we will work with the benchmark point ∆N = ∆
N̂

= 2.25,
∆χ = ∆χ̂ = 1.9 and ∆Φ = 1.5. In terms of IR theory parameters important for collider
searches, this translates to mN/Λ = 1.11, mN2/Λ = 2.74, mχ/Λ = 0.65, mϕ/Λ = 2.2, and
|UN2ℓ|2/|UNℓ|2 = 2.42× 10−1. We take mN (or Λ) and |UNℓ|2 to be free parameters, with the
rest of the mass spectra and couplings determined by our choices of the scaling dimensions.

5.2.1 Region A: prompt

We conduct a MC study to assess the signal size of the Nχχ̄ component in the prompt
N -decay region of the parameter space using the same procedure as described in Section 5.1.1.
We limit our study to mN ≤ 25 GeV since, beyond this point, N2 becomes too heavy to be
produced from on-shell W decays and so the Nχχ̄ event rate drops drastically.

We consider two kinematic variables to discriminate between single-N and Nχχ̄ events:
MET and the invariant mass of the three final state leptons (M3ℓ). Due to the additional
missing energy in the Nχχ̄ events, the former is expected to be larger compared to a single-N
event, while M3ℓ is expected to be smaller due to there being less energy left for the visible
particles. For the same reasons, the Nχχ̄ events have a lower efficiency under lepton pT
cuts compared to the single-N events. Therefore, we relax the lepton pT cuts of the analysis
(only demanding that the leptons can reach the ECAL), but we leave the other cuts of
Table 3 unchanged. The reduced lepton pT cuts will result in higher SM background rates.
Unfortunately, the leading source of these backgrounds is fake leptons, which cannot be
studied reliably based on MC methods alone. Hence, as stated above, we focus our attention
on the comparison of the single-N and Nχχ̄ signal components, while the search may need
to be modified in other ways to control SM backgrounds.

We look for optimal cuts on MET and M3ℓ to maximize the statistical significance of the
Nχχ̄ signal component. Due to the lower rate of Nχχ̄ events, high statistical significance is
only possible at 3 ab−1 of luminosity at the HL-LHC. For both the eeµ and the µµe channels,
we find that for mN ∼ 10 − 20 GeV, 5σ significance can be achieved by applying a cut
M3ℓ,max ∼ 40 − 45 GeV, and modest MET cuts in the range METmin ∼ 2 − 15 GeV. The
region where 5σ significance can be achieved is shown in Figure 18. Note that here we are
not attempting to kinematically reconstruct the composite singlet neutrinos. A proposal for
a search with full N reconstruction will be presented below.
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Figure 18. Potential sensitivity reach of the HL-LHC for Nχχ̄ signals for the electron-mixing angle
(left) and muon-mixing angle (right). The grey regions indicate current exclusion limits from CMS
prompt searches in [119], while navy regions are excluded by other collider and beam dump searches.
Dashed lines bound the region where 5-σ significance can be obtained for the Nχχ̄ signal over the
single-N signal, with L = 3000 fb−1.

5.2.2 Region B: displaced

As in the prompt region, for the displaced region we apply the same methods as for our
single-N study (Section 5.1.2) to the Nχχ̄ signal. We expect this search to be most sensitive in
the same parameter region as for the single-N search, since for mN below this range, the N is
too long-lived to decay in the tracker region, while for mN above this range, the mixing angle
must be very small to allow mN to decay displaced, which results in too low a cross section.

As with the prompt analysis, we look for cuts in the M3ℓ and MET variables to maximize
the significance of the Nχχ̄ component in the signal for each parameter point. We find that
for the full HL-LHC luminosity (L = 3 ab−1), even with optimized MET and M3ℓ cuts, the
region in which 5σ significance can be obtained for the Nχχ̄ events over single-N events
is entirely contained within the region already excluded by the ATLAS single-N displaced
search; therefore no contour for future displaced search projections for the Nχχ̄ signal is
shown. Moreover, CMS’s recent displaced single-N search ref. [123] places even stronger
limits than ATLAS’s search (the ATLAS exclusion region is entirely contained within CMS’s).
A displaced search optimized specifically for the Nχχ̄ signal could provide more promising
results. In Section 5.3 we discuss the possibility of a search looking for fully visible N decays.

5.2.3 Region C: long-lived

Note that in the parameter region where MATHUSLA is most sensitive to long-lived N ’s,
the production mechanism is through heavy meson decays (mediated by virtual electroweak
bosons). As before, in order to get Nχχ̄ events, we need to replace the N in the single-N signal
by an N2, which subsequently decays. This has two important consequences. First, there is a
range where N2 is heavier than the meson, while N is lighter than the meson. In this range,
the Nχχ̄ signal will be negligible compared to the single-N signal because N2 production is
kinematically forbidden. Therefore, we only expect MATHUSLA to have the capability to
observe an Nχχ̄ excess over the single-N signal for the lower mN range of its sensitivity to the
single-N signal. Secondly, there can exist ranges of parameter space where, due to chirality
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Figure 19. Projected reach for HNL decays in MATHUSLA (orange contour) at L = 3 ab−1. The
dashed purple curve bounds the region where an Nχχ̄ excess of events can be observed with 5σ or
greater statistical significance. The navy-shade region is excluded by existing collider and beam dump
limits on |UNe|2.

suppression, the decays of specific mesons to N2 are preferred over decays to N . In this
scenario, the amplitudes for two-body decays of the meson into N + ℓ or N2 + ℓ are enhanced
by mN or mN2 respectively [126, 127]. Hence there are corners of parameter space where the
Nχχ̄ signal may be enhanced over the single-N signal compared to naive expectations.

We calculate a statistical significance for the Nχχ̄ excess by counting the total events
expected to be seen in MATHUSLA for each point in the parameter space. In Figure 19,
the region bounded by the purple dashed curve is where the Nχχ̄ excess has a statistical
significance of 5σ or above (and where the single-N signal is not excluded by existing
constraints). In comparison, the orange line represents the projected reach for the single-N
signal at the full HL-LHC luminosity of 3 ab−1.

5.3 Possibility of searching for fully visible N decays

Until now, we have mainly focused on existing searches and projecting their sensitivity to
single-N production and Nχχ̄ production at high luminosity. These searches are all based
on the leptonic decays of N . Since the leptonic decay of N contains a neutrino in the final
state, the N itself cannot be reconstructed. In this section, we want to consider a different
type of search based on the fully visible decay channel N → ℓ±qq̄′. Since the Nχχ̄ signal is
always subdominant, we should expect that N will be discovered first in the single-N channel,
probably in one of the fully leptonic channels. But once this happens, more challenging final
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states also become very interesting and may yield better sensitivity to subdominant processes
such as Nχχ̄. If mN can be fitted after the discovery of N in a traditional channel, it will be
an important variable in reducing the backgrounds in the fully visible search channel.

Fortunately, due to the Majorana nature of N , the two leptons in the fully visible channel
(one produced in association with N and the other arising from its decay) can be the same
sign (and they will always have the same flavor in our model). This helps eliminate the
largest SM backgrounds such as Z+jets. Unfortunately, the remaining background is expected
to be dominated by fakes and detector effects such as lepton charge mismeasurement, and
their reliable estimation is beyond the scope of this paper. In this section, we will simply
compare the Nχχ̄ signal to the single-N signal in the fully visible channel and study the
statistical significance of the excess. Projections for a dedicated search in this channel should
be conducted by experimental collaborations. In other words, below we simply aim to
demonstrate what might be possible if the backgrounds can be sufficiently reduced.

The fully visible decay channel of N not only has a higher branching fraction compared to
the leptonic one, but it has the very important advantage that the N momentum can be fully
reconstructed. As before, we take finite energy resolution into account in the study below by
passing all events through Delphes [109]. In order to discriminate between the two signal
components, we focus on the variable mNℓ, the invariant mass of the N − ℓ system, where ℓ
is the lepton produced in association with the N . While for single-N events we expect the
distribution of mNℓ to be sharply peaked around mW , the distribution for Nχχ̄ events will
be broad and peak at mNℓ < mW due to the DM particles carrying away energy. An example
of this for the parameter point mN = 10 GeV and |UNℓ|2 = 10−5 is shown in Figure 20.

Accordingly, we perform a MC study for this final state (a same-sign, same-flavor lepton
pair plus jets, e and µ channels combined) with 3 ab−1 of luminosity, with only minimal pT
requirements for the leptons and pT > 10 GeV for jets. We require that two jets and one of
the leptons reproduce a particle of mass mN within a tolerance of 20%. We also demand that
the invariant mass of the two leptons not be within 15 GeV of mZ , since a Z-veto will almost
certainly be used in a dedicated search to reduce the Z+jets background with the charge of
one lepton misidentified. By performing a shape analysis of the mNℓ distribution, we evaluate
the statistical significance of the σNχχ̄ excess. Our results for the two combined channels
assuming UNe = UNµ are shown in Figure 21. This search can reach as far as |UNℓ|2 ∼ 10−7.
Below mN ≲ 2 GeV, N becomes too long-lived to decay consistently in the LHC tracker
system, but more sophisticated techniques such as searches for particles decaying in the muon
trackers could in principle extend sensitivity beyond this limit. For N masses above 30 GeV,
the N2 becomes too heavy to be produced via Drell-Yan processes.

In Figure 22 we show our results for the µ- and e-channels separately. Focusing first
on the reach of collider searches independently from other constraints, it is easy to see
that as the LHC continues its operation, the reach for the discovery of N will be increased
significantly both in the prompt and displaced regions via ongoing HNL searches, as well as
in the long-lived region if the MATHUSLA experiment. Furthermore, a discovery of N in the
prompt and displaced regions could be followed up with a visible search along the lines we
described, providing sensitivity for the associated production of a χ-χ̄ pair, establishing their
connection to the neutrino portal. There is a region of parameter space where MATHUSLA
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Figure 20. The distribution of mNℓ with L = 3 ab−1 for a single-N signal events (red) and Nχχ̄

events (blue) at the parameter point mN = 10GeV and |UNℓ|2 = 10−5. The error bars correspond to
statistical uncertainties in our analysis, and they include uncertainties due to the finite size of our
Monte Carlo event samples.

would be sensitive to χ-χ̄ production for long-lived N as well.
If χ constitutes all of DM, then as we saw in the previous section. the indirect detection

constraints push the χ mass to 20GeV and above in the mχ > MN/2 case, which pushes
the N mass even higher. While this leaves room for the discovery of N itself at the LHC,
it eliminates all but the highest possible mass values for which there is sensitivity to Nχ-χ̄
production. As previously mentioned however, if χ does not constitute all of DM, then
the indirect detection constraints are weakened, opening up the part of parameter space
where DM production may be detectable.

6 Conclusions

We have explored a class of models with a strongly interacting dark sector coupled to the SM
via the neutrino portal that can provide an explanation for both the origin of DM and the
smallness of neutrino masses. We have studied the phenomenology of this scenario by modeling
it in a warped extra dimensional framework. Within this higher-dimensional construction,
we have discussed how neutrino masses can be generated via the inverse seesaw mechanism
and we have shown how a stable state in the dark sector can play the role of a DM candidate.
We determined the region in the parameter space of the model where the correct DM relic
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Figure 21. Above the magenta dot-dashed curve, a shape analysis of mNℓ in the visible N decay
channel can yield a 5σ statistical significance for the Nχχ̄ signal component in the absence of SM
backgrounds. The navy-shaded region is currently excluded by searches for single-N events. The
regions shaded pink, green, and blue correspond to parts of parameter space optimally sensitive to
prompt, displaced, and long-lived particle searches respectively.

abundance can be obtained through thermal freeze-out, and we have studied the signals of
this class of models in direct and indirect detection experiments and in collider searches.

Referring to the state interpolated through the neutrino portal as N , and to the DM
candidate as χ, the experimental signatures of the model depend strongly on the mass ratio
mχ/mN . When this ratio is smaller than 1/2, N will dominantly decay invisibly, weakening
constraints on the model, but also making it challenging to discover. In this scenario, indirect
detection is relatively insensitive and collider and beam dump searches that rely on visible
decay products have no sensitivity. The main constraints on the model arise from DM
self-interactions, bounds on lepton flavor violating processes (since the N mass basis may not
align with the flavor basis), direct detection experiments, precision electroweak measurements,
and beam dump searches that do not require that N decay in a visible channel. When
the mass ratio is larger than 1/2, the dominant decay of N occurs through the neutrino
portal into SM states, and therefore indirect detection experiments and collider searches have
sensitivity. The lower bound on mχ is significantly higher in this case due to constraints from
the CMB and from the Fermi experiment. Near-future searches for lepton flavor violation
will be able to probe a major part of the allowed parameter space. Future direct detection
experiments will also have some level of sensitivity.
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Figure 22. Parameter space of |UNℓ|2 plotted against mN , with contours of the N lifetime in meters
overlaid (diagonal), for the muon mixing angle (above) and electron mixing angle (below). The
navy-shaded regions in each plot are excluded by existing collider and beam dump constraints. Solid
colored lines represent projected exclusion limits for single-N sensitivity. Dashed contours represent
exclusion limits for Nχχ̄ sensitivity. The dot-dashed magenta contour is our optimistic Nχχ̄ sensitivity
for a visible collider search. In the gray-shaded region, the lifetime of N in our model varies by more
than a factor of 2 from that of a generic HNL due to the presence of the N → 3ν decay channel.
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When N decays visibly, for the purposes of collider searches, it falls into the category
of a heavy neutral lepton (HNL). For HNL searches to have sensitivity, N needs to be light
enough to be produced from on-shell W -bosons (or even lighter to be produced in the decays
of heavy mesons). Therefore, a potential discovery at the LHC is in tension with the existing
constraints from indirect detection. The latter can however be weakened if χ constitutes
only part of DM. In that case, as the luminosity of the LHC increases, additional regions in
parameter space will be probed by searches looking for prompt as well as displaced decays of
N , and complementary experiments such as MATHUSLA can probe the very long-lived N

region. An additional challenge is posed by discovering not only N itself, but the production
of DM particles along with it. We have shown that existing search strategies would not be
sensitive to this production channel in regions of parameter space that are not already in
tension with existing bounds. However we have proposed an extended search strategy based
on the reconstruction of N in a visible decay channel that would have sensitivity in the
prompt and displaced N decay regions. An interesting direction for future study would be
the sensitivity of future experiments such as a high energy lepton collider to N production
channels such as e+e− → Nν̄ which would not be limited to low N masses as in the case of
Drell-Yan production. Such a search may be sensitive to the region of parameter space that
is compatible with indirect detection searches even when χ constitutes all of DM.
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