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correct relic abundance. We investigate these effects as well as the discovery potential for
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types of simplified models with different particle spins and coupling structures. Some of
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1 Introduction

The existence of dark matter (DM) in the Universe has been established by a number of

astrophysical observations based on gravitational interactions. Using the standard model of

cosmology, the data collected by the Planck mission [1] implies that DM constitutes nearly

85% of the total matter content in the universe. Nevertheless, a microscopic description

of DM by a fundamental particle theory is still missing and the nature of dark matter

remains largely unknown. There is a well-established approach to search for dark matter

which relies on the three distinct detection strategies: the direct detection, the indirect

detection and DM searches at colliders.1 The direct detection searches use underground

experiments that measure nucleon recoil in order to detect the interaction between DM and

nucleons. The indirect detection strategy uses experiments that look for an astrophysical

signal coming from decays or annihilation of DM particles into the Standard Model (SM)

particles. Finally, dark matter is actively searched at colliders, presently at the LHC,

with the aim to produce DM particles in proton collisions. As the SM does not contain a

1For a classic review of particle DM candidates and the experimental search strategies see e.g. [2].
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viable DM candidate, any evidence of DM production at colliders would be a signal of new

physics, the discovery of which is arguably one of the most important goals in the field.

Despite an intense experimental effort and surveys of these three directions, the dark

matter has so far proven to be elusive. The no-observation of DM is starting to put

some pressure on the so-called WIMP Miracle paradigm, which posits that the observed

relic abundance can be explained by DM candidates which are weakly interacting massive

particles (WIMPs) with masses in the 10s of GeV to a few TeV range (assuming simple

2→ 2 DM annihilation to SM particles and the standard thermal freeze-out mechanism).

A growing number of such WIMP models of DM are being strongly constrained by, or at

least show tension with the experimental limits, including supersymmetric DM realisations

discussed in [3–14] as well as other models considered in e.g. [15, 16].

Our ignorance of the dark sector structure and the negative experimental results for

DM searches have motivated more model-independent studies which fall into two categories.

The first is based on exploiting effective operators describing the low energy interactions

between the DM and the SM particles [17–30]. This EFT approach manifestly does not

depend on the UV structure of the (unknown) microscopic dark sector theory and works

well when applied to the low energy experiments, such as the direct detection. However,

the EFT approximation often breaks down when studying collider signatures since the cut-

off of the effective field theory may not be larger than the LHC’s energy scale or the dark

sector often requires a new mediator particle other than the DM which may dramatically

alter the collider signature itself [31–33].

The alternative framework is the simplified model approach, in which sets of phe-

nomenological models are constructed with a minimal particle content to describe various

experimental signatures. This approach turns out to be very useful and searches for dark

matter at colliders are now commonly described in terms of simplified models with scalar,

pseudo-scalar, vector and axial-vector mediators [34–37]. These simplified models have be-

come the main vehicle for interpreting DM searches at the LHC [38, 39] and for projecting

the DM reach of future hadron colliders [40–42].

These simplified models can be viewed as arising from integrating out the irrelevant

particles and taking a certain limit of the more detailed microscopic theories. The de-

pendence on specific details of any particular UV embedding in this case is by definition

beyond the scope of the simplified models settings. An interesting question to ask is of

course whether and which types of UV completions of specific simplified models are possi-

ble and if the additional degrees of freedom would affect the simplified model predictions

at particular collider scales. For recent examples and studies of such ‘next-to-simplified

models’ we refer the reader to refs. [43–49].

The simplified models used by the LHC experiments and aggregated by the ATLAS-

CMS DM Forum and the LHC DM Working Group [38, 39] are conventionally classified

based on the type of mediator particles that connect the DM to the SM particles. However,

this classification may miss an effect of co-annihilation that can be important to determine

the DM relic density [50]. In the scenario where the co-annihilation is operative, a charged

(or coloured) particle is introduced in addition to the DM, which we call the co-annihilation

partner. Since the interaction between the co-annihilation partner and the SM particles is
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unsuppressed, they annihilate efficiently into the SM particles in the early universe. Due to

the thermal transition between the DM and the co-annihilation partner, the DM density is

also reduced. This scenario does not require conventional interactions between the DM and

the ordinary particles through a mediator, and otherwise severe experimental constraints,

can easily be avoided. Simplified model studies addressing DM co-annihilation and collider

signatures so far have mostly focused on the coloured co-annihilation partners [50–56], with

only few exceptions as in [57] (or in [58] including semi-annihilation effects between two

different components of dark matter, e.g. Vector Vector → Vector Scalar).

The collider signature is also different in the co-annihilation scenario from the usual

DM simplified models. Since the co-annihilation partner couples to the SM sector with an

unsuppressed coupling, the production rate is much higher for the co-annihilation partners

than for DM particles. Moreover, the co-annihilation partner can be long-lived at colliders

because its mass difference from the DM mass is small and the decay rate incurs a significant

phase space suppression. This may be the case in particular when the co-annihilation

partner has a contact interaction with the DM particle and a τ -lepton, since if the mass

difference is smaller than mτ , the co-annihilation partner decays into multi-body final states

via an off-shell τ , leading to a strong phase space suppression. This situation is familiar in

supersymmetric (SUSY) theories with the stau co-annihilation [59–65].

In this paper, we introduce a class of simplified models that enables us to study the

phenomenology of the dark sector containing a co-annihilation partner. Inspired in part by

the neutralino-stau co-annihilation mechanism in SUSY theories, we want to recreate it in

more general settings using a new class of simplified model. In section 2 we will define four

types of simplified models with different particle spins and coupling structures and assume

the existence of a contact interaction involving the DM particle, its co-annihilation partner

and the SM τ -lepton. Our simplified model choices include a fermionic DM with a scalar

co-annihilation partner, a scalar DM with a fermionic co-annihilation partner and a vector

DM with a fermionic co-annihilation partner. Some of these models are manifestly gauge

invariant and renormalizable, others are supposed to descend from a more detailed UV

complete theory with or without supersymmetry, some may be realised as a certain limit of

composite models, or descent from models with large extra dimensions. The expressions for

our Simplified Model Lagrangians and the definitions of the free parameters characterising

the models can be found in eqs. (5.1), (5.4)–(5.7) in section 5. The section 3 explains the co-

annihilation mechanism for computing the DM relic density in the context of our simplified

models. This is followed by a general overview of experimental signatures for direct and

indirect detection and collider searches in section 4. Our main results are presented and

discussed in section 5. Finally in section 6 we draw our conclusions.

2 Simplified models

To implement the Dark Matter co-annihilation mechanism we consider dark sectors which

include two distinct degrees of freedom: the DM particle, χ, and the charged co-annihilation

partner (CAP), η(±). We assume that both of these dark sector particles have odd parity

under a Z2 symmetry to ensure the stability of the dark matter χ. Our simplified models
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Model-1a

Component Field Charge Interaction (5.1)

DM Majorana fermion (χ) Y = 0
φ∗(χτR) + h.c.

CAP Complex scalar (φ) Y = −1

Model-1b

Component Field Charge Interaction (5.4)–(5.5)

DM Majorana fermion (χ) Q = 0
φ∗(χτR) + φ∗(χτL) + h.c.

CAP Complex scalar (φ) Q = −1

Model-2

Component Field Charge Interaction (5.6)

DM Real scalar (S) Y = 0
S(ΨPRτ) + h.c.

CAP Dirac fermion (Ψ) Y = −1

Model-3

Component Field Charge Interaction (5.7)

DM Vector (Vµ) Y = 0
Vµ(ΨγµPRτ) + h.c.

CAP Dirac fermion (Ψ) Y = −1

Table 1. Simplified Models of DM with a colourless co-annihilation partner (CAP).

are defined by the three-point interactions between χ, η and the τ -lepton of the Standard

Model sector,

L ⊃ gDM χη τ + h.c. . (2.1)

Here gDM denotes the dark sector coupling constant which we take to be real and we

also note that η has a non-vanishing τ -lepton number. Restricting the particle content

of our simplified models to spins not higher than 1, we consider three possible spin as-

signments2 for the (χ, η) pair: (1
2 , 0), (0, 1

2) and (1, 1
2). The corresponding simplified

DM-co-annihilation models we wish to consider are summarised in table 1.

A note on notation: we use χ to denote the DM particle and η (or η±) for the co-

annihilation particle in general. For the simplified models in table 1 we have χ = {χ, S, Vµ}
and η = {φ, Ψ} depending on the choice of the model.

For the (1
2 , 0) spin assignment we consider the case where the dark matter is a Majorana

fermion, χ, and the co-annihilation partner is a complex scalar field, φ, bearing in mind

the similarity of this case with the neutralino-stau co-annihilation picture in SUSY models,

2An additional potential assignment ( 1
2
, 1) leads to η being an electrically charged vector boson which

prevent us from finding an SU(2)L ×U(1)Y invariant operator for eq. (2.1). We therefore will not consider

this option further.
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where χ plays the role of the lightest neutralino, and the scalar φ is the stau. In the

simplest realisation of this simplified model, which we refer to as the Model-1a in table 1,

the Yukawa interactions (2.1) between the dark sector particles χ, φ and the SM involve

only the right-handed component of the τ -lepton, τR, hence the co-annihilation scalar φ is

an SU(2)L-singlet. At the same time, the second realisation — the Model-1b — involves

interactions with both left- and right-handed τ -leptons, and hence the stau-like scalar dark

partner φ is charged under the SU(2)L. The Simplified Model-1a is a UV-consistent theory

as it stands; on the other hand, the Model-1b should ultimately be embedded into a more

fundamental microscopic theory in the UV to be consistent with the gauge invariance

under SU(2)L. One such embedding can for example be a supersymmetric model with an

operational neutralino-stau co-annihilation mechanism.

The simplified model corresponding to the (0, 1
2) spin assignment is called Model-2,

in which we introduce a real scalar S as the dark matter and a Dirac fermion, Ψ, as the

co-annihilation partner, assuming they couple together with τR. Model-3 is constructed

for the (1, 1
2) spin assignment that introduces a real vector, Vµ, for the dark matter and

a Dirac fermion, Ψ, for the co-annihilation partner, assuming again the interaction with

τR. These two simplified models can be realised in models of extra dimensions and/or

composite models as we will outline in section 5.

The simplified models 1a, 2 and 3 constructed above have the following free parameters:

the dark matter mass, mDM ≡ mχ, the mass splitting, ∆M = Mη − mχ, and the dark

sector coupling, gDM . In Model-1b we fix the dark sector coupling to be the U(1)Y gauge

coupling (gDM = g′). Instead, we introduce the L-R mixing angle, θ, which controls the

relative strength of the coupling to τL and τR, as we will discuss later in more detail.

The simplified model Lagrangians and the parameter definitions are given in eq. (5.1) for

Model 1a, eqs. (5.4)–(5.5) for Model 1b, eq. (5.6) for Model 2 and in (5.7) for Model 3.

3 Co-annihilation

The effect of co-annihilation can be understood qualitatively in the space of simplified model

parameters. First of all, it is worth noting that χ couples to the SM sector only through the

operator eq. (2.1), whereas η± interacts with the SM particles also via the electromagnetic

and weak gauge interactions. In our simplified models, there is a unique channel for the DM

pair annihilation: χχ→ τ+τ−, as shown in the left diagram in figure 1. For small gDM , the

DM pair annihilation is highly suppressed because the rate of this process is proportional

to g4
DM

. For our simplified models 1a,b and 2 where the dark matter is a Majorana fermion

or a real scalar (χ = {χ, S}), there is another suppression factor. The initial state in both

these cases forms a spin-0 state (due to the Pauli blocking in the Majorana case). To

conserve the angular momentum, the τ+τ− pair in the final state must have the opposite

chiralities in the s-wave contribution, hence meaning that this contribution is suppressed

by m2
τ (chiral suppression). The dominant contribution then comes from the p-wave for a

Majorana DM and d-wave for a scalar DM, which are suppressed by the factor v2 and v4,

respectively, where v is the average of the relative velocity of the annihilating DM particles.
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Figure 1. Annihilation and co-annihilation processes.

Unlike the DM pair annihilation, the annihilation of the CAP particles, η η → SM

particles, proceeds via the electromagnetic or weak gauge interactions, as indicated in the

second diagram of figure 1. As such, the η η annihilation can have much larger rates than

the first process in figure 1 at small gDM . For a small but non-vanishing values of gDM , there

are transition processes between η and χ: η+SM ↔ χ+SM. These processes are in general

much more efficient than annihilation processes, since the number density of light SM par-

ticles is not Boltzmann suppressed at the time of freeze-out. As long as the mass splitting,

∆M , is small, the transition process effectively equalises the number densities of χ and η,

and the DM density (in the unit of the entropy density) freezes out when the annihilation

of η is decoupled. We therefore find that in the region of small gDM , the DM relic density

is not sensitive to gDM and determined mainly by ∆M and σ(η η → SM particles)× v.

As gDM approaches the U(1)Y gauge coupling, g′, the co-annihilation process χη →
SM particles becomes important (see, for example, the right diagram in figure 1). The

rate of this process is proportional to g2
DM

. As in the previous process, this process is only

effective when ∆M is small as we will see below more explicitly.

For even higher values of gDM , the dark matter pair annihilation, χχ → τ+τ−, can

become important, since the annihilation rate is proportional to g4
DM

. However, as we have

discussed above, for χ = {χ, S}, this process can never become very large because it is

velocity suppressed. However it can be dominant for the vector DM case χ = Vµ. Unlike

the other channels, the contribution of this process is independent of ∆M .

As it is well known, the DM relic abundance scales as

ΩDMh
2 ∝ 〈σeff v〉−1 , (3.1)

where 〈σeff v〉 is the thermal average of the effective annihilation cross-section that is given

by [66]

σeff v =
1

(gχ + gη)
2

[
g2
χ · σ(χχ→ τ+τ−) + gχgη · σ(χη → SM particles) +

+ g2
η · σ(η η → SM particles)

]
v , (3.2)

with

gη = gη

(
Mη

mχ

)3/2

exp

(
− ∆M

T

)
, (3.3)
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where gχ and gη denote the degrees of freedom of the fields χ and η, respectively, and

should not be confused with the dark sector coupling gDM . Their explicit values are given

as (gS , gχ , gφ , gVµ , gΨ) = (1, 2, 2, 3, 4). Each line of eq. (3.2) corresponds to the different

contribution discussed above and depicted in figure 1. The dependence of these contribu-

tions on ∆M can be found through gη. Since the freeze-out occurs around T ∼ mDM/25,

∆M . mDM/25 is required in order not to have large suppressions for the processes

χη → SM particles and η η → SM particles. In this study we are interested in the regime

where the co-annihilation is operative, and we demand ∆M to be small. In our numer-

ical study we compute ΩDMh
2 using MicrOMEGAs 4.1.5 [67] implementing the simplified

models with help of FeynRules 2.0 [68] and LanHEP 3.2 [69].

4 Experimental signatures

4.1 Direct detection

Since the DM couples to the SM sector only through the interaction term eq. (2.1), the

strength of experimental signatures is rather weak in general for the simplified models

introduced in section 2. Direct detection experiments measure the nuclei recoil resulting

from their interaction with dark matter, but such interactions involving DM with quarks

and gluons are absent at tree-level in our simplified models. At one-loop level, the relevant

operators may be generated. The Higgs mediating contributions are too small because

the amplitude is suppressed by the product of the tau Yukawa coupling and the Yukawa

coupling in the hadron sector. The relevant operators describing the interactions between

the DM and the neutral gauge bosons are generated at dimension 6 at the lowest and

suppressed by 1/M2
η . For example, for the Majorana DM case, such an operator is given

by the anapole moment operator A χ̄γµγ5χ∂
νFµν . For mDM ' 500 GeV and ∆M/mτ < 1,

the anapole moment is roughly given by A/g2
DM
∼ 8 ·10−7 [µN · fm] [70], which is more than

one order of magnitude smaller than the current limit obtained by LUX [71] and also smaller

than the projected sensitivity of LZ [72], even for g2
DM

= 1.3 Although a dedicated study

may shed some light on the future direct detection prospects for our simplified models, we

shall postpone such a study to a future work.

4.2 Indirect detection

Indirect detection experiments are looking for high energy cosmic rays or neutrinos orig-

inated from the DM pair annihilation (or decay) in the present Universe. For the 2 → 2

topology, the only relevant process is χχ→ τ+τ− shown by the right diagram of figure 1.

As mentioned in the previous section, for χ = {χ, S} this process suffers from the chiral

suppression, and the signal rate for the indirect detection goes below the experimental sen-

sitivity. The chiral suppression is absent for χ = Vµ (Model-3). In appendix A we compare

the annihilation rate of Vµ Vµ → τ+τ− with the current limit obtained by Fermi-LAT [76],

3The limits mentioned here assume the observed energy density of the DM. On the other hand, for

mDM ' 500 GeV and gDM ' 1, all of our simplified models underproduce the χ particles. The actual

constraints would therefore be even milder if this effect is taken into account.
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Figure 2. Co-annihilation partner (CAP) pair-production process.

taking into account the rescaling of the flux factor by the predicted relic abundance. We

find that the annihilation rate in Model-3 is two orders of magnitude smaller than the

current limit across the parameter region.

The 2 → 3 scattering, χχ → τ+τ−γ, may be more interesting in a small ∆M region.

In this regime, the reaction rate of this process is enhanced in the following way. One

of the DM particles can be converted into a slightly off-shell η radiating off a soft tau,

χ → η±τ∓. This η± can then co-annihilate with the other χ particle via χη± → τ±γ
(see, for example, the third diagram in figure 1). Since the converted η± is only slightly

off-shell, the propagator of η± is enhanced, and the energy distribution of the produced γ

has a peak around mDM/2, which can be seen as a bump in a smoothly falling background.

Although this signature is in principle promising, it has been shown that for ∆M � mDM

the annihilation rate is nevertheless below the experimental sensitivities [70, 73–75]. For

example, for the Majorana (scalar) DM with mDM = 500 GeV and ∆M/mτ < 1, the

annihilation rate is roughly given by 〈vσ(χχ→ τ+τ−γ)〉/g2
DM
∼ 5 ·10−29 (5 ·10−28) [cm3/s],

which is smaller than the current limits obtained by Fermi-LAT [76] and HESS [77], and

also below the future sensitivity of CTA [78, 79] even for gDM = 1 and assuming Ωχh
2 =

ΩDMh
2 ' 0.1197. As in the direct detection case, we reserve the dedicated study on the

prospects of the indirect detection sensitivity to our simplified models for a future work.

4.3 Collider searches

In general, DM particles can be produced in proton-proton collisions at the LHC and

the experimental collaborations are looking for signatures of such DM production, usually

involving mono- and multi-jets plus missing energy, or alternatively constraining a direct

mediator production which could decay back into SM. In our simplified models of DM

with colourless co-annihilation partners, however, no direct DM production processes are

possible at tree level since the DM couples to the SM sector only via the interactions (2.1).

Unlike the DM particle, the co-annihilation η particle couples to the SM sector via

electro-weak gauge interactions, and η can be pair-produced by exchanging off-shell neutral

gauge bosons qq̄ → (γ/Z)∗ → ηη as depicted in figure 2. The production rate is independent

of gDM and is well-defined once the mass and quantum numbers of η are specified. For our

simplified models of DM with co-annihilation partners η, the latter are either a complex

scalar or Dirac fermions. The η production cross-sections pp→ ηη at the 8 TeV and 13 TeV

LHC computed at leading order by MadGraph 5 [80] for our range of simplified models are

– 8 –
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Figure 3. Collider cross-section σLO(pp→ η+η−) for the simplified models defined in table 1.

plotted in figure 3 as the function of the co-annihilation partner mass. It can be seen that

the production cross-section in the fermion case is one order of magnitude higher than in

the scalar case. This is because the scalar production suffers from velocity suppression near

the threshold; we will further comment on this effect in section 5.3.

In the region where the co-annihilation is operative, ∆M is small and the decay prod-

ucts of η will be too soft to be reconstructed.4 The standard strategy to trigger such events

is to demand additional hard jet originated from the initial state QCD radiation. This leads

to a distinct mono-jet plus large missing energy signature and the signal can (in favourable

settings) be separated from the background. It is known that the mono-jet channel is pow-

erful if η has a colour charge, but for our colour-neutral η this prospect is, as one would

expect, quite pessimistic. For example, the study presented in [82] did not find any limit on

the stau mass in the stau co-annihilation region in SUSY models using a mono-jet channel

even for a 100 TeV pp collider with a 3 ab−1 integrated luminosity. In this paper we focus

on the sensitivity at the LHC and aim to look for an alternative search channel.

As we have seen in section 3, the effective co-annihilation mechanism in the dark

sector imposes an upper bound on the mass splitting between the DM and the CAP par-

ticles, ∆M . mDM/25. Furthermore, if ∆M becomes smaller than the τ -lepton mass,

mτ = 1.777 GeV, the on-shell 2-body decay, η± → χτ±, is kinematically forbidden and the

3- and 4-body decay modes, η± → χντ π
± and η± → χντ `

± ν` (` = e, µ) shown in figure 4,

become dominant. Since these 3- and 4-body decays are suppressed by the off-shell inter-

mediate propagators and the multi-body phase space, the η decay rate becomes minuscule.

We show in figure 5 the lifetimes of η± computed with CalcHEP [83] as functions of ∆M

for our simplified models of DM with a co-annihilation partner. As can be seen, the lifetimes

4The LHC phenomenology of a similar model in the opposite limit (∆M ∼ mDM) have been studied

in [81].
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Figure 4. The 3-body and 4-body η-decays via an off-shell τ (and W ).
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Figure 5. The lifetime of the co-annihilation partner η± as a function of the mass splitting ∆M =

Mη −mχ. Model 1a (blue): Mφ = 300 GeV, gDM = 0.5, Model 1b (red): Mφ = 300 GeV, θ = π/4,

Model 2 (purple): MΨ = 300 GeV, gDM = 0.5, Model 3 (green): MΨ = 300 GeV, gDM = 0.5.

quickly increase once ∆M crosses mτ from above and reach ∼ 1µs around ∆M ∼ 1 GeV,

for all simplified models. If the lifetime is of the order of µs, η can reach the tracker and

may leave anomalously highly ionizing tracks or slowly moving charged particle signature.

Such exotic charged track signatures are intensively looked for by ATLAS [84, 85] and

CMS [86, 87] and also can be investigated by the MoEDAL experiment [88]. We calculate

the projected limits obtained from anomalous charged track searches for various simplified

models and discuss an interplay with the dark matter relic abundance obtained by the

co-annihilation mechanism in the next section.
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Figure 6. The co-annihilation strip and collider searches for Majorana DM and a long-lived

charged scalar in the Simplified Model 1a. The dark-blue region satisfies the correct dark matter

relic abundance within 3σ, the light-blue region overproduces the dark matter energy density. The

horizontal black line indicates the mass of the τ lepton. The region coloured in red corresponds

to current HSCP limits at the LHC for center-of-mass energy of 8 TeV and 18.8 fb−1. The three

dashed lines (purple, green and magenta) correspond to our projections for center-of-mass energy

of 13 TeV and 30, 300 and 3000 fb−1 of integrated luminosity respectively.

5 Results

5.1 Model 1a: Majorana fermion dark matter

The first simplified model we consider has a Majorana fermion singlet dark matter, χ = χ,

and a complex scalar co-annihilation partner, (η+, η−) = (φ∗, φ) = (φ+, φ−). We extend

the SM Lagrangian as:

L = LSM + LDM + LCAP + Lint ,

LDM =
1

2
χ(i/∂ −mDM)χ ,

LCAP = |Dµφ|2 −M2
φ |φ|2 ,

Lint = gDM φ
∗χτR + h.c. , (5.1)

where Mφ = mDM + ∆M and the covariant derivative Dµ contains the U(1)Y gauge field.

This simplified model has a particular interest since it can be realised in SUSY models by

identifying χ as the Bino and φ as the right-handed stau. We, however, stress that the model

is also interesting on its own right because it is gauge invariant and renormalizable. The

searches at LEP have already excluded charged particles with mass below ' 100 GeV [89–

91], and we focus on the region with Mφ & 100 GeV.

We show our numerical results for the Simplified Model 1a in figure 6. The three plots

correspond to different values of the dark matter coupling: gDM = 0.1, 0.5 and 1.0 from

left to right. The dark-blue region satisfies the correct dark matter relic abundance within

3σ, and the light-blue area to the right of it gives a relic abundance which exceeds the

observed value and overcloses the universe. The red region corresponds to the current 95%

CL excluded region obtained by the heavy stable charged particle (HSCP) searches at the

LHC using 8 TeV data with 18.8 fb−1 integrated luminosity [87]. The contours bounded

by the purple, green and magenta dashed lines (from left to right) are projected limits

assuming 13 TeV LHC with 30, 300 and 3000 fb−1 integrated luminosities, respectively.
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These projections are obtained by starting with the analysis conducted by CMS [87] of the

8 TeV data, and interpolating it to higher energies and luminosities following the Collider

Reach method [92].5 We validated our computational approach by reproducing the 8 TeV

limit on the long-lived stau calculated in [94]. The limit can also be presented as a function

of the lifetime and mass of φ. Such limits are given in appendix B.

In figure 6, the horizontal line represents ∆M = mτ . One can see, as expected, that

the limit from the HSCP searches is absent if ∆M > mτ since φ± decays before reaching

the tracker. Once ∆M gets smaller than mτ , the propagation path of the φ charged scalar

cτφ reaches and then exceeds the detector scale, O(100) cm, although the exact ∆M needed

for exclusion depends also on gDM since the lifetime is inversely proportional to g2
DM

. For

gDM = 0.1, the HSCP searches can have strong sensitivities as far as ∆M < mτ , whilst

∆M . 1.5 GeV is required for gDM = 0.5 and 1. The model can be constrained at the LHC

only when there is a large production cross-section for pp→ φ+φ−. The sensitivity of the

HSCP search therefore has a strong dependence on Mφ. If ∆M < 1.3 GeV, Mφ < 240 GeV

is already ruled out by the current data, and the 95% CL projected limits are estimated

as Mφ < 330, 580 and 870 GeV for 13 TeV LHC with 30, 300 and 3000 fb−1 integrated

luminosities, respectively. These limits are almost independent of gDM and ∆M as long as

∆M < 1.3 GeV.

We have also shown the constraints from the DM relic density in the same plots. The

dark-blue strip in figure 6 represents the region where the DM relic density, computed

by MicrOMEGAs 4.1.5 [67], is consistent with the latest Planck satellite measurement

ΩDMh
2 = 0.1197 ± 0.0022 [1] within the 3-σ level. Note that the DM is overproduced

on the right of the dark-blue strip, where this region is shaded with light-blue. Conversely,

the DM is underproduced on the left of the dark-blue strip. This region may not be ex-

cluded phenomenologically since there may be another component for the DM, whose relic

density makes up the remaining part of the ΩDMh
2. We can therefore identify the white

region as the currently allowed region by the LHC and the DM relic density constraints.

As we have discussed in section 3, the relic density depends on ∆M through the co-

annihilation mechanism, which can be seen clearly in figure 6. The mass and the dark sector

coupling also affect the value of the relic density. To investigate this behaviour in more

detail, in figure 7 we present a scan of the (gDM , mDM) plane in our Simplified Model 1a over

the mass splittings in the region 0 ≤ ∆M ≤ 1 GeV. The dark-blue strip gives the correct

relic density within 3σ. As previously discussed, the dependence on gDM is weak if gDM � 1,

since the 〈σeffv〉 is almost entirely determined by the φ+ φ− → SM particles, which is

independent of gDM . Once gDM gets as large as the U(1)Y gauge coupling, the second

process, φ±χ→ SM particles, becomes important, and the dependence on gDM enters into

ΩDMh
2. For very large gDM , the process φ+φ+ → τ+τ+ (and its conjugate), exchanging χ

in the t-channel, becomes dominant since it does not incur the chiral suppression and the

cross-section is proportional to g4
DM

. Because the DM relic density is inversely proportional

to 〈σeffv〉, the constraint of the DM overproduction excludes small gDM regions depending on

5A fast recasting method for a HSCP search has been proposed in [93]. We opt for the Collider Reach

method, since our main focus is to extrapolate the existing limit to higher energies and luminosities.
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Figure 7. Model 1a: plot of the coupling g
DM

versus the dark matter mass mDM =mχ. We scan

over ∆M ≤ 1 GeV, where ∆M = Mφ−mχ, this is the mass region where the HSCP limits are

independent of the coupling g
DM

. The dark blue band satisfies the correct DM relic abundance

within 3σ, the region in light blue overproduces the amount of DM. The colour-coding for the

exclusion regions is the same as in the previous figure.

mDM. From this plot we conclude that the high luminosity LHC at 3000 fb−1 can explore

almost the entire region with gDM . 1 except for a small segment around gDM ∼ 0.9,

mDM ∼ 1 TeV.

5.2 Model 1b: effect of L-R mixing

In SUSY models we often encounter the situation where the DM and the lighter stau, τ̃1

(co-annihilation partner), interact with both left and right-handed τ -leptons via the L-R

mixing in the stau sector. To study this case, we extend the previous simplified model such

that the co-annihilation partner φ can couple to both τL and τR. We will now construct

our simplified model by starting initially with the SU(2)L × U(1)Y invariant formulation

involving a minimal particle content required for the DM fermion, the co-annihilation

scalar(s), and the SM leptons. We thus introduce a scalar SU(2) doublet ΦT
L = (φν , φL)

and a singlet φR with the same hyper-charges as those of the SM doublet lT3 = (ντ , τL) and

the singlet τR, respectively. We then write down their Yukawa interactions with the DM

Majorana fermion χ as follows,

√
2 g′ Yl Φ

†
L χ l3 +

√
2 g′ Ye φ∗R χ τR + h.c. , (5.2)

where g′ ' 0.36 is the U(1)Y gauge coupling and Yl = −1
2 and Ye = 1 are the corresponding

hyper-charges. These terms are analogous to the bino-stau-tau interaction in SUSY models.

After the electroweak symmetry breaking, the scalars φL and φR will generically mix

with each other forming two mass eigenstates, the lighter of which,

φ = cos θ φL + sin θ φR , (5.3)

we identify as the co-annihilation particle of our simplified model. The mixing angle θ

will be a free parameter in the simplified model. After integrating out the heavier scalar
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Figure 8. Model 1b: φ − χ co-annihilation strip and collider searches. The dark-blue region

satisfies the correct dark matter relic abundance within 3σ, the light-blue region overproduces the

dark matter energy density. The horizontal black line corresponds to the mass of the τ lepton. The

region coloured in red corresponds to current HSCP limits for center-of-mass energy of 8 TeV and

18.8 fb−1. The three dashed lines (purple, green and magenta) correspond to our projections for

center-of-mass energy of 13 TeV and 30, 300 and 3000 fb−1 of integrated luminosity respectively.

eigenstate, the interaction terms in eq. (5.2) reduce to the simplified model interaction

Lint = gL φ
∗χτL + gR φ

∗χτR + h.c. , (5.4)

with the two couplings given by

gL =
1√
2
g′ cos θ, gR = −

√
2g′ sin θ . (5.5)

In the same way, the interaction of φ with γ, Z and W± can be obtained by extracting φ

from the kinetic terms |DµΦL|2 + |DµφR|2. This defines our Simplified Model 1b, which is

determined in terms of three free parameters: θ, Mφ and ∆M = Mφ −mχ.

We show in figure 8 the constraints in the (Mφ, ∆M) plane for the Simplified Model 1b

for the following parameter choices: θ = 0 for φ = φL (left plot), θ = π/4 for φ =

(φL + φR)/
√

2 (central plot) and θ = π/2 for φ = φR (plot on the right). We note that

θ = π/2 corresponds to Model-1a with |gDM | =
√

2g′ ' 0.5. Therefore the right plot of

figure 8 resembles the second plot of figure 6. One can see that turning on gL makes the

LHC constraint tighter. The current HSCP LHC-8 TeV limit on the co-annihilation partner

mass increases from 220 GeV to 300 GeV as θ changes from π/2 to 0. This is because the

interaction strength of the qq̄ → (γ/Z)∗ → φ+φ− process increases due to inclusion of the

SU(2)L coupling found in |DµΦL|2.

The dependences of the DM relic density and the lifetime of the co-annihilation partner

on θ are more complicated, and shown in figure 9. Here we plot ΩDMh
2 (solid lines) and τφ

(dashed lines) as functions of θ by fixing mχ = 300 GeV and varying ∆M = 1.2, 1.4 and

1.6 GeV. We see that ΩDMh
2 is globally minimized at θ = 0 and π (φ = φL) due to the

relatively large SU(2)L coupling. Another local minimum is found at θ = π/2 (φ = φR).

The relic density has two local maxima implying that there is a cancellation in 〈σeffv〉
among gL and gR terms in eq. (5.4). The interference between gL and gR terms can also be

observed in the lifetime of φ. Unlike ΩDMh
2, τφ is minimized (maximized) at θ ' 3π

8 (7π
8 ).
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Figure 9. The lifetime of φ± (dashed) and the DM relic density Ωh2 (solid) as functions of the

L-R mixing parameter θ. The DM mass is fixed at 300 GeV and ∆M is varied as 1.2 (blue), 1.4

(red) and 1.6 (green) GeV.

5.3 Model 2: scalar dark matter

In this section we consider Simplified Model 2 where the DM particle is a real singlet scalar,

χ = S, and the co-annihilation partner is a Dirac fermion, (η+, η−) = (Ψ,Ψ) = (Ψ+,Ψ−).

We take Ψ to have the same quantum numbers as τR except for the Z2 (dark sector) charge.

The Lagrangian is given as:

L = LSM + LDM + LCAP + Lint,

LDM =
1

2
(∂µS)2 − 1

2
m2

DMS
2 ,

LCAP = Ψ(i /D −MΨ)Ψ ,

Lint = gDM SΨPR τ + h.c. , (5.6)

where MΨ = mDM + ∆M and PR = 1+γ5

2 is the right-handed projection operator for

Dirac spinors. This simplified model can be realised for example in models with extra

dimensions by regarding Ψ as the first excited Kaluza-Klein (KK) mode of the τ and S as

a heavy and stable singlet, such as the first KK-mode of the Higgs boson [95, 96] or a scalar

photon in D ≥ 6 theories [96, 97]. In such models, the approximate mass-degeneracy, or a

compressed spectrum between mχ and MΨ, resulting in ∆M � mDM, which is assumed

in this paper, is justified because the mass of each of the KK modes for different particles

is dominated by an universal contribution that is inversely proportional to the size of the

extra dimension(s). As in the case of Simplified Model 1a, this model is manifestly gauge

invariant and renormalizable.

We note that a term |H|2S2 is also allowed by the symmetry. After the electroweak

symmetry breaking, this term induces a 3-point interaction hSS that gives the contribution

to the direct detection as well as ΩDMh
2. A phenomenological implication of this term has
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Figure 10. Model 2: the co-annihilation strip and collider searches for scalar DM and a long-lived

charged Dirac fermion Ψ. The dark-blue region satisfies the correct dark matter relic abundance

within 3σ, the light-blue region overproduces the dark matter energy density. The horizontal black

line corresponds to the mass of the τ lepton. The region coloured in red corresponds to current

HSCP limits for center-of-mass energy of 8 TeV and 18.8 fb−1. The three dashed lines (purple, green

and magenta) correspond to our projections for center-of-mass energy of 13 TeV and 30, 300 and

3000 fb−1 of integrated luminosity respectively.

been well studied in the literature [58, 98–102]. Since the aim of this paper is to primarily

study the effect of co-annihilation, we simply assume that the coefficient of this term is

small or otherwise exclude it from our simplified model.

Figure 10 shows our numerical results of this simplified model for gDM = 0.1, 0.5 and 1.0

from left to right. Comparing it with figure 6, one can see that the LHC limits are tightened

but also the preferred co-annihilation partner mass by the relic density gets shifted to higher

values. This is because the number of degrees freedom for Ψ is doubled compared to φ.

Also, the production cross-section of the co-annihilation partners is enhanced compared to

Model-1a because qq̄ → Ψ+Ψ− does not incur velocity suppression near the threshold. The

current bound from the HSCP search excludes MΨ . 410 GeV and the projected sensitivity

reaches 600, 950 and 1350 GeV for the 13 TeV LHC with 30, 300 and 3000 fb−1 integrated

luminosity, respectively. These current and projected limits are independent of gDM and

∆M as long as ∆M . 1.5 GeV.

The preferred co-annihilation partner mass required by the relic density (the dark-blue

strip) is found around MΨ ' 500−600 GeV for gDM = 0.1 and 0.5, and MΨ ' 950−1050 GeV

for gDM = 1.0. The impact of gDM and mDM on ΩDMh
2 can be seen more clearly in

figure 11, where limits from the LHC and ΩDMh
2 are plotted in the (mDM, gDM) plane

scanning ∆M in the [0, 1.2] GeV range. In this plot, one can see the DM relic density is not

sensitive to gDM until gDM . 0.5. This is because the 〈σeffv〉 is determined by the process

Ψ+Ψ− → SM particles, which is independent of gDM . For gDM > 0.5, the dependence

enters through, i.e., Ψ±χ→ SM particles (〈σeffv〉 ∝ g2
DM

) and Ψ±Ψ± → τ±τ± exchanging

S in the t-channel (〈σeffv〉 ∝ g4
DM

). Considering the limit of the DM overproduction and

the HSCP searches, one can see that the entire parameter region with gDM . 1.0 will be

explored by the LHC Run-2 with 3000 fb−1 of integrated luminosity.
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Figure 11. Model 2: plot of the coupling g
DM

versus the dark matter mass mDM = mS . We scan

over ∆M ∈ [0, 1.2 GeV], where ∆M=MΨ−mS . The dark blue band satisfies the correct DM relic

abundance within 3σ, the region in light blue overproduces the amount of DM. The colour-coding

for the exclusion regions is the same as in the previous figure.

5.4 Model 3: vector dark matter

We now study the case in which the co-annihilation partner is a Dirac fermion, (η+, η−) =

(Ψ,Ψ) = (Ψ+,Ψ−), as in Model-2 but the dark matter is a neutral vector boson, χ = Vµ.

We modify the Lagrangian eq. (5.6) with

LDM =
1

4
(∂µVν − ∂νVµ)2 +

1

2
m2

DMVµV
µ ,

Lint = gDMV
µ ΨγµPR τ + h.c. . (5.7)

Similarly to Model-2, this simplified model can be realised in models with extra dimensions

by identifying Vµ as the KK photon and Ψ as the KK τ . It may also be possible to interpret

Vµ as a ρ meson and Ψ as a baryon in a new strong sector in composite models.

We show our numerical results of this model in figure 12, where gDM = 0.1, 0.5 and

0.7 are examined from left to right. One can see that the current and projected LHC

limits are almost identical to those found in Model-2, since those models have the same

co-annihilation partner Ψ, and the relevant production process qq̄ → (γ/Z)∗ → ΨΨ is

independent of the spin of the DM. On the other hand, the relic density constraint is quite

different from the corresponding constraint in Model-2. Interestingly, this model has larger

ΩDMh
2 for gDM = 0.1 compared to Model-2. In the limit gDM � 1, eq. (3.2) implies

〈σeffv〉|Model 2

〈σeffv〉|Model 3
'

(gVµ + gΨ)2

(gS + gΨ)2
=

49

25
. (5.8)

On the other hand, for larger gDM the DM relic rapidly decreases, as can be seen in figure 13.

This is because the contribution of VµVµ → τ+τ− process is not chiral or velocity suppressed

in this model and it has a strong dependency on gDM : 〈σ(VµVµ → τ+τ−)v〉 ∝ g4
DM

. One can

see from figure 13 that a large region of the parameter space can be explored by the LHC

and relic density constraints. Nevertheless, the region with mDM & 1.4 TeV and gDM & 0.7
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Figure 12. Model 3: the co-annihilation strip and collider searches for vector DM and a long-lived

charged Dirac fermion Ψ. The dark-blue region satisfies the correct dark matter relic abundance

within 3σ, the light-blue region overproduces the dark matter energy density. The horizontal black

line corresponds to the mass of the τ lepton. The region coloured in red corresponds to current

HSCP limits for center-of-mass energy of 8 TeV and 18.8 fb−1. The three dashed lines (purple, green

and magenta) correspond to our projections for center-of-mass energy of 13 TeV and 30, 300 and

3000 fb−1 of integrated luminosity respectively.

200 400 600 800 1000 1200 1400
mDM [GeV]

0.0

0.2

0.4

0.6

0.8

1.0

g D
M

Vector DM (∆M≤1.2 GeV)

Figure 13. Model 3: plot of the coupling g
DM

versus the dark matter mass mDM =mV . We scan

over ∆M ∈ [0, 1.2 GeV], where ∆M =MΨ−mV , this is the mass region where the HSCP limits

are independent of the coupling g
DM

. The dark blue band satisfies the correct DM relic abundance

within 3σ, the region in light blue overproduces the amount of DM. The colour-coding for the

exclusion regions is the same as in the previous figure.

may be left unconstrained even after the high luminosity LHC with 3000 fb−1, although

such large values of gDM might bring sensitivities for the direct and indirect detection

experiments, which, however, is beyond the scope of this paper.

6 Conclusions

There is a considerable ongoing experimental and theoretical effort dedicated to the dis-

covery of the dark matter. There has been a rapid development in the number and scope of

direct and indirect detection experiments, and in LHC and future collider searches of DM. A

standard signature to search for dark matter at colliders is the mono-X (or multi-jets) plus

missing energy. These searches are being exploited and interpreted in terms of simplified

– 18 –



J
H
E
P
0
6
(
2
0
1
7
)
0
4
1

dark matter models with mediators. A growing number of the analyses are also dedicated

to the direct search of the mediator which can decay back to the SM degrees of freedom.

In this article we considered an alternative DM scenario characterised by simplified

models without mediators. Instead they include a co-annihilation partner particle in the

dark sector. In the scenarios with a relatively compressed mass spectrum between the DM

and its charged co-annihilation partner, the latter plays an important role in lowering the

dark matter relic density. The signal we study for collider searches is the pair-production of

the co-annihilation partners that then ultimately decay into cosmologically stable dark mat-

ter. We have focused on the case when the dark matter candidate and the co-annihilation

partner are nearly mass-degenerate, which makes the latter long-lived. Compared to other

models of dark matter that rely on signals with missing energy at colliders, in these models

the crucial collider signature to look for are tracks of long-lived electrically charged particles.

We have studied for the first time constraints from long-lived particles in the context

of simplified dark matter models. We have considered three different scenarios for cos-

mological DM: a Majorana fermion, a real scalar and a vector dark matter. The model

with Majorana DM can be motivated by theories with supersymmetry, such as the bino-

stau co-annihilation strip in the MSSM. The model with vector DM can be motivated by

Kaluza-Klein theories of extra dimensions, where the KK photon plays the role of dark

matter. Nevertheless, in this work we have advocated for a simple (and arguably more

inclusive) purely phenomenological approach and we have considered the couplings and

the masses as free parameters.

We have presented a set of simplified models which are complimentary to the standard

mediator-based simplified DM models set, and which can be used by the ATLAS and CMS

experimental collaborations to interpret their searches for long-lived charged particles to

explore this new range of dark matter scenarios which we characterised in terms of 3 to 4

classes of simplified models with as little as 3 free parameters.
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A Indirect detection limits for Model 3

Unlike Model-1 and Model-2, Model-3 postulates a spin-1 dark matter particle, Vµ. The

dark matter pair annihilation VµVµ → τ+τ− in the present universe is therefore not chi-

ral suppressed and may be sensitive to indirect detection experiments. We compare the

annihilation cross-section computed by micrOMEGAs 4.1.5 with the upper limit derived

from the gamma-ray observations of Milky Way dwarf spheroidal galaxies (dSphs) at the

Fermi-LAT satellite [103].
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Figure 14. The rate of the dark matter annihilation VµVµ → τ+τ− as a function of the dark

matter mass. The red line corresponds to the current limit obtained by the gamma-ray observation

of Milky Way dwarf spheroidal galaxies (dSphs) at the Fermi-LAT satellite [103]. The yellow dashed

line corresponds to the thermal relic cross-section assuming the pure VµVµ → τ+τ− process. The

coloured regions correspond to different values of the coupling g
DM

and ∆M is scanned over the

[0, 3] GeV range.

We show our results in figure 14, where ∆M = MΨ−mDM is scanned over the [0, 3] GeV

range and the coloured regions correspond to different values of the coupling gDM , as ex-

plained in the figure. In order to confront these with the experimental limit assuming the

nominal DM flux, these predictions are rescaled by the square ratio of the calculated relic

abundance and the observed one, (ΩVµ/ΩDM)2 with ΩDMh
2 = 0.1197. We do not consider

points that overproduce the relic abundance, i.e. all the points satisfy ΩVµh
2 ≤ 0.1197.

As can be seen, by increasing the dark sector coupling gDM from 0.5 to 1.0, the an-

nihilation rate decreases. This is because in this region, the abundance of Vµ is mainly

determined by the same annihilation process VµVµ → τ+τ− in the early universe and

(ΩVµ/ΩDM)2 decreases more rapidly than the increase of the present time annihilation cross-

section. The situation is different for smaller values of gDM , where ΩVµh
2 is determined by

the co-annihilation mechanism and the annihilation rate of Ψ+Ψ− → SM particles, which

does not depend on gDM , as discussed in section 3. One can therefore see that going from

gDM = 0.1 to 0.5, the annihilation rate increases.

The red line in figure 14 shows the Fermi-LAT limit assuming dark matter annihilation

into the τ+τ− final state. As can be seen, the predicted rate is more than two order of

magnitude smaller than the current limit across the parameter region.

B Limits in the mass vs lifetime plane

The current and projected limits obtained from the heavy stable charged particle searches

shown in section 5 can also be presented in a more model-independent fashion by plotting
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Figure 15. The 8 TeV (solid) and projected 13 TeV (dashed) limits from HSCP searches at the

LHC for pair-production of the scalar co-annihilation partner, φ±. The projected limits correspond

to the 13 TeV LHC with 30, 300 and 3000 fb−1 integrated luminosities.
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Figure 16. The 8 TeV (solid) and projected 13 TeV (dashed) limits from HSCP searches at the LHC

for pair-production of the fermionic co-annihilation partner, Ψ±. The projected limits correspond

to the 13 TeV LHC with 30, 300 and 3000 fb−1 integrated luminosities.

on the mass vs lifetime plane. The plots in figure 15 shows the 8 TeV (solid) and projected

(dashed) limits for the pair-production of long-lived complex scalar field, φ, as a function of

the mass, Mφ, and the lifetime times the speed of light, cτ . The left plot assumes φ has the

same quantum number as the right-handed τ corresponding to Simplified Model 1a. In the

right plot, on the other hand, the interaction of φ is obtained by the procedure explained

in section 5.2 (Simplified Model 1b) and taking θ = 0. The co-annihilation partner φ in

this case corresponds to the purely left-handed stau in SUSY theories. Figure 16 shows

the same limits for the fermionic co-annihilation partner, Ψ. These limits are applicable

for both Simplified Model 2 and 3 discussed in this paper.
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