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6 44. Plots of cross sections and related quantities
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Figure 44.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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bound states are common within the standard model

bound states can appear in non trivial dark sectors
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.

standard model
(SM) dark sector
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and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
Yukawa potential that forms the bound state B (↵B ⌘ g2B/4⇡)
are shown. In our models, V is always a vector, while Y can
be either a scalar or a vector.

The mono-X process, resonant production of the media-
tor V and the resonant production of the bound state B

are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e

+
e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:

↵B m�

mY

> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.
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states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e
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are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:
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wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e
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are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:
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wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.

3

q X

gq

q

g�

�

�

V (⇤)

q

q

q, `�

q, `+

V

q

q

↵B

· · ·

q, `�

q, `+

V (⇤)
Y

�

�

V (⇤)
B

FIG. 1: Feynman diagrams for relevant dark sector processes
at colliders. These processes are (top) the mono-X process,
(middle) the resonant production of V decaying into a pair of
jets or leptons, and (bottom) the resonant production of B,
subsequently undergoing a similar decay. The coupling of the
mediator between the dark sector and the SM to quarks (gq)
and to the DM (g�), as well as the coupling responsible for the
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be either a scalar or a vector.
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are the main collider signatures of this general setup, and
are depicted in Fig. 1. When discussing generic models,
we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.

Many of the earlier works in the literature on bound
states exhibit some of these features. Both [12] and [13]
introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e
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e
� pairs

are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:
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> 1.68, (1)

wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.
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we will denote the heavy mediator as V and its mass by
mV , and the light mediator by Y and its mass as mY (for
“Yukawa”). In the example models we present, V will be
a vector in all cases, but Y can be either a scalar or vec-
tor. In principle, V could also be a scalar (or a scalar
bound state can mix directly with the Higgs sector [16]),
but we will leave the analysis of such scenarios to future
work; as we will see, a vector mediator facilitates a siz-
able production cross section and a large branching ratio
to leptons, while evading direct detection bounds.
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introduce an additional mediator to support the bound
state formed from DM charged under the EW gauge
group, so that the couplings between the DM to the light
mediator can be made large. An additional mediator was
also introduced in [21] to alleviate the tension between a
suitably light mediator that can support a bound state

and the need for a massive enough SM mediator that can
decay into electron pairs. In [14], direct detection limits
are avoided by having sub-GeV DM. Furthermore, there
is only one vector boson to mediate both the bound state
formation and the interaction with the SM, at the cost of
allowing the bound state to decay into 4- or 6-lepton final
states. This is an important signature in B-factories for
DM with a mass on the order of a GeV [14]. In principle,
this scenario can be probed at the LHC by multi-lepton
searches, or by di-photon searches where two e
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are detected as fake photons [16]. However, multi-lepton
signatures turn out to be relatively unimportant for the
kinetic mixing models that we will study later.
We will demonstrate that the characteristics listed

above can be achieved in Higgsed dark-sector models,
with a vector portal between the dark sector and the
SM. But before we give examples of such models, we will
first discuss each of these criteria in more detail.

A. General Model Building Considerations

The existence of DM bound states in a Yukawa poten-
tial with range 1/mY is only possible if [14, 22]:
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wherem� is the DM mass. Thus, the presence of a bound
state supported by scalar or vector exchange requires a
relatively light force carrier – certainly lighter than the
dark matter itself, for weak couplings. For more com-
plex dark sectors with potentials that couple multiple
two-particle states (e.g. the neutralino sector of super-
symmetric models), the details of this criterion may be
modified, but it is still generically true that there must
be a force with range longer than the Bohr radius of the
bound state, i.e. there should be at least one mediator
with mY . ↵Bm�.
If this force carrier is also the mediator between the

DM and the SM, then searches for the force carrier will
generally o↵er a more accessible probe of dark-sector
physics than searches for the heavier DM, both because
the force carrier is lighter and because it couples directly
to SM particles (see e.g. [18]). This leads us to consider
models where there are at least two distinct particles that
couple to the DM, one which has appreciable interactions
with the SM (and can be heavier than the DM itself), and
the other of which mediates the bound state formation
and so must be light.
One alternative to this structure is the case where the

DM is charged under the SM SU(2)L EW gauge group,
and the photon, W and/or Z support the bound state;
this is possible, for example, for bound states consisting
of neutralinos and/or charginos [23]. However, as we will
show later in this work, at present-day colliders the pro-
duction rate for such EW bound states is undetectably
low.



direct detection

!9

standard case

6

The mediator production cross section, V , is
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where ⌧V ⌘ m
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V
/s. As we pointed out above, the V reso-

nance search does not directly probe the dark matter con-
tent. Further searches must be used to uncover the dark
sector after discovering the mediator between the SM and
the dark sector. Most importantly, when mV > 2m� and
g� � gq, g` (the coupling to leptons), the branching ra-
tio of V to SM particles becomes small, and resonance
searches for V grow ine↵ective. The full mixing calcu-
lation also bears out this conclusion: once mV,0 > 2m�,
the V resonance is heavier and lies above the �� thresh-
old and is a wide resonance, while the lighter B resonance
remains narrow and below the threshold.

The comparison between mono-X and bound state
production is more complicated as the backgrounds for
the two searches are di↵erent, and a more detailed com-
parison is required; we will show results for some specific
models below. On generic grounds, the mono-X cross
section is reduced because of the PDF price of the ad-
ditional jet. However, the two production cross sections
scale as ↵sg

2
q
g
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�
and ↵
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Bg
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, for the mono-X and bound

state cases respectively. Thus for ↵
3
B ⌧ ↵s we expect

a reduced sensitivity in the bound-state searches; this
suggests ↵B rather close to 1 will be required to make
bound-state searches competitive. Moreover, the mono-
jet search becomes ine↵ective once mV < 2m�, since the
mono-jet process must then proceed through an o↵-shell
V .

In summary, the mono-jet search probes the region
of parameter space where mV > 2m�, while the V

resonance search is more sensitive to the region where
mV < 2m�. The bound-state production cross section,
on the other hand, is enhanced precisely in the intermedi-
ate region, and outperforms the other two searches when
mV & 2m�. These three searches are thus complemen-
tary, and probe di↵erent parts of parameter space, as we
will show explicitly in our models below.

D. Direct Detection Limits

Direct detection searches are very sensitive probes of
DM, especially for DM with substantial couplings to
hadrons, and mass at the EW scale or higher. Thus,
viable models of dark resonance signals at the LHC must
evade direct detection bounds.

A naive estimate of the DM-nucleon scattering cross
section at tree level, in terms of the parameters discussed
in the previous subsection, gives � ⇠ g
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4, assuming mV is much larger
than the typical momentum transfer in the scattering,
and m� is much larger than the nucleon mass mN . For
comparison, under standard assumptions, the limit from
XENON1T on this scattering cross section is of order
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FIG. 2: Direct detection Feynman diagrams for inelastic DM
models, with (left) tree-level inelastic scattering, and (right)
one-loop, elastic scattering o↵ nuclei in these experiments.

10�45cm2(m�/TeV) [1]. Thus, if the elastic scattering
spin-independent cross section is unsuppressed, we infer
that the product of couplings g2
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This simple estimate is broadly consistent with more
carefully obtained limits on a dark sector interacting with
nucleons through a vector mediator for current and future
direct detection experiments [40, 41]. Reasonably large
couplings and su�ciently low dark sector masses are nec-
essary for the significant production of the bound state
resonance, but this parameter region of interest (gqg� ⇠ 1
and mV ⇠ 2m� ⇠ 1 � 4 TeV) is generically in tension
with direct detection bounds.
However, any suppression to the naive tree-level cross

section can alleviate this tension. As mentioned above,
a simple scenario (“inelastic dark matter”) that leads to
suppressed direct detection signals posits that the cou-
pling between the DM �1 and the mediator V involves
an unstable partner particle �2, and the mass splitting
between the DM and its partner is greater than the max-
imum kinetic energy of DM particles in the halo [19, 20].
Fig. 2 shows the relevant Feynman diagrams for direct
detection of the DM particles. Such models also have in-
teresting consequences for bound state formation at the
LHC: if the bound state is produced in the s-channel
from the mediator V , it will automatically be composed
of the DM and its partner particle, or may only involve
dark sector particles in the same multiplet as the DM,
and not the DM at all.
In such models, elastic scattering can still occur, but

only at loop level. The direct-detection spin-independent
cross section for scattering o↵ a nucleon with target mass
mT is given by [42]
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where np,n are the number of protons and neutrons re-
spectively, and fp,n are the corresponding matrix ele-
ments. We can generalize the e↵ective operator analysis
of [43], to the dark sector models that will be of interest
to us. Then
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The comparison between mono-X and bound state
production is more complicated as the backgrounds for
the two searches are di↵erent, and a more detailed com-
parison is required; we will show results for some specific
models below. On generic grounds, the mono-X cross
section is reduced because of the PDF price of the ad-
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a reduced sensitivity in the bound-state searches; this
suggests ↵B rather close to 1 will be required to make
bound-state searches competitive. Moreover, the mono-
jet search becomes ine↵ective once mV < 2m�, since the
mono-jet process must then proceed through an o↵-shell
V .

In summary, the mono-jet search probes the region
of parameter space where mV > 2m�, while the V

resonance search is more sensitive to the region where
mV < 2m�. The bound-state production cross section,
on the other hand, is enhanced precisely in the intermedi-
ate region, and outperforms the other two searches when
mV & 2m�. These three searches are thus complemen-
tary, and probe di↵erent parts of parameter space, as we
will show explicitly in our models below.

D. Direct Detection Limits

Direct detection searches are very sensitive probes of
DM, especially for DM with substantial couplings to
hadrons, and mass at the EW scale or higher. Thus,
viable models of dark resonance signals at the LHC must
evade direct detection bounds.

A naive estimate of the DM-nucleon scattering cross
section at tree level, in terms of the parameters discussed
in the previous subsection, gives � ⇠ g
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FIG. 2: Direct detection Feynman diagrams for inelastic DM
models, with (left) tree-level inelastic scattering, and (right)
one-loop, elastic scattering o↵ nuclei in these experiments.
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This simple estimate is broadly consistent with more
carefully obtained limits on a dark sector interacting with
nucleons through a vector mediator for current and future
direct detection experiments [40, 41]. Reasonably large
couplings and su�ciently low dark sector masses are nec-
essary for the significant production of the bound state
resonance, but this parameter region of interest (gqg� ⇠ 1
and mV ⇠ 2m� ⇠ 1 � 4 TeV) is generically in tension
with direct detection bounds.
However, any suppression to the naive tree-level cross

section can alleviate this tension. As mentioned above,
a simple scenario (“inelastic dark matter”) that leads to
suppressed direct detection signals posits that the cou-
pling between the DM �1 and the mediator V involves
an unstable partner particle �2, and the mass splitting
between the DM and its partner is greater than the max-
imum kinetic energy of DM particles in the halo [19, 20].
Fig. 2 shows the relevant Feynman diagrams for direct
detection of the DM particles. Such models also have in-
teresting consequences for bound state formation at the
LHC: if the bound state is produced in the s-channel
from the mediator V , it will automatically be composed
of the DM and its partner particle, or may only involve
dark sector particles in the same multiplet as the DM,
and not the DM at all.
In such models, elastic scattering can still occur, but

only at loop level. The direct-detection spin-independent
cross section for scattering o↵ a nucleon with target mass
mT is given by [42]
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nance search does not directly probe the dark matter con-
tent. Further searches must be used to uncover the dark
sector after discovering the mediator between the SM and
the dark sector. Most importantly, when mV > 2m� and
g� � gq, g` (the coupling to leptons), the branching ra-
tio of V to SM particles becomes small, and resonance
searches for V grow ine↵ective. The full mixing calcu-
lation also bears out this conclusion: once mV,0 > 2m�,
the V resonance is heavier and lies above the �� thresh-
old and is a wide resonance, while the lighter B resonance
remains narrow and below the threshold.

The comparison between mono-X and bound state
production is more complicated as the backgrounds for
the two searches are di↵erent, and a more detailed com-
parison is required; we will show results for some specific
models below. On generic grounds, the mono-X cross
section is reduced because of the PDF price of the ad-
ditional jet. However, the two production cross sections
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bound-state searches competitive. Moreover, the mono-
jet search becomes ine↵ective once mV < 2m�, since the
mono-jet process must then proceed through an o↵-shell
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In summary, the mono-jet search probes the region
of parameter space where mV > 2m�, while the V

resonance search is more sensitive to the region where
mV < 2m�. The bound-state production cross section,
on the other hand, is enhanced precisely in the intermedi-
ate region, and outperforms the other two searches when
mV & 2m�. These three searches are thus complemen-
tary, and probe di↵erent parts of parameter space, as we
will show explicitly in our models below.

D. Direct Detection Limits

Direct detection searches are very sensitive probes of
DM, especially for DM with substantial couplings to
hadrons, and mass at the EW scale or higher. Thus,
viable models of dark resonance signals at the LHC must
evade direct detection bounds.
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models, with (left) tree-level inelastic scattering, and (right)
one-loop, elastic scattering o↵ nuclei in these experiments.
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This simple estimate is broadly consistent with more
carefully obtained limits on a dark sector interacting with
nucleons through a vector mediator for current and future
direct detection experiments [40, 41]. Reasonably large
couplings and su�ciently low dark sector masses are nec-
essary for the significant production of the bound state
resonance, but this parameter region of interest (gqg� ⇠ 1
and mV ⇠ 2m� ⇠ 1 � 4 TeV) is generically in tension
with direct detection bounds.
However, any suppression to the naive tree-level cross

section can alleviate this tension. As mentioned above,
a simple scenario (“inelastic dark matter”) that leads to
suppressed direct detection signals posits that the cou-
pling between the DM �1 and the mediator V involves
an unstable partner particle �2, and the mass splitting
between the DM and its partner is greater than the max-
imum kinetic energy of DM particles in the halo [19, 20].
Fig. 2 shows the relevant Feynman diagrams for direct
detection of the DM particles. Such models also have in-
teresting consequences for bound state formation at the
LHC: if the bound state is produced in the s-channel
from the mediator V , it will automatically be composed
of the DM and its partner particle, or may only involve
dark sector particles in the same multiplet as the DM,
and not the DM at all.
In such models, elastic scattering can still occur, but

only at loop level. The direct-detection spin-independent
cross section for scattering o↵ a nucleon with target mass
mT is given by [42]
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where ⌧V ⌘ m
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V
/s. As we pointed out above, the V reso-

nance search does not directly probe the dark matter con-
tent. Further searches must be used to uncover the dark
sector after discovering the mediator between the SM and
the dark sector. Most importantly, when mV > 2m� and
g� � gq, g` (the coupling to leptons), the branching ra-
tio of V to SM particles becomes small, and resonance
searches for V grow ine↵ective. The full mixing calcu-
lation also bears out this conclusion: once mV,0 > 2m�,
the V resonance is heavier and lies above the �� thresh-
old and is a wide resonance, while the lighter B resonance
remains narrow and below the threshold.

The comparison between mono-X and bound state
production is more complicated as the backgrounds for
the two searches are di↵erent, and a more detailed com-
parison is required; we will show results for some specific
models below. On generic grounds, the mono-X cross
section is reduced because of the PDF price of the ad-
ditional jet. However, the two production cross sections
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a reduced sensitivity in the bound-state searches; this
suggests ↵B rather close to 1 will be required to make
bound-state searches competitive. Moreover, the mono-
jet search becomes ine↵ective once mV < 2m�, since the
mono-jet process must then proceed through an o↵-shell
V .

In summary, the mono-jet search probes the region
of parameter space where mV > 2m�, while the V

resonance search is more sensitive to the region where
mV < 2m�. The bound-state production cross section,
on the other hand, is enhanced precisely in the intermedi-
ate region, and outperforms the other two searches when
mV & 2m�. These three searches are thus complemen-
tary, and probe di↵erent parts of parameter space, as we
will show explicitly in our models below.

D. Direct Detection Limits

Direct detection searches are very sensitive probes of
DM, especially for DM with substantial couplings to
hadrons, and mass at the EW scale or higher. Thus,
viable models of dark resonance signals at the LHC must
evade direct detection bounds.

A naive estimate of the DM-nucleon scattering cross
section at tree level, in terms of the parameters discussed
in the previous subsection, gives � ⇠ g
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comparison, under standard assumptions, the limit from
XENON1T on this scattering cross section is of order

�1

g�
�2

gq
q q

V

�1

�2
�1

q q

FIG. 2: Direct detection Feynman diagrams for inelastic DM
models, with (left) tree-level inelastic scattering, and (right)
one-loop, elastic scattering o↵ nuclei in these experiments.
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spin-independent cross section is unsuppressed, we infer
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This simple estimate is broadly consistent with more
carefully obtained limits on a dark sector interacting with
nucleons through a vector mediator for current and future
direct detection experiments [40, 41]. Reasonably large
couplings and su�ciently low dark sector masses are nec-
essary for the significant production of the bound state
resonance, but this parameter region of interest (gqg� ⇠ 1
and mV ⇠ 2m� ⇠ 1 � 4 TeV) is generically in tension
with direct detection bounds.
However, any suppression to the naive tree-level cross

section can alleviate this tension. As mentioned above,
a simple scenario (“inelastic dark matter”) that leads to
suppressed direct detection signals posits that the cou-
pling between the DM �1 and the mediator V involves
an unstable partner particle �2, and the mass splitting
between the DM and its partner is greater than the max-
imum kinetic energy of DM particles in the halo [19, 20].
Fig. 2 shows the relevant Feynman diagrams for direct
detection of the DM particles. Such models also have in-
teresting consequences for bound state formation at the
LHC: if the bound state is produced in the s-channel
from the mediator V , it will automatically be composed
of the DM and its partner particle, or may only involve
dark sector particles in the same multiplet as the DM,
and not the DM at all.
In such models, elastic scattering can still occur, but

only at loop level. The direct-detection spin-independent
cross section for scattering o↵ a nucleon with target mass
mT is given by [42]
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to us. Then
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2
V
/s. As we pointed out above, the V reso-

nance search does not directly probe the dark matter con-
tent. Further searches must be used to uncover the dark
sector after discovering the mediator between the SM and
the dark sector. Most importantly, when mV > 2m� and
g� � gq, g` (the coupling to leptons), the branching ra-
tio of V to SM particles becomes small, and resonance
searches for V grow ine↵ective. The full mixing calcu-
lation also bears out this conclusion: once mV,0 > 2m�,
the V resonance is heavier and lies above the �� thresh-
old and is a wide resonance, while the lighter B resonance
remains narrow and below the threshold.

The comparison between mono-X and bound state
production is more complicated as the backgrounds for
the two searches are di↵erent, and a more detailed com-
parison is required; we will show results for some specific
models below. On generic grounds, the mono-X cross
section is reduced because of the PDF price of the ad-
ditional jet. However, the two production cross sections
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a reduced sensitivity in the bound-state searches; this
suggests ↵B rather close to 1 will be required to make
bound-state searches competitive. Moreover, the mono-
jet search becomes ine↵ective once mV < 2m�, since the
mono-jet process must then proceed through an o↵-shell
V .

In summary, the mono-jet search probes the region
of parameter space where mV > 2m�, while the V

resonance search is more sensitive to the region where
mV < 2m�. The bound-state production cross section,
on the other hand, is enhanced precisely in the intermedi-
ate region, and outperforms the other two searches when
mV & 2m�. These three searches are thus complemen-
tary, and probe di↵erent parts of parameter space, as we
will show explicitly in our models below.

D. Direct Detection Limits

Direct detection searches are very sensitive probes of
DM, especially for DM with substantial couplings to
hadrons, and mass at the EW scale or higher. Thus,
viable models of dark resonance signals at the LHC must
evade direct detection bounds.
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models, with (left) tree-level inelastic scattering, and (right)
one-loop, elastic scattering o↵ nuclei in these experiments.
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This simple estimate is broadly consistent with more
carefully obtained limits on a dark sector interacting with
nucleons through a vector mediator for current and future
direct detection experiments [40, 41]. Reasonably large
couplings and su�ciently low dark sector masses are nec-
essary for the significant production of the bound state
resonance, but this parameter region of interest (gqg� ⇠ 1
and mV ⇠ 2m� ⇠ 1 � 4 TeV) is generically in tension
with direct detection bounds.
However, any suppression to the naive tree-level cross

section can alleviate this tension. As mentioned above,
a simple scenario (“inelastic dark matter”) that leads to
suppressed direct detection signals posits that the cou-
pling between the DM �1 and the mediator V involves
an unstable partner particle �2, and the mass splitting
between the DM and its partner is greater than the max-
imum kinetic energy of DM particles in the halo [19, 20].
Fig. 2 shows the relevant Feynman diagrams for direct
detection of the DM particles. Such models also have in-
teresting consequences for bound state formation at the
LHC: if the bound state is produced in the s-channel
from the mediator V , it will automatically be composed
of the DM and its partner particle, or may only involve
dark sector particles in the same multiplet as the DM,
and not the DM at all.
In such models, elastic scattering can still occur, but

only at loop level. The direct-detection spin-independent
cross section for scattering o↵ a nucleon with target mass
mT is given by [42]

�SI =
4

⇡

✓
m�mT

m� +mT

◆2

(npfp + nnfn)
2
, (10)

where np,n are the number of protons and neutrons re-
spectively, and fp,n are the corresponding matrix ele-
ments. We can generalize the e↵ective operator analysis
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B. Kinetic Mixing

We now turn our attention the dark sector models that
we briefly described above. Both of the models we will
consider interact with the SM through a vector portal,
with kinetic mixing with the SM U(1)Y :

Lkin-mix = �
1

4
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�
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2
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1

4
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2
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2
V
VµV
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2
m

2
Z
ZµZ

µ
, (16)

where Vµ⌫ (Bµ⌫) is the field strength of the dark gauge
boson (SM hypercharge), and we have included the mass
term for both V and the SM Z. Here, Vµ⌫ can be non-
abelian: such a mixing term appears in the triple Higgs
model in the form of a dimension-5 operator Ha

D
V

a

µ⌫
Bµ⌫

where H
a

D
is an adjoint scalar that acquires a VEV, and

a = 1, · · · , 8 is an SU(3)D color index.
This interaction can be diagonalized in the mass basis;

a detailed description of this diagonalization procedure
is discussed in [78, 79], and reviewed in Appendix B. In
the non-abelian case, only the abelian portion of the field
strength is diagonalized, with the non-abelian portion re-
maining as an interaction term in the model. The diag-
onalization introduces an ✏-suppressed coupling between
the physical dark gauge boson and the SM electromag-
netic, Jµ

EM, and weak-neutral, Jµ

Z
, currents, as well as an

✏-suppressed coupling between the SM Z-boson and the
dark sector current, Jµ

D
:

J
µ

EMAµ ! J
µ

EM (Aµ � ✏cWVµ) ,

J
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Zµ ! J
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,

J
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D
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2 ✏sW

1� r2
Zµ

◆
, (17)

where A is the SM photon, sW (cW ) is the sine (cosine)
of the weak mixing angle, and r ⌘ mZ/mV . All of the
fields are given in the mass basis: note that the DM
fermionic current couples directly to the Z, so both V and
Z mediate the production of dark sector particles with
qq interactions, and both must be included in amplitude
calculations.

The mixing between V and Z also shifts their masses
by a fraction of O(✏2): the shift in the Z-mass has impor-
tant consequences for EW precision constraints on these
models which we will discuss below, but otherwise these
shifts will be neglected for the rest of the paper. We will
always assume that r ⌧ 1 throughout in both models.

C. U(1)D Pseudo-Dirac Dark Matter

We now consider a simple, viable dark matter model,
where the bound state signature gives complementary in-
formation about the dark sector and probes di↵erent re-
gion of the parameter space than the mono-X searches.

Our model is based on the “minimal model” of [80]
(loosely based on the “excited dark matter” scenario of
[81]), but we use an ordinary Yukawa interaction between
the dark Higgs and the fermions in the dark sector instead
of a dimension-5 operator.
This model contains a gauged U(1)D field, V , kineti-

cally mixed with the SM U(1)Y , a Dirac fermion  and
a dark Higgs, which in unitary gauge can be written as
�D = (vD + hD)/

p
2, with vD as its VEV. The U(1)D

charges for the fermion  and �D are 1 and 2 respec-
tively. The Lagrangian is

Ldark�Maj = i /D + (Dµ�D)†(Dµ�D)�mD  

� yD

⇣
 

C
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D
+ h.c.

⌘
+ Lkin-mix , (18)

where Dµ ⌘ @µ � igDVµ is the covariant derivative for
 and Dµ ⌘ @µ � 2igDVµ is the covariant derivative for
�D, with C denoting charge conjugation. Following [82],
we write  as a Weyl fermion pair (�, ⌘†). Thus, the
Yukawa interaction becomes

LYD
= �yD (���⇤

D
+ ⌘⌘�D + h.c.) . (19)

After the dark Higgs gets a VEV, the Yukawa interaction
generates a fermion mass splitting. The fermion mass
matrix is
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with mM =
p
2yDvD. The mass eigenstates are then

given by �1 = (⌘ + �)/
p
2 and �2 = i(⌘ � �)/

p
2, with

masses m1,2 = mM ± mD. In the mass basis, the dark
Yukawa interaction terms can be written as

LYD
= �
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p
2
(vD + hD) (�1�1 � �2�2 + h.c.) , (21)

and the interaction with the dark photon is then given
by
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The interaction with the SM is thus o↵-diagonal, and
the direct detection constraint is significantly relaxed be-
cause the �1 - �2 mass splitting means the elastic scat-
tering cross section is suppressed at one-loop (and the
one-loop contribution is expected to be small as previ-
ously discussed).
In this model, a DM bound state can be produced at

the LHC through the process shown in Fig. 1, supported
by the exchange of either a dark Higgs or a dark photon.
We will focus on the case where the dark Higgs is light
and supports the bound state, while the dark photon is
heavier and is the principal mediator to the SM, in order
to ensure a one-loop suppression in the direct detection
cross section while maintaining a large coupling between
the quarks and the mediator to the SM and a sizable
branching ratio of the bound state to leptons. The dark

+ kinetic mixing with the SM
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with the dark Higgs as the mediator. The second, more
complicated model, which we call the triple Higgs model,
is based on a completely broken SU(3)D gauge theory,
with the dark matter candidate being a Dirac fermion
in the fundamental of the gauge group. Much of the
phenomenology of this model, including bound state for-
mation and couplings to the SM, is derived from the sym-
metry breaking pattern of the theory. In both cases, the
dark sector interacts with the SM via a vector portal,
and the DM direct detection cross section is suppressed
by the fact that it scatters into a heavier state.

Since the interaction of the dark sector with the SM
is similar in both models, we will first discuss the de-
tails of kinetic mixing, and then move on to describe the
details of the dark sector in each model separately. We
will then describe the experimental constraints for both
models jointly.

A. Kinetic Mixing

Both of the models interact with the SM through a
vector portal, with kinetic mixing with the SM U(1)Y :

Lgauge, mix = �
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
�

1

4
Bµ⌫B

µ⌫

+
1

2
mV VµV

µ +
1

2
mZZµZ

µ
, (11)

where Vµ⌫ (Bµ⌫) is the field strength of the dark gauge
boson (SM hypercharge), and we have included the mass
term for both V and the SM Z. Here, Vµ⌫ can be non-
abelian: such a mixing term appears in the triple Higgs
model in the form of a dimension-5 operator H

a

D
V

a

µ⌫
Bµ⌫

where H
a

D
is an adjoint scalar that acquires a VEV, and

a = 1, · · · , 8 is an SU(3)D color index.
This interaction can be diagonalized in the mass basis,

and a brief description of this diagonalization procedure
is shown in Appendix B, and is also discussed in [11, 12].
In the non-abelian case, only the abelian portion of the
field strength is diagonalized, with the non-abelian por-
tion remaining as an interaction term in the model. The
diagonalization introduces an ✏-suppressed coupling be-
tween the physical dark gauge boson and the SM elec-
tromagnetic and weak-neutral currents, as well as an ✏-
suppressed coupling between the SM Z-boson and the
dark sector current:

J
µ

EM
Aµ ! J

µ

EM
(Aµ � ✏cwVµ) ,

J
µ

Z
Zµ ! J

µ

Z

✓
Zµ +

✏sw1

1 � r2
Vµ

◆
,

J
µ

D
Vµ ! J

µ

D

✓
Vµ � r

2
✏sw

1 � r2
Zµ

◆
, (12)

where A is the SM photon, sw (cw) is the sine (cosine) of
the weak mixing angle, and r ⌘ mZ/mV . All of the fields
are given in the mass basis: in this basis, both V and
Z mediate the production of dark sector particles with

qq interactions, and both must be included in amplitude
calculations. Unlike in U(1)D vector portal models with
kinetic mixing with U(1)EM, where DM fermions are not
charged under U(1)EM, here the fermions acquire an o↵-
diagonal coupling to the Z after rotation into the mass
basis. This occurs because the Z itself is massive, unlike
the photon.

The mixing between V and Z also shifts the masses by
a fraction of O(✏2): the shift in the Z-mass has impor-
tant consequences for electroweak precision constraints
on these models which we will discuss below, but oth-
erwise these shifts will be neglected for the rest of the
paper. We will always assume that r = mZ/mV ⌧ 1
throughout in both models.

B. U(1)D Pseudo-Dirac Dark Matter

We now consider a simple, viable dark matter model,
where the bound state signature is easier to detect than
the mono-X one. Our model is based on the “minimal
model” of [13] (loosely based on the “excited dark mat-
ter” scenario of [14]), but we use an ordinary Yukawa
interaction between the dark Higgs and the fermions in
the dark sector instead of a dimension-5 operator.

This model contains a gauged U(1)D field, V , kineti-
cally mixed with the SM U(1)Y , a Dirac fermion  and
a dark Higgs, which in unitary gauge can be written as
hD = (vD+⇢)/

p
2, with vD as its vev. The U(1)D charges

for the fermion and the Higgs are 1 and 2 respectively.
The Lagrangian is

Ldark�Maj =i /D + (Dµhd)
†(Dµ

hd)

� mD  � yD

⇣
 

C

 h
⇤
D

+ h.c.

⌘

�
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
, (13)

where Dµ ⌘ @µ � igDVµ is the usual gauge covariant
derivative, and C is the charge conjugation operator. Fol-
lowing [15], we write  as a Weyl fermion pair (�, ⌘

†).
Thus, the Yukawa interaction becomes

LYD = yD (��h
⇤
D

+ ⌘⌘hD + h.c.) . (14)

After the dark Higgs gets a VEV, the Yukawa interaction
generates a fermion mass splitting. The fermion mass
matrix is

1

2
(� ⌘)

✓
mM mD

mD mM

◆✓
�

⌘

◆
+ h.c. (15)

with mM =
p

2yDvD. The mass eigenstates are then
given by �1 = (⌘ + �)/

p
2 and �2 = i(⌘ � �)/

p
2, with

masses m1,2 = |mD ±mM |. The dark Yukawa interaction
terms can now be written in this basis as

Ldark�H = �
yD
p

2
(⇢ + vD) (�1�1 � �2�2 + h.c.) . (16)
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The interaction with the dark photon in the mass basis
is then

�igD

✓
Vµ � r

2
✏sw

1 � r2
Zµ

◆⇣
�
†
1
�

µ
�2 � �

†
2
�

µ
�1

⌘
. (17)

The interaction with the SM is thus o↵-diagonal, and the
direct detection constraint is significantly relaxed due to
the �1 - �2 mass splitting (YS: and one loop?).

In this model, a DM bound state can be supported by
the exchange of either a dark Higgs or a dark photon.
We will focus on the case where the dark Higgs is light
and supports the bound state, while the dark photon is
heavier and is the principal mediator to the SM, as in
this case the scattering cross section relevant for direct
detection is further suppressed.

The mass hierarchy required above can be achieved
by choosing mD ⌧ mM , and ensuring that mM =p

2yDvD < mV = 2gDvD, i.e. yD <
p

2gD so that the
gauge boson is more massive than either of the DM mass
eigenstates. The mass of the DM particle is therefore
m� ' mM .

If the dark bound state B arises from SM processes,
then it must be produced from either V or Z; since the
couplings of these gauge bosons to the dark Majorana
fermions are o↵-diagonal, the resulting bound state must
be composed of a �1 and a �2 particle. If the bound state
is s-wave (L = 0), it must also have spin 1. Through-
out this paper, these s-wave, spin-1 bound states will be
denoted B.

Since A
0 is more massive than the DM fermions, and

the dark Higgs only couples �1 to �1 and �2 to �2, the
only available decay modes for B is through A

0 back into
the SM.

C. SU(3)D Triple Higgs Model

We now consider a dark sector model based on a com-
pletely broken SU(3)D gauge theory, where all of the
phenomenologically desirable properties of the dark sec-
tor emerge from the breaking pattern fo the gauge sym-
metry. This model has some similarities with the non-
abelian DM models of [16], featuring small mass split-
tings among the components fo the DM multiplet that
suppress the direct detection cross section. As in the pre-
vious model, the coupling betweent he dark sector and
the SM is mediated by the mixing fo the dark and SM
gauge bosons; in this non-abelian case, the mixing oper-
ator is non-renormalizable. Bound states are formed in
this model are supported by the exchange of one of the
SU(3)D gluons, which acquires a relatively small mass
during the symmetry breaking.

The dark sector contains a single Dirac fermion
� = (�1, �2, �3) charged under SU(3)D, with a Dirac
mass, m�. After symmetry breaking, the components ac-
quire a small mass splitting, so that m�1 < m�2 = m�3 ,
with �1 and �2 ultimately forming an s-wave, spin-1
bound state, B, which can be produced at colliders. �1,

being the lightest fermion in this theory, serves as our
DM candidate.

A completely broken SU(3) gauge group was chosen
to allow for a su�ciently large gauge coupling, which
is favorable for the production of bound states that are
supported by gauge bosons. First, DM models with an
unbroken gauge group are constrained by the fact that
dark matter is e↵ectively collisionless in galactic dynam-
ics [17]: this greatly suppresses the coupling strength of
DM to the gauge bosons of the full gauge group, which
is undesirable for bound state formation. Smaller, com-
pletely broken gauge groups have other problems. A bro-
ken U(1) theory with a coupling strength ↵ & 0.5 at some
scale quickly runs into a Landau pole at larger energy
scales (YS: cite?). For a fermion in the fundamental of
a completely broken SU(2) theory with an o↵-diagonal
coupling to the SM, the gauge boson corresponding to
the diagonal generator produces a repulsive potential be-
tween the two components of the fermion, making it di�-
cult for a phenomenologically viable bound state to exist.

The SU(3)D breaking occurs via three Higgs-like fields:
two scalars in the adjoint representation of SU(3)D, H1

and H2, and another scalar in the fundamental, H8. The
dark sector Lagrangian is given by

Ldark =
X

1,2

1

2
DµH

a

i
D

µ
H

a

i
+

1

2
|DµH8|

2
�V (H1, H2, H8)

+ �
�
i /D � m�

�
� �

1

4
V

µ⌫
Vµ⌫ , (18)

where Vµ⌫ is the SU(3)D field strength of the dark glu-
ons, a = 1, · · · , 8 is an SU(3)D index and ⌧

a
⌘ �

a
/2 with

�
a being the Gell-Mann matrices. Dµ ⌘ @µ � igDV

a

µ
⌧

a

for fields in the fundamental and DµH
a

i
⌘ @µH

a

i
+

gDf
abc

V
b

µ
H

c

i
for the two adjoint Higgs fields. The scalar

potential V (H1, H2, H8) can be chosen to satisfy the sym-
metry breaking pattern that we will describe below.

We impose a Z2 symmetry under which H
a

1,2
! �H

a

1,2
.

This forbids any marginal interaction terms between the
Higgs sector and the fermion sector, including a Yukawa
interaction term. Therefore, we can treat both sec-
tors as decoupled to first order. However, the following
dimension-5 operator is allowed:

Lmass =
1

⇤m

⇣
H

†
8
⌧

a
H8

⌘
(�⌧

a
�) , (19)

so that after H8 acquires a suitable VEV, a mass splitting
occurs among the components of �. Finally, we introduce
the following operators that encapsulate the mixing of
the dark sector with the SM:

Lmix = �
1

⇤1

H
a

1
V

a

µ⌫
B

µ⌫
�

1

⇤2

8

⇣
H

†
8
⌧

a
H8

⌘
V

a

µ⌫
B

µ⌫ (20)

Notice that the first term introduces a small breaking
of the Z2 symmetry. This term can originate from a
dimension-6 operator that respects this discrete symme-
try, such as �H

a

1
V

a

µ⌫
B

µ⌫ , with � being a scalar field

DM self interaction

interaction with SM
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B. Kinetic Mixing

We now turn our attention the dark sector models that
we briefly described above. Both of the models we will
consider interact with the SM through a vector portal,
with kinetic mixing with the SM U(1)Y :

Lkin-mix = �
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
�

1

4
Bµ⌫B

µ⌫

+
1

2
m

2
V
VµV

µ +
1

2
m

2
Z
ZµZ

µ
, (16)

where Vµ⌫ (Bµ⌫) is the field strength of the dark gauge
boson (SM hypercharge), and we have included the mass
term for both V and the SM Z. Here, Vµ⌫ can be non-
abelian: such a mixing term appears in the triple Higgs
model in the form of a dimension-5 operator Ha

D
V

a

µ⌫
Bµ⌫

where H
a

D
is an adjoint scalar that acquires a VEV, and

a = 1, · · · , 8 is an SU(3)D color index.
This interaction can be diagonalized in the mass basis;

a detailed description of this diagonalization procedure
is discussed in [78, 79], and reviewed in Appendix B. In
the non-abelian case, only the abelian portion of the field
strength is diagonalized, with the non-abelian portion re-
maining as an interaction term in the model. The diag-
onalization introduces an ✏-suppressed coupling between
the physical dark gauge boson and the SM electromag-
netic, Jµ

EM, and weak-neutral, Jµ

Z
, currents, as well as an

✏-suppressed coupling between the SM Z-boson and the
dark sector current, Jµ

D
:

J
µ

EMAµ ! J
µ

EM (Aµ � ✏cWVµ) ,

J
µ

Z
Zµ ! J

µ

Z

✓
Zµ +

✏sW

1� r2
Vµ

◆
,

J
µ

D
Vµ ! J

µ

D

✓
Vµ � r

2 ✏sW

1� r2
Zµ

◆
, (17)

where A is the SM photon, sW (cW ) is the sine (cosine)
of the weak mixing angle, and r ⌘ mZ/mV . All of the
fields are given in the mass basis: note that the DM
fermionic current couples directly to the Z, so both V and
Z mediate the production of dark sector particles with
qq interactions, and both must be included in amplitude
calculations.

The mixing between V and Z also shifts their masses
by a fraction of O(✏2): the shift in the Z-mass has impor-
tant consequences for EW precision constraints on these
models which we will discuss below, but otherwise these
shifts will be neglected for the rest of the paper. We will
always assume that r ⌧ 1 throughout in both models.

C. U(1)D Pseudo-Dirac Dark Matter

We now consider a simple, viable dark matter model,
where the bound state signature gives complementary in-
formation about the dark sector and probes di↵erent re-
gion of the parameter space than the mono-X searches.

Our model is based on the “minimal model” of [80]
(loosely based on the “excited dark matter” scenario of
[81]), but we use an ordinary Yukawa interaction between
the dark Higgs and the fermions in the dark sector instead
of a dimension-5 operator.
This model contains a gauged U(1)D field, V , kineti-

cally mixed with the SM U(1)Y , a Dirac fermion  and
a dark Higgs, which in unitary gauge can be written as
�D = (vD + hD)/

p
2, with vD as its VEV. The U(1)D

charges for the fermion  and �D are 1 and 2 respec-
tively. The Lagrangian is

Ldark�Maj = i /D + (Dµ�D)†(Dµ�D)�mD  

� yD

⇣
 

C

 �⇤
D
+ h.c.

⌘
+ Lkin-mix , (18)

where Dµ ⌘ @µ � igDVµ is the covariant derivative for
 and Dµ ⌘ @µ � 2igDVµ is the covariant derivative for
�D, with C denoting charge conjugation. Following [82],
we write  as a Weyl fermion pair (�, ⌘†). Thus, the
Yukawa interaction becomes

LYD
= �yD (���⇤

D
+ ⌘⌘�D + h.c.) . (19)

After the dark Higgs gets a VEV, the Yukawa interaction
generates a fermion mass splitting. The fermion mass
matrix is

1

2
(� ⌘)

✓
mM mD

mD mM

◆✓
�

⌘

◆
+ h.c. (20)

with mM =
p
2yDvD. The mass eigenstates are then

given by �1 = (⌘ + �)/
p
2 and �2 = i(⌘ � �)/

p
2, with

masses m1,2 = mM ± mD. In the mass basis, the dark
Yukawa interaction terms can be written as

LYD
= �

yD
p
2
(vD + hD) (�1�1 � �2�2 + h.c.) , (21)

and the interaction with the dark photon is then given
by

�igD

✓
Vµ � r

2 ✏sW

1� r2
Zµ

◆⇣
�
†
1�

µ
�2 � �

†
2�

µ
�1

⌘
. (22)

The interaction with the SM is thus o↵-diagonal, and
the direct detection constraint is significantly relaxed be-
cause the �1 - �2 mass splitting means the elastic scat-
tering cross section is suppressed at one-loop (and the
one-loop contribution is expected to be small as previ-
ously discussed).
In this model, a DM bound state can be produced at

the LHC through the process shown in Fig. 1, supported
by the exchange of either a dark Higgs or a dark photon.
We will focus on the case where the dark Higgs is light
and supports the bound state, while the dark photon is
heavier and is the principal mediator to the SM, in order
to ensure a one-loop suppression in the direct detection
cross section while maintaining a large coupling between
the quarks and the mediator to the SM and a sizable
branching ratio of the bound state to leptons. The dark

+ kinetic mixing with the SM
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with the dark Higgs as the mediator. The second, more
complicated model, which we call the triple Higgs model,
is based on a completely broken SU(3)D gauge theory,
with the dark matter candidate being a Dirac fermion
in the fundamental of the gauge group. Much of the
phenomenology of this model, including bound state for-
mation and couplings to the SM, is derived from the sym-
metry breaking pattern of the theory. In both cases, the
dark sector interacts with the SM via a vector portal,
and the DM direct detection cross section is suppressed
by the fact that it scatters into a heavier state.

Since the interaction of the dark sector with the SM
is similar in both models, we will first discuss the de-
tails of kinetic mixing, and then move on to describe the
details of the dark sector in each model separately. We
will then describe the experimental constraints for both
models jointly.

A. Kinetic Mixing

Both of the models interact with the SM through a
vector portal, with kinetic mixing with the SM U(1)Y :

Lgauge, mix = �
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
�

1

4
Bµ⌫B

µ⌫

+
1

2
mV VµV

µ +
1

2
mZZµZ

µ
, (11)

where Vµ⌫ (Bµ⌫) is the field strength of the dark gauge
boson (SM hypercharge), and we have included the mass
term for both V and the SM Z. Here, Vµ⌫ can be non-
abelian: such a mixing term appears in the triple Higgs
model in the form of a dimension-5 operator H

a

D
V

a

µ⌫
Bµ⌫

where H
a

D
is an adjoint scalar that acquires a VEV, and

a = 1, · · · , 8 is an SU(3)D color index.
This interaction can be diagonalized in the mass basis,

and a brief description of this diagonalization procedure
is shown in Appendix B, and is also discussed in [11, 12].
In the non-abelian case, only the abelian portion of the
field strength is diagonalized, with the non-abelian por-
tion remaining as an interaction term in the model. The
diagonalization introduces an ✏-suppressed coupling be-
tween the physical dark gauge boson and the SM elec-
tromagnetic and weak-neutral currents, as well as an ✏-
suppressed coupling between the SM Z-boson and the
dark sector current:

J
µ

EM
Aµ ! J

µ

EM
(Aµ � ✏cwVµ) ,

J
µ

Z
Zµ ! J

µ

Z

✓
Zµ +

✏sw1

1 � r2
Vµ

◆
,

J
µ

D
Vµ ! J

µ

D

✓
Vµ � r

2
✏sw

1 � r2
Zµ

◆
, (12)

where A is the SM photon, sw (cw) is the sine (cosine) of
the weak mixing angle, and r ⌘ mZ/mV . All of the fields
are given in the mass basis: in this basis, both V and
Z mediate the production of dark sector particles with

qq interactions, and both must be included in amplitude
calculations. Unlike in U(1)D vector portal models with
kinetic mixing with U(1)EM, where DM fermions are not
charged under U(1)EM, here the fermions acquire an o↵-
diagonal coupling to the Z after rotation into the mass
basis. This occurs because the Z itself is massive, unlike
the photon.

The mixing between V and Z also shifts the masses by
a fraction of O(✏2): the shift in the Z-mass has impor-
tant consequences for electroweak precision constraints
on these models which we will discuss below, but oth-
erwise these shifts will be neglected for the rest of the
paper. We will always assume that r = mZ/mV ⌧ 1
throughout in both models.

B. U(1)D Pseudo-Dirac Dark Matter

We now consider a simple, viable dark matter model,
where the bound state signature is easier to detect than
the mono-X one. Our model is based on the “minimal
model” of [13] (loosely based on the “excited dark mat-
ter” scenario of [14]), but we use an ordinary Yukawa
interaction between the dark Higgs and the fermions in
the dark sector instead of a dimension-5 operator.

This model contains a gauged U(1)D field, V , kineti-
cally mixed with the SM U(1)Y , a Dirac fermion  and
a dark Higgs, which in unitary gauge can be written as
hD = (vD+⇢)/

p
2, with vD as its vev. The U(1)D charges

for the fermion and the Higgs are 1 and 2 respectively.
The Lagrangian is

Ldark�Maj =i /D + (Dµhd)
†(Dµ

hd)

� mD  � yD

⇣
 

C

 h
⇤
D

+ h.c.

⌘

�
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
, (13)

where Dµ ⌘ @µ � igDVµ is the usual gauge covariant
derivative, and C is the charge conjugation operator. Fol-
lowing [15], we write  as a Weyl fermion pair (�, ⌘

†).
Thus, the Yukawa interaction becomes

LYD = yD (��h
⇤
D

+ ⌘⌘hD + h.c.) . (14)

After the dark Higgs gets a VEV, the Yukawa interaction
generates a fermion mass splitting. The fermion mass
matrix is

1

2
(� ⌘)

✓
mM mD

mD mM

◆✓
�

⌘

◆
+ h.c. (15)

with mM =
p

2yDvD. The mass eigenstates are then
given by �1 = (⌘ + �)/

p
2 and �2 = i(⌘ � �)/

p
2, with

masses m1,2 = |mD ±mM |. The dark Yukawa interaction
terms can now be written in this basis as

Ldark�H = �
yD
p

2
(⇢ + vD) (�1�1 � �2�2 + h.c.) . (16)
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The interaction with the dark photon in the mass basis
is then

�igD

✓
Vµ � r

2
✏sw

1 � r2
Zµ

◆⇣
�
†
1
�

µ
�2 � �

†
2
�

µ
�1

⌘
. (17)

The interaction with the SM is thus o↵-diagonal, and the
direct detection constraint is significantly relaxed due to
the �1 - �2 mass splitting (YS: and one loop?).

In this model, a DM bound state can be supported by
the exchange of either a dark Higgs or a dark photon.
We will focus on the case where the dark Higgs is light
and supports the bound state, while the dark photon is
heavier and is the principal mediator to the SM, as in
this case the scattering cross section relevant for direct
detection is further suppressed.

The mass hierarchy required above can be achieved
by choosing mD ⌧ mM , and ensuring that mM =p

2yDvD < mV = 2gDvD, i.e. yD <
p

2gD so that the
gauge boson is more massive than either of the DM mass
eigenstates. The mass of the DM particle is therefore
m� ' mM .

If the dark bound state B arises from SM processes,
then it must be produced from either V or Z; since the
couplings of these gauge bosons to the dark Majorana
fermions are o↵-diagonal, the resulting bound state must
be composed of a �1 and a �2 particle. If the bound state
is s-wave (L = 0), it must also have spin 1. Through-
out this paper, these s-wave, spin-1 bound states will be
denoted B.

Since A
0 is more massive than the DM fermions, and

the dark Higgs only couples �1 to �1 and �2 to �2, the
only available decay modes for B is through A

0 back into
the SM.

C. SU(3)D Triple Higgs Model

We now consider a dark sector model based on a com-
pletely broken SU(3)D gauge theory, where all of the
phenomenologically desirable properties of the dark sec-
tor emerge from the breaking pattern fo the gauge sym-
metry. This model has some similarities with the non-
abelian DM models of [16], featuring small mass split-
tings among the components fo the DM multiplet that
suppress the direct detection cross section. As in the pre-
vious model, the coupling betweent he dark sector and
the SM is mediated by the mixing fo the dark and SM
gauge bosons; in this non-abelian case, the mixing oper-
ator is non-renormalizable. Bound states are formed in
this model are supported by the exchange of one of the
SU(3)D gluons, which acquires a relatively small mass
during the symmetry breaking.

The dark sector contains a single Dirac fermion
� = (�1, �2, �3) charged under SU(3)D, with a Dirac
mass, m�. After symmetry breaking, the components ac-
quire a small mass splitting, so that m�1 < m�2 = m�3 ,
with �1 and �2 ultimately forming an s-wave, spin-1
bound state, B, which can be produced at colliders. �1,

being the lightest fermion in this theory, serves as our
DM candidate.

A completely broken SU(3) gauge group was chosen
to allow for a su�ciently large gauge coupling, which
is favorable for the production of bound states that are
supported by gauge bosons. First, DM models with an
unbroken gauge group are constrained by the fact that
dark matter is e↵ectively collisionless in galactic dynam-
ics [17]: this greatly suppresses the coupling strength of
DM to the gauge bosons of the full gauge group, which
is undesirable for bound state formation. Smaller, com-
pletely broken gauge groups have other problems. A bro-
ken U(1) theory with a coupling strength ↵ & 0.5 at some
scale quickly runs into a Landau pole at larger energy
scales (YS: cite?). For a fermion in the fundamental of
a completely broken SU(2) theory with an o↵-diagonal
coupling to the SM, the gauge boson corresponding to
the diagonal generator produces a repulsive potential be-
tween the two components of the fermion, making it di�-
cult for a phenomenologically viable bound state to exist.

The SU(3)D breaking occurs via three Higgs-like fields:
two scalars in the adjoint representation of SU(3)D, H1

and H2, and another scalar in the fundamental, H8. The
dark sector Lagrangian is given by

Ldark =
X

1,2

1

2
DµH

a

i
D

µ
H

a

i
+

1

2
|DµH8|

2
�V (H1, H2, H8)

+ �
�
i /D � m�

�
� �

1

4
V

µ⌫
Vµ⌫ , (18)

where Vµ⌫ is the SU(3)D field strength of the dark glu-
ons, a = 1, · · · , 8 is an SU(3)D index and ⌧

a
⌘ �

a
/2 with

�
a being the Gell-Mann matrices. Dµ ⌘ @µ � igDV

a

µ
⌧

a

for fields in the fundamental and DµH
a

i
⌘ @µH

a

i
+

gDf
abc

V
b

µ
H

c

i
for the two adjoint Higgs fields. The scalar

potential V (H1, H2, H8) can be chosen to satisfy the sym-
metry breaking pattern that we will describe below.

We impose a Z2 symmetry under which H
a

1,2
! �H

a

1,2
.

This forbids any marginal interaction terms between the
Higgs sector and the fermion sector, including a Yukawa
interaction term. Therefore, we can treat both sec-
tors as decoupled to first order. However, the following
dimension-5 operator is allowed:

Lmass =
1

⇤m

⇣
H

†
8
⌧

a
H8

⌘
(�⌧

a
�) , (19)

so that after H8 acquires a suitable VEV, a mass splitting
occurs among the components of �. Finally, we introduce
the following operators that encapsulate the mixing of
the dark sector with the SM:

Lmix = �
1

⇤1

H
a

1
V

a

µ⌫
B

µ⌫
�

1

⇤2

8

⇣
H

†
8
⌧

a
H8

⌘
V

a

µ⌫
B

µ⌫ (20)

Notice that the first term introduces a small breaking
of the Z2 symmetry. This term can originate from a
dimension-6 operator that respects this discrete symme-
try, such as �H

a

1
V

a

µ⌫
B

µ⌫ , with � being a scalar field

DM self interaction

interaction with SM

direct detection are suppressed 
χ1χ2 bound state production at LHC
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B. Kinetic Mixing

We now turn our attention the dark sector models that
we briefly described above. Both of the models we will
consider interact with the SM through a vector portal,
with kinetic mixing with the SM U(1)Y :

Lkin-mix = �
1

4
Vµ⌫V

µ⌫
�

✏

2
Bµ⌫V

µ⌫
�

1

4
Bµ⌫B

µ⌫

+
1

2
m

2
V
VµV

µ +
1

2
m

2
Z
ZµZ

µ
, (16)

where Vµ⌫ (Bµ⌫) is the field strength of the dark gauge
boson (SM hypercharge), and we have included the mass
term for both V and the SM Z. Here, Vµ⌫ can be non-
abelian: such a mixing term appears in the triple Higgs
model in the form of a dimension-5 operator Ha

D
V

a

µ⌫
Bµ⌫

where H
a

D
is an adjoint scalar that acquires a VEV, and

a = 1, · · · , 8 is an SU(3)D color index.
This interaction can be diagonalized in the mass basis;

a detailed description of this diagonalization procedure
is discussed in [78, 79], and reviewed in Appendix B. In
the non-abelian case, only the abelian portion of the field
strength is diagonalized, with the non-abelian portion re-
maining as an interaction term in the model. The diag-
onalization introduces an ✏-suppressed coupling between
the physical dark gauge boson and the SM electromag-
netic, Jµ

EM, and weak-neutral, Jµ

Z
, currents, as well as an

✏-suppressed coupling between the SM Z-boson and the
dark sector current, Jµ

D
:

J
µ

EMAµ ! J
µ

EM (Aµ � ✏cWVµ) ,

J
µ

Z
Zµ ! J

µ

Z

✓
Zµ +

✏sW

1� r2
Vµ

◆
,

J
µ

D
Vµ ! J

µ

D

✓
Vµ � r

2 ✏sW

1� r2
Zµ

◆
, (17)

where A is the SM photon, sW (cW ) is the sine (cosine)
of the weak mixing angle, and r ⌘ mZ/mV . All of the
fields are given in the mass basis: note that the DM
fermionic current couples directly to the Z, so both V and
Z mediate the production of dark sector particles with
qq interactions, and both must be included in amplitude
calculations.

The mixing between V and Z also shifts their masses
by a fraction of O(✏2): the shift in the Z-mass has impor-
tant consequences for EW precision constraints on these
models which we will discuss below, but otherwise these
shifts will be neglected for the rest of the paper. We will
always assume that r ⌧ 1 throughout in both models.

C. U(1)D Pseudo-Dirac Dark Matter

We now consider a simple, viable dark matter model,
where the bound state signature gives complementary in-
formation about the dark sector and probes di↵erent re-
gion of the parameter space than the mono-X searches.

Our model is based on the “minimal model” of [80]
(loosely based on the “excited dark matter” scenario of
[81]), but we use an ordinary Yukawa interaction between
the dark Higgs and the fermions in the dark sector instead
of a dimension-5 operator.
This model contains a gauged U(1)D field, V , kineti-

cally mixed with the SM U(1)Y , a Dirac fermion  and
a dark Higgs, which in unitary gauge can be written as
�D = (vD + hD)/

p
2, with vD as its VEV. The U(1)D

charges for the fermion  and �D are 1 and 2 respec-
tively. The Lagrangian is

Ldark�Maj = i /D + (Dµ�D)†(Dµ�D)�mD  

� yD

⇣
 

C

 �⇤
D
+ h.c.

⌘
+ Lkin-mix , (18)

where Dµ ⌘ @µ � igDVµ is the covariant derivative for
 and Dµ ⌘ @µ � 2igDVµ is the covariant derivative for
�D, with C denoting charge conjugation. Following [82],
we write  as a Weyl fermion pair (�, ⌘†). Thus, the
Yukawa interaction becomes

LYD
= �yD (���⇤

D
+ ⌘⌘�D + h.c.) . (19)

After the dark Higgs gets a VEV, the Yukawa interaction
generates a fermion mass splitting. The fermion mass
matrix is

1

2
(� ⌘)

✓
mM mD

mD mM

◆✓
�

⌘

◆
+ h.c. (20)

with mM =
p
2yDvD. The mass eigenstates are then

given by �1 = (⌘ + �)/
p
2 and �2 = i(⌘ � �)/

p
2, with

masses m1,2 = mM ± mD. In the mass basis, the dark
Yukawa interaction terms can be written as

LYD
= �

yD
p
2
(vD + hD) (�1�1 � �2�2 + h.c.) , (21)

and the interaction with the dark photon is then given
by

�igD

✓
Vµ � r

2 ✏sW

1� r2
Zµ

◆⇣
�
†
1�

µ
�2 � �

†
2�

µ
�1

⌘
. (22)

The interaction with the SM is thus o↵-diagonal, and
the direct detection constraint is significantly relaxed be-
cause the �1 - �2 mass splitting means the elastic scat-
tering cross section is suppressed at one-loop (and the
one-loop contribution is expected to be small as previ-
ously discussed).
In this model, a DM bound state can be produced at

the LHC through the process shown in Fig. 1, supported
by the exchange of either a dark Higgs or a dark photon.
We will focus on the case where the dark Higgs is light
and supports the bound state, while the dark photon is
heavier and is the principal mediator to the SM, in order
to ensure a one-loop suppression in the direct detection
cross section while maintaining a large coupling between
the quarks and the mediator to the SM and a sizable
branching ratio of the bound state to leptons. The dark

+ kinetic mixing with the SM
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summary

non trivial dark sector with self interaction can 
result in formation of bound state, which leads 
to rich phenomenology

bound state resonance search at the LHC can 
be a complementary search for dark sectors

these models have interesting interplay 
between direct search, indirect searches and 
LHC phenomenology
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Sommerfeld Enhancement
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